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Diabetes mellitus is a major global health problem with an ascendant trend that makes
it expected to reach up to 700 million cases by 2045 [1]. Population aging, obesity, and
sedentarism, as well as the recent COVID-19 pandemic, are all risk factors that contribute
to the increased incidence of this chronic, debilitating disease [2–5].

The microvascular triad unique to diabetes includes diabetic retinopathy, nephropathy,
and neuropathy. Diabetic nephropathy is one of the most common causes of end-stage
renal failure, and it is associated with having a severe impact on the patient’s quality
of life [6,7]. Despite significant achievements in early diagnosis and therapy, diabetic
retinopathy remains the leading cause of blindness in the working-age population [8].
Diabetic peripheral neuropathy affects nearly 50% of adults who have diabetes during
their lifetime and represents a major risk factor for diabetic foot ulcer (DFU), the most
common cause of non-traumatic amputations worldwide [9]. Classically, the duration
of diabetes, the level of hyperglycemia, and the co-existence with arterial hypertension,
as well as dyslipidemia, are related to the onset and progression of these invalidating
diabetic complications. However, various training specialties and regular screening visits
are required for the early diagnosis of these complications, placing a significant burden on
healthcare systems worldwide. There is still a significant unmet need for novel diagnostic
tools for early diagnosis, which is based on non-invasive, cost-effective screening methods
that can provide personalized management for diabetic patients [10].

Novel research has found multiple molecular pathways that may interfere with vas-
cular dysfunction, ischemia, and tissue damage. In this Special Issue, we showcase nine
original articles and two comprehensive reviews that provide new data on novel biomark-
ers, early diagnosis, pathology, molecular mechanisms, and new therapies in the fields of
diabetic retinopathy, nephropathy, neuropathy, and diabetic foot ulcers.

Postprandial plasma glucose (PPG), traditionally measured 1–2 h after a main meal, is
a well-recognized clinical tool used not only in diabetes diagnosis but also in evaluating
the risk of micro- and macrovascular diabetic complications, as well as therapeutic control
of the disease [11]. In the first contribution to this Special Issue, Dr. Yutang Wang and
col. examined a large number of patients included in the NHANES III study, which
aimed to assess whether predicted PPG after 4–7.9 h could be used to diagnose diabetes.
A multivariate prediction model considering 30 possible risk factors was developed to
calculate predicted PPG after 4–7.9, and demonstrated a high diagnostic accuracy at 87.3%.
The authors consider this parameter to be less influenced by diet or other confounders and
suggest that PPG after 4–7.9 could be a promising diagnostic indicator for diabetes.

Fedulovs et al., in the second article, and Hayden et al., in the third, provide new
insights regarding the pathological changes in metabolic syndrome (MS) and diabetes.
Meanwhile, in the study conducted by Fedulovs and col. (our ninth contribution), they per-
formed for the first time a comparative analysis of the LPS, LBP, EndoCAb IgM, EndoCAb
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IgG, and fecal calprotectin in patients with T1D, as well as in controls, followed by a strati-
fication of the results according to MS status. The authors evidence higher endotoxemia
in T1DM patients with MS and reinforce the need for screening and treating MS in these
patients. Dr. Melvin R Hayden and col. (contribution 3) provide a comprehensive review
regarding the role of the perivascular unit, a novel concept developed by Troili and col. [12],
in the development of neuroinflammation, cerebrovascular disease, and neurodegeneration
encountered in metabolic syndrome, obesity, and T2DM.

In the fourth paper, Dr. Ngema and Col. present in a narrative review, with evidence
based on the Developmental Origins of Health and Disease (DOHaD) theory that T2DM
during pregnancy could not only impact fetal development but also induce permanent
impairment of hypothalamic–pituitary–adrenal (HPA) axis activity into adulthood.

Skin autofluorescence (SAF) is a novel non-invasive biomarker on and invasive marker
of advanced glycation end products [13]. The level of SAF describes the AGE accumulation
in the body and is associated with its increased production, decreased degradation, and
renal clearance. Several comparative studies have found that SAF values are increased
in diabetic patients versus normal subjects and that skin autofluorescence is even higher
when microvascular complications are present. However, there are still many challenges to
be resolved, as SAF values appear to be influenced by skin pigmentation and the use of
skin products; more studies on a larger number of patients are needed. In this context, we
welcome the research of Dr. Reurean-Pintilei and Col. (contribution 5) on a large group
of 885 T2DM patients. Their study found that SAF levels were correlated with HbA1c,
diabetic kidney disease, and cardiovascular risk. A cut-off value of 2.36 was associated
with very high CV risk, especially after adjusting for age, gender, and HbA1c level, and
could be useful in selecting candidates for revascularization procedures.

Another approach to this challenging topic is that of Dr. Hiroki Yamagami and Col.,
whose study is featured in the sixth contribution to this Special Issue. A 1-year prospective
study on 350 Japanese people with T2DM was carried out to comparatively evaluate the
predictive power of SAF for the progression of diabetic kidney disease, by both urine
albumin-to-creatinine ratio (uACR), as a biomarker of glomerular injury, and urine liver-
type fatty acid-binding protein (uLFABP)-to-creatinine ratio (uL-FABPCR), as a biomarker
of tubular injury. The authors found that SAF correlated with uL-FABP, but not with uACR,
in people with T2D, suggesting that SAF can serve as a novel predictor for the development
of diabetic tubular injury.

Angiopoietins and angiopoietin-like proteins are essential factors in angiogenesis,
endothelium maturation, and inflammation [14,15]. Recently, these were investigated for
their potential role in the endothelial dysfunction and inflammation processes encountered
in diabetic nephropathy. Dr. Eman Alshawaf et al. (in contribution 7) quantified circulating
ANGPTL3, ANGPTL4, ANGPTL8, Ang1, and Ang2 in the fasting plasma of patients with
T2DM with and without diabetic nephropathy. They found a close association between
Ang2 and ANGPTL8 in a population with DN, suggesting that they can function as DN
risk predictors. In line with previous experimental and clinical evidence regarding the
effects of Ang2 expression on podocytes through paracrine signaling, leading to glomerular
EC destabilization and impaired filtration, this study highlights the importance of Ang2
as an early marker of tubular damage before the appearance of clinical symptoms like
microalbuminuria.

A significant portion of this Special Issue is dedicated to novel insights into diabetic
retinopathy. In the context of there being few specialists and an increased overload in
ophthalmology departments due to screening visits, there is an increased need to develop
simple screening tools that may be used by primary healthcare and diabetology depart-
ments to prioritize the patients who need urgent referrals to retina specialists. Serum
inflammatory biomarkers based on a simple complete blood cell counts were investigated
as potential predictive tools. There is solid evidence that neutrophil-to-lymphocyte ratio
(NLR) and platelet-to-lymphocyte ratio (PLR) increase in T2DM, compared to normal
subjects, and the values found in this regard are well correlated with the presence and
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the severity of diabetic complication [16–18]. These serum inflammatory biomarkers were
thought to be correlated with chronic hyperglycemia and systemic inflammation levels.
However, implementing those biomarkers in clinical practice is still challenging, due to
the wide variation in means and cut-off values encountered in previous studies, and there
is still a need for more evidence on the topic. The study conducted by Dr. Ana Dascalu
et al. (this Special Issue’s eighth contribution) found that no statistical differences were
noticed between NDR and NPDR groups for any of the white cell inflammatory biomarkers.
However, significantly higher values for NLR, MLR, SII, and MPV were found in the PDR
group when compared with the NDR and NPDR groups. This finding may signify that
the level of systemic inflammation is higher in the advanced stage of DR associated with
neovascularization. Age, sex, race, and ethnicity, as well as a large array of physiologic and
pathological conditions, could impact serum inflammatory biomarkers. However, serum
inflammatory biomarkers could be useful when they are integrated into comprehensive
risk prediction models.

Optical coherence angiography (OCTA) is a novel imagistic approach that offers valu-
able information regarding macular vessels in a repeatable, non-invasive manner. Dr. Irini
Chatziralli and col. (contribution 9) investigated changes in macular microvasculature
using optical coherence tomography angiography (OCTA) in association with functional
changes in patients with proliferative diabetic retinopathy (PDR) treated with pan-retinal
photocoagulation (PRP) with a 12-month follow-up. The study results showed that at
months 6 and 12 after PRP, foveal and parafoveal vessel density (VD) at the superficial cap-
illary plexus (SCP) significantly increased compared to baseline, while the foveal avascular
zone (FAZ) area significantly decreased and FAZ became more circular. The improve-
ment of the choroidal circulation at the macula could be explained by the PRP-induced
inflammatory response and the redistribution of choroidal flow from obliterated peripheral
capillaries to the macula [19,20]. However, the authors could not find an improvement in
BCVA in laser-treated patients.

Dr. Tanasie et al., in contribution 10, offer an interesting perspective on diabetic
retinopathy as a neurodegenerative disease. In a comparative evaluation of the electrophys-
iological findings between patients with and without DR, the results indicate a substantial
dysfunction of the neural retina in all stages of DR, with significant differences in response
delays among study groups.

Intravitreal anti-VEGF is currently the mainstay therapy in diabetic retinopathy asso-
ciated with macular edema. However, up to 30% of patients have a suboptimal response,
suggesting that other molecules are involved in increased vascular permeability and capil-
lary occlusion [21,22]. The valuable contribution of Dr. Lietuvninkas and Col. (contribution
11) is an experimental study that aims to analyze the “in vitro” properties of a novel agent:
the (transforming growth factor beta) TGFβ receptor inhibitor RepSox (RS). The results of
this study are encouraging, as RS performed better compared to anti-VEGF agents, not only
in preventing barrier relaxation but also in promoting the closing of the relaxed barrier,
induced by VEGF and TNF α. Thus, RS could be a more potent agent in treating diabetic
macular edema by inhibiting multiple pathways.

Finally, we would like to take the opportunity to acknowledge all of these contributors
for sharing their valuable work, taking a step forward in unveiling significant biological
and molecular changes, and characterizing potential new tools for improving the diagnosis
and management of diabetic microvascular complications.

Author Contributions: Conceptualization, D.S. and A.M.D.; methodology, D.S.; software, A.M.D.;
validation, D.S. and A.M.D.; formal analysis, D.S.; investigation, A.M.D.; resources, D.S.; data
curation, A.M.D.; writing—original draft preparation, A.M.D.; writing—review and editing, D.S.;
visualization, A.M.D.; supervision, D.S.; project administration, A.M.D.; funding acquisition, D.S. All
authors have read and agreed to the published version of the manuscript.
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Abstract: Postprandial glucose levels between 4 and 7.9 h (PPG4–7.9h) correlate with mortality
from various diseases, including hypertension, diabetes, cardiovascular disease, and cancer. This
study aimed to assess if predicted PPG4–7.9h could diagnose diabetes. Two groups of participants
were involved: Group 1 (4420 participants) had actual PPG4–7.9h, while Group 2 (8422 participants)
lacked this measure but had all the diabetes diagnostic measures. Group 1 underwent multiple
linear regression to predict PPG4–7.9h using 30 predictors, achieving accuracy within 11.1 mg/dL in
80% of the participants. Group 2 had PPG4–7.9h predicted using this model. A receiver operating
characteristic curve analysis showed that predicted PPG4–7.9h could diagnose diabetes with an
accuracy of 87.3% in Group 2, with a sensitivity of 75.1% and specificity of 84.1% at the optimal cutoff
of 102.5 mg/dL. A simulation on 10,000 random samples from Group 2 revealed that 175 participants
may be needed to investigate PPG4–7.9h as a diabetes diagnostic marker with a power of at least 80%.
In conclusion, predicted PPG4–7.9h appears to be a promising diagnostic indicator for diabetes. Future
studies seeking to ascertain its definitive diagnostic value might require a minimum sample size of
175 participants.

Keywords: postprandial; non-fasting; fasting; glucose; diabetes

1. Introduction

According to the World Health Organization, an estimated 422 million individuals
globally grapple with diabetes [1], a condition linked to severe complications such as
heart disease, chronic kidney disease, and blindness [2], culminating in 1.5 million annual
deaths [1]. The direct health expenditure for diabetes worldwide reached approximately
USD 760 billion in 2019, with projections soaring to around USD 825 billion by 2030 [3].
Surprisingly, in 2021, nearly half of diabetic adults remained undiagnosed, constituting
approximately 239.7 million individuals [4]. Consequently, prioritizing research endeavors
aimed at enhancing diabetes detection, pinpointing risk factors, and developing therapies
is paramount in clinical practice [5].

Postprandial plasma glucose has long been recognized to play a vital role in diabetes-
associated complications [6–8] and glycemic control [9–11]. Its positive correlation with
cardiovascular disease incidence [12–15] and mortality [16], cancer mortality [17,18], and
all-cause mortality [12–14,17,19] underscores its potential as a therapeutic target to mitigate
diabetes-associated morbidity and mortality [7]. However, conventional assessments
typically focus on early postprandial glucose levels, such as those measured at 1 h [12]
or 2 h after a meal [13–15,17–19]. Yet, the susceptibility of these measurements to dietary
variations and timing discrepancies poses challenges, potentially skewing results [15–17,20].

Recent findings highlight the stability and significance of postprandial glucose levels
measured between 4 and 7.9 h after a meal (PPG4–7.9h) [21,22]. Hourly PPG4–7.9h levels
were similar across the duration from 4 to 7.9 h [21,22]. Plasma glucose returned to baseline
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four hours after a meal regardless of the type of the meal (normal or high carbohydrate)
or the time of the meal (breakfast, lunch, and dinner) in healthy individuals [20]. These
results suggest that the interval of 4 to 7.9 h after a meal may reflect glucose homeostasis
irrespective of meal composition or timing, offering a promising window for assessment.
Moreover, PPG4–7.9h exhibits positive associations with mortality from prevalent conditions
like hypertension, cardiovascular disease, and cancer [21,22], further emphasizing its
clinical relevance.

Diabetes diagnosis relies on fasting plasma glucose, 2 h plasma glucose during OGTT,
or HbA1c [23]. However, there are some limitations to using these tests. Fasting plasma
glucose and OGTT require fasting and, thus, pose practical challenges. Fasting can be
inconvenient and even risky, particularly for vulnerable individuals who may experience
hypoglycemia while waiting for blood collection [24]. The HbA1c test does not require
fasting and minimizing daily fluctuations due to lifestyle changes; however, this test’s
diagnostic accuracy is compromised. For instance, factors such as hemodialysis, HIV treat-
ment, age, ethnicity, pregnancy, and hemoglobinopathies can influence HbA1c readings,
leading to potential misdiagnoses [23]. The American Diabetes Association recommends
prioritizing fasting plasma glucose and 2 h plasma glucose if discrepancies arise between
HbA1c and glucose values [23]. In addition, HbA1c has poor sensitivity in diabetes diag-
nosis and misses a large proportion of diabetes that is detected by OGTT [25], the gold
standard method for diabetes diagnosis [26,27]. For example, the proportion of OGTT-
diagnosed diabetes that HbA1c can detect was reported to be 43% in Denmark, 25% in
the UK, 17% in Australia, 30% in Greenland, 20% in Kenya, 78% in India [28], and 30%
in China [29]. Moreover, the HbA1c test is more expensive than the glucose test [30,31].
Therefore, there remains a need to explore additional diabetic diagnostic tools that provide
diagnostic accuracy while upholding convenience and safety, alongside the capacity to
forecast clinical outcomes.

Given the potential diagnostic utility of PPG4–7.9h, exploring its feasibility in diagnos-
ing diabetes warrants attention. However, existing datasets lack concurrent measurements
of PPG4–7.9h alongside traditional diagnostic indicators for diabetes. This gap impedes the
accurate estimation of the sample size necessary for investigating the diagnostic efficacy
of PPG4–7.9h.

To address this, the present study leveraged the comprehensive National Health and
Nutrition Examination Survey (NHANES) dataset in which a large number of predictors
of PPG4–7.9h are available. This study aimed to construct a model predicting PPG4–7.9h
in one group (Group 1, n = 4420) of participants who had actual PPG4–7.9h values; sub-
sequently, PPG4–7.9h values were estimated using this predictive model in another group
(Group 2, n = 8422) of participants who lacked PPG4–7.9h but had complete diabetes diag-
nostic profiles, i.e., fasting plasma glucose, 2 h plasma glucose during oral glucose tolerance
test (OGTT), and hemoglobin A1c (HbA1c) [23,26]. The diagnostic suitability of predicted
PPG4–7.9h for diabetes was then investigated in Group 2 participants, and the sample size
that would be required by future studies aiming to investigate the true diagnostic value
of PPG4–7.9h for diabetes was estimated. Therefore, this study aimed to investigate the
diagnostic potential of predicted PPG4–7.9h for diabetes, which may lay the groundwork for
future investigations and clinical applications.

Antidiabetic medications have confounding effects on blood glucose levels [32–34].
Therefore, this study excluded those who were taking antidiabetic medications or with
unknown medication status.

2. Materials and Methods

2.1. Study Participants

This study included adult participants (aged ≥20 years) from NHANES III (1988–1994)
and the subsequent eight cycles of NHANES from 1999 to 2014 [35]. Two groups of
participants were selected from the NHANES participants: Group 1 (the postprandial
group) and Group 2 (the fasting group).
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Group 1 included all participants who had postprandial plasma glucose measured
from blood taken between 4 and 7.9 h (PPG4–7.9h, n = 5115). Participants using antidiabetic
drugs (n = 277) or with unknown status on the use of antidiabetic drugs (n = 31) were
subsequently excluded. Individuals who had missing data from the following variables
were also excluded: HbA1c (n = 27), insulin (n = 50), body mass index (n = 15), educa-
tion (n = 30), smoking (n = 1), systolic blood pressure (n = 25), total cholesterol (n = 25),
high-density lipoprotein (HDL) cholesterol (n = 30), cancer (n = 1), dietary intake data (car-
bohydrate, protein, fat, and total energy, n = 130), laboratory profile (n = 53 including n = 50
for potassium, n = 1 for total protein, and n = 2 for bilirubin). Therefore, the remaining
4420 participants were included in the final analysis for Group 1 (Figure 1).

Figure 1. Flow diagram of the study participants. Group 1 participants had postprandial plasma
glucose measured from blood taken between 4 and 7.9 h (PPG4–7.9h). Group 2 participants had fasting
plasma glucose with a fasting time between 8 and 23.9 h. *: participants in Group 1 did not have
OGTT data, and OGTT was not an exclusion criterion for Group 1 participants. BMI, body mass
index; HbA1c, hemoglobin A1c; HDL-C, high-density lipoprotein cholesterol; NHANES, National
Health and Nutrition Examination Survey; OGTT, oral glucose tolerance test; PA, physical activity;
SBP, systolic blood pressure; TC, total cholesterol.

Group 2 included those who had fasting plasma glucose (fasting time of 8–23.9 h),
n = 27,366. Participants using antidiabetic drugs (n = 2037) or with unknown status on
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the use of antidiabetic drugs (n = 97) were subsequently excluded. Individuals who had
missing data from the following variables were also excluded: 2 h plasma glucose during
OGTT (n = 16,057), HbA1c (n = 22), insulin (n = 175), body mass index (n = 72), education
(n = 6), physical activity (n = 2), smoking (n = 7), systolic blood pressure (n = 189), total
cholesterol (n = 3), cancer (n = 4), dietary intake data (carbohydrate, protein, fat, and total
energy, n = 221), and laboratory profile (n = 52 including n = 12 for potassium, n = 12 for
calcium, n = 1 for phosphorus, n = 14 for bicarbonate, n = 7 for total protein, and n = 6 for
bilirubin). Therefore, the remaining 8422 participants were included in the final analysis
for Group 2 (Figure 1). Group 2 participants had all three diabetes diagnostic measures,
namely, fasting plasma glucose, 2 h plasma glucose during OGTT, and HbA1c.

2.2. Diabetes Definition

Diabetes was diagnosed based on criteria established by the American Diabetes As-
sociation [23,36], which included a fasting plasma glucose level equal to or exceeding
126 mg/dL, a 2 h plasma glucose during OGTT equal to or exceeding 200 mg/dL, or an
HbA1c level in whole blood equal to or exceeding 6.5%.

2.3. PPG4–7.9h

Blood was drawn from participants. The time of blood collection and last caloric intake
were recorded, and the fasting time was calculated. Blood was taken between 4 and 7.9 h
after the last caloric intake was used to measure PPG4–7.9h by the hexokinase-mediated
reaction method as previously described [37].

2.4. Potential PPG4–7.9h Predictors

The following variables were retrieved from the NHANES data set and treated as
potential factors for PPG4–7.9h as they may affect plasma glucose levels: age, sex, ethnicity,
body mass index, education, income, physical activity, smoking, alcohol intake, dietary
intake (carbohydrate, protein, fat, and total calorie), systolic blood pressure, total choles-
terol, HDL cholesterol, family history of diabetes, cancer diagnosis, use of antihypertensive
medication, use of cholesterol-lowering medication, circulating ionic profile (potassium, cal-
cium, sodium, phosphorus, bicarbonate, and chloride), circulating enzymatic and metabolic
profile (alanine aminotransferase, aspartate aminotransferase, bilirubin, blood urea nitro-
gen, creatinine, and uric acid), serum protein, serum albumin, serum insulin, HbA1c, and
fasting time.

2.5. Statistical Analyses

The participants’ baseline characteristics were described using numbers with percent-
ages for categorical variables, median with interquartile range for non-normally distributed
continuous variables [38], and mean with standard deviation (SD) for normally distributed
continuous variables in the presented data [39].

The associations of PPG4–7.9h with potential predictors were analyzed using simple
linear regression [40]. The significant predictors, determined by the simple linear regression,
were then added to the multiple linear regression model to predict PPG4–7.9h [41].

The following variables were natural log transformed to improve data distribution
prior to linear regression [42]: PPG4–7.9h, fasting plasma glucose, 2 h plasma glucose
during OGTT, body mass index, systolic blood pressure, total cholesterol, HDL cholesterol,
dietary carbohydrate intake, dietary protein intake, dietary fat intake, dietary caloric intake,
alanine aminotransferase, aspartate aminotransferase, bilirubin, blood urea nitrogen, serum
creatinine, serum insulin, and blood HbA1c.

The performance of predicted PPG4–7.9h for classifying diabetes was assessed by re-
ceiver operating characteristic (ROC) curve analysis [43,44]. The optimal cutoff of predicted
PPG4–7.9h was determined by the Youden Index [45].

Power estimation was carried out through simulations involving 10,000 randomly
generated samples with various sample sizes derived from the pool of 8422 participants
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in Group 2 [46,47]. Within each sample, the diagnostic accuracy, sensitivity, and speci-
ficity of predicted PPG4–7.9h for diabetes diagnosis were computed using the following
formulas [48–50]:

Diagnosis accuracy = (number of participants correctly diagnosed with diabetes +
number of participants correctly diagnosed without diabetes)/total number of participants
in the sample.

Sensitivity = number of participants correctly diagnosed with diabetes/total number
of participants with actual diabetes.

Specificity = number of participants correctly diagnosed without diabetes/total num-
ber of participants without actual diabetes.

Among the 10,000 random samples, the percentage exhibiting a diagnostic accuracy of
80%, which is deemed a minimum threshold for an excellent diagnostic marker [51], was
computed to determine the diagnostic power of PPG4–7.9h in identifying diabetes. Mean
sensitivity and specificity values were calculated from the 10,000 samples, and their 95%
confidence intervals were derived from the 2.5th and 97.5th percentiles of the sensitivity
and specificity readings [52]. Furthermore, an investigation into a diagnostic accuracy of
81% was conducted to assess power and sample size requirements.

The null hypothesis was rejected for two-sided values of p < 0.05. Power and sample
size were estimated using the R program, and all other analyses were performed using
SPSS version 27.0 (IBM SPSS Statistics for Windows, Armonk, NY, USA, IBM Corporation).

3. Results

3.1. Baseline Characteristics

Group 1 (the postprandial group) included 4420 participants with a mean (SD) age
of 49 (19) years, and Group 2 (the fasting group) had 8842 participants with a mean (SD)
age of 48 (17) years (Table 1). All other characteristics of the participants are described in
Table 1.

Table 1. Baseline characteristics of participants.

Variables
Group 1

(Postprandial Group)
Group 2

(Fasting Group)

Sample size 4420 8422

PPG4–7.9h, mg/dL, median (IQR) 92 (87–98) N/A

FPG, mg/dL, median (IQR) N/A 99 (92–106)

2 h PG during OGTT, mg/dL, median (IQR) N/A 109 (88–138)

Age, year, mean (SD) 49 (19) 48 (17)

Sex (male), n (%) 2042 (46) 4240 (50)

BMI, kg/m2, median (IQR) 26 (23–30) 28 (24–32)

Ethnicity, n (%)

Non-Hispanic white 2104 (48) 4061 (48)

Non-Hispanic black 1033 (23) 1498 (18)

Hispanic 1220 (28) 2148 (26)

Other 63 (1) 715 (9)

Education, n (%)

<High School 1679 (38) 1985 (24)

High School 1375 (31) 1928 (23)

>High School 1366 (31) 4509 (54)

Poverty/income ratio, n (%)

<130% 1176 (27) 2367 (28)
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Table 1. Cont.

Variables
Group 1

(Postprandial Group)
Group 2

(Fasting Group)

130–349% 1822 (41) 2888 (34)

≥350% 1081 (25) 2591 (31)

Unknown 341 (8) 576 (7)

Physical activity, n (%)

Active 1594 (36) 2108 (25)

Insufficiently active 1890 (43) 2464 (29)

Inactive 936 (21) 3850 (46)

Alcohol consumption, n (%)

0 drinks/week 755 (17) 1379 (16)

<1 drink/week 532 (12) 2459 (29)

1–6 drinks/week 870 (20) 2032 (24)

≥7 drinks/week 578 (13) 1241 (15)

Unknown 1685 (38) 1311 (16)

Smoking status, n (%)

Current smoker 1094 (25) 1773 (21)

Past smoker 1127 (26) 2018 (24)

Non-smoker 2199 (50) 4631 (55)

Dietary carbohydrate intake, g/day, median (IQR) 235 (171–313) 239 (182–311)

Dietary protein intake, g/day, median (IQR) 71 (51–97) 76 (57–99)

Dietary fat intake, g/day, median (IQR) 68 (45–101) 71 (51–97)

Dietary caloric intake, kcal/day, median (IQR) 1899 (1392–2525) 1969 (1507–2513)

SBP, mm Hg, median (IQR) 123 (112–138) 119 (110–131)

TC, mg/dL, median (IQR) 204 (177–235) 193 (167–220)

HDL-C, mg/dL, median (IQR) 50 (41–60) 52 (43–63)

Use of antihypertensive medication

No 3384 (77) 6053 (72)

Yes 693 (16) 1916 (23)

Unknown 343 (8) 453 (5)

Use of cholesterol-lowering medication

No 1655 (37) 4617 (55)

Yes 134 (3) 1202 (14)

Unknown 2631 (60) 2603 (31)

Cancer diagnosis, n (%)

No 4029 (91) 7694 (91)

Yes 391 (9) 728 (9)

Family history of diabetes, n (%)

No 2424 (55) 5178 (62)

Yes 1918 (43) 3082 (37)

Unknown 78 (2) 162 (2)

Serum potassium, mM, mean (SD) 4.0 (0.3) 4.0 (0.3)
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Table 1. Cont.

Variables
Group 1

(Postprandial Group)
Group 2

(Fasting Group)

Serum calcium, mM, mean (SD) 2.3 (0.1) 2.3 (0.1)

Serum sodium, mM, mean (SD) 141.3 (2.5) 139.4 (2.2)

Serum phosphorus, mM, mean (SD) 1.2 (0.2) 1.2 (0.2)

Serum bicarbonate, mM, mean (SD) 27.8 (3.9) 25.2 (2.2)

Serum chloride, mM, mean (SD) 104 (3) 104 (3)

ALT, U/L, median (IQR) 14 (10–20) 21 (16–29)

AST, U/L, median (IQR) 20 (17–24) 23 (20–28)

Bilirubin, μM, median (IQR) 8.6 (6.8–10.3) 12.0 (10.3–15.4)

Blood urea nitrogen, mM, median (IQR) 5.0 (3.9–6.1) 4.3 (3.6–5.4)

Creatinine, μM, median (IQR) 85 (76–102) 75 (64–88)

Uric acid, μM, mean (SD) 311 (88) 326 (82)

Serum protein, g/L, mean (SD) 74 (5) 72 (5)

Serum albumin, g/L, mean (SD) 41.8 (3.7) 42.4 (3.1)

Serum insulin, μU/mL, median (IQR) 8.5 (5.9–12.7) 9.5 (6.1–15.4)

HbA1c, %, median (IQR) 5.3 (5.0–5.7) 5.4 (5.2–5.7)

Fasting time, h, mean (SD) 6.6 (0.8) 12.1 (1.9)

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; FPG, fasting plasma
glucose; HbA1c, hemoglobin A1c; HDL-C, high-density lipoprotein cholesterol; IQR, interquartile range; N/A,
not available; OGTT, oral glucose tolerance test; PG, plasma glucose; PPG4–7.9h, postprandial plasma glucose
measured from blood taken between 4 and 7.9 h; SBP, systolic blood pressure; SD, standard deviation; TC,
total cholesterol.

3.2. Factors Associated with PPG4–7.9h in Group 1 of 4420 Participants, Assessed by Simple
Linear Regression

Simple linear regression analysis identified 30 factors associated with PPG4–7.9h (Table 2).
These factors included age, sex, ethnicity, body mass index, education, income, physical
activity, smoking, alcohol intake, dietary carbohydrate intake, dietary fat intake, dietary
caloric intake, systolic blood pressure, total cholesterol, HDL cholesterol, cancer diagnosis,
use of antihypertensive medications, and certain circulating biomarkers. These biomarkers
included potassium, calcium, phosphorus, bicarbonate, chloride, alanine aminotransferase,
aspartate aminotransferase, bilirubin, blood urea nitrogen, creatinine, uric acid, insulin,
and HbA1c.

Table 2. Association of potential predictors with PPG4–7.9h, analyzed by simple linear regression in
Group 1 of 4420 participants.

Variables B (Coefficient) p Value Variables B (Coefficient) p Value

Age 0.002 <0.001 HDL cholesterol −0.050 <0.001

Sex Family diabetes history

Male 0 (ref.) No 0 (ref.)

Female −0.029 <0.001 Yes 0.003 0.50

Ethnicity Cancer

Non-Hispanic white 0 (ref.) No 0 (ref.)

Non-Hispanic black −0.028 <0.001 Yes 0.021 0.01

Hispanic 0.022 <0.001 Antihypertension medicative
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Table 2. Cont.

Variables B (Coefficient) p Value Variables B (Coefficient) p Value

Other 0.012 0.53 No 0 (ref.)

Body mass index 0.098 <0.001 Yes 0.052 <0.001

Education Cholesterol-lowering medication

<12 years 0 (ref.) No 0 (ref.)

12 years −0.039 <0.001 Yes 0.021 0.12

>12 years −0.047 <0.001 Dietary carbohydrate intake −0.019 <0.001

Income Dietary protein intake −0.007 0.07

<130% 0 (ref.) Dietary fat intake −0.013 <0.001

130%–349% −0.003 0.59 Dietary caloric intake −0.018 <0.001

≥350% −0.015 0.02 Serum potassium 0.026 <0.001

Unknown 0.025 0.01 Serum calcium 0.157 <0.001

Physical activity Serum sodium −0.001 0.16

Inactive 0 (ref.) Serum phosphorus −0.05 <0.001

Active −0.023 <0.001 Serum bicarbonate 0.002 0.002

Insufficiently active −0.017 0.005 Serum chloride −0.004 <0.001

Alcohol consumption Alanine aminotransferase 0.028 <0.001

0 drinks/week 0 (ref.) Aspartate aminotransferase 0.02 <0.001

<1 drink/week −0.023 0.006 Bilirubin 0.019 <0.001

1–6 drinks/week −0.028 <0.001 Blood urea nitrogen 0.052 <0.001

≥7 drinks/week −0.012 0.15 Creatinine 0.026 0.01

Unknown −0.016 0.01 Uric acid 0.0002 <0.001

Smoking status Serum protein 0.001 0.14

Nonsmoker 0 (ref.) Serum albumin −0.0002 0.75

Current smoker −0.005 0.36 Serum insulin 0.070 <0.001

Past smoker 0.024 <0.001 Hemoglobin A1c 0.705 <0.001

SBP 0.235 <0.001 Fasting time −0.002 0.70

Total cholesterol 0.075 <0.001

The following variables were natural log transformed to improve data distribution prior to simple linear regression:
PPG4–7.9h, body mass index, systolic blood pressure, total cholesterol, HDL cholesterol, dietary carbohydrate
intake, dietary protein intake, dietary fat intake, dietary caloric intake, alanine aminotransferase, aspartate
aminotransferase, bilirubin, blood urea nitrogen, creatinine, serum insulin, and blood hemoglobin A1c. HDL,
high-density lipoprotein; PPG4–7.9h, postprandial plasma glucose measured from blood taken between 4 and 7.9 h;
Ref., reference; SBP, systolic blood pressure.

Simple linear regression showed that the following seven factors were not associated
with PPG4–7.9h: family history of diabetes, use of cholesterol-lowering medications, dietary
protein intake, serum sodium, serum protein, serum albumin, and fasting time (Table 2).

3.3. Predictive Model for PPG4–7.9h Using Multiple Linear Regression in Group 1 of
4420 Participants

The predictive model was constructed using multiple linear regression (Table 3). The
predictors were the 30 factors that were identified as significantly associated with PPG4–7.9h
in simple linear regression (Table 2). These 30 predictors accounted for 42.9% of the
variation in PPG4–7.9h (R square, Model 7, Table 3). The individual coefficients for each
predictor in the final model (Model 7, Table 3) are listed in Table 4.
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Table 3. Multiple linear regression model in predicting PPG4–7.9h in Group 1 of 4420 participants.

Models R Square R Square Change Significance of R Square Change

1 0.095 0.095 <0.001

2 0.118 0.023 <0.001

3 0.123 0.005 <0.001

4 0.14 0.017 <0.001

5 0.16 0.02 <0.001

6 0.203 0.042 <0.001

7 0.429 0.226 <0.001
Model 1: adjusted for age, sex, and ethnicity; Model 2: adjusted for all the factors in Model 1 plus body mass index,
education, income, physical activity, smoking, alcohol intake, dietary carbohydrate intake, dietary fat intake,
dietary caloric intake; Model 3: adjusted for all the factors in Model 2 plus systolic blood pressure, total cholesterol,
HDL cholesterol, cancer diagnosis, and use of antihypertensive medication; Model 4: adjusted for all the factors
in Model 3 plus circulating ionic profile (potassium, calcium, phosphorus, bicarbonate, and chloride); Model 5:
adjusted for all the factors in Model 4 plus circulating enzymatic and metabolic profile (alanine aminotransferase,
aspartate aminotransferase, bilirubin, blood urea nitrogen, creatinine, and uric acid); Model 6: adjusted for all the
factors in Model 5 plus serum insulin; Model 7: adjusted for all the factors in Model 6 plus blood hemoglobin A1c.

Table 4. Coefficients of predictors in the PPG4–7.9h predictive model in Group 1 of 4420 participants
analyzed by multiple linear regression.

Variables B (Coefficient) Variables B (Coefficient)

Age 0.001 Smoking status

Sex Nonsmoker 0 (reference)

Male 0 (reference) Current smoker −0.006

Female −0.021 Past smoker −0.003

Ethnicity Systolic blood pressure 0.048

Non-Hispanic white 0 (reference) Total cholesterol −0.042

Non-Hispanic black −0.05 HDL cholesterol 0.015

Hispanic 0.001 Cancer

Other −0.008 No 0 (reference)

Body mass index −0.042 Yes −0.012

Education Antihypertensive medication

<12 years 0 (reference) No 0 (reference)

12 years −0.003 Yes −0.002

>12 years −0.0001 Dietary carbohydrate intake −0.02

Income Dietary fat intake 0.031

<130% 0 (reference) Dietary caloric intake −0.017

130%–349% 0.001 Serum potassium −0.004

≥350% −0.009 Serum calcium 0.081

Unknown 0.005 Serum phosphorus −0.03

Physical activity Serum bicarbonate 0.001

Inactive 0 (reference) Serum chloride −0.001

Active −0.002 Alanine aminotransferase 0.014

Insufficiently active 0.001 Aspartate aminotransferase −0.024
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Table 4. Cont.

Variables B (Coefficient) Variables B (Coefficient)

Alcohol consumption Bilirubin 0.032

0 drinks/week 0 (reference) Blood urea nitrogen 0.004

<1 drink/week 0.001 Creatinine −0.038

1–6 drinks/week −0.002 Uric acid −0.0001

≥7 drinks/week 0.015 Serum insulin 0.052

Unknown −0.013 Hemoglobin A1c 0.661

The following variables were natural log transformed to improve data distribution prior to multiple linear regres-
sion: PPG4–7.9h, body mass index, systolic blood pressure, total cholesterol, HDL cholesterol, dietary carbohydrate
intake, dietary fat intake, dietary caloric intake, alanine aminotransferase, aspartate aminotransferase, biliru-
bin, blood urea nitrogen, creatinine, serum insulin, and blood hemoglobin A1c. HDL, high-density lipoprotein;
PPG4–7.9h, postprandial plasma glucose measured from blood taken between 4 and 7.9 h.

In Group 1, the predicted PPG4–7.9h values were generated utilizing the predictive
model comprising 30 predictors, along with their respective coefficients listed in Table 4. To
assess the model’s performance, the difference between the predicted and actual PPG4–7.9h
values was calculated. Analysis revealed that approximately 80% of participants exhibited
predicted PPG4–7.9h values within a margin of 11.1 mg/dL from the actual values (Table 5).
These findings indicated that the predictive model demonstrated a commendable level
of accuracy.

Table 5. Distribution of delta PPG4–7.9h in Group 1 of 4420 participants.

Percentiles Delta PPG4–7.9h (mg/dL)

10 −11.1

20 −6.5

30 −3.8

40 −1.6

50 0.6

60 2.7

70 4.7

80 7.2

90 10.9
PPG4–7.9h, postprandial plasma glucose measured from blood taken between 4 and 7.9 h; delta PPG4–7.9h = predicted
value–actual value.

3.4. Predicted PPG4–7.9h for Diabetes Diagnosis in Group 2 of 8422 Participants

Predicted PPG4–7.9h values were computed for Group 2 of 8422 participants utilizing
the predictive model incorporating 30 predictors along with their corresponding coefficients
(Table 4). Diabetes diagnosis followed the diagnostic criteria outlined by the American
Diabetes Association. The utility of predicted PPG4–7.9h in diagnosing diabetes was ana-
lyzed through ROC curve analysis. Results revealed that predicted PPG4–7.9h could discern
diabetes with an accuracy of 87.3% (95% confidence interval: 86.0%–88.7%), as indicated by
the area under the curve (AUC, Figure 2). Further analysis via the Youden index indicated
that the optimal cutoff point of predicted PPG4–7.9h for diabetes diagnosis was 102.5 mg/dL.
This threshold was associated with a diagnostic sensitivity of 75.1% and specificity of 84.1%
(Figure 2).
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Figure 2. ROC curve analysis of predicted PPG4–7.9h for diabetes diagnosis. The optimal cutoff
was 102.5 mg/dL, with a sensitivity of 75.1% and specificity of 84.1%. The area under the curve
(AUC) = 0.873. CI, confidence interval; PPG4–7.9h, postprandial plasma glucose measured from blood
taken between 4 and 7.9 h; ROC, receiver operating characteristic.

3.5. Power and Sample Size Estimation for Predicted PPG4–7.9h to Diagnose Diabetes in Group 2 of
8422 Participants

Power analysis for diagnosing diabetes using predicted PPG4–7.9h was conducted in
Group 2 through the simulation of 10,000 random samples, each with varying sample
sizes ranging from 50 to 300 participants. Diabetes prediction was defined as a predicted
PPG4–7.9h equal to or above the optimal cutoff of ≥102.5 mg/dL (Figure 2), and actual
diabetes status was determined based on the criteria outlined by the American Diabetes
Association. The accuracy of predicted diagnoses for each of the 10,000 random samples
was assessed by comparing them with the actual diabetes status.

In evaluating the accuracy, it is notable that an accuracy falling within the range
of 0.8 to 0.9 is considered excellent, while an accuracy between 0.9 and 1.0 is deemed
outstanding [51]. This study employed an accuracy threshold of 80% to conduct power
and sample size estimations. Additionally, a slightly improved accuracy of 81% was also
explored for these estimations (Table 6).

Table 6. Power estimation for predicted PPG4–7.9h to diagnose diabetes.

Sample Size n = 50 n = 100 n = 170 n = 175 n = 200 n = 300

Power for
80% accuracy 79.9% 84.2% 89.3% 89.9 91.2% 94.5%

Power for
81% accuracy 68.7% 77.8% 79.7% 81.0% 82.9% 87.6%

Sensitivity
(95% CI)

75.2%
(25.0%–100%)

75.4%
(42.7%–100%)

75.0%
(50.0%–94.4%)

75.4%
(52.9%–94.4%)

75.1%
(53.9%–93.8%)

75.1%
(57.7%–90.5)

Specificity
(95% CI)

84.2%
(72.9%–93.6%)

84.1%
(76.3%–91.2%)

84.1%
(78.3%–89.6%)

84.1%
(78.3%–89.4%)

84.1%
(78.8%–89.1%)

84.1%
(79.8%–88.2%)

Power was estimated using simulations on 10,000 random samples for each sample size. CI, confidence interval.

Analysis revealed that as the sample size increased, there was a corresponding rise
in power and a reduction in the confidence interval range for sensitivity and specificity
(Table 6). The findings suggest that a sample size of 175 participants may be necessary to
achieve over 80% power in detecting a diagnostic accuracy of 81% (Table 6).
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4. Discussion

This study revealed that predicted PPG4–7.9h demonstrated a commendable diagnostic
accuracy of 87.3% for identifying diabetes. At the optimal cutoff of 102.5 mg/dL, predicted
PPG4–7.9h exhibited a sensitivity of 75.1% and specificity of 84.1%. Utilizing simulation
on 10,000 random samples, power and sample size estimations indicated that future
investigations into PPG4–7.9h as a diagnostic marker for diabetes may require a minimum
of 175 participants.

This study demonstrated an accuracy of 87.3% (indicated by the area under the ROC
curve) for predicted PPG4–7.9h in diagnosing diabetes with a sensitivity of 75.1% and
specificity of 84.1% at the optimal cut-off. This indicates that the capacity of PPG4–7.9h
for diabetes is within the excellent accuracy range of 80% to 90% [51]. This accuracy is
higher than HbAlc. For example, it has been reported that in 2332 Chinese individuals, the
diagnostic accuracy of HbAlc for diabetes was 67%, with a sensitivity of about 63% and a
specificity of about 62% [29]. In the Finnish Diabetes Prevention Study, HbAlc of ≥6.5%
diagnosed diabetes with a sensitivity of 35% in women and 47% in men [53]. Another
report showed that the average sensitivity of HbAlc of ≥6.5% in diagnosing diabetes among
studies from six countries (Denmark, UK, Australia, Greenland, Kenya and India) was
44% [28].

In addition, the sensitivity of fasting plasma glucose of ≥126 mg/dL to detect OGTT-
diagnosed diabetes was 44.7% in Japanese individuals [54]. The corresponding figure was
70.1% in UK individuals [55] and 41% in US individuals [56].

Therefore, predicted PPG4–7.9h may have a better sensitivity and accuracy than HbAlc
and fasting plasma glucose in diabetes diagnosis. However, whether this is the case for
actual PPG4–7.9h needs to be investigated in the future.

PPG4–7.9h displays positive correlations with mortality across various diseases, includ-
ing hypertension, diabetes, cardiovascular disease, and cancer [21,22]. Notably, PPG4–7.9h
appears to exhibit stronger associations with certain disease outcomes compared to HbA1c.
Specifically, the relationship between PPG4–7.9h and mortality from hypertension, cardio-
vascular disease [22], and cancer [21] are independent of HbA1c. However, HbA1c is
not associated with cancer mortality [21] or all-cause mortality [17]. In addition, fasting
plasma glucose and 2 h plasma glucose during OGTT were not associated with cancer
mortality [21]. These results suggest that PPG4–7.9h may be superior to the current diabetes
diagnostic markers in predicting clinical outcomes.

In addition, unlike fasting plasma glucose and 2 h plasma glucose during OGTT,
PPG4–7.9h offers the convenience of measurement without requiring fasting, further under-
scoring its potential clinical utility. Moreover, the glucose test is cheaper than the HbA1c
test [30,31]. Consequently, validating PPG4–7.9h as an additional diagnostic marker for
diabetes may hold significant promise for future clinical practice.

This study found that PPG4–7.9h was stable over the duration of 4 to 7.9 h, which was
evidenced by the observation that fasting time did not influence its levels. This finding
aligns with previous research indicating consistent hourly PPG4–7.9h levels within this
time frame [16,21,22]. Additionally, it echoes findings from Eichenlau et al. [20], who
showed that plasma glucose returned to baseline four hours after a meal regardless of
meal type and meal time, suggesting that PPG4–7.9h may reflect an individual’s state of
glucose homeostasis.

The optimal cutoff of 102.5 mg/dL for predicted PPG4–7.9h falls below the current
fasting plasma glucose cutoff for diabetes diagnosis (126 mg/dL) [23,26]. This observation
is consistent with prior reports indicating lower PPG4–7.9h values compared to fasting
plasma glucose in individuals with diabetes under good control [57,58]. For example,
Avignon et al. [57] reported that in patients with type 2 diabetes who had good diabetic
control (HbAlc < 7.0%), the PPG4–7.9h level (measured 5 h after lunch) was 104 mg/dL while
the fasting plasma glucose level in those patients was 133 mg/dL. Similarly, Peter et al. [58]
reported that in patients with type 2 diabetes who had good diabetic control (HbAlc < 7.3%),
the PPG4–7.9h level (measured 4 h after breakfast, lunch, or dinner) was 102 mg/dL while the
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fasting plasma glucose level in those patients was 127 mg/dL. The common observation of
higher fasting plasma glucose than PPG4–7.9h in those with type 2 diabetes may result from
a transient increase in both glycogenolysis and gluconeogenesis in the early morning [59],
a phenomenon termed “dawn phenomenon” [60].

The identified cutoff of 102.5 mg/dL for diabetes diagnosis corresponds closely to
PPG4–7.9h levels of 102–104 mg/dL observed in type 2 diabetes patients maintaining rel-
atively good control [57,58]. Furthermore, this cutoff mirrors the PPG4–7.9h threshold
associated with cancer mortality (101 mg/dL) [21].

Strengths of the study include its relatively large sample size (n = 4420 for the post-
prandial group and n = 8422 for the fasting group) and the incorporation of numerous
variables to estimate PPG4–7.9h levels. However, a limitation lies in the use of prediction of
PPG4–7.9h while investigating its utility for diabetes diagnosis. Nevertheless, the predictive
model, consisting of 30 predictors, performed satisfactorily, with 80% of participants having
a predicted PPG4–7.9h within 11.1 mg/dL of the true value. By providing insights into
sample size estimation, this study enables researchers to properly design future studies
aimed at elucidating the true value of PPG4–7.9h in diabetes diagnosis.

5. Conclusions

Predicted PPG4–7.9h appears to serve as a promising diagnostic indicator for diabetes.
Subsequent studies seeking to ascertain its definitive diagnostic value might require a
minimum sample size of 175 participants.

Author Contributions: Conceptualization, Y.W.; formal analysis, Y.W.; data curation, Y.W. and Y.F.;
writing—original draft preparation, Y.W., C.L.A., F.J.C. and A.C.; writing—review and editing, Y.W.,
Y.F., C.L.A., F.J.C. and A.C.; funding acquisition, Y.W. All authors have read and agreed to the
published version of the manuscript.

Funding: Y.W. was supported by a grant from the National Health and Medical Research Council of
Australia (1062671).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the NHANES Institutional Review Board. Approval Code: NHANES
Protocol #98-12, #2005-06, and #2011-17.

Informed Consent Statement: All participants provided written informed consent. The participants’
records were anonymized before being accessed by the author.

Data Availability Statement: All data in the current analysis are publicly available on the NHANES
website (https://www.cdc.gov/nchs/nhanes/index.htm), accessed on 3 July 2023.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. World Health Organization. Diabetes Overview. 2024. Available online: https://www.who.int/health-topics/diabetes#tab=tab_1
(accessed on 3 April 2024).

2. Centers for Disease Control and Prevention (CDC). Prevent Diabetes Complications. 2022. Available online: https://www.cdc.
gov/diabetes/managing/problems.html (accessed on 4 April 2024).

3. Williams, R.; Karuranga, S.; Malanda, B.; Saeedi, P.; Basit, A.; Besançon, S.; Bommer, C.; Esteghamati, A.; Ogurtsova, K.; Zhang,
P.; et al. Global and regional estimates and projections of diabetes-related health expenditure: Results from the International
Diabetes Federation Diabetes Atlas, 9th edition. Diabetes Res. Clin. Pract. 2020, 162, 108072. [CrossRef] [PubMed]

4. Ogurtsova, K.; Guariguata, L.; Barengo, N.C.; Ruiz, P.L.-D.; Sacre, J.W.; Karuranga, S.; Sun, H.; Boyko, E.J.; Magliano, D.J. IDF
diabetes Atlas: Global estimates of undiagnosed diabetes in adults for 2021. Diabetes Res. Clin. Pract. 2022, 183, 109118. [CrossRef]
[PubMed]

5. Dagogo-Jack, S. Preventing diabetes-related morbidity and mortality in the primary care setting. J. Natl. Med. Assoc. 2002,
94, 549–560. [PubMed]

6. Ceriello, A.; Colagiuri, S.; Gerich, J.; Tuomilehto, J. Guideline for management of postmeal glucose. Nutr. Metab. Cardiovasc. Dis.
2008, 18, S17–S33. [CrossRef] [PubMed]

7. Peter, R.; Okoseime, O.E.; Rees, A.; Owens, D.R. Postprandial glucose—A potential therapeutic target to reduce cardiovascular
mortality. Curr. Vasc. Pharmacol. 2009, 7, 68–74. [CrossRef] [PubMed]

18



Biomedicines 2024, 12, 1313

8. American Diabetes Association. Postprandial Blood Glucose. Diabetes Care 2001, 24, 775–778. [CrossRef]
9. Bell, D.S. Importance of postprandial glucose control. South. Med. J. 2001, 94, 804–809. [CrossRef] [PubMed]
10. Monnier, L.; Colette, C.; Owens, D. Postprandial and basal glucose in type 2 diabetes: Assessment and respective impacts.

Diabetes Technol. Ther. 2011, 13 (Suppl. S1), S25–S32. [CrossRef] [PubMed]
11. Veciana, M.d.; Major, C.A.; Morgan, M.A.; Asrat, T.; Toohey, J.S.; Lien, J.M.; Evans, A.T. Postprandial versus Preprandial

Blood Glucose Monitoring in Women with Gestational Diabetes Mellitus Requiring Insulin Therapy. N. Engl. J. Med. 1995,
333, 1237–1241. [CrossRef]

12. Hanefeld, M.; Fischer, S.; Julius, U.; Schulze, J.; Schwanebeck, U.; Schmechel, H.; Ziegelasch, H.J.; Lindner, J. Risk factors for
myocardial infarction and death in newly detected NIDDM: The Diabetes Intervention Study, 11-year follow-up. Diabetologia
1996, 39, 1577–1583. [CrossRef]

13. Takao, T.; Suka, M.; Yanagisawa, H.; Iwamoto, Y. Impact of postprandial hyperglycemia at clinic visits on the incidence of
cardiovascular events and all-cause mortality in patients with type 2 diabetes. J. Diabetes Investig. 2017, 8, 600–608. [CrossRef]

14. Cavalot, F.; Pagliarino, A.; Valle, M.; Di Martino, L.; Bonomo, K.; Massucco, P.; Anfossi, G.; Trovati, M. Postprandial blood glucose
predicts cardiovascular events and all-cause mortality in type 2 diabetes in a 14-year follow-up: Lessons from the San Luigi
Gonzaga Diabetes Study. Diabetes Care 2011, 34, 2237–2243. [CrossRef]

15. Cavalot, F.; Petrelli, A.; Traversa, M.; Bonomo, K.; Fiora, E.; Conti, M.; Anfossi, G.; Costa, G.; Trovati, M. Postprandial blood
glucose is a stronger predictor of cardiovascular events than fasting blood glucose in type 2 diabetes mellitus, particularly in
women: Lessons from the San Luigi Gonzaga Diabetes Study. J. Clin. Endocrinol. Metab. 2006, 91, 813–819. [CrossRef] [PubMed]

16. Wang, Y.; Fang, Y. Late non-fasting plasma glucose predicts cardiovascular mortality independent of hemoglobin A1c. Sci. Rep.
2022, 12, 7778. [CrossRef] [PubMed]

17. Takao, T.; Takahashi, K.; Suka, M.; Suzuki, N.; Yanagisawa, H. Association between postprandial hyperglycemia at clinic visits
and all-cause and cancer mortality in patients with type 2 diabetes: A long-term historical cohort study in Japan. Diabetes Res.
Clin. Pract. 2019, 148, 152–159. [CrossRef]

18. Abe, H.; Aida, Y.; Ishiguro, H.; Yoshizawa, K.; Miyazaki, T.; Itagaki, M.; Sutoh, S.; Aizawa, Y. Alcohol, postprandial plasma
glucose, and prognosis of hepatocellular carcinoma. World J. Gastroenterol. 2013, 19, 78–85. [CrossRef] [PubMed]

19. Takao, T.; Suka, M.; Yanagisawa, H.; Kasuga, M. Thresholds for postprandial hyperglycemia and hypertriglyceridemia associated
with increased mortality risk in type 2 diabetes patients: A real-world longitudinal study. J. Diabetes Investig. 2021, 12, 886–893.
[CrossRef]

20. Eichenlaub, M.M.; Khovanova, N.A.; Gannon, M.C.; Nuttall, F.Q.; Hattersley, J.G. A Glucose-Only Model to Extract Physiological
Information from Postprandial Glucose Profiles in Subjects with Normal Glucose Tolerance. J. Diabetes Sci. Technol. 2022,
16, 1532–1540. [CrossRef]

21. Wang, Y.; Fang, Y.; Habenicht, A.; Golledge, J.; Giovannucci, E.; Ceriello, A. Postprandial Plasma Glucose and Associated Cancer
Mortality. Preprints 2024, 2024011578. [CrossRef]

22. Wang, Y. Postprandial Plasma Glucose Measured from Blood Taken between 4 and 7.9 h Is Positively Associated with Mortality
from Hypertension and Cardiovascular Disease. J. Cardiovasc. Dev. Dis. 2024, 11, 53. [CrossRef]

23. ElSayed, N.A.; Aleppo, G.; Aroda, V.R.; Bannuru, R.R.; Brown, F.M.; Bruemmer, D.; Collins, B.S.; Hilliard, M.E.; Isaacs, D.; Johnson,
E.L.; et al. 2. Classification and Diagnosis of Diabetes: Standards of Care in Diabetes—2023. Diabetes Care 2023, 46, S19–S40.
[CrossRef]

24. Darras, P.; Mattman, A.; Francis, G.A. Nonfasting lipid testing: The new standard for cardiovascular risk assessment. Can. Med.
Assoc. J. 2018, 190, E1317–E1318. [CrossRef] [PubMed]

25. Bonora, E.; Tuomilehto, J. The Pros and Cons of Diagnosing Diabetes with A1C. Diabetes Care 2011, 34, S184–S190. [CrossRef]
[PubMed]

26. American Diabetes Association. 2. Classification and Diagnosis of Diabetes: Standards of Medical Care in Diabetes—2021.
Diabetes Care 2021, 44, S15–S33. [CrossRef]

27. Phillips, P.J. Oral glucose tolerance testing. Aust. Fam. Physician 2012, 41, 391–393.
28. Christensen, D.L.; Witte, D.R.; Kaduka, L.; Jørgensen, M.E.; Borch-Johnsen, K.; Mohan, V.; Shaw, J.E.; Tabák, A.G.; Vistisen, D.

Moving to an A1C-based diagnosis of diabetes has a different impact on prevalence in different ethnic groups. Diabetes Care 2010,
33, 580–582. [CrossRef]

29. Zhou, X.; Pang, Z.; Gao, W.; Wang, S.; Zhang, L.; Ning, F.; Qiao, Q. Performance of an A1C and fasting capillary blood glucose test
for screening newly diagnosed diabetes and pre-diabetes defined by an oral glucose tolerance test in Qingdao, China. Diabetes
Care 2010, 33, 545–550. [CrossRef]

30. Tonelli, M.; Pottie, K. Diabetes guidelines. Can. Med. Assoc. J. 2013, 185, 238. [CrossRef] [PubMed]
31. Robinson, C.A.; Sohal, P. Diabetes guidelines. Can. Med. Assoc. J. 2013, 185, 237–238. [CrossRef]
32. Luna, B.; Feinglos, M.N. Oral agents in the management of type 2 diabetes mellitus. Am. Fam. Physician 2001, 63, 1747–1756.
33. von Nicolai, H.; Brickl, R.; Eschey, H.; Greischel, A.; Heinzel, G.; König, E.; Limmer, J.; Rupprecht, E. Duration of action and

pharmacokinetics of the oral antidiabetic drug gliquidone in patients with non-insulin-dependent (type 2) diabetes mellitus.
Arzneimittelforschung 1997, 47, 247–252. [PubMed]

34. Padhi, S.; Nayak, A.K.; Behera, A. Type II diabetes mellitus: A review on recent drug based therapeutics. Biomed. Pharmacother.
2020, 131, 110708. [CrossRef] [PubMed]

19



Biomedicines 2024, 12, 1313

35. Wang, Y. Higher fasting triglyceride predicts higher risks of diabetes mortality in US adults. Lipids Health Dis. 2021, 20, 181.
[CrossRef]

36. American Diabetes Association. Classification and Diagnosis of Diabetes: Standards of Medical Care in Diabetes—2019. Diabetes
Care 2019, 42, S13–S28. [CrossRef]

37. NHANES. Hexokinase-Mediated Reaction Roche/Hitachi Cobas C Chemistry Analyzer. Laboratory Procedure Manual 2014.
Available online: https://wwwn.cdc.gov/nchs/data/nhanes/2013-2014/labmethods/GLU_H_MET.pdf (accessed on 15
January 2024).

38. Jungo, K.T.; Meier, R.; Valeri, F.; Schwab, N.; Schneider, C.; Reeve, E.; Spruit, M.; Schwenkglenks, M.; Rodondi, N.; Streit,
S. Baseline characteristics and comparability of older multimorbid patients with polypharmacy and general practitioners
participating in a randomized controlled primary care trial. BMC Fam. Pract. 2021, 22, 123. [CrossRef] [PubMed]

39. Wang, Y. Stage 1 hypertension and risk of cardiovascular disease mortality in United States adults with or without diabetes.
J. Hypertens. 2022, 40, 794–803. [CrossRef] [PubMed]

40. Qian, T.; Sun, H.; Xu, Q.; Hou, X.; Hu, W.; Zhang, G.; Drummond, G.R.; Sobey, C.G.; Charchar, F.J.; Golledge, J.; et al.
Hyperuricemia is independently associated with hypertension in men under 60 years in a general Chinese population. J. Hum.
Hypertens. 2021, 35, 1020–1028. [CrossRef] [PubMed]

41. Wang, Y.; Zhang, W.; Qian, T.; Sun, H.; Xu, Q.; Hou, X.; Hu, W.; Zhang, G.; Drummond, G.R.; Sobey, C.G.; et al. Reduced renal
function may explain the higher prevalence of hyperuricemia in older people. Sci. Rep. 2021, 11, 1302. [CrossRef] [PubMed]

42. Wang, Y. Definition, prevalence, and risk factors of low sex hormone-binding globulin in US adults. J. Clin. Endocrinol. Metab.
2021, 106, e3946–e3956. [CrossRef]

43. Brancato, D.; Saura, G.; Fleres, M.; Ferrara, L.; Scorsone, A.; Aiello, V.; Di Noto, A.; Spano, L.; Provenzano, V. Prognostic accuracy
of continuous glucose monitoring in the prediction of diabetes mellitus in children with incidental hyperglycemia: Receiver
operating characteristic analysis. Diabetes Technol. Ther. 2013, 15, 580–585. [CrossRef]

44. Wang, Y.; Fang, Y. Postabsorptive homeostasis model assessment for insulin resistance is a reliable biomarker for cardiovascular
disease mortality and all-cause mortality. Diabetes Epidemiol. Manag. 2021, 6, 100045. [CrossRef]

45. Perkins, N.J.; Schisterman, E.F. The inconsistency of “optimal” cutpoints obtained using two criteria based on the receiver
operating characteristic curve. Am. J. Epidemiol. 2006, 163, 670–675. [CrossRef] [PubMed]

46. Arnold, B.F.; Hogan, D.R.; Colford, J.M.; Hubbard, A.E. Simulation methods to estimate design power: An overview for applied
research. BMC Med. Res. Methodol. 2011, 11, 94. [CrossRef]

47. Wilson, D.T.; Hooper, R.; Brown, J.; Farrin, A.J.; Walwyn, R.E. Efficient and flexible simulation-based sample size determination
for clinical trials with multiple design parameters. Stat. Methods Med. Res. 2021, 30, 799–815. [CrossRef] [PubMed]
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Abstract: The association of endotoxemia with metabolic syndrome (MS) and low-grade inflammation
in type 1 diabetes (T1D) is little-studied. We investigated the levels of lipopolysaccharide (LPS),
lipopolysaccharide-binding protein (LBP), endogenous anti-endotoxin core antibodies (EndoCAb
IgG and IgM) and high-sensitivity C-reactive protein (hsCRP) in 74 T1D patients with different MS
statuses and 33 control subjects. Within the T1D group, 31 patients had MS. These subjects had
higher levels of LPS compared to patients without MS (MS 0.42 (0.35–0.56) or no MS 0.34 (0.3–0.4),
p = 0.009). MS was associated with LPS/HDL (OR = 6.5 (2.1; 20.0), p = 0.036) and EndoCAb IgM
(OR = 0.32 (0.11; 0.93), p = 0.036) in patients with T1D. LBP (β = 0.30 (0.09; 0.51), p = 0.005), EndoCAb
IgG (β = 0.29 (0.07; 0.51), p = 0.008) and the LPS/HDL ratio (β = 0.19 (0.03; 0.41, p = 0.084) were
significantly associated with log-transformed hsCRP in T1D. Higher levels of hsCRP and EndoCAb
IgG were observed in T1D compared to the control (p = 0.002 and p = 0.091, respectively). In contrast
to the situation in the control group, LPS did not correlate with LBP, EndoCAb, leukocytes or HDL
in T1D. To conclude, endotoxemia is associated with low-grade inflammation, MS and a distinct
response to LPS in T1D.

Keywords: type 1 diabetes; metabolic syndrome; endotoxin; low-grade inflammation;
lipopolysaccharide-binding protein; endogenous anti-endotoxin core antibodies

1. Introduction

The prevalence of autoimmune conditions, including type 1 diabetes (T1D), has
markedly increased in the recent decades [1]. T1D is characterized by absolute insulin
deficiency caused by the loss of insulin-producing pancreatic beta cells and increased
morbidity and mortality mainly due to long-term diabetes complications [2]. It has been
shown that metabolic syndrome (MS)—a combination of cardiovascular risk factors [3] and
a state of low-grade inflammation [4]—is associated with the progression of both micro-
and macrovascular complications of diabetes [5–7] in T1D. Increased bacterial lipopolysac-
charide (LPS, endotoxin) leakage into the circulation, or endotoxemia, is considered to be
a possible source of the chronic inflammatory reaction in T1D [8] and is associated with
the progression of diabetic kidney disease (DKD) [9,10], cardiovascular disease (CVD),
atherosclerosis [11] and MS components [12]. In addition to possible factors predisposing
T1D patients to increased endotoxemia and low-grade inflammation (such as leaky gut syn-
drome, intestinal microbiota dysbiosis, hyperglycemia [8,13–16], etc.), impaired response
to infection is of particular interest [17].

In addition to LPS activity itself, the serum concentration of its binding proteins such as
LPS-binding protein (LBP) and the endogenous anti-endotoxin core antibodies (EndoCAb)
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IgM and IgG can serve as markers of infection severity and the host’s anti-inflammatory
response [18,19]. Unfortunately, only a few studies report concentrations of some of these
markers in T1D compared to healthy subjects [20–22] and in relation to MS components in
T1D [23]. Also, no study to date reports correlations of the levels of fecal calprotectin as a
marker of intestinal inflammation [15] with endotoxemia markers in T1D.

Finally, the potential link of non-alcoholic fatty liver disease (NAFLD) or its surrogate
markers with endotoxemia in T1D has not yet been studied. This gap in knowledge should
also be filled, as there is evidence of links between MS, NAFLD [24] and endotoxemia in the
general population [25]. The latter data would be of high importance due to the increasing
prevalence of NAFLD in T1D and its association with the complications of T1D [26,27].

To summarize, a better understanding of associations between low-grade inflam-
mation, endotoxins and their binding proteins and MS components is important for the
development of future treatment and prevention strategies for vascular T1D complications.

In this work, we utilized several novel approaches of statistical analysis in addition
to conventionally used methods; for example, for data normalization between the plates,
a transformation based on the two-sample location-scale model was used [28,29]. For
two-distribution comparisons, we used the smoothed empirical likelihood method for the
probability–probability (PP) plot [30–32]. In addition, the empirical likelihood method for
the equality test of all deciles of two distributions, which allows for obtaining information
about the differences or similarities of two samples, was applied for data analysis [33].

To conclude, the aim of this study was to investigate the levels of endotoxins and
their binding proteins in T1D patients with different MS statuses and to study associations
between endotoxemia markers, low-grade inflammation and MS using both conventional
and novel approaches of statistical analysis.

2. Materials and Methods

2.1. Study Groups and Subjects

All participants in this investigation took part in the longitudinal LatDiane study,
which is a part of the international InterDiane consortium. Adult patients with T1D
diagnosed before the age of 40 years, with insulin treatment initiated within one year of
diagnosis and C-peptide levels below 0.3 nmol/L, were recruited for LatDiane. Patients
with a history of chronic kidney disease apart from DKD were excluded [34]. Follow-up
visits and re-assessment of the status of complications of diabetes were performed every
three years or more frequently.

We performed recruitment, biobanking and sample storage in agreement with the
procedures of the Genome Database of the Latvian Population [35,36].

Recruitment took place between 15th January 2021 and 31st August 2021 in Latvia,
Riga, Pilson, u 13 str. building 10 (the rooms of the Laboratory for Personalized Medicine of
the University of Latvia). The group of subjects with normal glucose metabolism (control
group) included non-smoking spouses and friends of patients participating in this study,
university personnel and students willing to participate in this study. Information about
the study was disseminated via a webpage and social media of the University of Latvia.

The inclusion criterion for the group of patients with T1D was a diabetes duration of
at least 8 years.

The inclusion criteria for the control group were normal glucose metabolism, defined
as fasting glucose ≤ 5.6 mmol and HbA1c ≤ 5.7% [2], and no known or documented
autoimmune, cardiovascular or other chronic diseases.

Exclusion criteria for both study groups were pregnancy, history of inflammatory
bowel disease (Crohn’s disease or ulcerative colitis) and coeliac disease, acute intestinal
infection within 2 months of the planned fecal collection, asymptomatic coeliac disease
(detected via screening of serum transglutaminase IgA antibodies), clinical signs of acute
inflammation, and fever.
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On the study day, patients were investigated for the collection of anthropometric mea-
sures, blood samples and information on disease history. They also received instructions
and vials for the collection of the fecal sample.

2.2. Clinical Definitions

Patients were investigated to document weight, height, waist circumference and blood
pressure. The body mass index (BMI, weight (kg)/height (m)2) and waist/height ratio
were calculated. Patients with systolic blood pressure ≥ 140 mmHg (18.7 kPa) or diastolic
blood pressure ≥ 90 mmHg (12.0 kPa), or a history of antihypertensive drug usage, were
defined to have arterial hypertension.

Smoking was self-reported, and the “smokers” group referred to patients currently
smoking at least one cigarette per day.

Medical files were investigated for assessment of CVD and complications of diabetes
such as retinopathy, neuropathy and DKD. We defined CVD as a history of acute myocar-
dial infarction, coronary bypass/percutaneous transluminal coronary angioplasty stroke,
amputation or peripheral vascular disease.

The albumin-to-creatinine ratio in two out of the three morning spot urine samples
was used for the definition of albuminuria status. The estimated glomerular filtration rate
(eGFR) was calculated according to the Chronic Kidney Disease Epidemiology Collabora-
tion (CKD-EPI).

MS was assessed according to Alberti et al. [3]. The waist criterion was fulfilled for
men if ≥102 cm and for women if ≥88 cm. Patients with serum triglycerides ≥ 1.7 mmol/L,
serum high-density lipoproteins < 1.0 mmol/L (for men) and <1.3 mmol/L (for women)
or medication to manage these dyslipidemia disorders fulfilled these respective criteria.
Furthermore, subjects with blood pressure exceeding 130/85 mmHg or antihypertensive
treatment fulfilled the blood pressure criterion. The elevated fasting blood glucose criterion
was positive for all subjects with T1D. In the case of ≥3 positive criteria, MS was confirmed.

2.3. Sampling of Blood for Serum Preparation and Fecal Collection

Blood samples and morning spot urine samples were sent to a certified clinical lab for
assessment of clinical markers (blood count, CRP, clinical chemistry, albuminuria).

For serum preparation for further analysis of endotoxemia markers and hsCRP, pe-
ripheral venous blood was collected. The blood samples were incubated undisturbed for
30 min at room temperature and then centrifuged. The serum was removed from the pellet
and transferred into fresh 2 mL tubes, frozen and stored at −20 ◦C until analysis.

Participants collected their fecal samples at home within two weeks after blood collec-
tion, using sterile collection tubes without buffer (collection date and time were marked).
Within 24 h, samples were delivered to the laboratory for calprotectin measurement in
unfrozen samples.

2.4. Determination of Inflammatory and Endotoxemia Markers

In serum, the LPS activity was measured using a Hycult LAL chromogenic endpoint
assay (HIT302, Hycult Biotech, Uden, The Netherlands). EndoCAb IgG and EndoCAb IgM
were measured using Hycult EndoCAb IgG and IgM Elisa kits (HK504-IGG; HK504-IGM;
Hycult Biotech, Uden, The Netherlands). LPB was measured using a Hycult LPB Human
Elisa kit (HK315-02, Hycult Biotech, Uden, The Netherlands). hsCRP was measured using a
Hycult Human hsCRP kit (HK369 Hycult Biotech, Uden, The Netherlands). Measurements
were performed according to the manufacturer’s instructions. Fecal calprotectin was
measured using an Alegria® Calprotectin Elisa kit (REF ORG280, Organotech Diagnostika
GmbH, Budapest, Hungary) in a certified clinical lab.
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2.5. Indices of Insulin Resistance and NAFLD

Estimated glucose disposal rate (eGDR) allows for the estimation of insulin resistance
in patients with T1D. It was calculated according to the following formula:

eGDR = 24.4 − 12.97 × Waist/Hips − 3.39 × Hypertension − 0.6 × HbA1c%,

where hypertension is 1 if blood pressure is ≥140/90 mmHg and/or the patient takes
antihypertensive drugs regularly; otherwise, it is 0 [37,38]. The lower the eGDR, the higher
the insulin resistance.

The NAFLD hepatic steatosis index (HSI) and fatty liver index (FLI) were calculated
according to the following formulas:

HSI = 8 × ALT/AST + BMI + 2 (if DM) + 2(if female),

with values < 30 ruling out and values ≥ 36 ruling in steatosis [39], and

FLI = logistic(0.953 × ln(TG) + 0.139 × BMI + 0.718 + ln(GGT)

+0.053 × Waist − 15.745)× 100,

where logistic(x) = 1/(1 + e−x) denotes the logistic function and ln(x) the natural loga-
rithm. Values < 30 rule out and values ≥ 60 rule in steatosis [40].

2.6. Statistical Analysis

All statistical analysis was performed using statistical open-source software R version
4.3.1 (http://www.r-project.org accessed on 20 September 2023) [41]. The Shapiro–Wilk test
was used to test the normality assumption. We report all p-values below 0.1 as statistically
significant throughout the paper.

2.6.1. Data Normalization across the Plates

Data on five serum inflammatory markers were accessed on 1 February 2023. They
were examined for homogeneity across three plates. The distributions were highly skewed
to the left (the skewness coefficient ranged from 0.66 to 1.93); the normality assumption
was violated for all five markers (p < 0.001). The equality of locations across three plates
was tested using the Kruskal–Wallis test and was not rejected for hsCRP (p = 0.46), LPS
(p = 0.24), EndoCAb IgG (p = 0.82) and EndoCAb IgM (p = 0.22). However, variability was
detected for LBP measurements across the plates (p < 0.001) (Supplemental Figure S1). Post
hoc comparisons demonstrated that measurements of plate 3 differed significantly from
both plate 1 and plate 2. It was decided to normalize observations of LBP via simultaneous
location and scale transformation for plate 3 based on a two-sample location-scale model.
We verified the simultaneous location-scale change between two distributions using the
test developed by Hall et al. [29]. The hypothesis of location-scale change between plates 1
and 2 and plate 3 was not rejected (p = 0.76). To obtain normalized data, we transformed
observations on plate 3 by multiplying with the scale estimate 6.475 and by adding the
location estimate −24.83. The equality of locations across all the plates of normalized LBP
was not rejected (Kruskal–Wallis p = 0.93).

2.6.2. Descriptive Statistics and Comparisons between Two Samples

Categorical variables were summarized as counts and percentages. The equality
of proportions between the two study groups was tested using the chi-square test for
proportions. Most of the continuous variables analyzed violated the normality assumption;
therefore, data are presented as medians with interquartile range (IQR). For descriptive
statistics, we used several plots to compare the two samples: probability–probability
plots, smoothed kernel density estimates, one-dimensional scatter plots and quantile
difference plots. The pointwise confidence intervals were added for PP plots and quantile
difference plots.
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Comparisons between the two samples were performed by using the Kolmogorov–
Smirnov, the Wilcoxon and the Lepage tests. The Wilcoxon test compares two medians,
the Lepage test determines the statistically significant change in location and scale and
the Kolmogorov–Smirnov test compares whole distributions. The Wilcoxon test was
followed by ANCOVA on ranks to perform the covariate adjustment. Finally, the empirical
likelihood method was used to test for equality of all deciles of two distributions. All
tests were implemented in the statistical software R. Package EL was used to produce the
empirical likelihood-based statistical inference.

2.6.3. Correlations and Regression Analysis

Correlation analysis was carried out separately in the control and T1D groups. Spear-
man’s rank correlation coefficient ρ with a 95% confidence interval and the p-value for
the significance of the association were calculated. The results are illustrated in a separate
forest plot for each variable of interest.

A linear multivariate regression model was fitted on log-transformed hsCRP in the
T1D group with LBP, EndoCAb IgG, EndoCAb IgM, LPS/HDL, sex, BMI and diabetes
duration as the predictors (Model 1). Logistic multivariate regression was performed to
predict the MS in T1D using LBP, EndoCAb IgG, EndoCAb IgM, LPS, hsCRP, sex, BMI and
diabetes duration as the predictors (Model 2). All predictors were standardized before the
model fitting in both cases. Multicollinearity was examined using variance inflation factor
calculations. The R-squared and Nagelkerke R-squared were calculated to assess the fit for
Model 1 and Model 2, respectively.

3. Results

3.1. Characteristics of Subjects

In this study, 74 patients with T1DM were included. In the T1D group, the median
diabetes duration was 21 (13–32) years and 31 subjects had MS. Compared to patients
without MS, subjects with MS had a higher BMI, waist/height ratio and prevalence of
diabetic complications and used antihypertensive and lipid-lowering medications more
frequently. In addition, patients with MS had lower insulin sensitivity as assessed using
the eGDR formula, higher HbA1c and had higher scores of NAFLD surrogate markers FLI
and HSI (Table 1).

We also included 33 generally healthy adults (control) in this study. A detailed
comparison of the control vs. T1D group can be found in Supplemental Table S1. In brief,
patients with diabetes and controls did not differ in anthropometric measures and gender
distribution. Compared to subjects in the control group, patients with diabetes were older
(control: 35 (30–44) years; T1D: 43 (34–51), p = 0.013); had higher HbA1c levels (control: 5.2
(5.0–5.5), T1D: 7.7 (6.9–9.3), p < 0.001); had a higher prevalence of MS (control: 4 (12.1%),
T1D: 31 (41.9%), p = 0.005), hypertension (control: 7 (21.2%), T1D: 35 (27.0%), p = 0.019)
CVD (control: 0 (0%), T1D: 9 (12.2%), p = 0.086) and autoimmune thyroid disease (control:
1 (3%), T1D: 19 (25.7%), p = 0.012); and had a higher level of albuminuria (control: 0.32
(0.11–0.76), T1D: 0.32 (0.11–0.76), p = 0.013) and lower level of insulin sensitivity as assessed
using eGDR (control: 7.1 (5.5–7.7), T1D: 3.3 (1.6–5.7), p < 0.001).

3.2. Levels of Serum Inflammatory Markers in Patients with T1D Stratified According to MS
Presence and Controls

Patients with T1D and MS had higher levels of LPS compared to patients without MS
(MS: 0.42 (0.35–0.56) EU/mL, no MS: 0.34 (0.30–0.40) EU/mL, p = 0.009) (Figure 1, Table 2,
Supplemental Table S3). LPS/HDL was also higher in MS vs. no MS patients (MS: 0.28
(0.24–0.38), no MS: 0.22 (0.17–0.26), p = 0.01) (Figure 2, Table 2, Supplemental Table S3).
Most of the LPS/HDL and LPS deciles differed significantly between the groups in line
with the median comparisons (Supplemental Table S2, Figures 1 and 2). The levels of
LPS-binding proteins and hsCRP did not differ between MS groups.
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Table 1. Characteristics of subjects.

Phenotype
No Metabolic Syndrome

(n = 43)
Metabolic Syndrome

(n = 31)
p

Male/Female, n (%) 19/24 (44/56) 9/22 (29/71) 0.28
Age, years 38 (32–50) 45 (36–54) 0.065

BMI, kg/m2 23.5 (21.45–25.65) 28 (25.4–32.65) <0.001
Waist/height ratio 0.457 (0.431–0.497) 0.56 (0.509–0.621) <0.001

Smoker, n (%) 11 (26) 9 (29) 0.95
Hypertension, n (%) 15 (35) 20 (65) 0.022

Length of diabetes, years 20 (11–32) 24 (17–34) 0.062
Retinopathy, n (%) 13 (30) 19 (61) 0.015

CVD, n (%) 3 (7) 6 (19) 0.21
Macroalbuminuria, n (%) 2 (5) 5 (16) 0.21

On ACEI/ARB, n (%) 4 (9) 11 (35) 0.013
On lipid-lowering medication, n (%) 5 (12) 12 (39) 0.014
Autoimmune thyroid disease, n (%) 9 (21) 10 (32) 0.41

Hemoglobin A1C, % 7.3 (6.8–9.0) 8.4 (7.4–9.3) 0.087
Hemoglobin A1C, mmol/mol 53 (47–67) 64 (54–64) 0.087

Estimated glomerular filtration rate,
mL/min/1.73m2 114 (104–119) 98 (74–108) <0.001

Albumin/creatinine ratio in urine,
mg/mmol 0.38 (0.19–1.05) 0.97 (0.37–2.34) 0.072

Total cholesterol, mmol/L 4.72 (4.29–5.18) 5.51 (4.89–6.04) 0.006
Low-density lipoproteins, mmol/L 2.68 (2.08–3.24) 3.22 (2.47–3.75) 0.02
High-density lipoproteins, mmol/L 1.71 (1.38–2.01) 1.44 (1.21–1.73) 0.012

Triglycerides, mmol/L 1.02 (0.79–1.18) 1.72 (1.30–2.11) <0.001
Alanine aminotransaminase, U/L 19 (134–26) 21 (17–28) 0.087
Aspartate aminotransferase, U/L 22 (19–28) 25 (17–31) 0.879
Gamma-glutamyltransferase, U/L 15 (13–22) 18 (15–26) 0.212

Bilirubin, μmol/L 10.3 (8.0–13.1) 8.4 (6.3–10.6) 0.015
Hemoglobin, g/L 141 (134–149) 139 (126–150) 0.321

Erythrocytes, 10 × 12/L 4.7 (4.5–4.9) 4.7 (4.4–5.1) 0.583
Leukocytes, 10 × 9/L 6.2 (5.2–7.5) 6.1 (5.0–7.1) 0.576

Thrombocytes, 10 × 9/L 262 (238–280) 254 (226–295) 0.518
eGDR 4.9 (2.8–6.7) 2.1 (1.0–3.3) 0.001

FLI 13.2 (6.0–22.1) 54.0 (30.1–78.9) <0.001
HSI 31.2 (28.8–33.7) 39.6 (34.5–42.0) <0.001

For categorical variables, data are presented as counts (%), and the equality of proportions between study groups
was tested using the chi-square test for the equality of proportions. For continuous variables, data are presented
as medians (IQR), and the comparisons between the control and T1D group were performed using the Wilcoxon
test. BMI—body mass index. CVD—cardiovascular disease. ACEI—angiotensin-converting enzyme inhibitors.
ARB—angiotensin receptor blockers. eGDR—estimated glucose disposal rate. FLI—fatty liver index. HSI—hepatic
steatosis index.

Table 2. Inflammatory marker analysis in patients with T1D stratified by metabolic syndrome.

Phenotype No Metabolic Syndrome (n = 43) Metabolic Syndrome (n = 31) p

hsCRP, mg/L 0.80 (0.49–1.53) 1.23 (0.38–2.17) 0.41
LPS, EU/mL 0.34 (0.30–0.40) 0.42 (0.35–0.56) 0.009

LPS/HDL ratio 0.22 (0.17–0.26) 0.28 (0.24–0.38) 0.001
EndoCAb IgG, GMU/mL 89.5 (67.1–150.2) 96.0 (59.1–141.6) 0.84
EndoCAb IgM, MMU/mL 46.6 (34.2–85.2) 43.7 (31.3–60.4) 0.33

LBP, μg/mL 11.1 (7.9–16.3) 11.1 (7.9–13.3) 0.89
Calprotectin, μg/g 3.8 (2.7–8.6) 12.5 (3.2–18.4) 0.18

Data are presented as medians (IQR). p-values of the Wilcoxon test between the study groups are presented. The
results did not differ significantly after adjusting for sex, diabetes duration and BMI (ANCOVA on ranks).
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Figure 1. Illustrations for comparison of LPS levels in patients with T1D stratified according to the
presence of metabolic syndrome (MS). (a) Plots of densities in patients with and MS, with p-value
of Kolmogorov–Smirnov (KS) test for the equality of distributions; (b) one-dimensional scatterplots
for patients with and without MS, with vertical bars representing deciles in each group (R library
rogme); (c) quantile difference (MS—no MS) plot constructed at deciles, with estimates obtained
using two-sample smoothed empirical likelihood method (R library EL), error bars representing
95% pointwise CIs and shaded bars representing 95% simultaneous confidence bands for 9 deciles;
(d) probabilities of patients with MS versus probabilities of patients without MS (PP-plot) with
estimates and 95% pointwise CIs obtained using the two-sample smoothed empirical likelihood
method (R library EL). Bandwidths for kernel estimation in (c,d) were selected using the method of
Sheather and Jones (function bw.SJ in R).

In comparison to controls, the T1D group had statistically significantly higher lev-
els of hsCRP (control: 0.47 (0.26–0.75) mg/L, T1D: 0.84 (0.49–1.78) mg/L, p = 0.002)
and EndoCAb IgG (control 71.1 (55.7–101.5) GMU/mL, T1D 92.6 (65.8–148.6) GMU/mL,
p = 0.091) (Supplemental Table S4, Supplemental Figures S2 and S3).

In the T1D group, only six patients had calprotectin levels above 50 μg/g, and
five of them had calprotectin levels above 200 μg/g. Therefore, to reduce data vari-
ability, we considered calprotectin measurements above 200 μg/g as outliers for further
statistical analysis.
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Figure 2. Illustrations for comparison of LPS/HDL in patients with T1D stratified according to the
presence of metabolic syndrome (MS). (a) Plots of densities in patients with and without MS, with
p-value of Kolmogorov–Smirnov (KS) test for the equality of distributions; (b) one-dimensional
scatterplots for patients with and without MS, with vertical bars representing deciles in each group
(R library rogme); (c) quantile difference (MS — No MS) plot constructed at deciles, with estimates
obtained using two-sample smoothed empirical likelihood method (R library EL), error bars repre-
senting 95% pointwise CIs and shaded bars representing 95% simultaneous confidence bands for
9 deciles; (d) probabilities of patients with MS versus probabilities of patients without MS (PP-plot)
with estimates and 95% pointwise CIs obtained using the two-sample smoothed empirical likelihood
method (R library EL). Bandwidths for kernel estimation in (c,d) were selected using the method of
Sheather and Jones (function bw.SJ in R).

Within the T1D group, patients with MS had statistically significantly higher calpro-
tectin levels at middle deciles (quantile difference 40%: 4.3 (0.23, 9.98), p = 0.036; 50%: 6.9
(1.24, 11.81), p = 0.014; 60%: 8.72 (2.47,13.13), p < 0.011) (Figure 3), although the medians of
calprotectin did not differ statistically significantly between the groups.

The median level of fecal calprotectin also did not differ between T1D and controls.
However, patients with T1D had statistically significantly lower calprotectin levels in the
first three deciles (quantile difference 10%: −2.14 (−3.34, −0.44), p = 0.017; 20%: −1.86
(−3.26, −0.40), p = 0.016; 30%: −1.54 (−3.21, 0.14), p = 0.071) (Supplemental Table S4,
Supplemental Figure S4).
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Figure 3. Illustrations for comparison of calprotectin in patients with T1D stratified according to
the presence of metabolic syndrome (MS). (a) Plots of densities in patients with and without MS,
with p-value of Kolmogorov–Smirnov (KS) test for the equality of distributions; (b) one-dimensional
scatterplots for patients with and without MS, with vertical bars representing deciles in each group
(R library rogme); (c) quantile difference (MS—No MS) plot constructed at deciles, with estimates
obtained using two-sample smoothed empirical likelihood method (R library EL), error bars repre-
senting 95% pointwise CIs and shaded bars representing 95% simultaneous confidence bands for
9 deciles; (d) probabilities of patients with MS versus probabilities of patients without MS (PP-plot),
with estimates and 95% pointwise CIs obtained using two-sample smoothed empirical likelihood
method (R library EL). Bandwidths for kernel estimation in (c,d) were selected using the method of
Sheather and Jones (function bw.SJ in R).

3.3. Correlation Analysis in Study Groups

Patterns of correlations were compared between the T1D group and control group
(data presented in Figure 4, Supplemental Tables S5 and S6). In the T1D group, hsCRP
correlated positively with EndoCAb IgG (r = 0.22, p = 0.07) and LBP (r = 0.36, p = 0.002).
hsCRP did not correlate with any of the endotoxemia markers in the control group. Both
in the control and diabetes groups, hsCRP correlated positively with waist/height ra-
tio and NAFLD index HSI. hsCRP correlated positively with HbA1c (r = 0.5, p = 0.004)
and BMI (r = 0.38, p = 0.034) only in the control group. The LPS and LPS/HDL ratio
did not correlate with other inflammatory markers in the T1D group. In the control
group, LPS correlated positively with LBP (r = 0.36, p = 0.045) and negatively with En-
doCAb IgM (r = −0.41, p = 0.021), and the LPS/HDL ratio correlated positively with
LBP (r = 0.39, p = 0.03). LPS correlated positively with FLI, as well as with serum triglyc-
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erides in both study groups. In the control group, it also correlated positively with leuko-
cytes (r = 0.32, p = 0.075) and negatively with HDL (r = −0.032, p = 0.073). In the T1D
group, LPS/HDL correlated positively with FLI (r = 0.23, p = 0.053) and triglycerides
(r = 0.52, p < 0.001), and negatively with diabetes duration (r = −0.22, p = 0.069). In the
control group, LPS/HDL ratio correlated positively with weight (r = 0.35, p = 0.05), ALT
(r = 0.31, p = 0.087), GGT (r = 0.3, p = 0.097), leukocytes (r = 0.33, p = 0.062) and triglycerides
(r = 0.67, p = 0 < 0.001), and negatively with eGDR (r = −0.32, p = 0.077). Similar to endo-
toxin, LBP correlated positively with leukocytes (r = 0.34, p = 0.057) in the control group,
but not in the T1D group. Fecal calprotectin did not correlate with any of the inflammatory
or endotoxemia markers in any of the groups.

3.4. Regression Analysis in T1D Group

The normality assumption was not rejected for log-transformed hsCRP in the T1D
group (p = 0.134). The linear regression model results demonstrated that the significant
predictors of log(hsCRP)) were LBP (β = 0.30 (0.09; 0.51), p = 0.005) and EndoCAb IgG
(β = 0.29 (0.07; 0.50), p = 0.008); however, LPS/HDL (β = 0.19 (−0.03; 0.41), p = 0.084) and
diabetes duration (β = 0.24 (−0.01; 0.49), p = 0.059) were significant at the 10% significance
level. Overall, Model 1 was significant with F(7, 60) = 3.97 (p = 0.001), and 32% of the
variability in data was explained by the fitted model (Table 3).

Table 3. Regression analysis in type 1 diabetic patients.

Model 1 Model 2
Predictor β p Predictor OR (95% CI) p

LBP 0.30 (0.09; 0.51) 0.005 LBP 0.92 (0.45; 1.90) 0.82
EndoCAb IgG 0.29 (0.07; 0.50) 0.008 EndoCAb IgG 1.67 (0.81; 3.45) 0.16
EndoCAb IgM −0.06 (−0.27; 0.16) 0.61 EndoCAb IgM 0.32 (0.11; 0.93) 0.036

LPS/HDL 0.19 (−0.03; 0.41) 0.084 LPS/HDL 6.5 (2.1; 20.0) 0.001
hsCRP - - hsCRP 0.57 (0.26; 1.25) 0.16

Sex (female) 0.23 (−0.22; 0.68) 0.31 Sex (female) 2.7 (0.6; 12.7) 0.21
Diabetes duration 0.24 (−0.01; 0.49) 0.059 Diabetes duration 3.4 (1.2; 9.8) 0.021

BMI 0.10 (−0.13; 0.32) 0.39 BMI 2.3 (1.1; 4.9) 0.025
R2 = 0.32, F(7, 60) = 3.97, p = 0.001 AIC = 72.8, Nagelkerke R2 = 0.56

Model 1—multivariate linear regression for log-transformed hsCRP as the response variable in T1D group, where
data are presented as coefficient estimates with 95% CI; Model 2—multivariate logistic regression for the presence
of metabolic syndrome as the response variable in T1D group, where data are presented as odds ratio (OR) with
95% CI. All predictors were standardized before model fitting, and multicollinearity was examined using variance
inflation factor calculations.

Logistic regression model results demonstrated that the significant predictors of MS
were EndoCAb IgM (OR = 0.32 (0.11; 0.93), p = 0.036), LPS/HDL (OR = 6.5 (2.1; 20.0),
p = 0.001), diabetes duration (OR = 3.43 (1.21; 9.8), p = 0.021) and body mass index
(OR = 2.3 (1.1; 4.9), p = 0.025). The Nagelkerke R2 of Model 2 was 0.56 and AIC = 72.8
(Table 3).
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Figure 4. Forest plots demonstrating correlations between hsCRP and endotoxemia markers in each
study group. Spearman correlation coefficients (95% CI) are illustrated with forest plots for hsCRP
(a), LPS (b), LPS/HDL (c), LBP (d), EndoCAb IgG (e) and EndoCAb IgM (f).

4. Discussion

In this work, we reported higher levels of endotoxemia in patients with T1D and MS,
as compared to T1D subjects with no MS. In addition, we observed statistically significant
associations between endotoxemia markers, hsCRP and MS in T1D. Finally, we described
distinct relationships between LPS, its binding proteins, HDL and leukocytes in T1D, as
compared to the control group, which might indicate an impaired response to endotoxins
in T1D.

We demonstrated here that patients with T1D and MS had higher LPS and LPS/HDL
levels, as compared to subjects with T1D and no MS. This is in line with the findings of
the previous studies [9]. However, the levels of hsCRP and LPS-binding proteins did not
differ between MS groups in our study. This can be explained by the course of events in
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the inflammatory reaction. Indeed, the rise in CRP starts at 4–6 h and peaks at 36 h after
infection [42]. Therefore, CRP, LPS and LPS-binding protein levels measured in one sample
might not correlate. Nevertheless, the results of the correlation and regression analysis
demonstrated the link between increased CRP and endotoxemia in the T1D group in our
study, which is in agreement with the published data [8,9,14,15,43].

We are the first to report a positive correlation of NAFLD index FLI with hsCRP, LPS
and LPS/HDL ratio in T1D. These findings might indicate that similarly to the situation in
NAFLD in other population groups [25], this condition is linked to endotoxemia in T1D.
It seems that the observed correlation of LPS with triglycerides as a component of FLI is
largely “responsible” for LPS correlation with FLI in our sample. Associations between
triglycerides and fat consumption were found to be associated with LPS in the general
population [44] and T1D previously [12].

To gain more insights into mechanisms of response to endotoxins in T1D, we compared
correlation patterns of measured biomarkers in T1D and control groups. As a result, we
identified a distinct response to endotoxemia in T1D compared to controls. For example,
endotoxins in the control group correlated positively with leukocytes and negatively with
HDL, possibly illustrating a “healthy” response to LPS. None of these correlations were
observed in the T1D group. One of the functions of HDL is to scavenge and neutralize
LPS [45]; therefore, individuals with higher HDL levels might have lower LPS concentra-
tions. A rise in leukocyte number is a well-known body response to bacterial invasion [42].
Lack of the above correlations in the T1D group might be linked to differences in HDL size
and functionality previously reported in T1D [21].

LBP, one of the acute-phase response proteins, is involved in LPS binding, and its
levels are usually increased in endotoxemia along with changes in EndoCAb IgM and
IgG levels [18,46]. Interestingly, we did not observe a correlation of LPS with any of these
endotoxemia-response proteins in the T1D group. In contrast, in the control group, LPS
and the LPS/HDL ratio correlated positively with LBP and negatively with EndoCAb IgM,
as reported by others [19].

To summarize, the observed differences in response to endotoxins between T1D and
control might be related to changes in the immune response in T1D [17].

In this study, we reported several novel approaches to statistical analysis. For example,
in two-group comparisons, utilization of PP plots and quantile (or decile) difference plots
helped to detect the group effect when the Wilcoxon test failed to do so. For example, in the
T1D group stratified according to MS presence, median calprotectin levels did not differ
significantly between groups according to the Wilcoxon test (p = 0.18). However, there were
significant differences at the three middle deciles (40th, 50th and 60th percentiles) according
to the EL test. The explanation of the insufficient power of the Wilcoxon test to detect these
effects can be based on the skewness of the data distributions and observations relatively
far from the median. For example, in T1D patients, we can see from the one-dimensional
scatterplot (Figure 3b) that seven observations of calprotectin were relatively far from the
central location of distribution in patients without MS. Also, from the kernel density plots,
we can see that robust statistical methods should be used for some further investigations.
As another example, according to the Wilcoxon test, calprotectin medians did not differ
significantly between the control and T1D. However, the variance for the T1D group was
much higher (it was confirmed by the Lepage test), leading to big differences at lower and
higher quantiles. The variance difference can be seen from the quantile difference plot and
PP plot. Thus, more detailed statistical analysis using different data visualization tools and
additional tests to compare lower and higher deciles or quantiles should give us a better
understanding of the differences between two samples [33].

Our study’s limitations include a relatively low number of subjects and the cross-
sectional nature of this study, which did not allow us to evaluate the causal relationship
between MS, markers of endotoxemia and hsCRP in T1D.

The major strength of the study is the analysis of the LPS, LBP, EndoCAb IgM, En-
doCAb IgG and fecal calprotectin in patients with T1D, in comparison to healthy subjects
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and when stratified according to MS status, which has not been reported previously and
allowed us to identify signs of a distinct response to endotoxins in T1D. Finally, the non-
traditional approaches of statistical analysis presented in this paper might be useful for
other researchers in biomedicine for gaining a deeper understanding during two-sample
comparisons.

5. Conclusions

To conclude, we report higher levels of endotoxemia in subjects with T1D and MS
and statistically significant associations between endotoxemia markers, hsCRP and MS
in T1D. We also observed distinct patterns of response to LPS in T1D, as compared to
the control group. These findings are important for clinical practice as they underline the
added value of screening and treatment of MS as a state predisposing to endotoxemia. On
the other hand, our data warrant more research on inflammatory response mechanisms
in T1D, which might lead to the development of novel treatment options for low-grade
inflammation and MS to delay the progression of T1D complications.
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Abstract: The recently described perivascular unit (PVU) resides immediately adjacent to the true
capillary neurovascular unit (NVU) in the postcapillary venule and contains the normal-benign
perivascular spaces (PVS) and pathological enlarged perivascular spaces (EPVS). The PVS are im-
portant in that they have recently been identified to be the construct and the conduit responsible for
the delivery of metabolic waste from the interstitial fluid to the ventricular cerebrospinal fluid for
disposal into the systemic circulation, termed the glymphatic system. Importantly, the outermost
boundary of the PVS is lined by protoplasmic perivascular astrocyte endfeet (pvACef) that com-
municate with regional neurons. As compared to the well-recognized and described neurovascular
unit (NVU) and NVU coupling, the PVU is less well understood and remains an emerging concept.
The primary focus of this narrative review is to compare the similarities and differences between
these two units and discuss each of their structural and functional relationships and how they relate
not only to brain homeostasis but also how they may relate to the development of multiple clinical
neurological disease states and specifically how they may relate to obesity, metabolic syndrome,
and type 2 diabetes mellitus. Additionally, the concept and importance of a perisynaptic astrocyte
coupling to the neuronal synapses with pre- and postsynaptic neurons will also be considered as
a perisynaptic unit to provide for the creation of the information transfer in the brain via synaptic
transmission and brain homeostasis. Multiple electron microscopic images and illustrations will be
utilized in order to help explain these complex units.

Keywords: enlarged perivascular spaces; glymphatic system; metabolic syndrome; obesity; neu-
rovascular unit; perivascular unit; perivascular space; postcapillary venules; precapillary arterioles;
type 2 diabetes mellitus

1. Introduction

The perivascular unit (PVU) has been recently defined and described by Troili et al.
(2020) [1]. They described the PVU as “a key anatomical and functional substrate for the
interaction between neuronal, immune, and vascular mechanisms of brain injury, which
are shared across different neurological disease” [1]. They defined the PVU in order to
emphasize the contributions that are made by both the cellular (structural) and molecular
(functional) activities that surround the perforating vessels (pial arteries, arterioles, and
precapillary arterioles) and the effluxing vessels (pial postcapillary venules, venules, and
veins). This is in addition to their interactions, which determine the function of the normal
or benign perivascular spaces (PVS) in health and the pathologic remodeling of dilated or
enlarged perivascular spaces (EPVS) that are associated with many neurologic diseases [1].
Much of the focus regarding the PVU, PVS, and dilated EPVS has been on pial arteries,
arterioles, and precapillary arterioles. However, this review intends to focus more on the
pial postcapillary venules, venules, and veins because the PVU and their PVS serve as
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the conduit for the recently described glymphatic system (GS) of waste removal that is
essential for proper brain homeostasis (Figure 1) [1,2].

 

Figure 1. Comparing the ultrastructure transmission electron microscopy (TEM) appearance and
illustrations of the true capillary neurovascular unit to the precapillary arteriole and the postcapillary
venule with its perivascular spaces (PVS) and enlarged perivascular spaces (EPVS) that exists in
the post capillary perivascular unit (PVU). (A) A precapillary arteriole, which initially has a larger
perivascular space (PVS) at its origin from the subarachnoid space that narrows to a nanometer sized
PVS (pseudo-colored green) that ends at the true capillary in the cortical grey and subcortical white
matter. (B) The primary or true capillary, which has lost the pia mater layer and does not have a PVS.
In the true capillary, note how the perivascular astrocyte endfeet (pvACef) tightly abut and are directly
adherent to the NVU mural cells, brain endothelial cells (ECs), and pericytes foot processes (PcP–Pcfp)
basement membrane(s) (BMs) via the pvACef dystroglycans. The true capillary is the substrate for
both the neurovascular unit (NVU) and its blood–brain barrier. Note the interrogating microglia cell
(iMGC, white closed arrow). (C) A postcapillary venule which is identified via the presence of PVS
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and in this image depicts a resident perivascular macrophage (rPVMΦ pseudo-colored red). Im-
portantly, the perivascular spaces serve as the construct and structure responsible for carrying the
metabolic waste from the interstitial spaces to the cerebrospinal fluid and are known as the glym-
phatic system pathway that also forms the perivascular unit (PVU). Scale bars = 3 μm; 0.5 μm;
5 μm, respectively. Panels (A–C) are in cross section and downward red arrows indicate correspond-
ing illustrations in (D–F). Panels (D–F) illustrate longitudinal views of the precapillary arterioles,
true capillary, and postcapillary venules, respectively, while the cyan green lines represent the
glia limitans of the pvACef. Importantly, note the presence of contractile pericytes and their pro-
cesses in (C,F) that allow for neurovascular coupling in postcapillary venules. Note that TEM
(A–C) correspond to illustrated (D–F) respectively and the compressed (E) of (B) was inserted
to illustrate the natural progression of the precapillary arteriole, to the true capillary, and to the
postcapillary venule. The modified TEM figures are provided with permission by utilizing the
graphic abstract by CC 4.0 [2]. AC = perivascular astrocytes; ACef = astrocyte endfeet—perivascular
astrocyte endfeet; AQP4 = aquaporin 4; CL = capillary lumen; dAQP4 = dysfunction aquaporin 4
red lettering; EC = brain endothelial cell; EPVS = enlarged perivascular spaces; gS = glymphatic
space—perivascular space; iMGC = interrogating microglial cell; Lys = lysosome; Mt = mitochondria;
N = nucleus; NVU = neurovascular unit; Pc = pericyte; PcP = pericyte foot processes; PcN = pericyte
nucleus; RBC = red blood cell; rMΦ = reactive macrophage; TJ/AJ = tight and adherens junctions.

PVS are also referred to as Virchow–Robins spaces and are the fluid-filled spaces that
ensheathe the pial penetrating vessels, both those entering (arteries, arterioles, precapil-
lary arterioles) and those leaving the brain (postcapillary venules, venules, and veins),
as they exit the brain parenchyma back to the subarachnoid space (SAS) allowing the
contents of their spaces (interstitial fluid (ISF) and metabolic waste) to eventually enter the
cerebrospinal fluid space (CSF) and exit the brain to the systemic circulation (Figure 2) [2].

 

Figure 2. Illustrations of precapillary influx, postcapillary efflux venules, and perivascular spaces (PVS).
(A) The PVS, which is bounded by the arterial and venous endothelial/pericyte basement membranes
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and the pia mater/astrocyte endfeet (ACef) (glia limitans) that is responsible for the influx of cere-
brospinal fluid (CSF) to the interstitial fluid (ISF) spaces. Likewise, the PVS of postcapillary venules,
venules, and veins are responsible for delivery of the ISF admixed with metabolic waste to the SAS
and eventually to the systemic circulation via arachnoid granulations. The outermost pia mater
abruptly stops at the true capillary and does not exist in the postcapillary venules and veins. Panel
(B) illustrates the important role of the arachnoid villus and its granulations for exchange of ISF
and metabolic waste with the dural venous sinus blood and dural lymphatics (cyan color) and/or
the paranasal sinuses (not shown) to reach the systemic circulation bloodstream. (C) NVU and the
perivascular astrocyte endfeet (pvACef with blue coloring) barrier with a few 20 nm gaps creating
a rate-limiting barrier for water and solute exchange. Notably, the pvACef contain the polarized
aquaporin 4 (AQP4) water channels, which are known to be important in fluid and solute exchange
in addition to the transfer of metabolic waste to the CSF. Note the key in the image. Image provided
by CC 4.0 [2].

Throughout this narrative review, the term “true capillary” is utilized in order to
distinguish its ultrastructure characteristics from the precapillary arterioles and postcap-
illary venules that manifest a PVU, which contains the normal PVS and the pathologic
dilated EPVS, which associates with pathologic remodeling and many neurologic diseases
as in Figure 1. Importantly, the true capillary of the NVU delivers its peripheral blood and
cellular contents into the immediately adjacent postcapillary venule perivascular unit (PVU).

The neurovascular unit (NVU) and NVU coupling are well recognized and accepted
structural and functional units in the brain, which are responsible for cerebral autoregula-
tion and are essential for the proper maintenance of regional cerebral blood flow (CBF) and
brain homeostasis (Figures 2–4) [2–5].

 

Figure 3. Cross and longitudinal sections of transmission electron microscopic (TEM) images of the
true capillary neurovascular unit (NVU). (A) TEM cross section of a true capillary NVU. (B) True
capillary NVU in longitudinal section. The pseudo-colored cyan green line represents and highlights the
basement membrane of protoplasmic perivascular endfeet termed the glia limitans perivascularis of
the perivascular astrocyte endfeet (A,B), and the golden pseudo-colored astrocyte endfeet (A) represent
the critical importance of the perivascular endfeet to the neurovascular unit. Importantly, the pia mater
membrane is lost at the level of the true capillary and also the postcapillary venules, venules, and
veins of the perivascular unit. Further, note the perivascular astrocyte endfeet (AC) represent the AC
clear zone ((B), not pseudo-colored as in (A)). Modified images provided by CC 4.0 [5]. Magnification
x4000; scale bar = 1 μm. AC = perivascular astrocyte endfeet; cap = capillary microvessel; EC = brain
endothelial cell; iMGC = interrogating microglia cell; L = lumen; Mt = mitochondria.
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Figure 4. Illustration of the neurovascular unit (NVU) with blood–brain barrier (BBB). Note that not
only do the perivascular astrocyte endfeet connect to neurons and dendrites but also to the tripartite
synapse (not to scale). Note key for abbreviations within the figure.

Importantly, the PVU that resides immediately adjacent to the true capillary NVU
with its blood–brain barrier (BBB) contains the normal PVS that serves as the conduit for
the glymphatic system and the pathological EPVS that are more of an emerging concept
that is less well understood (Figures 1–6) [1,2,6–10].

Troili et al. only recently introduced this newer term (the PVU) in 2020, and since then,
there has been increasing interest in this newly defined unit within the postcapillary venule;
however, the PVU still remains an emerging topic of study and deliberation (Figures 3–6) [1].
Importantly, the PVS have been demonstrated to serve as the construct and the structural
conduit for the glymphatic system that is responsible for the clearance of metabolic waste
from the interstitial spaces to the SAS and CSF [11,12].

In addition to focusing on pial postcapillary venules, venules, and veins, this narrative
review also intends to compare the similarities and differences between the NVU and PVU
as well as their structural and functional relationships and how they relate not only to brain
homeostasis but also how they relate to the development of enlarged perivascular spaces
and clinical neurological disease states as they relate to obesity, metabolic syndrome (MetS),
and type 2 diabetes mellitus (T2DM) (Figures 7 and 8) [13,14].

While the NVU and PVU have similar and different functions (Figures 7 and 8), they
work collaboratively to maintain the proper functioning of the brain’s vascular and neural
systems to provide proper neurovascular coupling to provide homeostatic CBF to provide
nutrients and metabolic waste removal [1]. Additionally, the concept and importance of a
perisynaptic astrocyte cradle coupling to the neuronal synapses with pre- and postsynaptic
neurons will also be considered as a unit to provide brain homeostasis and the creation of
information transfer in the brain via synaptic transmission.
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Figure 5. Comparison of the true capillary neurovascular unit (NVU) to the postcapillary venule
perivascular unit (PVU). The NVU protoplasmic perivascular astrocyte endfeet (pvACef) (pseudo-
colored blue) within the true capillary illustration (A) are the connecting and creating cells that allow
remodeling of the normal perivascular unit (PVU (B)) perivascular spaces (PVS) to transform and
remodel into the pathologic enlarged perivascular space (EPVS, which measure 1–3 mm on magnetic
resonance imaging). (A) Hand-drawn and pseudo-colored control true capillary neurovascular unit
(NVU) (representing the transmission electron microscopic (TEM in Figures 1B and 3). Note that
when the brain endothelial cells (BECs) become activated and NVU BBB disruption develops, due to
BEC activation and dysfunction (BECact/dys) (from multiple causes), there develops an increased
permeability of fluids, peripheral cytokines and chemokines, and peripheral immune cells with a
neutrophile (N) depicted herein penetrating the tight and adherens junctions (TJ/AJs) paracellular
spaces to enter the postcapillary venule along with monocytes (M) and lymphocytes (L) into the
postcapillary venule PVS of the PVU (B) for step one of the two-step process of neuroinflammation.
(B) The postcapillary venule that contains the PVU, which includes the normal PVS that has the
capability to remodel to the pathological EPVS. Note how the proinflammatory leukocytes enter the
PVS along with fluids, solutes, and cytokines/chemokines from an activated, disrupted, and leaky
NVU in (A). Note how the pvACef (pseudo-colored blue) and its glia limitans (pseudo-colored brown
in the control NVU in (A) to the cyan color with exaggerated thickness for illustrative purposes in
(B)) that faces and adheres to the NVU BM extracellular matrix and faces the PVS PVU lumen, since
this has detached and separated and allowed the creation of a perivascular space that transforms to
an EPVS in (B). Also, note how the glia limitans becomes pseudo-colored red, once the EPVS have
developed and then become breeched due to activation of matrix metalloproteinases and degradation
of the proteins in the glia limitans, which allow neurotoxins and proinflammatory cells to leak into
the interstitial spaces of the neuropil and mix with the ISF and result in neuroinflammation (step
two) of the two-step process of neuroinflammation [10]. Note that the dysfunctional pvACef AQP4
water channel is associated with the dysfunctional bidirectional signaling between the neuron (N)
and the dysfunctional pvACef AQP4 water channel. Image provided by CC 4.0 graphic abstract [9].
AQP4 = aquaporin 4; Asterisk = tight and adherens junction; BBB = blood–brain barrier; BM = both
inner (i) and outer (o) basement membrane; dACef and dpvACef = dysfunctional astrocyte endfeet;
EC = brain endothelial cell; ecGCx = endothelial glycocalyx; EVPS = enlarged perivascular space;
fAQP4 = functional aquaporin 4; GL = glia limitans; H2O = water; L = lymphocyte; M = monocyte;
N = neutrophile and neuron; Pc = pericyte; PVS = perivascular space; PVU = perivascular unit;
rPVMΦ = resident perivascular macrophage; TJ/AJ = tight and adherens junctions.
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Figure 6. Illustration of the perivascular unit (PVU) with its normal-benign perivascular spaces (PVS)
and pathologic enlarged dilated perivascular spaces (EPVS), which lie immediately adjacent to the
neurovascular unit true capillary as it transitions from the precapillary arteriole. The vertical red
line divides the PVU into the normal PVS on the left-hand side and the pathologic EPVS on the
right-hand side of the red line divider. Note the white dots, which represent the attenuation and
clumped discontinuous brain endothelial glycocalyx (ecGCx) of the pathologic EPVS in contrast to the
continuous ecGCx in the normal PVS. ACef = astrocyte endfeet/pvACef; ecGCx = brain endothelial
cell glycocalyx; nl = normal; Pc = pericyte; pvACef = perivascular astrocyte endfeet; RBC = red
blood cell; rPVMΦ = resident perivascular macrophage antigen presenting cell; aBEC = activated
brain endothelial cell; ACef = astrocyte endfeet/pvACef; ecGCx = brain endothelial cell glycoca-
lyx; nl = normal; Pc = pericyte; pvACef = perivascular astrocyte endfeet; RBC = red blood cell;
rMGC = reactive microglial cell; rPVMΦ = resident perivascular macrophage antigen-presenting cell.

Importantly, while the principal focus of this review primarily remains on the pial
postcapillary venules and their PVUs with their PVS and EPVS, it is important to note
that the PVU and spaces also reside alongside the pia arteries, arterioles, and precapillary
arterioles. This arterial system allows for intramural periarterial drainage (IPAD) with
removal of metabolic waste to the CSF along the basement membrane(s) (BMs) of the vascu-
lar smooth muscle cells and the walls of capillaries and arterioles in a retrograde manner to
the SAS [15,16]. Additionally, it is intended to discuss the metabolic waste (MW) clearance
from these glymphatic system spaces to the subpial space, SAS, and CSF for delivery into
the systemic circulation [1,7,9–11]. Also, newer concepts have been emerging regarding
the concept that all brain compartments involved in CSF homeostasis are involved with a
functional continuous exchange between them rather than just serving as separate fluid
compartment receptacles that are primarily based on hydrostatic pressure [6,17]. Accord-
ingly, aquaporin-4 (AQP4) in the pvACef plays a central role in cerebral fluid homeostasis
discussed later in greater detail [6,17].
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Figure 7. Similarities and differences between the neurovascular unit (NVU) and the perivascular unit
(PVU) cellular composition and function. Note the more vulnerable glia limitans—pvACef basement
membrane to being breeched and that the PVU has a unique proinflammatory resident PVMΦ
(boxed-in red lettering). APCs = antigen-presenting cells; BM = basement membrane; Pc = pericyte;
pvACef = protoplasmic perivascular astrocyte endfeet; TJ/AJ = tight and adherens junctions of the
blood–brain barrier [13,14].

Figure 8. Similarities and differences between function and dysfunction of the neurovascular unit
(NVU), perivascular unit (PVU), and the perisynaptic astrocyte endfeet cradle unit (psACef). Note in
this table that the psACef and its relation to the tripartite–multipartite synapse with its perisynaptic
cradling unit (PSU) may play an important role in the synaptic transmission of information. Further,
note that the NVU and PVU function in a collaborative manner to provide homeostatic neurovascular
coupling. Kutuzov et al. [13] and Horng et al. [14].
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In summary, the NVU consists of the following cellular components: neurons, perivas-
cular astrocytes, microglia, pericytes, blood endothelial cell(s) (BECs), and basement mem-
brane(s) (BMs). The cellular components of the NVU form and share intimate, complex
interactions and thus are responsible for the formation of a single functional NVU, while the
PVU also contains these same cells with the addition of resident perivascular macrophage(s)
(rPVMΦs) as depicted in Figures 1C, 6, 7 and 8 [13,14,18].

2. Obesity, Metabolic Syndrome (MetS), Type 2 Diabetes Mellitus (T2DM), and
Global Aging

Obesity, MetS, and T2DM in addition to advanced age are currently global societal
problems that are expected to grow over the coming decades [19]. T2DM of this triad
and neurodegenerative diseases (including cerebrocardiovascular disease, cerebral small
vessel disease (SVD), and thrombotic or hemorrhagic stroke) are also anticipated to develop
aging-related EPVS. Currently, the global population is one of the oldest in our history and
it is expected to continue to increase over the next 2–3 decades, such that we will observe
these four groups to merge and increase in numbers [19].

Obesity with visceral adipose tissue (VAT), MetS, and T2DM predispose to the develop-
ment of EPVS, impaired synaptic transmission, impaired cognition, and neurodegeneration
over time [20,21]; metabolic disorders with MetS are also associated with EPVS [22,23].

T2DM is a heterogeneous, multifactorial, polygenic disease that may be characterized
by a defect in insulin secretion (the beta cell secretory defect), insulin action (insulin resis-
tance), and chronic hyperglycemia [24]. T2DM is strongly associated with obesity–visceral
adipose tissue (VAT), insulin resistance (IR), and MetS, which is known to have numerous,
devastating complications including hypertension, vasculopathy (micro-macrovascular
disease) with cerebrocardiovascular disease and stroke, peripheral neuropathy, retinopathy
and blindness, neuropathy, non-traumatic amputation, and nephropathy. Importantly,
T2DM is also associated with dilated EPVS and impaired glymphatic function of interstitial
waste (including multiple neurotoxic substances that include misfolded amyloid beta and
tau proteins) [25–29]. Additionally, peripheral and brain IR as well as MetS also play an
important role in brain remodeling (Figure 9) [22,23,26,30,31].

Notably, T2DM is known to be associated with significant brain remodeling with
cognitive impairment and dysfunction (CID), vascular cognitive impairment and dementia
(VCID), and the development of EPVS [25,27–38]. Interestingly, Fulop et al. examined the
brain’s venous system and its role in the development of enlarged perivascular spaces [39].
They reported that while cerebral microbleeds–microhemorrhages are definitely associated
with small arterioles and capillaries, there is increasing evidence that rupture of small veins
and venules can also result in microbleeds [39]. Cerebral microbleeds–hemorrhages (CMBs)
are associated with the rupture of small intracerebral microvessels and associated with
impaired neuronal function and have the potential to contribute to cognitive impairment,
older-age psychiatric syndromes, and gait disorders [40]. Interestingly, these multifo-
cal CMBs were readily demonstrated in the 20-week-old female, obese, insulin-resistant,
diabetic db/db preclinical mouse model of T2DM (Figures 10 and 11) [5].

While we were unable to unravel the possible causes for these cerebral microbleeds
ultrastructurally, we were able to demonstrate that the regions associated with microb-
leeds were definitely also associated with the detachment and separation of pvACef, and
there was no ultrastructural evidence of them being associated with congenital vascular
malformations [5].
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Figure 9. Obesity, metabolic syndrome (MetS), type 2 diabetes mellitus (T2DM), cerebral small
vessel disease (SVD), perivascular spaces (PVS), and enlarged perivascular spaces (EPVSs). The
visceral adipose tissue (VAT), obesity, and hyperlipidemia (atherogenic dyslipidemia) located in
the lower left-hand side of the letter X appears to drive the MetS, peripheral insulin resistance
(IR), and brain IR (BIR) that is also located central with the other three arms of the letter X, that
includes the associated hyperinsulinemia to compensate for IR (lower right), hypertension and
vascular stiffening (upper right), and hyperglycemia (upper left), with impaired glucose tolerance
(prediabetes) and with or without manifesting T2DM. Follow the prominent closed red arrows
emanating from VAT to cerebrocardiovascular disease (CCVD), SVD, transient ischemic attacks (TIA),
stroke, cerebral microbleeds, and hemorrhages. Brain endothelial cell activation and dysfunction
(BECact/dys), with its proinflammatory and prooxidative properties, result in endothelial nitric
oxide synthesis (eNOS) uncoupling with increased superoxide (O2

•−) and decreased nitric oxide
(NO) bioavailability in addition to neurovascular unit uncoupling with increased permeability.
Importantly, note that obesity, MetS, T2DM, and decreased bioavailable NO interact to result in
capillary rarefaction that may allow EPVS to develop, which are biomarkers for cerebral cSVD.
While this review does not lend itself to a full discussion of the important role of gut dysbiosis and
lipopolysaccharide (LPS) with extracellular vesicle exosomes of LPS producing metainflammation, it
was included in this figure. Figure adapted with permission from CC 4.0 [1,8,9,31]. AGE = advanced
glycation end-products; RAGE = receptor for AGE; AGE/RAGE = advanced glycation end-products
and its receptor interaction; βcell = pancreatic islet insulin-producing beta cell; cSVD = cerebral
small vessel disease; FFA = free fatty acids—unsaturated long chain fatty acids; IGT = impaired
glucose tolerance; LOAD = late-onset Alzheimer’s disease; ROS = reactive oxygen species; RSI =
reactive species interactome; Sk = skeletal: TG Index = triglyceride/glucose index; TIA = transient
ischemia attack.
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Figure 10. (A–F) Cerebral microbleeds–hemorrhages in preclinical female obese metabolic syndrome,
and type 2 diabetes mellitus genetic models. Each of these six panels depicts a cerebral microbleed
identified by a large white X. Note that in (E), the homogeneous material may also represent free
plasma within the neuropil. Images provided by CC 4.0 [5]. N = nucleus; RBC = red blood cell;
X = microbleed; neuropile = neuropil.

Figure 11. A microbleed (~5 μm) immediately adjacent to a contracted microvessel (~5 μm). Note
how the lumen of this microvessel (pseudo-colored light blue) is nearly collapsed and that the brain
endothelial cell (BEC) nucleus is contracted with extremely prominent chromatin condensation instead of
being heterogeneous, suggesting BEC activation and dysfunction. These similar morphological contracted
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BEC remodeling changes and nuclear remodeling changes were observed in the aortic endothelium
of activated endothelial cells in Western-diet-fed female mice at 20 weeks of age. Also, note that the
reactive microglia (pseudo-colored red) encircle this microvessel which contains multiple aberrant
mitochondria (aMt), which provide excessive mitochondria-derived reactive oxygen species that pro-
vide BEC injury for the response to injury wound-healing mechanisms at the level of this microvessel
to result in BEC activation and dysfunction. Importantly, note reactive astrocyte detachment and
separation of reactive perivascular astrocytes. These remodeling changes allow for microvessel dis-
ruption and microbleeds. Image provided by CC 4.0 [5]. AC = astrocyte; asterisk = reactive microglia
cell; CMB = cerebral microbleed; EC N = brain endothelial nucleus; iAC = intact attached astrocyte;
rMGC = reactive microglia cell; Pc = pericyte; X = microbleed-microhemorrhage.

It is important to note that during these studies of the female 20-week-old db/db
models, we did not examine the venular systems for EPVS or evidence that venular systems
may also be involved with both cerebral microbleeds and microinfarcts, since we were
not aware of their importance at that time (2018); if you are not looking for a remodeling
structure with TEM, you seldom find one [5].

Notably, obesity, MetS, and T2DM have been found to have increased capillary
microvascular rarefaction (loss of capillary microvessels) in multiple regions of the
brain [2,5,41–44]. Recently, Shulyatnikova and Hayden hypothesized that capillary mi-
crovascular rarefaction might be responsible for the development of EPVS [2]. Capillary
microvessel loss due to rarefaction would leave an empty space within the confines of the
PVUs’ PVS that would subsequently fill with ISF, and this could allow for an increase in
the percent total fluid volume within the PVS that subsequently results in separation of all
surrounding pvACef, leaving an EPVS (Figure 12) [2,8].

 

Figure 12. Microvessel rarefaction: Cross and longitudinal sections representative of pre- and
postcapillary arterioles and venules with an ensheathing perivascular space (PVS) of the perivascular
unit (PVU). (A) Cross-section of a capillary microvessel surrounded by PVS (solid double red arrows
and light blue color) and its increase in total volume to become an enlarged perivascular space
(EPVS) (dashed double red arrows), which represents capillary rarefaction. Note the AQP4 red bars
that associate with the perivascular astrocyte endfeet. (B) A control longitudinal precapillary arteriole,
postcapillary venule, and a neurovascular unit (NVU) capillary that runs through an encompassing PVS
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(light blue). (C) Capillary microvascular rarefaction (CR) in a longitudinal view; note how the volume
of the PVS increases its total percentage volume once the capillary has undergone rarefaction as in
obesity, metabolic syndrome, and type 2 diabetes mellitus. (D) Progression of a normal precapillary
arteriole and postcapillary venule PVS to an EPVS once the capillary has undergone rarefaction,
allowing for an increase in its total percentage volume of the PVS (1.–3.). (B,C) provided with
permission by CC 4.0 [9]. ACef = perivascular astrocyte endfeet; AQP4 = aquaporin 4 (red bars);
BEC = brain endothelial cells; BECact/dys = brain endothelial cell activation and dysfunction;
CL =capillary lumen; EC = endothelial cell; lpsEVexos = lipopolysaccharide extracellular vesicle
exosomes; NVU = neurovascular unit; Pcef = pericyte endfeet.

While this capillary microvascular rarefaction still remains a hypothesis that will need
to be further tested, it remains an intriguing potential mechanism for the development of
EPVS in microvascular disease in the brain.

3. The True Capillary of the NVU Deliverers Its Peripheral Blood and Cellular
Contents into the Immediate Adjacent Postcapillary Venule Perivascular Unit

The concept of the NVU and its definition and importance were officially introduced
and described in 2001 at the first Stroke Progress Review Group Meeting of the National
Institute of Neurological Disorders and Stroke of the National Institutes of Health (NIH)
that incorporated neurons and the adjacent vascular cells with the pvACef cells that serve
as the connecting cell between the vascular cells and neurons resulting in coupling [4].
The NVU and the NVU coupling are now well accepted and have received great interest
in the field of neurobiology. Its cells are comprised of BECs, Pcs, perivascular astrocyte
endfeet (pvACef cells), vascular smooth muscle cells in arterioles and arterial microvessels,
and interrogating microglia with the pvACef cells being connected to regional neurons
to allow for NVU coupling in order to increase oxygen and nutrients to match neuronal
excitement demand [4,45–48]. Incidentally, the PVU cells are the same as the NVU except
for the presence of the phagocytic and antigen presenting resident perivascular macrophage
(rPVMΦ) cells in health and disease [7,49]. While the NVU of the true capillary and PVU
of the postcapillary venule appear to be an anatomical continuum with many structural
similarities and only a few minor differences, their functions seem to be quite different
(Figures 7 and 8).

When one reviews Zlokovic’s 2-hit vascular hypothesis for neurodegeneration in
Alzheimer’s disease [47], it is unquestionable that there is considerable overlap among
risk factors for cerebrovascular disorders including cerebral microvascular disease and
dysfunction and late onset Alzheimer’s disease (LOAD), vascular dementia (VaD), neurode-
generation, and impaired cognition [19]. The two-hit vascular hypothesis for Alzheimer’s
disease places microvascular disease, and more specifically the NVU BBB, as the first hit of
the two-hit hypothesis. Since not only the NVU BBB and the immediately adjacent PVU
with its PVS and EPVS are involved, the PVU, PVS, and EPVS could now also be included
in this first hit, while the second hit would be the impaired clearance of beta amyloid due
to EPVS within the PVU [47].

It has been known for some time that midlife obesity [50], diabetes [51,52], and
hypertension [53] are all vascular risk factors that are known to increase the risk for
neurodegeneration including LOAD. It is currently well recognized that most cases of
LOAD have mixed vascular pathology and SVD [54,55]. Additionally, brain hypoperfusion–
hypoxia [56], silent infarcts [57], the presence of one or more infarctions [58], stroke episodes,
and transient ischemic or hypoxic attacks all increase the risk of LOAD. Indeed, there may
be a continuum of progression in obesity, metabolic syndrome, T2DM to VaD, LOAD, and
mixed dementia in addition to the accumulating knowledge that macro-/microvascular
disease risk factors might all converge on a common final remodeling disease pathway,
involving brain microvascular dysfunction and/or degeneration, as well as amyloid-β and
tau pathology [19]. Notably, there has been a trend to soften the once hard-fixed clinical
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and histopathologic boundary lines drawn between vascular dementia and LOAD. LOAD
may be considered to reside under the umbrella of mixed dementias [19].

NVU BBB disruption caused primarily by BECact/dys with activated BECs (Hit-1)
allows proinflammatory peripheral cytokines/chemokines (pCC) to enter the PVU and
the proinflammatory cells to adhere to the aBEC within the PVU in addition to allowing
increased permeability to multiple neurotoxins from the systemic circulation [59]. The neu-
rotoxic molecules are then delivered to the postcapillary venule’s PVU with its normal PVS
and pathologic remodeled EPVS. These neurotoxic molecules and cells with the ensuing
metabolic debris begin to accumulate more and more and may result in PVS obstruction,
which results in the PVS becoming dilated, enlarged, and remodeled, which results in EPVS
that can be identified by non-invasive magnetic resonance imaging (MRI) studies of the
brain that are indicative of impaired waste removal via an impaired glymphatic system
(Figure 13).

Figure 13. Combining Zlokovic’s 2-hit hypothesis with the neurovascular unit (NVU), perivascular
unit (PVU), and the development of enlarged perivascular spaces (EPVS). Panel (A) illustrates the
NVU true capillary and the PVU with its normal perivascular spaces (PVS) and pathologic EPVS.
When the true capillary NVU becomes disrupted, it allows neurotoxins including proinflammatory
cytokines/chemokines and proinflammatory cells into the perivascular units’ PVS. Also, note that
(A) depicts step-1 of Owens 2-step process of neuroinflammation as well as the first hit of Zlokovic’s
2-hit vascular hypothesis [10,47]. Panel (B) depicts the PVU with its divisions into the normal PVS and
the pathologic EPVS divided by the vertical red line; note the discontinuous endothelial glycocalyx
and the presence of the resident perivascular macrophage (rPVMΦ). Panel (C) also depicts the PVU;
however, its EPVS specifically depicts the breeching of the glia limitans (cyan green) representing

49



Biomedicines 2024, 12, 96

step 2 of neuroinflammation [10] as well as the impaired clearance of amyloid beta and accumulation
(hit 2) of Zlokovic’s 2-hit hypothesis [47]. Note that the red circles depict various neurotoxin groups
that are divided into three groups (1., 2., 3.) that contribute to neuroinflammation, neurodegeneration,
and impaired cognition.

These EPVS (1–3 mm by MRI) can now be identified and quantitated via deep learning
algorithms that reduce time, effort, and increase specificity in contrast to the earlier manual
hand-counting when viewing MRIs [60].

4. The PVU with Its Normal PVS and Pathologic EPVS: Crossroads and Multicellular
Crosstalk

Troili et al. were the first to define and describe the perivascular unit (PVU) [1], and this
concept is taking better hold now that it has also been learned that the glymphatic system
utilizes the postcapillary venule PVS as a conduit for MW clearance [1,11,12,61]. The PVU
with its normal PVS and pathologic remodeled EPVS is located in the postcapillary venule
and is immediately adjacent to the true capillary (Figures 1, 5, 6 and 11). The PVU allows
one to visualize the multicellular crosstalk communication possibilities, which includes
BECs, Pcs, resident PVMΦs, the outermost delimiting basement membrane (glia limitans)
of the pvACef of this unit, and peripheral cellular leukocytes that are able to penetrate the
disrupted NVU BBB (Figures 14 and 15).

 

Figure 14. The perivascular unit (PVU) provides a crossroad for multicellular crosstalk communica-
tion for vascular, neuroinflammatory, and neuronal systems due to the metainflammation associated
with obesity, metabolic syndrome (MetS), and type 2 diabetes mellitus (T2DM). (A) Normal-appearing
(background pseudo-colored green) perivascular spaces (PVS) indicating their normal function imme-
diately adjacent to the true capillary of the neurovascular unit (NVU). Note the highway intersection
icon at the lower left. (B) A pathologic enlarged perivascular space (EPVS) (background pseudo-
colored red), which suggests pathologic enlargement that resides within the perivascular unit (PVU).
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Note that this EPVS contains multiple proinflammatory cells (innate immune neutrophils and mono-
cytes, and adaptive immune lymphocytes) that are induced due to the effects of the visceral obesity-
associated peripheral inflammation induced at the NVU with BEC activation and dysfunction with
increased permeability to allow the proinflammatory cells and neurotoxic cytokines/chemokines
to enter the PVS that results in the pathologic remodeling to create EPVS. PVU and EPVS allow for
a crossroad or gathering space to form and create the extensive crosstalk communication between
the vascular, neuroinflammatory, and neuronal systems to interact to result in neuroinflammation
and neurodegenerative changes with resulting impaired cognition that is associated with obesity,
MetS, and T2DM. Note that the red-dashed line represents the glia limitans that is breeched to
allow step-two of neuroinflammation and subsequent neuronal remodeling. Image made available
by CC 4.0 [7]. BBB = blood–brain barrier; BECact/dys = brain endothelial cell activation and dys-
function; CL = capillary lumen; EC = brain endothelial cells; EPVS = enlarged perivascular space;
Pc = pericytes; rPVMΦ = resident reactive perivascular macrophage(s).

 
Figure 15. Crosstalk at the crossroads of the perivascular unit (PVU). Multicellular crosstalk between
the resident perivascular macrophage (rPVMΦs) and the brain endothelial cells (BECs), pericytes
(Pcs), and perivascular astrocyte endfeet (pvACef). (A) Normal true capillary of the neurovascular
unit (NVU) blood–brain barrier (BBB) interface with peg and socket communicating gap-junctions,
connexin 43 (Cx43) and N-cadherin junctions with encircling Pcs, and the cellular signaling utiliz-
ing nitric oxide (NO) and platelet-derived growth factor beta (PDGFβ) and vascular endothelial
cell growth factor (VEGF). (B) Cellular crosstalk between the BECs, Pcs, Pcef, and the pvACef
and the rPVMΦs (yellow, red, and white dashed lines, respectively) due to their close proximity
within the EPVS. Figure provided by CC 4.0 [7]. ACef = perivascular astrocyte endfeet (pvACef);
Asterisk = activated BECs; EC = brain endothelial cell; Lys = lysosomes; N = nucleus; Pcfp = pericyte
foot process-endfeet.

The EPVS that result from the multicellular crosstalk and aberrant remodeling are most
commonly identified in either the basal ganglia (BG) or the centrum semiovale (CSO) on
MRI T2 weighted images. However, EPVS have also been identified in the midbrain (Type
III), and they have been identified in the hippocampus and more recently characterized
in the subcortical white matter of the anterior superior temporal lobe, cerebellum at the
dentate nucleus, and brain stem [62]. With the use of newer more high-intensity 7T MRIs
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and increased interest in the glymphatic system and EPVS, we will undoubtedly come to
learn of even more areas as the venular system is explored and studied more carefully [63].

5. Regional Variation in Enlarged Perivascular Space Locations: Basal Ganglion (BG)
and Centrum Semiovale (CSO)

During the remodeling phase in the response to injury wound healing (RTIWH)
mechanism [64], multiple remodeling changes occur, including the development of EPVSs,
which can be visualized on non-invasive T2-weighted MRI images. These changes are
primarily located either in the basal ganglia or the centrum semiovale depending on the
clinical disease state of the brain injury and response to injury wound-healing mechanism
(Figure 16) [2,64–68].

Figure 16. Magnetic resonance imaging (MRI) identification and comparison of basal ganglia (BG) to
centrum semiovale (CSO) enlarged perivascular spaces (EPVS). (A) Paired EPVSs within the BG that
are traced in open circles on the left and solid yellow circles on the right BG. Note the white spaces
within the paired dashed lines just above the paired BG structures. MRI image from a 75 year old
male post-stroke, recovered with small vessel disease. (B) Paired elongated oval structures outlined
by yellow dashed lines to enclose multiple white enlarged perivascular spaces. Note the open white
arrows outlined in red pointing to prominent EPVSs. MRI image from a 79 year old female with
history of transient ischemic attacks. Importantly, note that BG EPVS are strongly associated with
cerebral small vessel disease (SVD) in (A) and that CSO EPVSs are strongly associated with late-onset
Alzheimer’s disease and cerebral amyloid angiopathy (CAA) in (B). Incidentally, EPVS are more
commonly associated with CSO in atherosclerosis, arteriolosclerosis, obesity, metabolic syndrome,
and T2DM. Image reproduced with permission from CC 4.0 [64]. Etat cribble = sieve-like state.

EPVS are most commonly viewed in the BG and CSO. This observation may represent
different pathologic remodeling, in that BG EPVS are more associated with hypertension-
related diseases such as SVD, while CSO EPVS are more commonly associated with mis-
folded protein diseases such as occurs in LOAD, CAA, and CADSIL [69–71]. Additionally,
with the newer use of algorithm-based identification of EPV we may find new regional
variation in other clinical diseases as we perform more refined studies in this field of study.
Over time, we have found that this aberrant remodeling and development of EPVS may
be also be associated with the venular systems [63] within the brain, since we are learning
more and more about the glymphatic system at an exponential rate [72].
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6. Protoplasmic Perivascular Astrocyte Endfeet and Their Aquaporin 4 (AQP4) Water
Channels Play a Crucial Role in the Development of Enlarged Perivascular Spaces

Maintaining the Structural Integrity and Suspension of the Brain

pvACef line the bulk of the brain vasculature at their abluminal surface [9]. Their po-
larized expression of AQP4 water channels at the plasma membrane of their endfeet are nec-
essary conditions for the functioning glymphatic system pathway of waste removal [11,61].
Actually, Rasmussen, Mestre, and Nedergaard along with Iliff [11,61] were responsible for
coining the term glymphatic system that was based on the pvACef and their dependency on
the abluminal location of AQP4 at the plasma membrane facing mostly ISF and metabolic
waste filled PVS/EPVS at the postcapillary venule without a pial membrane and the CSF
filled PVS at the pial-lined precapillary arterioles [11,73]. Loss of AQP4 polarization in the
pvACef leads to diminished CSF influx and significantly, a reduced clearance of metabolic
waste in the postcapillary venule of the PVU [9,74,75].

The role of AQP4 in the maintenance of CNS homeostasis includes proper CSF circula-
tion and flow, potassium buffering, regulation of extracellular space volume, interstitial
fluid resorption, neuroinflammation, osmosensing, calcium signaling, cell migration, and
importantly, metabolic waste clearance via the PVS/EPVS-glymphatic system [9,76,77].
When AQP4 is dysfunctional or undergoes loss of polarization as occurs in LOAD [68],
SVD, VCI, VCID, and VaD [78–80], there is dysfunction. Also, when AQP4 is dysfunctional
and/or lost as in the clinical diseases neuromyelitis optica [81,82] and neuromyelitis optica
spectrum disorders [83,84] as a result of autoantibodies against the AQP4 water channel
as well as the genetic knockout rodent models, which are associated with EPVS [11,85],
there is dysfunction of the brain. Further, Nielsen et al. were able to demonstrate that
nanogold particles staining of AQP4 by transmission electron immunochemistry were
localized to the plasma membrane of the pvACef where they tightly adhered to the NVUs’
pvACef basement membrane [86]. I have only had the opportunity to explore the AQP4
by immunohistochemistry in hepatic cirrhosis individuals and included images from the
brains of those individuals with encephalopathy and EPVS (Figure 17) [9,64].

Notably, the glymphatic system is most active during sleep when the clearance of
exogenous tracers undergoes a doubling of the clearance rate as compared to wakeful-
ness [87].

EPVS are most commonly viewed in the BG and CSO. This observation may represent
different pathologic remodeling, in that BG EPVS are associated with more hypertension-
related diseases such as SVD, while CSO EPVS are more commonly associated with mis-
folded protein diseases such as occurs in LOAD, CAA, and CADSIL [69–71]. Additionally,
with the newer use of algorithm-based identification of EPV, we may find new regional
variation in other clinical diseases as we perform more refined studies with higher-intensity
MRI machines such as 3 and 7T MRIs in this field of study. Over time, we have found that
this aberrant remodeling and development of EPVS may be also found to be associated
with the venular systems [63] within the brain, since we are learning more and more about
the glymphatic system at an exponential rate [72].
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Figure 17. The perivascular astrocyte end feet (pvACef) with its polarized aquaporin 4 (AQP4)
water channels delimits the abluminal perivascular unit (PVU) with its perivascular spaces/enlarged
perivascular spaces (PVS/EPVS) and perisynaptic astrocyte endfeet (psACef). Panels (A,B) each
demonstrate (via immunohistochemical staining) the presence of AQP4 in the pvACef surrounding a
postcapillary venule in an individual with hepatic cirrhosis in the thalamus of the brain. (C) Schematic
rendering of the AQP4 channel, illustrating water moving into the PVS to contribute the PVS
enlargement when AQP4 is dysfunctional and or lost. (D) In younger models, AQP4 is tightly
polarized to the plasma membrane of the pvACef as compared to (E), which depicts a loss of
AQP4 polarization in older models. Modified image provided with permission by CC 4.0 [64].
Scale bar = 500 μm. CL = capillary lumen; IHC = immunohistochemistry; N = nucleus.

7. Loss of Polarity of Aquaporin 4 (AQP4) and Dysfunction or Loss of Dystroglycan
(DC) Results in Detachment and Separation of pvACef from NVU and the psACef
from the Perisynaptic Unit (PSU)

The brain is critically dependent on the homeostatic functions of astrocytes [9]. Astro-
cytes (AC) are multifunctional and play an essential role in brain development, modeling,
and homeostasis [9,88,89]. ACs are among the most abundant cells in the brain and are
the master connecting and communicating cells that provide structural and functional
support of brain cells at all levels of organization as depicted in Figure 5, in addition
to being regarded as the guardians and housekeepers of the brain [9,88]. The large AC
cellular presence in the brain and their vast cell–cell communication via gap junctions
connexins may be viewed as the brain’s functional syncytium [89,90]. Additionally, their
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role in controlling volume in the brain is of essential importance in maintaining homeosta-
sis, in which their highly polarized AQP4 water channels provide for the maintenance
of the CNS CSF, ISF, PVS, glymphatic space for waste removal, and buoyancy [9,89] in
addition to controlling its own size and volume due to its highly AQP4 polarized plasma
membranes [9,89]. Homeostatic functions of ACs (via pvACef and perisynaptic ACef)
include molecular homeostasis, which includes ion homeostasis of (calcium, potassium,
chloride, and potassium), regulation of pH, water transport and homeostasis via AQP
4, and neurotransmitter homeostasis (including glutamate, gamma-aminobutyric acid
(GABA), adenosine, and monoamines) for further homeostatic functions [9,88,89]. There
are known to be three major types of ACs, which include (1) pvACef and occur primarily
in cortical grey matter, (2) fibrous ACs, which occur primarily in cortical white matter, and
(3) peripheral astroglial processes (PAPs) important for providing cradling the astrocyte
leaflets of the perisynaptic unit [88,89,91].

In this review, the AC focus has been on the pvACef that connect the NVU to neu-
rons responsible for neurovascular coupling and maintain regional CBF, pvACef, and
the PAPS or perisynaptic astrocyte endfeet (psACef) that cradle synaptic neurons of the
perisynaptic cradle unit (PSU) that control synaptic transmission and information transfer
between neurons.

7.1. The NVU and PVU pvACef Are Responsible for Neurovascular Coupling and Regional
Neuronal Activity-Induced Maintenance of Regional CBF

The pvACef of the NVU and PVUs are known to work in collaborative synergism to
maintain the proper functioning of the brain’s vascular and neural systems via coupling to
provide homeostatic CBF to provide nutrients as well as metabolic waste removal [1]. In-
deed, the NVU and PVU consist of cellular networks that control and maintain BBB integrity
and tightly regulate CBF, which is known to match energy supply to neuronal demand
(neurovascular coupling) [4,92]. Proper polarization and functioning of both the AQP4
water channels (AQP4) and dystroglycan (DG) at the pvACef are absolutely necessary for
the normal functioning of both the NVU and PVU. Once pvACef or perisynaptic astrocytes
become dysfunctional or lose their polarization of AQP4 or DG the pvACef will undergo de-
tachment and separation from the NVU BEC and pericyte endfeet (Pcef) BMs and separate,
which allows for not only NVU but also PVU dysfunction with increased permeability, and
become increasingly vulnerable to the response to brain injury wound-healing mechanisms
(Figure 15) [7,9,59,64,89]. In a past study of obese, insulin-resistant, 20-week-old female
diabetic db/db models, I was able to demonstrate pvACef detachment and separation from
the NVU BECs and Pcfps outer BM [7]. This detachment and separation are believed to be
caused by the dysfunction or degradation of dystroglycan and a4b6 integrins and are most
likely due to increased oxidative stress (ROS) with matrix metalloproteinase(s) (MMPs)-2,
9 activation with partial or complete degradation (Figures 8, 9, 16, 17, 18 and 19A,B) [7,93].

In summary, the NVU-PVU pvACef are responsible for neurovascular coupling, ensur-
ing that regional CBF is tightly coupled to the activity of neurons in specific brain regions
(Figure 17A,B). This dynamic regulation is essential for maintaining optimal brain function
and responding to the varying metabolic demands of different brain areas.
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Figure 18. Detachment and retraction of perivascular astrocyte endfeet (pvACef) from the neurovas-
cular unit (NVU) in obese, insulin-resistant, female diabetic db/db mice. (A) The NVU capillary in
control non-diabetic models. Note how the pvACef tightly adhere to the NVU endothelial (EC)
and pericyte–pericyte foot processes Pc-Pcfp outer basement membrane (BM). (B) Detachment and
retraction of reactive pvACef (drpvACef) (yellow arrows) from the NVU. Panel (C) illustrates the
involved proteins and integrins that are degraded in order for the drpvACef to detach and retract due
to increased permeability of the NVU due to NVU disruption. AQP4 = aquaporin 4; AC = astrocyte;
BM = basement membrane; EC = brain endothelial cell—endothelium; Fn = fibronectin; MMP2 and
MMP 9 = matrix metalloproteinases 2, 9; ROS = reactive oxygen species.

7.2. Cradling Perisynaptic Astrocyte Endfeet (psACef) Are Responsible for Synaptic Transmission
of Information

psACef play an essential role in cradling neuronal synapses, synaptic transmission,
and plasticity (Figures 19C,D and 20) [89,91,94].

Among the numerous roles of the ACs, they are absolutely essential for controlling
the volume of CNS, ISF, and PVS within the PVU as well as the AC itself via its highly
polarized plasma membrane AQP4 bidirectional water channel. This is especially true at
the pvACef in contact with the vasculature as well as including the PVS and the psACef
that are in contact with pre- and postsynapses of the PVU [89,91,95,96]. As the psACef form
the cradle of the PSU, they also hide the tripartite synapse from nearby regional injurious
stimuli, termed “synaptic isolation”, insulation, and shielding (Figure 17C) [91,96]. Further,
this pvACef cradling may result in reducing both the “spill-in” of transmitters released
during extrasynaptic signaling events and the “spill-out” of transmitters from the synaptic
cleft [97]. Importantly, this would contribute to isolating the synapse from the rest of the
CNS, i.e., insulating and shielding (Figure 17C).

AQP4 water channel dysfunction, deficiency, and loss of polarization have been
demonstrated to show impaired synaptic plasticity and neurotransmission [96,98–100].
Notably, there are at least two clinical neurological diseases that are associated with an-
tibodies against AQP4 water channels: neuromyelitis optica [81–83] and neuromyelitis
optica spectrum disorder [83,84] as previously presented in Section 6. psACef may indeed
follow the same detachment and separation (Figure 17C,D) as demonstrated for the pvACef
detachment and separation (Figures 8, 9 and 17A,B), since both are dependent on the func-
tioning presence of β dystroglycan and polarized AQP4 water channels that will become
aberrant under similar clinical diseases and brain-injurious stimuli [9,94].

Up to this point, I have referred to synapses as the tripartite synapses, but it is
important to note that there is strong scientific reason to consider the synapses as tetrapartite
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synapses, since the extracellular matrix plays such an integral role in synaptic transmission;
at the very least, one should refer to these synapses as multipartite synapses [89,101].

 

Figure 19. Similarities and comparisons between perivascular astrocyte endfeet (pvACef) and the
cradling perisynaptic astrocyte endfeet (psACef) detachment and separation. These similarities
implicate damaged or dysfunctional aquaporin 4 (AQP4) either due to activated proteases such as
matrix metalloproteinases (MMP-2, 9) or to loss of polarization of AQP4 from the plasma membranes
(psACef) resulting in impaired synaptic transmission and impaired cognition or the timing of arrival
of incoming information to disturb multiple networks of informational transfer. Panels (A,C) are from
20-week-old female controls and (B,D) are from 20-week-old female diabetic db/db models with tissues
obtained from the frontal cortex, cortical layer III, and depict detachment and separation of pvACef
in (B) and psACef in (D). Note that this detachment and separation creates a perivascular space
(PVS) (B) and a perisynaptic space (D) that may continue to become enlarged with dysfunctional
dystroglycan (dysDG) and dysfunctional aquaporin4 (dysAQP4). Note that the cyan green line
denoting the glia limitans in (B) is not present in (D). Images in A and B are reproduced courtesy of
CC 4.0 [7]. Scale bars = 0.5 μm in (A,B) and100 nm (D,E). BBB = blood–brain barrier; CL = capillary
lumen; dys = dysfunctional; DG = dystroglycans; EC = brain endothelial cell; NVU = neurovascular
unit; PcP = pericyte process; PSD = post synaptic density; TJ/AJ = tight and adherens junctions.
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Figure 20. Protoplasmic astrocytes are multifunctional and may be perivascular (perivascular as-
trocytes endfeet (pvACef)), perisynaptic (perisynaptic astrocyte endfeet (psACef)), or both. This
image illustrates a central astrocyte (AC) with its nucleus and soma with multiple protoplasmic ex-
tensions. Lower-left image illustrates a transmission electron microscopic (TEM) image of the control
true capillary neurovascular unit/neuro-glial-vascular unit (NVU) with a protoplasmic extension
connecting with the golden yellow pvACef. Upper-right image illustrates a perisynaptic unit (PSU)
with cradling psACef with a protoplasmic AC extension connecting to the psACef that cradle the
synapse. Upper-left image illustrates a similar central AC connection to both a NVU and a PSU
(image supplied by 4.0 [94]). Lower-right image also illustrates a similar AC connective morphologic
image with the central AC connecting to both a NVU and a PSU. Upper-left and lower-left and -right
provided by CC 4.0 [94].

In summary, the detachment–retraction of pvACef and psACef can both have widespread
effects on the NVU and PSU, respectively, and can potentially lead to disruptions in BBB
integrity, altered blood flow regulation, compromised metabolic support to neurons, and
disturbances in synaptic function. These changes may contribute to neurological disorders
and impair overall brain function via neuroinflammation, impaired glymphatic system
efflux associated with EPVS, compromised metabolic support to neurons, impaired synaptic
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function, plasticity, synaptogenesis, and impaired synaptic transmission with impaired
transmission of information [9,89,91,94,97].

8. The Venular Side of the Perivascular Unit (PVU) and Enlarged Perivascular
Spaces (EPVS)

All small vessels including the postcapillary venules, venules, and veins are almost
completely covered by astrocytic endfeet that provide for a relative barrier, since there are
known to be up to 20 nm clefts/gaps between some pvACef [102]. pvACef ensheathment of
cortical postcapillary venules, venules, and veins play an essential role in the transcellular
trafficking of metabolic solutes, ions, and water as they diffuse bidirectionally into and out
of the interstitial neuronal parenchymal spaces at the level of the PVS within the PVUs and
subsequently empty into the SAS and CSF to the systemic circulation (Figure 2) [63,102,103].
Also, the polarized AQP4 water channels located at the plasmalemma of pvACef/psACef
are responsible for bidirectional water flow and are essential for proper water and volume
homeostasis including the ISF within the PVS and the interstitial spaces of the parenchyma,
CNS, CSF, PVS within the PVU, and the astrocyte itself [9,89]. These important functions of
the pvACef are necessary and essential for the proper removal of waste by the glymphatic
system to the SAS and CSF and systemic circulation previously discussed in Section 7.

The response to injury wound-healing mechanisms due to any brain injury is known
to result in the loss of polarization of AQP4 water channels and dysfunction or loss of DG
(especially if it is ongoing or chronic as in obesity, MetS, and T2DM due to metainflamma-
tion, or age-related disease such as LOAD), which results in dysfunctional regulation of
water [9,88,89]. Dysfunction of the AQP4 water channel would allow for the development
of both interstitial space edema and enlargement of the PVS with resultant EPVS. In turn,
the EPVS would result in increased stalling and stasis within the PVS with the accumulation
of neurotoxins, proinflammatory leukocytes, and metabolic debris with the accumulation
of neurotoxins that could be delivered to the interstitial space of the neuronal parenchyma.
Additionally, this would result in damage to neurons and synapses with the development
of impaired cognition and neurodegeneration and the eventual development of various de-
mentias depending on the specific instigating injurious mechanisms. For example, venular
pathology has been shown to contribute to vascular dysfunction in LOAD, which results
in WMHs and microthrombosis, infarcts, and microbleeds as in Figures 8 and 9 to result
in regional ischemia [104–106]. Also, single venule blockade in mice models resulted in
impaired cerebrovascular structure and function [107–110].

Even though histopathological documentation of venular accumulation of amyloid
fragments in both human and animal models has been identified [103,109–116], the role of
the venous network and venous dysfunction induced by amyloid accumulation in SVD
and CAA will need to be further studied [103].

Notably, Hartmann et al. [107] and Duvernoy et al. [117] have previously described
how penetrating venules formed “units” that were surrounded by rings of penetrating arte-
rioles [107]. Exact ratios were not specified in their studies; however, a typical penetrating
venule appeared to drain blood supplied by ~4–5 penetrating arterioles (Figure 21) [63,103].

Therefore, should the findings of Hartmann et al. [107] and Duvernoy et al. [117] be
supported by others, this would help to explain the importance of venular neurovascu-
lome [118] with obstruction–thrombosis to be studied with greater detail since the venular
systems have not yet been studied to the degree that the arteriole neurovasculome systems
have been studied to date. Notably, pre-clinical studies have confirmed that venular occlu-
sion causes microinfarcts that are remarkably similar to those found in clinical–pathological
human studies [119]. Recently, blockage of a single venule in mice increased microin-
farcts and vastly impaired cerebrovascular structure and function [107,108]. Importantly,
as we continue to study and explore the glymphatic system, we will also advance our
understanding of the venular system.
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Figure 21. Comparison of a single postcapillary venule microthrombus with enlarged perivascular
spaces (EPVS) of the perivascular unit (PVU) compared with a single precapillary arteriole/true
capillary microthrombus. (A) A single microvessel thrombosis in a postcapillary PVU venule that
may affect 4–5 penetrating precapillary arterioles or true capillaries and a much larger vulnerable
neuronal region due to decreased cerebral blood flow and ischemia. This also may result in increased
microinfarcts, neuronal dysfunction, and even neurodegeneration as compared to the microthrom-
bosis of a single penetrating arteriole as illustrated in (B). (B) A single precapillary arteriole/true
capillary microthrombosis may affect a much smaller vulnerable neuronal parenchymal regional
volume as compared to a single venular microthrombosis as in (A).

9. Conclusions

PVUs with their normal PVS and pathologic remodeled EPVS play essential roles in
the development of neuroinflammation, cerebrovascular disease, and neurodegeneration
as summarized in Sections 9.1–9.3.

9.1. In Regards to Neuroinflammation

Postcapillary venular EPVS and alterations in the perivascular unit can trigger in-
flammatory responses in the brain. Disruption of the NVU BBB integrity and increased
permeability can allow immune cells and peripheral cytokines/chemokines to infiltrate
the brain PVS (Figures 5 and 11–13), which completes step 1 of Owens’ 2-step process
and contributes to neuroinflammation [10]. Once the glia limitans is breeched (step 2 of
Owens’ 2-step process) [10], CNS neuroinflammation can exacerbate neuronal damage and
contribute to the progression of various neuropathologic disorders. Further, the PVU and
its EPVS can release inflammatory mediators that further amplify the neuroinflammatory
response via its resident PVMΦs. Thus, the PVU allows a crossroad for extensive cellular
crosstalk (Figures 5 and 11–13) [1].
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9.2. In regards to Cerebrovascular Disease

Postcapillary venular EPVS are excessive fluid-filled spaces surrounding blood vessels
in the brain and are associated with impaired drainage of interstitial fluid, contributing to
changes in cerebral blood flow regulation. Impaired perivascular clearance mechanisms
lead to the accumulation of toxic substances (neurotoxins) and contribute to the devel-
opment of cerebrovascular diseases such as SVD, ischemic and hemorrhagic stroke, and
venular thromboses, which are emerging as a risk for the development of microinfarcts,
and possibly even accelerated microinfarctions and microhemorrhages or microbleeds that
are known to be increased in obesity, MetS, and T2DM (Figures 8 and 9) [5,39]. Rotta et al.
found that in human individuals with SVD and LOAD that cerebral microbleeds were
common [103]. Further, these microbleeds were associated with the venous vasculature in
human individuals with higher resolution 7TMRI [103]. CMBs are a common finding in
patients with VSD, CAA, and LOAD [103,120]. Additionally, van Veluw et al. were able to
demonstrate that cerebral microbleeds and infarcts commonly co-occurred in CAA utilizing
high-resolution 7T MRI that were not identified with either 1.5 or 3T MRI and further
identified more microbleeds with 7T [120]. Thus, as we begin to use newer high-resolution
MRI, we will begin to advance the knowledge in the field of venular pathology [120]. Also,
Morrone et al. proposed that venular amyloid is an important part of both CAA and AD or
LOAD pathology [121]. Further, numerous mechanisms related to the pathophysiology of
veins, which include EPVS, venous impaired cerebrovascular pulsatility due to the vascular
stiffness of aging, and continued studies would allow for further insight into cerebral
SVD, CAA, LOAD, and cerebrovascular dysfunction as an associated early remodeling
change associated with multiple brain injuries that result in the response to injury wound-
healing mechanisms to add further insight [64,120,121] and may lend further insight into
the cerebrovascular dysfunction in SVD, CAA, and LOAD [120,121].

9.3. In Regards to Neurodegeneration

Postcapillary venular EPVS have been linked to neurodegenerative diseases like
LOAD, PD, and MS, and have recently been described to associate with migraine headaches.
The associated compromised perivascular drainage may result in the accumulation of
beta-amyloid plaques and other neurotoxic substances, which are known to contribute
to the progression of neurodegeneration. Accordingly, the PVU, which consists of blood
microvessels, pvACef, Pcs with their endfeet, and resident PVMΦs play a crucial role
in maintaining the microenvironment for neuronal health. Dysfunction within the PVU
with its pathologic EPVS can lead to impaired nutrient supply and waste removal that are
known to contribute to neurodegenerative mechanisms. The above three major headings,
neuroinflammation, cerebrovascular disease, and neurodegeneration are equivalent to
original description of the PVUs by Troili et al. [1] as a result of being the key anatomical
and functional substrate for the interaction between immune, vascular, and neuronal
mechanisms associated with multiple types of brain injury.

Advancing science in novel areas typically grows on the shoulders of preexisting sci-
entific discoveries and concepts along with advancing technology, such as high-resolution
7T MRI. Since the glymphatic system is totally dependent on the anatomic structure of
the fluid-filled perivascular spaces as its conduit, we can expect the growth of knowledge
regarding the PVS, EPVS, and the PVU to grow along with this exciting, novel topic of
research regarding the GS; and vice versa, as the knowledge expands in the PVS, EPVS,
and the PVU field of studies, we may come to understand more about the GS.

A better understanding of the intricate relationships between EPVS, the PVU, and neu-
rological disorders are crucial for developing targeted therapeutic interventions. Strategies
aimed at preserving perivascular space function and the promotion of efficient clearance
mechanisms hold great promise in mitigating the impact on neuroinflammation, cere-
brovascular disease, and neurodegeneration that are associated with each of the clinical
diseases mentioned throughout this review.
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In summary, it is hoped that this narrative review will help to increase the understand-
ing regarding the importance of not only the microvascular arterial system including its
PVS, but also the venular system. The venular system with its PVU and PVS are essen-
tial for waste removal including the effective removal of neurotoxins via the glymphatic
system that is dependent on the normal functioning of the postcapillary venular PVS as
it is known to be the structural conduit for waste removal within the PVU. The normal
postcapillary venular PVS are effective in the removal of neurotoxins including soluble
oligomeric amyloid beta, tau, other neurotoxic misfolded proteins, and metabolic waste
to slow or prevent neurovascular, neuroinflammatory, and neurodegenerative diseases
discussed in this review. EPVS identified by MRI are a biomarker of GS stasis and stalled
or obstructed waste removal, and are associated with multiple neurodegenerative diseases.
Therefore, we must continue to strive to better understand the microvascular venular
systems in addition to the arterial systems. Importantly, EPVS can now be identified and
quantitated via algorithms that have been created for deep machine learning, which reduce
time and effort, and increase specificity in contrast to earlier visual quantifications.
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Abstract: Research has identified fetal risk factors for adult diseases, forming the basis for the
Developmental Origins of Health and Disease (DOHaD) hypothesis. DOHaD suggests that maternal
insults during pregnancy cause structural and functional changes in fetal organs, increasing the risk
of chronic diseases like type 2 diabetes mellitus (T2DM) in adulthood. It is proposed that altered
maternal physiology, such as increased glucocorticoid (GC) levels associated with a dysregulated
hypothalamic-pituitary-adrenal (HPA) axis in maternal stress and T2DM during pregnancy, exposes
the fetus to excess GC. Prenatal glucocorticoid exposure reduces fetal growth and programs the fetal
HPA axis, permanently altering its activity into adulthood. This programmed HPA axis is linked to
increased risks of hypertension, cardiovascular diseases, and mental disorders in adulthood. With the
global rise in T2DM, particularly among young adults of reproductive age, it is crucial to prevent its
onset. T2DM is often preceded by a prediabetic state, a condition that does not show any symptoms,
causing many to unknowingly progress to T2DM. Studying prediabetes is essential, as it is a reversible
stage that may help prevent T2DM-related pregnancy complications. The existing literature focuses
on HPA axis dysregulation in T2DM pregnancies and its link to fetal programming. However,
the effects of prediabetes on HPA axis function, specifically glucocorticoid in pregnancy and fetal
outcomes, are not well understood. This review consolidates research on T2DM during pregnancy, its
impact on fetal programming via the HPA axis, and possible links with pregestational prediabetes.

Keywords: type 2 diabetes mellitus; prediabetes; pregnancy; maternal HPA axis; fetal HPA axis;
programming; fetal development; placenta; glucocorticoids; metabolic diseases

1. Introduction

Fetal programming occurs during embryonic and fetal development, a vital stage
during which tissues and organs are formed [1–3]. Many environmental cues, such as
excess glucocorticoid exposure in utero, can contribute to various changes that include
changes in molecular biological functions, such as receptor cell density or sensitivity, as
well as alterations in metabolism or responses to physiological stressors [4,5]. Essentially,
fetal programming refers to the process of sustaining or affecting a stimulus or impair-
ment that occurs at a crucial point in its development [6,7]. Studies show that maternal
diabetes, particularly type 2 diabetes mellitus (T2DM), with increased glucocorticoid (GC)
levels, may be one of the common mechanisms through which glucocorticoid insults exert
their programming effects [8,9]. Rapid economic development and urbanization, seden-
tary lifestyles, and the Westernized diet have led to a rising burden of 463 million (aged
20–79 years) adults living with T2DM in many parts of the world, especially in developing
countries [10]. Although the weights of infants of diabetic mothers are generally skewed
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into the upper range, intrauterine growth restriction (IUGR), commonly diagnosed as low
birth weight, occurs with concerning frequency in diabetic women, especially those with
underlying hypertension, uncontrolled blood glucose levels, and vascular diseases [11,12].
T2DM has been shown to account for 30–50% of cases of pregestational diabetes during
pregnancy [13].

Glucocorticoids (GC), such as cortisol in humans and corticosterone in rodents, are
well-known for their role in glucose homeostasis in adult life [14]. The HPA axis reg-
ulates GC production through a feedback loop involving glucocorticoid receptors (GR)
and mineralocorticoid receptors (MR) [14]. During pregnancy, this feedback mechanism
ensures that GC levels are kept within a range that supports pregnancy while avoiding
the adverse effects of hypercortisolism [15]. GC in pregnancy has also been shown to
be essential in fetal maturation [5,16]. However, fetal GC load is usually regulated by
11β-hydroxysteroid dehydrogenase type-2 (11β-HSD2), a placental enzyme that inactivates
GCs [17,18]. Increased maternal GC levels observed in T2DM and attenuating 11β-HSD2
expression potentially increase fetal exposure to GCs, slowing fetal growth and altering the
gestational period [19–21]. Excessive glucocorticoid exposure in utero goes as far as altering
the set-point and development of the offspring’s HPA axis that alternately reprograms the
HPA axis, thus compromising its function after birth [22–24]. In addition, excess maternal
or fetal corticosterone causes the downregulation of fetal GR and MR and impairs the
feedback regulation of the HPA axis in both infancy and adulthood [25,26]. Cross-sectional
research has also indicated a connection between lower birth weights, elevated cortisol
levels, catch-up growth in the neonatal period, and adult obesity, which may be an indica-
tion of unfavorable adaptive responses until birth [27,28]. The association with low birth
weight was first reported as a several-fold increase in the incidence of glucose intolerance
and T2DM in adult men compared with those born with normal birth weight [29,30]. Fur-
thermore, studies demonstrate that low birth weight has been associated with high risks of
other non-communicable diseases (NCDs) such as hypertension, cardiovascular diseases,
and mental disorders in adulthood, correlating with the concept of the Developmental Ori-
gins of Health and Disease (DOHaD) hypothesis [31,32]. The DOHaD, which emerged as a
broadening of the “Barker hypothesis” and was named after epidemiologist David Barker,
explains the scenario in which in utero maternal insults cause structural and functional
alterations in fetal organs, extending postnatal life and increasing susceptibility to chronic
disease in adulthood [33,34].

Prediabetes is characterized by impaired glucose metabolism, with glucose concentra-
tion above the optimal value but still below the diagnostic levels for T2DM [35]. In 2019,
the prevalence of prediabetes was 373.9 million, with 15.3% undiagnosed, and it is expected
to increase to 453.8 million by 2030 in parallel with increasing T2DM prevalence [36,37].
Studies show that prediabetes precedes T2DM, and it has been suggested that the onset
of complications associated with T2DM begins during the prediabetic state, including
myocardial injury, renal dysfunction, hormonal dysfunction, and dysregulation in the
HPA axis function, among others [38–41]. The literature primarily reports alterations that
occur in pre-existing T2DM pregnancies and fetal programming, while the changes in
maternal pregestational prediabetes HPA axis function, specifically glucocorticoid and its
influence on fetal outcomes, have not yet been explored. Therefore, this review consolidates
research on T2DM during pregnancy, its impact on fetal programming via the HPA axis,
and its possible links with pregestational prediabetes. The following section describes fetal
programming, theories, and associated diseases.

2. Fetal Programming

According to Barker (1995), the early life environment affects fetal growth and adds
to disease susceptibility [42,43]. The developing baby adapts to an insult in utero, lead-
ing to long-term changes in form, physiology, and metabolism that are beneficial for
survival [33,34]. Gluckman discovered that mismatches between early and later life cir-
cumstances might cause maladaptive alterations that raise the risk of a variety of car-
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diometabolic and psychiatric disorders as well as vulnerability factors, pertaining to the
phenomena known as fetal programming [44,45]. Fetal programming occurs when the
normal pattern of fetal development is disrupted by an abnormal stimulus or ‘insult’ ap-
plied at a critical point in in utero development [46–48]. According to the evidence for
the Developmental Origins of Health and Disease (DOHaD) hypothesis, the antenatal
period is a particularly vulnerable period of development in which exposure to adverse
environments, such as glucocorticoid exposure, can have long-term or permanent effects
on the offspring’s health trajectory [49,50]. Studies have shown that maternal HPA axis is
crucial during fetal development [51,52]. However, maternal dysregulation in the HPA axis
during pregnancy or before pregnancy has been shown to exert its programming effect,
especially in the brain, notably in the HPA axis [53–55]. The following section details the
physiological role of the maternal HPA axis in pregnancy, and its role in fetal development.

3. Role of the Maternal Hypothalamic–Pituitary–Adrenal (HPA) Axis in Pregnancy

The hypothalamic–pituitary–adrenal axis is a complex system of neuroendocrine path-
ways and feedback loops that functionally maintain physiological homeostasis through
a synthesis of glucocorticoids (GCs). Active GCs are known as cortisol in humans and
corticosterone in rodents [56]. The maternal HPA axis adapts during pregnancy, and regu-
lates stress-related deleterious effects on the mother and offspring [57,58]. A non-diabetic
pregnancy is a state of hyperactivity in the HPA axis and is also a state of hypercorti-
solism, especially towards late gestation [59–61]. The increased cortisol in late gestation
is regulated by the placenta, an important source secreting the corticotropin-releasing
hormone (CRH), which further enters the maternal pituitary gland via the hypophyseal
portal circulation and enhances adrenocorticotropin (ACTH) synthesis and secretion into
the peripheral circulation (Figure 1) [62,63]. ACTH increases glucocorticoid synthesis and
secretion through the adrenal cortex in the kidney into the bloodstream in the course of
pregnancy [64,65]. GC levels influence the hypothalamic CRH in a negative feedback loop,
while the placental CRH is strongly stimulated by GC in a mechanism of a positive feedback
loop [66,67]. In addition, studies show that high GC in pregnancy also plays a primary
role in regulating fuel homeostasis. After the uptake of free cortisol from the circulation,
cortisol increases the availability of potential fuel substrates by the mobilization of glucose,
free fatty acids, and amino acids through the enhancement of hepatic gluconeogenesis and
glycogenolysis [68,69]. Hence, research shows that GC contributes to insulin resistance,
which is necessary to ensure that an adequate amount of glucose reaches the fetus for its
growth and development [70].

Research shows that there are two types of corticosteroid receptors in the brain,
namely glucocorticoid (GR) and mineralocorticoid (MR) receptors involved in the feedback
regulation of the HPA axis [15,71]. The proper functioning of these receptors ensures that
glucocorticoid levels remain within a range that supports pregnancy without causing undue
stress to the mother or the fetus [72]. In the brain, MR binds to endogenous glucocorticoid
with a higher affinity than GR, and, at basal concentrations of cortisol and corticosterone,
MR is occupied while the GR remains largely unoccupied [73,74]. During times of elevated
plasma glucocorticoid levels, such as during stress, increased occupation of GR helps to
reduce the release of CRH and ACTH, ultimately lowering glucocorticoid production,
and thereby regulating the function of the HPA axis. [75,76]. In pregnancy, MR mRNA
expression in the hippocampus is unaltered, and GR gene expression is only modestly
increased, which promotes negative feedback, maintaining HPA axis activity (Figure 1)
and, hence, the diurnal secretion of cortisol is maintained throughout pregnancy [16,77].
Furthermore, studies show that late pregnancy (the last week, in the rat) is associated with
a substantial reduction in HPA axis responses to both psychological and physical stressors
in several species [77–79]. This adaptation is considered to buffer the impact of stress by
reducing fetal exposure to maternal glucocorticoid, thus minimizing the risk of detrimental
glucocorticoid programming [16,80].
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Furthermore, studies show that glucocorticoids are lipophilic and can readily pass
through the placental barrier by simple diffusion [81,82]. While glucocorticoid’s most
well-known function is to stimulate differentiation and functional development of the
lungs, glucocorticoids also play crucial roles in the development of several other organ
systems, including the HPA axis [51,52]. However, 11β-hydroxysteroid dehydrogenase
type 2 (11β-HSD2) acts as a barrier enzyme to control the passage of glucocorticoids from
the mother to the fetus and protects the fetus from the much higher maternal levels of
glucocorticoids [83,84]. This enzyme is found on both placental sides of the syncytiotro-
phoblast [84,85]. It metabolizes active glucocorticoids (cortisol in humans, and corticos-
terone in rats) into inactive glucocorticoids, thereby shielding the fetus against excessive
glucocorticoid exposure from the mother, as shown in (Figure 1) [85,86]. Although the
placenta metabolizes a significant proportion of cortisol (80–90% during gestation), excess
cortisol may reach the fetus, and the ‘barrier’ can be further weakened by maternal high
maternal glucocorticoid or placental dysfunction, which is commonly caused by increased
oxidative stress, resulting in hypoxia, allowing for the increased transfer of glucocorticoids
from the mother to the fetus [16,54,87]. The following section describes T2DM, prevalences,
pregestational consequences associated with fetal programming, and associated diseases
in adulthood.

Figure 1. A schematic presentation of maternal HPA axis and GC signalling between mother, placenta,
and fetus. Glucocorticoids tightly control HPA axis activity through glucocorticoid receptors (GR)
and mineralocorticoid receptors (MR) in the pituitary and hypothalamus to inhibit CRH release,
ACTH, and its own secretion [83,88]. In pregnancy, the placenta secretes large quantities of CRH into
the maternal bloodstream as the pregnancy progresses, which promotes the production of GC [16,77].
Increased placental CRH secretion and GC also increase GR, promoting negative feedback and,
therefore, maintaining the HPA axis activity in pregnancy. Nevertheless, the fetus is shielded from
excess maternal GC exposure by the increased activity of 11β-hydroxysteroid dehydrogenase type 2
(11β-HSD2). The minimal transfer of GC from the placenta to the fetal compartment plays a vital role
in the development of fetal organs, particularly the brain’s HPA axis and the maturation of the lungs.

4. Changes in the HPA Axis in T2DM Pregnancies Associated with Fetal Programming

T2DM accounts for 90–95% of all diagnosed diabetes mellitus (DM) cases and is
regarded as a complicated and multifaceted illness caused by a mix of genetic and environ-
mental risk factors [89]. T2DM is characterized by insulin resistance and inadequate β-cell
responsiveness to glucose stimulation [90]. Globally, the International Diabetes Federation
(IDF) estimated that by 2045, 629 million are expected to have T2DM aged 20–70 years [91].
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Swift urbanization, marked by the uptake of unhealthy, calorie-rich diets and sedentary
lifestyles, has played a role in the progressively rising prevalence of T2DM, particularly
among females compared to males, and the prevalence rises with age [92,93]. Research
suggests that, while T2DM is often associated with macro-and microvascular complica-
tions, individuals with poor management of everyday stress is also associated, in diabetic
patients, with the constant activation and disrupted regulation of the HPA axis, showing a
similar resemblance to maternal stress, accompanied by high levels of glucocorticoids [94].
Champaneri et al. similarly found high cortisol (hypercortisolism) levels throughout the
day in diabetic women [95]. Established diabetes mellitus, either type 1 or 2, is the most
common pre-existing medical condition in pregnant women at younger ages, resulting in
an increasing proportion of pregnancies complicated by diabetes [96–98]. In some areas,
pregnant women with T2DM now outnumber those with type 1 diabetes (T1DM) [99].
Research indicates that pregnant women with T2DM exhibit comparable patterns to those
observed in maternal obesity and in depressed and stressed pregnant women [100,101].
These patterns involve the prolonged activation and dysregulated function of the HPA axis
with elevated glucocorticoid levels [100,101].

The pathophysiology of fetal growth in the context of T2DM pregnancy is intricate
and multifaceted [102,103]. However, the complications of diabetes affecting the mother
and fetus are well-known [104–106]. Maternal complications include preterm labour,
nephropathy, vascular diseases, caesarean section, postoperative wound complications,
uncontrolled hyperglycemia, and increased oxidative stress, among others [107]. Fetal
complications include fetal wastage from early pregnancy loss or congenital anomalies,
macrosomia, shoulder dystocia, stillbirth, and intrauterine growth restriction (IUGR),
among others [108,109].

Approximately 20% of pregnant women with diabetes experience gestational hyper-
tension and/or preeclampsia [110]. The individuals most susceptible to these conditions are
those who have pre-existing microvascular complications such as microangiopathy, hyper-
tension, or inadequate control of blood glucose levels, which also contribute to endothelial
dysfunction [110,111]. These complications have been shown to induce a reduction in tro-
phoblast proliferation, delaying placental growth and development, particularly in the first
few weeks of gestation [112]. This mechanism suggests the presence of dysregulation of
trophoblast invasion by the diabetic environment, leading to decreased placental perfusion,
which results in placental dysfunction [113].

Studies show that placental dysfunction is associated with relatively low placental 11β-
HSD2 activity, therefore increasing active maternal GC to the fetus’s bloodstream [114,115].
Overexposure to glucocorticoids during fetal development causes modifications in the
expression of various cytostructural proteins, receptors, enzymes, ion channels, and growth
factors [116]. These modifications result in changes in tissue structure, biochemical compo-
sition, metabolism, and hormone responsiveness, impacting the functionality of several
fetal organ systems [117,118]. A study has discovered a correlation between maternal
diabetes accompanied by elevated cortisol levels and alterations in the development of
the brain’s cortical neuroendocrine system by reducing the number of hippocampal neu-
rons [119]. Nevertheless, the precise molecular and cellular process via which diabetes
during pregnancy impacts brain development remains unknown [120]. Consequently, glu-
cocorticoids trigger physiological processes that have little or insignificant roles in utero but
which become crucial at birth, such as the HPA axis [121]. The HPA axis and its key limbic
regulator, the hippocampus, are particularly sensitive to glucocorticoids and their perinatal
programming actions [52,122]. Previous studies show that glucocorticoid excess exposure
during fetal development programs has specific effects on the brain, notably the HPA
axis [123,124]. This exposure changes its development, sensitivity, and activity in utero,
relatively stressing its growth as the HPA axis begins to develop during the embryonic
stage and continues to mature throughout pregnancy [25,125]. As a result, studies show
that prenatal glucocorticoid exposure permanently increases basal plasma corticosterone
levels in adult rats [122,126]. This was because the density of both types of corticosteroid
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receptors, GRs and MRs, are permanently reduced in the hippocampus, changes which
are anticipated to attenuate HPA axis feedback sensitivity from maternal stress shown in
Figure 2 [122,126,127].

Figure 2. The schematic diagram presents the summary of maternal T2DM pregnancy complications,
leading to fetal consequences in utero that persist until adulthood.

In addition, studies show that fetal exposure to excess maternal GC relative to early
increases in the fetal GC concentration also triggers tissue differentiation and reduces
accretion in the fetus [5]. As a result, the overall rate of maturation and growth declines as
GC concentrations rise in the fetus toward term and in response to adverse intrauterine
conditions, resulting in growth-retarded fetuses recognized as having IUGR [12,128]. The
term intrauterine growth restriction (IUGR) refers to neonates whose birth weight and
length fall below the tenth percentile for their gestational age [129,130]. IUGR is a common
antenatal diagnosis; nevertheless, some of these fetuses, particularly those who were not
checked during pregnancy, may be discovered only after birth [129,131]. The primary
diagnostic criteria for IUGR include low birth weights (LWs), a surrogate marker of an
adverse intrauterine environment, and subsequent cardio-metabolic disease and mental
health problems [132,133].

On the other hand, the brain is heavily reliant on glucose for energy, and mammals
have redundant systems for controlling glucose production [134]. As a result, it is possible
that altered hypothalamus function may promote the dysregulation of peripheral glucose
metabolism, leading to insulin resistance or T2DM in adulthood [135]. Research conducted
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by Hales et al. revealed a several-fold higher incidence of glucose intolerance and T2DM
in adult men who were born with low birth weight as opposed to those who were born
with normal birth weight, which established the first link between low birth weight and
the development of T2DM [29]. A study in rats showed that the smallest fetuses with the
largest placentas had lower placental 11β-HSD2 activity and were projected to have the
highest adult blood pressures [17,136]. Heightened HPA axis activity, particularly with
increased ACTH and high plasma glucocorticoid levels, is seen in children and adults who
were born underweight [137,138]. In addition, previous research has indicated that infants
born with lower birth weights undergo catch-up growth within the initial two years of
life [139,140]. This process is seen as a means to offset their genetically predetermined
growth patterns [140]. Catch-up growth is also observed in other aspects of growth, such
as changes in body weight and body composition [141]. As per the theory of DOHaD,
the rapid catch-up growth experienced by low-birth-weight infants in their early years is
associated with various metabolic conditions such as obesity, hypertension, cardiovascular
diseases, metabolic syndrome, and endothelial dysfunction later in adulthood shown in
Figure 2 above [142,143]. Men were found to be more likely to develop cardiovascular
disorders than women born with IUGR due to hormonal differences, as men had lower
levels of estrogen, which has protective effects on the circulatory system and may contribute
to women’s decreased risk of cardiovascular disease [144,145]. A prior study discovered
that a combination of placental weight and birth weight predicts the risk of high blood
pressure and hypertension in men and women around the age of 50 [137,146]. People
who were babies with large placentas had the highest blood pressure and a higher risk of
hypertension [147]. Both the Barker and DOHaD hypotheses support these theories.

5. Prediabetes

Prediabetes is a condition in which blood glucose levels are abnormally high, but do
not meet the diagnostic criteria for type 2 diabetes mellitus (T2DM) [148]. Prediabetes
can be identified by at least two of these characteristics: impaired fasting glucose (IFG),
impaired glucose tolerance (IGT), or high glycated hemoglobin A1c (HbA1c) [149]. IFG
patients have significant hepatic insulin resistance with normal skeletal muscle values and
poor glucose suppression, which causes hyperglycemia during fasting due to impaired
insulin secretion or reduced sensitivity of β-cells to glucose stimulation [150]. IGT mainly
impacts muscle insulin resistance, with minimal effects on liver insulin sensitivity. The
reduced glucose absorption observed in individuals with impaired glucose tolerance (IGT)
contributes to postprandial hyperglycemia [151,152]. This is primarily due to pancreatic
β-cell dysfunction, resulting in inadequate secretion of insulin to counteract elevated glu-
cose levels and stimulate a response in insulin-targeted peripheral tissues [153,154]. Lastly,
IFG Individuals have a poor early insulin response during the oral glucose tolerance test
(OGTT), but improve insulin secretion during the second phase, which is one of the reasons
why prediabetes is frequently undetectable [155]. As a result, the American Diabetes Asso-
ciation (ADA) recommendations were changed in 2003 to identify patients with prediabetes
based on the following values. Fasting plasma glucose levels range from 5.6 mmol/L
to 6.9 mmol/L, whereas IGT values recorded after OGTT range from 7.8 mmol/L to
11.0 mmol/L [156,157]. Glycated haemoglobin (HbA1c) levels between 5.7% and 6.4% are
used as an additional diagnostic criterion for prediabetes [158,159]. Prior to the diagnosis
of pre-diabetes, there is a presence of insulin resistance and malfunctioning of pancreatic
β-cells [153,154]. Studies show that a diet high in saturated fats, high in carbohydrates, or
high in fructose contributes to the development of intermediate hyperglycemia [160,161].
In addition, studies also show that these caloric foods lead to elevated triglycerides and
increased release of free fatty acids (FFA) from adipocytes into circulation, which is accom-
panied by decreased FFA uptake by adipocytes in insulin-dependent tissues, promoting
insulin resistance and dyslipidemia [162,163]. These actions result in increased circulating
FFA levels and FFA flux to the liver, which stimulates increased production and secretion of
atherogenic very-low-density lipoprotein and small dense low-density lipoprotein particles,
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and reduced high-density lipoprotein cholesterol (HDL-C) levels, increasing the risk of
microvascular and macrovascular diseases [162,164]. In addition, in the condition of insulin
resistance, normal levels of insulin in the blood would be unable to elicit a reaction in the
peripheral tissues that are targeted by insulin due to a decrease in the number of insulin
receptors on the surface of cells, including muscle cells [165,166]. With fewer receptors
available, the cells become less responsive to insulin, reducing their ability to take up glu-
cose [90]. Consequently, the β-cells of the pancreas react by producing additional insulin to
counterbalance the increased glucose levels [167]. When the β-cells fail to secrete sufficient
insulin to counteract insulin resistance, the blood glucose levels commence fluctuating,
leading to intermediate hyperglycemia and hyperinsulinemia, leading to further alterations
in β-cell function [168].

5.1. Prevalence of Prediabetes

The prevalence of prediabetes has grown worldwide, and in 2019, the International
Diabetes Federation estimated the worldwide prevalence of prediabetes to be 373.9 million,
with 15.3% undiagnosed according to studies [36,37]. It is also projected that by 2030,
approximately 453.8 million people will have prediabetes [37,169]. The prevalence of predi-
abetes is anticipated to increase to 8.3% of the global adult population, equivalent to an
estimated 587 million individuals by the year 2045 [170]. Studies show that prediabetes is
frequently undetected due to its often-asymptomatic nature in its early stages; hence, most
humans tend to unknowingly bypass the prediabetes stage to overt T2DM [159,171]. In
addition, studies show that the increase in prediabetes prevalence is due to rapid urbaniza-
tion, increasingly sedentary lifestyles, and unhealthy eating habits [172,173]. As a result, a
retrospective study in a rapidly urbanizing area such as Durban, South Africa, indicated
that 68% of the individuals are prediabetic in the sample population between the ages of
20–45 years, with 51.0% of the study population being women [174]. This suggests that
women of childbearing age are also affected by the global rise in prediabetes [175]. Further-
more, studies show that people with prediabetes have a two-fold increased likelihood of
developing T2DM [176,177]. Moreover, studies show that complications associated with
T2DM are already evident in some people with prediabetes; these complications include
myocardial injury, renal dysfunction, hormonal dysfunction, and dysregulation in HPA
axis function, among others [38–41].

5.2. HPA Axis Function in Prediabetes

Animal models have been observed to mirror human disease conditions, making them
extensively utilizable for studying physiological systems and human disease states [178,179].
A high-fat, high carbohydrate and 15% fructose diet-induced animal model of prediabetes
has been found to mimic the human condition [38]. In addition, this animal model showed
dysregulation in the functioning of the HPA axis in the prediabetic state, as shown by ele-
vated basal corticosterone and impaired regulation of their glucocorticoid receptor (GR) and
mineralocorticoid receptor (MR) in male prediabetic rats [39]. At present, there have been
no investigations to show whether this phenomenon also exists in female prediabetic rats.
Furthermore, if present, this raised the question of whether maternal basal corticosterone
and ACTH levels in prediabetic dams may impact fetal HPA axis development.

6. Possible Links of Prediabetes with T2DM Pregnancies in Association with the
HPA Axis

Both T2DM and prediabetes result from insulin resistance, leading to impaired glucose
tolerance and chronic hyperglycemia [154,180]. Several studies have shown that during
pregnancy, increased maternal serum glucocorticoids (GC), observed in T2DM and mater-
nal stress, may cross the placenta, overwhelming the protective placental barrier [11,30].
Conversely, research shows that pre-existing metabolic disorders associated with T2DM,
such as hypertension, renal disease, and maternal microangiopathy during pregnancy,
decrease trophoblast proliferation [110,111]. This delays placental growth and its ability
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to supply the fetus with enough nutrients and oxygen, resulting in fetal hypoxia and
inadequate nutrition supply [112]. Decreased placental function is linked to placental dys-
function and relatively low activity of placental 11β-HSD2 [115,118]. These complications
have been associated with increasing the vulnerability of the fetus during this period to
unwanted programming effects such as increased transfer of active maternal cortisol to the
fetal compartments [115,118]. Early maternal GC exposure to the fetus has been associated
with alterations to the balance of both GR and MR development in the fetal brain, leading
to changes in gene expression patterns and neural circuit formation, evidenced by low GR
and MR expression in offspring after birth, even in both basal and stressed animals [126].
Moreover, studies show that excessive GC exposure during critical periods of development
could program the fetal HPA axis to be hyper-responsive, beginning in utero and persist-
ing later in life, leading to outcomes such as the prolonged increases in ACTH and GC
seen in adulthood, potentially predisposing the offspring to diseases such as depression,
cardiometabolic disorders, or T2DM [53]. Furthermore, studies suggest that excessive
maternal GC exposure or reduced placental function during pregnancy is associated with
reduced fetal growth, contributing to intrauterine growth restriction (IUGR), commonly
diagnosed at birth as low birth weight [12,128]. Low-birth-weight offspring have been
associated with HPA axis hyperactivity, glucose intolerance, hypertension, obesity, and
greater risks for developing depression, anxiety, T2DM, and cardiovascular diseases in
adulthood, especially when there was catch-up growth in the first 2 years, as supported by
the DOHaD hypotheses [49,50].

There are various possible causes that contribute to IUGR or an unfavourable hostile
environment during pregnancy, including preeclampsia and hypertensive disorders that
have also been associated with greater risk in T2DM pregnancies [110]. Prediabetes, which
often precedes the onset of T2DM, has been shown by various studies to be the genesis
of complications associated with T2DM, including myocardial injury, renal dysfunction,
hormonal dysfunction, and dysregulation in HPA axis function, among others [38–41].
A recent study by Ludidi and colleagues showed that prediabetes is a risk factor for
developing pre-eclampsia, similar to T2DM pregnancy [181]. In addition, since prediabetes
often goes undiagnosed, this suggests that there is a population of people unaware of their
elevated risk of developing hypertension and preeclampsia [181]. Therefore, the presence
of prediabetes in pregnancy might increase the likelihood of IUGR and impaired glucose
tolerance in offspring. With the increasing prevalence of prediabetes, especially in women
of childbearing age, there is an increased possibility of pre-gestational, gestational, and
fetal outcome consequences. However, there have been no studies that have looked at
how maternal prediabetes affects the HPA axis along with fetal outcomes (summarised in
Table 1 below). Conducting preliminary investigations, generating hypotheses, carrying
out invasive procedures, collecting tissue samples, and understanding the fundamental
mechanism of pregnancy-related disorders would be ethically or practically challenging in
humans. As a result, most primary studies are recommended to begin with animal models;
hence, this study recommends that future studies focus on pregestational prediabetes,
detailing its effects on maternal HPA axis function and its influences on fetal outcomes in
Sprague Dawley rats.
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Table 1. Summarizes possible links of prediabetes with T2DM pregnancies in association with the
HPA axis.

Prediabetes T2DM

• Prediabetes is characterized by the concurrent occurrence
of insulin resistance and β-cell dysfunction, which are
abnormalities that occur prior to the detection of changes
in glucose levels [150,182].

• T2DM, a condition marked by deficient insulin secretion
by pancreatic islet β-cells, tissue insulin resistance (IR),
and an inadequate compensatory insulin secretory
response [183].

• Studies show that young adults from 25–45 are diagnosed
with prediabetes.

• The number of individuals with prediabetes is expected to
rise to around 587 million by 2045 [170,174].

• It is projected that, by 2045, the number of people with
type 2 diabetes mellitus (T2DM) will reach 629 million
people aged 20–79 years, respectively [91].

• This study shows that a prediabetic diet-induced animal
model showed dysregulation in the functioning of the
HPA axis, associated with elevated basal corticosterone
and impaired regulation of the glucocorticoid receptor
(GR) and mineralocorticoid receptor (MR) in male
prediabetic rats animals [39].

• Patients with diabetes present alterations of the HPA axis
negative feedback, suggestive of the impairment of
corticosteroid receptor sensitivity, which is associated with
high levels of glucocorticoids and ACTH [94].

• Pre-eclampsia has been demonstrated to be associated
with an increased risk in those with prediabetes [181].
Studies show that prediabetes is also linked to the early
development of complications shown in T2DM. Therefore,
the occurrence of prediabetes during pregnancy may
increase the likelihood of exacerbated maternal
dysregulation in HPA axis function, leading to fetal
adverse consequences.

• Research indicates that T2DM pregnancy with
uncontrolled hyperglycemia, hypertension, elevated
glucocorticoids, and an increased risk of pre-eclampsia is
associated with higher rates of complications for both the
mother and the baby [110,111].

• The complications include IUGR, altered gene expression,
HPA axis programming, glucose intolerance, increased risk
of developing T2DM, and cardiovascular diseases, among
others [67,137,184–186].

Nevertheless, no research has been conducted to investigate the impact of maternal prediabetes on the HPA axis
in relation to fetal outcomes in pregnancy.

7. Conclusions

This review paper highlights the significant impact of the dysregulation of the maternal
HPA axis during pregnancy, particularly elevated glucocorticoid levels, on fetal growth and
programming, with potential implications for HPA axis development in the fetus seen in
T2DM. It discusses the possible links between prediabetes and T2DM pregnancies relative to
impaired HPA axis function. Women with type 2 diabetes represent high-risk groups during
pregnancy. As the incidence of diagnosed diabetes and prediabetes continues to increase,
especially at young ages, the number of women with diabetes or prediabetes in pregnancy
may also continue to increase. However, further research is needed to understand the
effects of pregestational prediabetes on the maternal HPA axis and its impact on fetal
outcomes. This could further underscore the importance of a continued investigation into
the complex interplay between maternal metabolic health, HPA axis regulation, and fetal
development to inform clinical management and improve pregnancy outcomes.
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Abstract: Advanced Glycation End Products (AGEs) contribute to the pathophysiology of type
2 diabetes mellitus (T2DM) and cardiovascular (CV) diseases (CVDs), making their non-invasive
assessment through skin autofluorescence (SAF) increasingly important. This study aims to inves-
tigate the relationship between SAF levels, cardiovascular risk, and diabetic complications in T2DM
patients. We conducted a single-center, cross-sectional study at Consultmed Hospital in Iasi, Romania,
including 885 T2DM patients. The assessment of SAF levels was performed with the AGE Reader™,
(Diagnoptics, Groningen, The Netherlands). CVD prevalence was 13.9%, and according to CV risk
category distribution, 6.1% fell into the moderate-risk, 1.13% into the high-risk, and 92.77% into
the very-high-risk category. The duration of DM averaged 9.0 ± 4.4 years and the mean HbA1c
was 7.1% ± 1.3. After adjusting for age and eGFR, HbA1c values showed a correlation with SAF
levels in the multivariate regression model, where a 1 SD increase in HbA1c was associated with a
0.105 SD increase in SAF levels (Nagelkerke R2 = 0.110; p < 0.001). For predicting very high risk with
an SAF cut-off of 2.35, sensitivity was 67.7% and specificity was 56.2%, with an AUC of 0.634 (95%
CI 0.560–0.709, p = 0.001). In T2DM, elevated SAF levels were associated with higher CV risk and
HbA1c values, with 2.35 identified as the optimal SAF cut-off for very high CV risk.

Keywords: Advanced Glycation End Products (AGEs); skin autofluorescence; type 2 diabetes mellitus
(T2DM); cardiovascular risk

1. Introduction

Advanced Glycation End Products (AGEs) are detrimental byproducts of hyper-
glycemia in diabetes mellitus (DM) and aging in the non-diabetic population, with their
accumulation exacerbating glucose metabolism imbalances, metabolic syndrome (MetS),
and chronic diseases, including cardiovascular (CV) disease, chronic kidney disease (CKD),
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and neurodegenerative disorders [1–9]. These products are formed through the non-
enzymatic glycation of biomolecules, such as proteins, lipids, and nucleic acids, with
an alternative pathway involving the reaction with α-dicarbonyl compounds, which are
highly reactive and able to establish covalent bonds [3,10,11]. Upon binding to the receptor
for AGEs (RAGE), a cascade of cellular oxidative stress and inflammatory pathways is
triggered [12]. AGEs possess the ability to create durable chemical bonds with nearby
proteins, especially through cross-linking, altering their structure and function in a process
that bypasses enzymatic catalysis [11]. This increase in cross-links, induced by AGEs, leads
to a reduction in tissue elasticity and flexibility, thus contributing to the pathogenesis of
atherosclerosis, elevated vascular resistance, and CV events (CVEs) [13,14].

In recent years, the emphasis on non-invasive assessment techniques has grown,
with skin autofluorescence (SAF) emerging as a pivotal tool. Utilizing the fluorescent
properties of certain AGEs, SAF has been recognized as a reliable method for quantifying
AGE levels in both diabetic and non-diabetic populations. This approach has gained
attention for its ability to deliver precise and reproducible results without necessitating
invasive procedures [15–18]. SAF has been identified as a practical, straightforward method
facilitating DM screening in populations without a prior DM diagnosis [18], and has been
shown to refine the FINDRISC model, enhancing DM detection strategies [19]. Moreover, its
predictive capacity for CV disease (CVD) and mortality has been documented, positioning
SAF as an important tool in expanding the understanding of DM screening and CV risk
assessment [20–22].

The link between SAF and CV mortality in individuals with CKD, DM, or peripheral
artery disease (PAD) further emphasizes AGEs’ contribution to vascular complications in
CVD through inflammatory mechanisms. Compared with established CV measures, like
pulse wave velocity and intima-media thickness, SAF’s simplicity and effectiveness offer a
comparative advantage, facilitating vascular health screenings [23,24]. Moreover, SAF’s
ability to detect subclinical atherosclerosis, independent of conventional CV risk factors,
underscores its significance in identifying early signs of arterial damage, as illustrated
in studies by Pan et al. [25]. The association of SAF with adverse CVEs in heart failure
(HF) patients also underscores its role in risk stratification [26]. Although reference values
for SAF exist for Caucasian populations, significant differences have been noted between
various European groups [27]. Calls for more detailed clinical analysis and the creation of
tailored reference data for specific demographics have been made since 2014, aiming to
improve the test’s utility and accuracy for a wide range of populations [28]. However, it
is significant to note that, as of now, no study has specifically assessed the utility of SAF
across a broader Eastern European context or the Romanian population.

This study aimed to evaluate the associations between SAF levels, CV risk, and DM
chronic complications, within a large cohort of patients with T2DM.

2. Materials and Methods

2.1. Study Design, Protocol, and Patients

In a single-center, cross-sectional, non-interventional, and consecutive case population-
based enrollment study, a total of 896 patients with T2DM were included. All participants
were recruited during their regularly scheduled clinical visits between January and July
2019 at Consultmed Hospital in Iasi, Romania.

The inclusion criteria were as follows: patients aged 18 years or older with a confirmed
diagnosis of T2DM who had received standard stable management for associated conditions
for a minimum of three months, as per the medical guidelines in effect at that time.

Exclusion criteria for this study included patient refusal, individuals under 18 years of
age, patients diagnosed with other forms of DM (secondary, type 1, latent autoimmune),
those with mental illness, pregnant or breastfeeding women, and patients with an identified
presence of autoimmune markers (GADA, ICA, IA-2A, and ZnT8-Ab antibodies).

Utilizing statistical information from the Iasi County population, which was reported
as 944,074 inhabitants, with a margin of error of 3.29% and a confidence level of 95%,
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we calculated a representative sample consisting of at least 885 patients. The remaining
patients were included in the analysis.

2.2. Demographic, Anthropometric, Clinical, and Laboratory Data Collection

This study involved an analysis of hospitalized patients’ medical records, concentrat-
ing on sociodemographic and anthropometric characteristics, comorbidities, laboratory
results, DM complications, and treatment plans. The data collected included variables
such as residency, age, sex, weight, height, body mass index (BMI), high blood pressure
(HBP), atherosclerotic CVD (ASCVD), dyslipidemia, HbA1c levels, estimated glomerular
filtration rate (eGFR), uric acid, total cholesterol (total-C) and its fractions, SAF levels, DM
complications, and prescribed medications.

2.3. Cardiovascular Risk Profile Assessment

The CV risk profile of the patients was assessed according to the ESC/EAS 2019
classification, which was applicable at the time of this study [29]. These guidelines divide
patients into moderate-, high-, and very-high-risk categories according to their CV risk
levels. Considering that all participants had T2DM, the low-risk category was deemed
irrelevant, resulting in their classification into at least the moderate-risk group by default.

Patients under 50 years old with a T2DM duration of fewer than 10 years and no
additional risk factors were categorized as moderate risk. The high-risk category included
patients who had been living with T2DM for at least 10 years but showed no signs of target
organ damage (TOD) (microalbuminuria, retinopathy, or neuropathy). This category also
encompassed patients with significantly elevated individual risk factors, as specified by
the ESC/EAS guidelines. Those with an eGFR between 30 and 59 mL/min/1.73 m2 were
classified as high risk as well [29].

Within the very-high-risk group, individuals meeting the following criteria were
considered: T2DM diagnosis accompanied by TOD or those with at least three major
risk factors. Additionally, this group included individuals with established ASCVD, as
determined by the ESC/EAS guidelines. Patients with severe CKD, marked by an eGFR
lower than 30 mL/min/1.73 m2, were also placed in the very-high-risk category [29].

2.4. Measurements of SAF Levels

The assessment of SAF was performed non-invasively by placing intact skin on the
ventral side of the forearm, following the manufacturer’s instructions provided with the
AGE Reader™, developed by DiagnOptics Technologies in Groningen, The Netherlands.
This device measures the accumulation of AGEs within approximately 1 mm beneath the
epidermis by utilizing the autofluorescent properties of specific AGEs. It features a 4 cm2

aperture that allows light emission through a UV-A lamp. Upon contact, this emitted light
reflects off the epidermis before being detected by a spectrometer within a wavelength
range of 300 to 600 nanometers and is processed using specialized software. The results are
then presented in arbitrary units (AUs). This methodology has undergone rigorous testing
with additional technical specifications detailed in previous publications [15,17,18].

2.5. Diabetes Complication Assessment

T2DM complications, such as nephropathy, microalbuminuria, retinopathy, and dia-
betic sensory peripheral neuropathy (DSPN), were identified and included in this study.

The diagnosis of DSPN was confirmed either by a previously documented diagno-
sis of DSPN or by clinical examination incorporating at least two of the following tests:
evaluation of thermal or pinprick sensibility (assessing small-fiber function) and assess-
ment of vibration sensing using a 128 Hz tuning fork (evaluating large-fiber function)
and the 10 g monofilament test. Cardiac autonomic neuropathy (CAN) was evaluated
with Sudoscan®. The Sudoscan® device, developed by Impeto Medical in Paris, France,
and FDA approved, offers a non-invasive method for assessing sudomotor function. It
measures the electrochemical skin conductance (ESC) of sweat glands using electrodes
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for the hands and feet. The device assesses the release of chloride ions by sweat glands
under low voltage, conducting a brief assessment that lasts approximately 2 min and does
not require any special conditions or preparations. Sudoscan’s algorithms combine ESC
with demographic and health data to generate scores for CAN Risk (CANRS) and kidney
dysfunction risk, providing insights into the risks of CAN and CKD [30–32]. The CAN
score and nephropathy (NEPHRO) score were reported for each patient.

Identification of diabetic retinopathy (DR) was achieved either through a documented
previous diagnosis in the patient’s medical record or via an ophthalmologic examination
conducted at our medical center, which included a fundoscopic evaluation.

CKD was defined as either a pre-existing diagnosis or persistent evidence of a urine
albumin/creatinine ratio (UACR) equal to or greater than 30 mg/g, and/or a consistently
low eGFR below 60 mL/min/1.73 m2, and/or the presence of structural abnormalities or
hematuria, as outlined in the guidelines [33].

2.6. Statistical Analysis

The information was structured into Excel databases and subjected to analysis using
both the Excel program for Windows 11 and Gnu PSPP 1.4.1 software, enabling a thorough
statistical assessment of the gathered parameters. Results are presented as mean (stan-
dard deviation—SD) or median (interquartile range—IQR). The distribution of data was
tested using the Kolmogorov–Smirnov test. In univariate correlation analysis, Pearson or
Spearman coefficients were selected depending on variables’ distribution. First, a receiver
operating curve (ROC) was used to identify the cut-off for SAF determination. The cut-off
value was determined using Youden’s method as the value in which the sum of sensitivity
(Sn) and specificity (Spe) is maximized. Second, using logistic regression, we estimated
the probability of the binary outcome based on the SAF cut-off. Additional multivariate
regression models for predicting SAF as a continuous variable were generated. A p-value
less than 0.05 was considered statistically significant.

2.7. Ethical Aspects of the Research

The investigation adhered to the principles outlined in the Declaration of Helsinki
and received approval from the Institutional Ethics Committee of Consultmed Hospital
in Ias, i County, Romania (protocol number CMD102018006, dated 18 October 2018). The
objectives and methods of this study were explained to the patients, who consented to the
utilization and publication of the data collected, and informed consent was obtained.

3. Results

During their regularly scheduled appointments at the Consultmed Hospital, the
initial cohort of 1000 patients who met the inclusion criteria were invited to participate
in this study. During the enrolment visit, medical records were collected without any
subsequent study-related appointments being scheduled. Among the 896 patients who
provided informed consent, 11 were excluded due to extreme laboratory results indicating
compromised blood samples or errors in laboratory analysis (Figure 1).

Figure 1. Patients inclusion flowchart.
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Our study cohort demonstrated a relatively balanced distribution, consisting of 53.7%
females and 46.3% males, with no statistically significant differences between genders. The
mean age of the analyzed patient sample was 62.9 ± 7.7 years, with 74.69% residing in urban
areas. Anthropometric characteristics included a mean BMI of 32.3 ± 5.3 kg/m2, a mean
waist circumference of 104.74 ± 11.7 cm, a mean hip circumference of 109.34 ± 9.94 cm,
and a mean waist–hip ratio of 0.96 ± 0.074, as detailed in Table 1.

Table 1. Patients’ characteristics.

Characteristic n = 885

Demographics

Urban, %, n 74.69% (661)

Age (years), mean (SD) 62.9 ± 7.7

Women, %, (n) 53.7% (475)

Anthropometrics

BMI (kg/m2), mean (SD) 32.3 ± 5.3

Waist circumference (cm), mean (SD) 104.74 ± 11.7

Hip circumference (cm), mean (SD) 109.34 ± 9.94

Waist–hip ratio, mean (SD) 0.96 ± 0.074
SD—standard deviation; BMI—body mass index.

Table 2 outlines the patient’s risk factors. The prevalence of obesity stands at 64.6%,
HBP at 83%, with a mean systolic blood pressure (BP) of 132 ± 16.2 mm Hg and a mean
diastolic BP of 80 ± 9.6 mm Hg; 13.9% of patients present with CVD. The lipid profile
includes total-C at 185.1 ± 43.3 mg/dL, triglycerides at 142 (93) mg/dL, low-density
lipoprotein cholesterol at 107.73 ± 36.01 mg/dL, and high-density lipoprotein cholesterol
at 44.9 ± 11.8 mg/dL; the mean eGFR is 87.5 ± 20.6 mL/min/1.73 m2. The distribution
of patients across CV risk categories is as follows: 6.1% are classified in the moderate-risk
category, 1.13% in the high-risk category, and 92.77% in the very-high-risk category.

Table 2. Patients’ risk factors.

Characteristic n = 885

Risk factors

Mean SAF level, mean (SD) 2.6 ± 0.5

Mean SAF level in the moderate CV risk category, mean (SD) 2.44 ± 0.55

Mean SAF level in the high CV risk category, mean (SD) 2.22 ± 0.29

Mean SAF level in the very high CV risk category, mean (SD) 2.61 ± 0.5

Obesity, %, (n) 64.6% (572)

HBP, %, (n) 83% (737)

SBP (mm Hg), mean (SD) 132 ± 16.2

DBP (mm Hg), mean (SD) 80 ± 9.6

CVD, %, (n) 13.9% (123)

Total-C (mg/dL), mean (SD) 185.1 ± 43.3

HDL-C (mg/dL), mean (SD) 44.9 ± 11.8

TGs (mg/dL), median (interquartile range) 142 (104 to 197)

LDL-C (mg/dL), mean (SD) 107.7 ± 36.0

Creatinin (mg/dL), median (interquartile range) 0.83 (0.68 to 0.9)
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Table 2. Cont.

Characteristic n = 885

eGFR (mL/min/1.73 m2) 87.5 ± 20.6

Moderate CV risk category, %, n 6.1% (54)

High CV risk category, %, n 1.13% (10)

Very high CV risk category, %, n 92.77% (821)
SAF—skin auto fluorescence; SD—standard deviation; HBP—high blood pressure; SBP—systolic blood pressure;
DBP—diastolic blood pressure; CVD—cardiovascular disease; total-C—total cholesterol; HDL-C—high-density
lipoprotein cholesterol; TGs—triglycerides; LDL-C—low-density lipoprotein cholesterol; eGFR—estimated
glomerular filtration rate.

Table 3 provides a summary of the DM characteristics among the patients, indicating
an average DM duration of 9.0 ± 4.4 years, with no significant differences observed across
genders; the mean HbA1c level is 7.1% ± 1.3. Current DM complications include DSPN at
67.9%, DR at 4.29%, CKD at 8.7%, albuminuria at 6.21%, and ASCVD at 13.9%.

Table 3. Diabetes mellitus characteristics.

DM Characteristics n = 885

DM mean duration, mean (SD) 9.0 ± 4.4

HbA1c (%), mean (SD) 7.1 ± 1.3

DSPN, %, n 67.9% (601)

DR, %, n 4.29% (38)

CKD, %, n 8.7% (76)

Stage V CKD, %, n 0

Stage IV CKD, %, n 3 (0.34%)

Stage IIIa CKD, %, n 13 (1.47%)

Stage IIIb CKD, %, n 60 (6.78%)

Albuminuria, %, n 6.21% (55)
DM—diabetes mellitus; DSPN—diabetic sensory peripheral neuropathy; DR—diabetic retinopathy; CKD—chronic
kidney disease.

The use of pharmacological therapies in the analyzed cohort is presented in Table 4.
In univariate analysis, SAF was significantly correlated with age (Pearson coefficient = 0.294,

p < 0.001), CAN score (Pearson coefficient = 0.136, p < 0.001), and NEPHRO score (Pearson
coefficient = −0.230, p < 0.001). There was a small significant correlation between SAF and
HbA1c (Spearman’s rho = 0.091, p = 0.007, Figure 2).

Additionally, after adjusting for age and eGFR in the multivariate regression model,
HbA1c values were found to correlate with SAF levels. Specifically, for each increase of
1 standard deviation (SD) in HbA1c value, an observed increase of 0.105 SDs in SAF levels
was noted (Nagelkerke R2 = 0.110; p < 0.001).

We compared the mean SAF levels in T2DM patients across different HbA1c targets.
The mean SAF level was significantly higher in subjects with an HbA1c > 7% (2.65 ± 0.53)
compared to those with an HbA1c < 7% (2.56 ± 0.53), p = 0.018. Additionally, SAF levels
and DM duration were found to be independent, r = −0.028, p = 0.401. Regarding CV
risk categories, patients in the very-high-risk CV group exhibited significantly higher SAF
levels (2.61) compared to those in the high-risk (2.22) and moderate-risk (2.44) groups,
respectively, p = 0.003, as illustrated in Figure 3.
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Table 4. Therapies used in the studied cohort.

Characteristic n = 885

Glucose-lowering medication usage

Insulin, %, (n) 25.2% (223)

Metformin, %, (n) 87.0% (687)

DPP-4i, %, (n) 13.0% (115)

GLP-1 RAs, %, (n) 8.1% (71)

SGLT2i, %, (n) 3.9% (34)

Sulfonylurea, %, (n) 13.1% (116)

Thiazolidinediones, %, (n) 1.35% (12)

Other therapies

ACEi/ARBs, %, (n) 61.5% (544)

Calcium channel blockers, %, (n) 33.1% (293)

Beta-blockers, %, (n) 54.57% (483)

Antiagregant, %, (n) 44.85% (397)

Statin, %, (n) 67.0% (593)

Ezetimibe, %, (n) 4.5% (40)

Fibrate, %, (n) 8.7% (77)

Non-vitamin K antagonist oral anticoagulants, %, (n) 1.8% (16)

Vitamin K antagonists, %, (n) 1.12% (10)
DPP-4i—dipeptidyl peptidase 4 inhibitors; GLP-1 RAs—glucagon-like peptide 1 receptor agonist; SGLT2i—sodium–
glucose cotransporter-2 inhibitors; ACEI/ARBs—angiotensin-converting enzyme inhibitors/angiotensin recep-
tor blockers.

Figure 2. Correlation between SAF and HbA1c.

When we compared SAF levels in different DM complications groups—DSPN, DR,
CKD, and albuminuria—we did not observe any significant differences, except for CKD, as
seen in Table 5.
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Figure 3. Mean SAF level depending on CV risk category.

Table 5. Mean SAF level depending on DM complications.

DM Complications n Present Absent Student’s t-Test

DSPN 601 2.61 ± 0.51 2.60 ± 0.49 p = 0.792

DR 38 2.58 ± 0.44 2.61 ± 0.51 p = 0.746

CKD 76 2.76 ± 0.49 2.58 ± 0.51 p = 0.003

Albuminuria 55 2.56 ± 0.50 2.61 ± 0.51 p = 0.497
DM—diabetes mellitus; DSPN—diabetic sensory peripheral neuropathy; DR—diabetic retinopathy; CKD—chronic
kidney disease.

When evaluating the cut-off value for SAF levels in predicting very high CV risk (2.35),
an Sn of 67.7% and an Spe of 56.2% were achieved. The AUC value was 0.634 (95% CI:
0.560–0.709), with a p-value of 0.001, as depicted in Figure 4.

In the subgroup analysis, only age and HbA1c level showed significant differences in
comparison to the 2.35 SAF cut-off level, with a p-value of 0.001. No significant differences
were observed in terms of gender, DM duration, and DM complications (Table 6).

Logistic regression models (Table 7) for predictors of SAF > 2.35 have demonstrated
that elevated SAF levels are significantly associated with very high CV risk, especially
after adjusting for age, gender, and HbA1c level. Age was notably associated with an
increased risk (OR: 1.072; 95% CI: 1.048–1.096; p = 0.001), indicating that older patients have
a greater probability of being included in the very high CV risk group, with elevated SAF
levels. Additionally, gender was identified as a significant factor (OR: 1.426; CI: 1.057–1.923;
p = 0.02), as well as higher HbA1c levels, which further amplified this risk (OR: 1.171; CI:
1.039–1.321; p = 0.01).
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Table 6. Subgroup analysis based on SAF cut-off.

Parameters
SAF ≤ 2.35

(n = 301)
SAF > 2.35
(n = 584)

Statistic Tests p

Age, mean ± SD 60.06 ± 8.42 64.30 ± 6.86 Student’s t-test <0.001

Female, n, (%) 163 (54.2%) 312 (53.4%) Chi2 test 0.837

Age of DM, mean ± SD 8.78 ± 4.68 9.06 ± 4.25 Student’s t-test 0.369

HbA1c mean ± SD 6.86 ± 1.12 7.17 ± 1.30 Student’s t-test <0.001

DSPN, n, (%) 200 (66.44%) 401 (68.66%) Chi2 test 0.733

DR, n, (%) 13 (4.31%) 25 (4.28%) Chi2 test 0.937

CKD, n, (%) 5 (1.66%) 12 (2.05%) Chi2 test 0.711

Albuminuria, n, (%) 19 (6.31%) 36 (6.16%) Chi2 test 0.880
SAF—skin autofluorescence; SD—standard deviation; DM—diabetes mellitus; DSPN—diabetic sensory peripheral
neuropathy; DR—diabetic retinopathy; CKD—chronic kidney disease.

Figure 4. ROC curve for SAF levels in predicting very high CV risk.
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Table 7. Logistic regression models for predictors of SAF > 2.35. Independent variables: age, female
gender, HbA1c, DSPN, DR, CKD, albuminuria.

Logistic Regression Models
(Very High Risk—Yes/No)

Predictors OR (95% CI) p

Model adjust 1 Age 1.071 (1.049–1.094) 0.001

Model adjust 2
Age 1.067 (1.044–1.091) 0.001

Female gender 1.408 (1.046–1.895) 0.024

Model adjust 3

Age 1.072 (1.048–1.096) 0.001

Female gender 1.430 (1.061–1.928) 0.019

HbA1c 1.322 (1.149–1.522) 0.010
OR—odds ratio; CI—confidence interval.

4. Discussion

Our research assessed SAF in a large cohort of T2DM patients and examined the
cross-sectional relationships between SAF and microvascular complications of DM. We also
sought to identify associations between AGEs and CV risk categories and propose a cut-off
value for SAF levels in predicting very high CV risk.

The findings indicate that, within this study’s population, the SAF level potentially acts
as a non-invasive indicator for detecting high CV risk among individuals with T2DM. In
our cohort, significant associations were found between SAF levels and various parameters:
such as age, CAN score reflecting CAN, NEPHRO score signaling kidney dysfunction risk,
and glycemic control as measured by HbA1c levels. However, it is important to note that
when we compared SAF levels across various DM complication groups—including DSPN,
DR, CKD, and albuminuria—no significant differences were noted, with the exception of
CKD. These findings underscore the importance of a multifactorial and individualized
approach to risk assessment in patients with T2DM, integrating measures of glycemic
control, as well as indicators of metabolic stress, such as SAF. In a multivariate regression
analysis, accounting for factors, such as age and eGFR, HbA1c values were identified
as independent predictors of SAF levels. Specifically, for each SD increase in HbA1c
values, there was an observed rise of 0.105 SD in SAF levels. This indicates that as HbA1c
levels (a measure of glycaemic control over the past 2 to 3 months) increase, so do SAF
levels, suggesting a greater accumulation of AGEs, as assessed by SAF. This underscores
the connection between inadequate glycaemic control and AGE accumulation, which
contributes to the risk of complications in managing DM. Additionally, we assessed SAF’s
effectiveness as a screening tool, determining the optimal SAF threshold that balances
Sn and Spe, along with the area under the ROC curve (AUC) as a measure of SAF’s
diagnostic accuracy.

4.1. SAF and Microvascular Complications of DM (Neuropathy, Retinopathy, Nephropathy)

Although no significant differences in SAF levels were observed among patients with
various DM complications (DSPN, DR, albuminuria) within our study’s population, an
exception was noted for CKD. Patients with CKD (eGFR below 60 mL/min/1.73 m2)
exhibited higher SAF levels (p < 0.003), suggesting a potential association between elevated
skin AGEs and CKD presence. This could imply that SAF as a marker of AGE accumulation
might have a direct correlation with CKD in our cohort, in contrast to the other chronic
complications included in the analysis. While our study indicates that SAF’s effectiveness
as a screening tool for microvascular complications, including DSPN, DR, and albuminuria,
may be constrained within our study’s population, it also underscores the potential for
SAF’s broader applicability and predictive value for other complications. This highlights
the necessity for further research involving a more varied group of individuals and the
importance of longitudinally assessing our study’s population to fully explore SAF’s utility.
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Contrary to our findings, Hosseini et al., in their recent systematic review and meta-
analysis of 29 studies—25 of which were cross-sectional, with 13 conducted within Eu-
ropean cohorts—identified a pronounced link between SAF levels and suboptimal DM
management, as reflected by the last HbA1c (0.21 with a 95% CI of 0.13–0.28), and a height-
ened risk for DR, DSPN, nephropathy, and macrovascular complications. This analysis
highlighted heterogeneity among the reviewed studies, emphasizing the necessity for
cautious interpretation of these findings due to the variations in study designs, method-
ologies, and the populations studied. Despite these variations, a consistent statistical
significance was observed (p < 0.05), confirming SAF’s relevance as a non-invasive marker
for both micro- and macrovascular complications associated with DM. This insight into
SAF’s predictive capacity for the early detection of irreversible DM complications reflects
its potential utility in further research with larger and more diverse cohorts alongside
extended follow-up. So, it is essential to fully ascertain SAF’s role in the clinical evaluation
of DM complications, as underscored by Hosseini’s analysis [34].

The connection between SAF and the complexity and severity of DM complications
was also explored in a cross-sectional analysis of 825 patients with T2DM, revealing a
significant correlation between skin AGEs and DR, diabetic kidney disease, CVD, and
DSPN, noting that SAF levels increased with the progression of complications. Furthermore,
the study identified distinct associations between SAF and demographic factors, including
age, gender, and stimulated C-peptide, as well as clinical indicators like creatinine and fatty
liver. The authors proposed an AGE-based risk score for diabetic complications, capable
of predicting the likelihood of T2DM complications, thereby underscoring the significant
predictive role of SAF [35].

As DSPN and its subtypes represent a prevalent complication of DM, SAF has been
explored as a potential screening method for various forms of neuropathy in T2DM patients.
In a study including 132 participants, the authors concluded that skin AGEs could serve as a
screening tool for DSPN and CAN in T2DM patients, noting their potential utility in clinical
settings. However, the study acknowledged the method’s moderate to low Spe, suggesting
that additional diagnostic procedures might be necessary for confirmation if screening
results are positive, to enhance its accuracy. Compared to our cohort, T2DM patients in the
Papachristou et al. study were slightly older (64.57 ± 8.21 years versus 62.9 ± 7.7 years)
and had a longer history of hyperglycemia, as indicated by their higher DM duration
(14.5 years [range 7.00–20.00] versus 9.0 ± 4.4 years). The optimal cut-off for overall DSPN
was determined to be SAF ≥ 2.95, which is higher than our mean SAF score across the entire
cohort (2.6 ± 0.5) [36]. In a recent longitudinal study, SAF levels were shown to predict
foot ulcers in a cohort of 517 patients with a mean HbA1c of 8.7 ± 1.8%, an average age of
62 ± 9 years, and an average DM duration of 14 ± 10 years [37]. The population studied in
our research was notably different: our study included a cohort of T2DM patients who had
a lower average HbA1c level and fewer patients diagnosed with chronic DM complications
(DR, 4.29% versus 26.7%; CKD, 8.7% versus 44.9%; and macroangiopathies, 13.9% versus
33.8%). In a multicenter study involving 497 patients where neuropathy was assessed using
three validated tools, the Toronto Clinical Neuropathy Score, the Neuropathy Disability
Score, and the Neuropathy Symptoms Score, SAF levels were found to be not only elevated
but also progressively increased with the severity of DSPN. These levels were associated
with both the presence of symptoms and nerve deficits and demonstrated correlations with
DM duration, glycemic control, and serum creatinine levels [38]. The various pathways
leading to AGE formation—glycolytic dysfunction, lipid peroxidation, and glucotoxicity—
play significant roles in the development of diabetic neuropathy, with varied impacts on
its pathogenesis, including alterations in heart rate variability and changes in vibration
perception thresholds, as underlined by Al-Saoudi et al. [39].

Increased levels of AGEs have been correlated with DR, as evidenced by multiple
studies [40–45]. Yasuda and colleagues noted a correlation between skin AGE levels and
the severity of DR in T2DM patients. In their examination of 67 T2DM patients and age-
matched controls, significant increases in skin AGE levels were observed alongside DR
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progression. Furthermore, logistic regression analysis identified skin AGE levels as an
independent predictor of proliferative DR (PDR) with an odds ratio (OR) of 17.2 (p < 0.05).
The authors proposed measuring skin AGE levels as a useful tool for assessing DR risk
and as a surrogate marker for non-invasively evaluating DR progression and severity in
T2DM patients [42]. Hirano et al. reported similar findings in a population of 132 T2DM
patients and non-diabetic controls, with a mean age of 63.7 ± 12.2 years, a HbA1c level of
7.5 ± 1.7%, and a DM duration of 13.2 ± 9.9 years. They found SAF to be correlated with
DR severity but not with the prevalence or severity of diabetic macular edema (DME). This
study also identified SAF as an independent factor indicating the occurrence of PDR and
suggested that SAF can predict the risk of severe DR. The proportion of patients with DM
complications was also higher than in their cohort, with only 26.1% showing no apparent
DR [43]. A strong association between the presence of PDR and SAF, as well as its potential
as a predictor for DR severity, was also reported by Takayanagi et al. Their study included
T2DM patients with a mean age of 68.4 ± 13.7 years and a higher mean HbA1c [44].

A recent systematic review and meta-analysis, which included the majority of studies
conducted in Caucasian populations, assessed the accuracy of SAF in the early detection
of DR. This is particularly important because devices used for SAF readings have lower
performance in highly pigmented skin. The review concluded that SAF demonstrates
adequate accuracy for use in clinical settings for DR screening in patients with T2DM. The
diagnostic OR (dOR) was 5.11 (p < 0.001), indicating a statistically significant association.
However, there was notable heterogeneity in Spe but not in Sn. The authors concluded
that while SAF is unlikely to replace ocular fundus inspection, it may serve as a convenient
screening technique, especially in situations with limited resources. Further research is
necessary to determine the reference values and the consistent usefulness of this tool across
various populations [45]. Błaszkiewicz et al. describe the pathophysiological impact of
AGEs on DR, noting their role in compromising neurovascular integrity through oxidative
stress and inflammation The binding of AGEs to RAGE on retinal cells initiates harmful
signaling pathways, especially in Müller cells. Once activated, these cells increase VEGF
production and inflammatory responses, leading to neovascularization and retinal damage.
Moreover, AGEs cause pathological alterations, including protein cross-linking and endo-
plasmic reticulum (ER) stress, worsening retinal cell dysfunction and blood–retinal barrier
degradation. The authors underscore SAF’s role in early DR detection and agree with
previous studies on its efficacy as a non-invasive marker, suggesting that non-invasively
measuring AGE accumulation offers a more accurate reflection of AGE levels than analyz-
ing serum concentrations, which may not accurately represent tissue AGE levels and varies
with the molecules’ half-life [46].

In discussing renal complications in DM, AGEs are linked to the onset and progression
of CKD. This process is initiated through AGEs’ interaction with their receptor, triggering
reactions that activate the inflammatory oxidative stress axis previously described, thereby
influencing the progression of complications. Additionally, the AGE-RAGE interaction
accelerates atherosclerosis, supports alterations in myocardial structure with cardiomyocyte
impairment, leading to HF progression, and raises the risk for CVE, the main cause of
death in patients living with both conditions, CKD and DM. Higher AGE levels in this
population also contribute to muscle wasting and nutritional imbalances, accelerating
the decline in the overall health status of this vulnerable patient group [47]. Fraser et al.
investigated whether SAF could be a marker of all-cause mortality risk in stage 3 CKD.
Initially, those in the highest quartile for skin AGEs faced a greater risk of all-cause mortality
compared to patients with lower SAF levels. However, this association diminished after
adjusting for confounding factors, such as CVD, glucose levels, BMI, albuminuria, and
renal function. SAF in CKD reflects the accumulation of AGEs and cumulative metabolic
stress, indicating the need for further research to understand SAF’s predictive role in
these patients [48]. On the contrary, Rigalleau et al. and Jin et al. reported that SAF is
independently associated with renal outcomes in T2DM patients. Both studies affirm the
significance of SAF; the former underscores its value as an independent prognostic marker
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for kidney dysfunction, separate from traditional renal markers, while the latter confirms
its importance concerning macroangiopathy [49,50]. From these data, it seems evident
that there exists a robust and firmly established correlation between SAF and DR, likely
attributable to the direct influence of AGEs on retinal microvessels [45,51]. However, the
connection between SAF and neuropathy or nephropathy is less pronounced, and SAF’s
role and predictive values may differ across various complications, potentially due to other
pathophysiological pathways beyond AGE accumulation. The increased levels of AGEs
in patients with DM also indicate the metabolic burden represented by elevated glucose
levels, as well as atherogenic dyslipidemia, high levels of pro-inflammatory cytokines,
and disruptions in reactive oxygen species homeostasis [34,52,53]. A systematic review
and meta-analysis from 2023, evaluating 33 case–control studies mostly conducted in
Europe, compared AGE levels in individuals with and without DM to assess SAF’s validity
in DM populations. Despite significant associations between SAF, a higher BMI, AGE
accumulation, and DM complications, the authors conclude that more research is necessary
to fully grasp SAF’s usefulness as a surrogate biomarker in DM due to study variability.
Factors like BMI, gender, age, and metabolic load significantly impact SAF, suggesting its
potential utility as an indicator for MetS or DM [54].

Skin levels of AGEs, as determined by biopsy specimens, were linked to the onset
and advancement of DM complications in both type 1 and T2DM in the DCCT-EDIC and
UKPDS cohorts, even after adjusting for HbA1c levels [55,56]. High concentrations of
AGEs in skin collagen, also determined through skin biopsies, were found to forecast the
quick progression of microvascular complications in DM over a span of six years in T2DM
patients, indicating the need for stricter DM control [57]. Still, evaluating AGEs through
skin biopsy is impractical for routine clinical use [56].

Our study findings might be attributed to differences in demographic characteristics
such as age, ethnicity, and DM durations. For instance, the rate of AGE accumulation and
tissue impact is known to vary with age and a patient’s metabolic control over time, which
are specific to each study’s population characteristics [58]. Additionally, DM duration is
also likely to explain the differences in our findings, as a longer DM duration is generally
linked to higher AGE accumulation, influencing relationships between SAF levels and
complications in the microvasculature [56]. The relatively low prevalence of microvascular
complications in our study population compared to other cohorts may have played a
critical role in the observed lack of significant association between SAF levels and these
complications. In populations where DM-related complications are less common, the
statistical power to detect associations between SAF levels and such complications is
diminished, which could result in a failure to observe significant associations, even if the
pathophysiological link exists.

4.2. SAF and CV Risk in DM

AGEs are known to play a significant role in promoting CVD and mortality by influ-
encing the structure and function of vascular and myocardial tissues. They cause stiffness
in the vascular walls by altering the physical properties of extracellular matrix proteins and
contribute to impaired vasodilation and reduced vascular flexibility by affecting endothelin-
1 production and reducing nitric oxide levels. Additionally, AGEs, through their interaction
with RAGEs, lead to a range of detrimental changes, including atherosclerosis, thrombo-
sis, and further vascular constriction. RAGEs also facilitate fibrosis by increasing TGF-β
levels [59] and altering calcium metabolism within the myocardium [60,61].

The vast majority of our patients (821, 92.77%) were in the very-high-risk category
as per the ESC/EAS 2019 risk stratification applicable at the time of the cross-sectional
evaluation of this cohort. Patients included in the very-high-risk category showed the
highest average mean SAF levels. This finding, especially with a statistically significant
difference (2.61AU; 2.22AU vs. 2.44AU; p = 0.003) suggests that higher SAF levels are
associated with increased CV risk. This is consistent with previous research and suggests
that AGEs, assessed by SAF, contribute to CVD progression in T2DM individuals. For
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the very high CV risk category, an SAF value greater than 2.35 was found to be a good
predictor, having an Sn of 67.7% and an Spe of 56.2% (AUC = 0.634; 95% CI 0.560–0.709;
p = 0.001). In a retrospective cohort study of 504 individuals followed for an average
duration of 54 months, it was revealed that 14% of them experienced a CVE. The levels of
SAF were significantly higher in patients who experienced a CVE compared to those who
did not (2.89 vs. 2.63 AU, p = 0.002). This association between elevated SAF levels and the
occurrence of CVEs remained statistically significant even after adjusting for other variables,
including glycemic control, HBP, lipid profile abnormalities, other vascular complications,
and DM treatments. Patients with higher SAF levels had a lower rate of CVE-free survival.
Furthermore, even among those without macroangiopathy at baseline, individuals with
higher SAF levels had a lower CVE-free survival rate compared to those with lower SAF
levels. This suggests that SAF may serve as a useful marker for identifying patients at
increased risk of CV complications [62].

A study incorporating 2349 participants from the Lifelines Cohort Study—all with T2DM,
either newly diagnosed or already diagnosed, but without clinical CVD—investigated the
predictive value of elevated SAF levels for the onset of CVD and mortality. Over an average
follow-up of 3.7 years, the findings revealed that individuals with higher SAF levels had a
substantially greater risk of experiencing CVEs or mortality. This correlation persisted even
after adjusting for traditional risk factors, such as BP and cholesterol levels, indicating that
SAF is a significant and independent predictor of new CVEs and mortality among T2DM
patients (OR 2.59, 95% CI 2.10–3.20, p < 0.001). Notably, “new” T2DM cases exhibited
lower SAF values than those with an established diagnosis, suggesting that prolonged
hyperglycemia contributes to higher SAF levels in the latter group. In this study, SAF was a
more potent predictor of CV complications and mortality in people with T2DM compared
to traditional indicators [63].

Refining the identification in the T2DM populations of those patients with a higher
risk for CVEs, and, hence, suitable candidates for revascularization procedures, has been
investigated in a recent study by Alkhami et al. SAF levels were assessed at baseline in
477 T2DM patients, and new revascularizations (coronary and lower-limb arteries) were
documented throughout a 54-month period. The study reported that patients with SAF
levels greater than 2.6 AU, which was the median value for the study population, had a
significantly higher incidence of revascularizations compared to individuals with lower
SAF values, even after accounting for confounding factors. SAF offers the potential to
improve the screening process for advanced investigations and possible revascularizations,
resulting in better risk classification in T2DM patients [64]. The relationship between SAF
and subclinical CVD was particularly strong in DM patients, emphasizing the importance of
better understanding CV risk in T2DM populations, as shown in the Rotterdam study [65].
In our cohort, the optimum cut-off point for SAF levels in predicting a very high CV risk
was 2.35 AU, which was associated with augmented HbA1c levels and older age.

4.3. Strengths and Limitations

Our results are restricted to a single-center cohort, necessitating caution when gener-
alizing the results. Additionally, our group had a small sample size of participants with
chronic DM microvascular complications, and the statistical power of our inference is
restricted. As per the cross-sectional design of our study, this analysis provides a snapshot
of a single point in time, describing the current state of a representative sample in Roma-
nian T2DM patients, and it has the limitation that it cannot infer temporal sequences or
causality from these associations described above. Nevertheless, the cohort examined was
large and well characterized, and it remains a feasible scenario in our resource-constrained
setting, as it provides a comprehensive overview of DM complications and the distribution
of CV risk categories in correlation with SAF levels. One notable strength of our study
is the cohort’s well-controlled BP values and nearly optimal metabolic control. How-
ever, reports indicate that despite meeting glycemic control targets, most patients do not
achieve a comprehensive treatment goal encompassing HbA1c, BP, and lipid levels, and
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there is an underutilization of newer antidiabetic medications with potential cardio- and
reno-protective benefits [66–69]. Our study may constitute the baseline for a longitudinal
follow-up of the same cohort. This approach will offer an opportunity for the development
of targeted interventions to address the unmet needs of the Romanian T2DM population
and enhance our understanding of disease progression and management over time.

In our research, we assessed the accumulation of AGEs using SAF. There are both ad-
vantages and drawbacks to this method. In a previous study, Lutgers et al. highlighted that
autofluorescence readers have limitations, as non-fluorescent AGEs will not be measured by
the method, and substances with auto-fluorescent properties may introduce confounding
factors [70]. Several limitations have been identified in SAF measurements, including the
fact that they are not suitable for individuals with high levels of skin pigmentation, and
that various substances, such as creams, sunscreens, or extreme blood flow variations, may
affect the accuracy of the measurements [71]. Despite this, evaluating skin AGEs by SAF
has shown a stronger and more robust correlation with CVD risk than circulating AGE
levels. Serum AGEs have had an unclear correlation with CVD due to their short activity
duration and alterations influenced by various dietary habits and metabolic factors [72].

A noted constraint of our study is the incomplete available data regarding specific
risk factors, such as smoking. Future studies should include smoking as a variable to
provide a more comprehensive understanding of its effects on SAF’s predictive accuracy
for CV complications.

As far as we are aware, this research marks the first exploration into establishing a
threshold for SAF’s correlation with CV risk and DM complications among Romanian
individuals with T2DM. We aim to extend this research longitudinally and expand the
range of participants. This initiative is directed toward validating the reliability of SAF
measurement as a tool for estimating CVD risk specifically within our demographics. By
offering a non-invasive and accessible method, SAF holds the potential to significantly
assist clinicians in identifying patients at high CV risk and making informed decisions
about treatment adjustments, highlighting its critical clinical significance. Further research
could explore how SAF, in conjunction with other biomarkers and clinical assessments,
can be integrated into comprehensive risk assessment models to improve patient care and
outcomes in DM management.

5. Conclusions

Increased CV risk and higher HbA1c values are associated with increased SAF levels
in patients with T2DM. The optimal threshold of SAF levels in predicting very high CV
risk in patients with T2DM is 2.35. The presence of CKD in patients with T2DM was
associated with higher SAF levels, while the presence of other T2DM degenerative chronic
complications was not significantly associated with SAF levels. SAF levels above the
obtained threshold were associated with higher HbA1c and higher patient age.
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Abstract: It has previously been unclear whether the accumulation of advanced glycation end
products, which can be measured using skin autofluorescence (SAF), has a significant role in diabetic
kidney disease (DKD), including glomerular injury and tubular injury. This study was therefore
carried out to determine whether SAF correlates with the progression of DKD in people with type
2 diabetes (T2D). In 350 Japanese people with T2D, SAF values were measured using an AGE Reader®,
and both urine albumin-to-creatinine ratio (uACR), as a biomarker of glomerular injury, and urine
liver-type fatty acid-binding protein (uLFABP)-to-creatinine ratio (uL-FABPCR), as a biomarker of
tubular injury, were estimated as indices of the severity of DKD. Significant associations of SAF with
uACR (p < 0.01), log-transformed uACR (p < 0.001), uL-FABPCR (p < 0.001), and log-transformed
uL-FABPCR (p < 0.001) were found through a simple linear regression analysis. Although SAF
was positively associated with increasing uL-FABPCR (p < 0.05) and increasing log-transformed
uL-FABPCR (p < 0.05), SAF had no association with increasing uACR or log-transformed uACR after
adjusting for clinical confounding factors. In addition, the annual change in SAF showed a significant
positive correlation with annual change in uL-FABPCR regardless of confounding factors (p = 0.026).
In conclusion, SAF is positively correlated with uL-FABP but not with uACR in people with T2D.
Thus, there is a possibility that SAF can serve as a novel predictor for the development of diabetic
tubular injury.

Keywords: skin autofluorescence; type 2 diabetes; diabetic kidney disease; albuminuria; tubular
injury; L-FABP
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1. Introduction

Type 2 diabetes mellitus (T2D) is a metabolic disorder that promotes the development
of macroangiopathy and microangiopathy, including cardiovascular disease (CVD), diabetic
nephropathy, retinopathy, and neuropathy [1]. Since urinary albumin excretion reflects
glomerular disorders that are due to hyperglycemia, albuminuria is used as a typical
biomarker of diabetic nephropathy. In addition, recent studies have shown that renal
insufficiency without overt albuminuria often occurs in people with T2D [2–6], and the
involvement of a tubular disorder and glomerulosclerosis has been suggested to be involved.
Therefore, those diabetic renal disorders have been broadly defined as diabetic kidney
disease (DKD), including renal dysfunction, regardless of albuminuria. Since DKD, the
incidence of which has been increasing, is a major cause of morbidity and mortality in
people with T2D, the assessment of the risk factors for the development of DKD is a crucial
clinical issue.

Advanced glycation end products (AGEs) are heterogeneous molecules derived from
the nonenzymatic products that result from reactions between glucose or other saccharide
derivatives and proteins or lipids [7]. The accumulation of AGEs is thought to be an
independent predictor and risk factor for CVD and renal failure in people with T2D.
Although the level of AGEs in the human body can be measured in serum or plasma, the
serum or plasma level of AGEs does not accurately reflect the level of AGEs in tissue [8].
Therefore, the correct evaluation of the accumulation of AGEs in tissue requires invasive
skin biopsies.

The AGE Reader® (Diagnoptics Technologies BV, Groningen, The Netherlands) is a
non-invasive monitoring device that uses ultraviolet light to excite autofluorescence in
human skin tissue; skin autofluorescence (SAF) is indicative of the amount of AGEs present.
The measurement of SAF using this device has been extensively validated and levels of
AGEs determined using SAF have been shown to strongly correlate with the accumulation
of AGEs found in the dermal tissue skin biopsies taken from the same site as that of the
SAF measurement in individuals [9]. Because of the non-invasive character, portability, and
ease in performing measurements of the AGE Reader® device, SAF is more suitable for
evaluating the accumulation of AGEs in daily medical care than tissue skin biopsies are.

In studies using the AGE Reader®, it was shown that subjects with T1D and T2D who
had micro- or macrovascular complications had higher SAF levels than control subjects [10–12].
Although two studies showed that SAF was positively associated with albuminuria [13,14],
there have been no studies on the association between SAF and diabetic tubular injury.

Liver-type fatty acid-binding protein (L-FABP) is a low-molecular-weight protein
expressed in the proximal tubule that has been recognized as a biomarker specific to tubular
injury. Since an experimental model demonstrated that urinary L-FABP is correlated with
tubular injury such as that resulting from stress from protein overload [15], much attention
has been paid to not only albuminuria but also L-FABP for assessing the severity of DKD.

Taken together, there is a possibility that the quantification of the skin accumulation of
AGEs using SAF provides predictive value for assessing the severity of DKD, including
glomerular injury and tubular injury. However, it has not been fully determined whether
AGEs have clinical significance in DKD. This study was therefore carried out to determine
whether the accumulation of AGEs, as measured using SAF, is correlated with the progres-
sion of DKD, represented by the urine albumin-to-creatinine ratio (uACR), as a biomarker
of glomerular injury, and the urine L-FABP-to-creatinine ratio (uL-FABPCR), as a biomarker
of tubular injury, in individuals with T2D.

2. Materials and Methods

2.1. Subjects

We consecutively recruited 350 Japanese people (198 men and 152 women) with
T2D who were outpatients or inpatients at the Department of Internal Medicine, Anan
Medical Center, Tokushima, Japan, during the period from May 2020 to March 2022. T2D
was diagnosed in accordance with the criteria proposed by the Expert Committee on the
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Diagnosis and Classification of Diabetes Mellitus [16]. We collected clinical data, blood
samples, and urine samples and measured SAF levels at baseline and 1 year later to perform
cross-sectional and longitudinal analyses. The study design is shown in Figure 1. Physical
examinations including anthropometry were performed on all of the participants in this
study. Current smokers were defined as individuals who had smoked in the last two years.
Body mass index was calculated as obesity index. Blood pressure was measured two times
and averaged. Subjects with hypertension were those who had systolic blood pressure
(SBP) ≥ 140 mmHg and/or diastolic blood pressure (DBP) ≥ 90 mmHg, or those receiving
antihypertensive drugs. Subjects with dyslipidemia were those who had low-density
lipoprotein cholesterol (LDL-C) level ≥ 140 mg/dL (3.6204 mmol/L) or triglycerides
(TG) ≥ 150 mg/dL (1.6935 mmol/L) or a high-density lipoprotein cholesterol (HDL-C)
level of less than 40 mg/dL (1.0344 mmol/L) or those receiving hypolipidemic drugs.
Exclusion criteria included known malignancy, liver cirrhosis, malnutrition, and if the
patient was undergoing hemodialysis.

Figure 1. Schematic representation of the study protocol.

2.2. SAF Measurement

The AGE Reader® contains a UV-A light emitter with a peak wavelength of 360 to
370 nm. The light reflected and emitted from the skin in the 300 to 600 nm range is measured
with a built-in spectrometer using a UV glass fiber. SAF is measured on the volar side
of the forearm. To correct for light absorption differences, SAF is calculated as the ratio
of emitted fluorescence (420 to 600 nm) to the reflected excitation light (300 to 420 nm).
Consequently, SAF is expressed in arbitrary units (AU). Intra-observer variation in repeated
autofluorescence measurements is 5% to 6% throughout the day [17]. In 350 Japanese
people with T2D, SAF values were measured using the AGE Reader®, and both urine
albumin-to-creatinine ratio (uACR), as a biomarker of glomerular injury, and urine liver-
type fatty acid-binding protein (uL-FABP)-to-creatinine ratio (uL-FABPCR), as a biomarker
of tubular injury, were estimated as indices of the severity of DKD.

2.3. Biochemical Analyses

Blood and spot urine samples were collected and used for the determination of blood
cell counts, plasma glucose (PG), HbA1c, and serum biochemical parameters including
LDL-C, TG, HDL-C, ALB, uric acid (UA), and Cr. PG and serum levels of LDL-C, TG,
HDL-C, ALB, UA, and Cr were measured through enzymatic methods using an automatic
analyzing apparatus (LABOSPECT 008, Hitachi High-Tech Co., Tokyo, Japan). HbA1c
was assayed via high-performance liquid chromatography using an analyzing apparatus
(HLC-723 G11, Tosoh Co., Tokyo, Japan).
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Urine albumin was measured using a turbidimetric immunoassay, and uL-FABP
was measured using a chemiluminescent enzyme immunoassay. eGFR was calculated in
accordance with the following formula from the Japanese Society of Nephrology: eGFR
(mL/min/1.73 m2) = 194 × serum and creatinine level−1.094 × age−0.287 (×0.739 if female).

2.4. Statistical Analyses

The Shapiro–Wilk test was used to evaluate the normality of continuous variables.
Continuous variables with a normal distribution were expressed as means ± standard
deviation (SD) and those with a non-normal distribution were expressed as medians (Q1,
Q3). Categorical parameters were expressed as percentages and numbers. Males, presence
of hypertension, dyslipidemia, and current smokers were coded as dummy variables.
Multiple regression analyses were used to determine the independent associations of
urinary DKD biomarkers (uACR, uACR with logarithmic transformation, uL-FABPCR, and
uL-FABPCR with logarithmic transformation) with each variable, including sex, age, BMI,
SBP, serum lipid parameters, UA, Cr, HbA1c, SAF, current smoker status, hypertension,
dyslipidemia, and duration of T2D. These analyses were performed using Excel (Microsoft
Office Excel 16.78.3; Microsoft, Richmond, CA, USA) and GraphPad Prism 9.5.1 (GraphPad
Software, San Diego, CA, USA). Statistical significance was considered to be p < 0.05.

3. Results

3.1. Baseline Characteristics of the Subjects

The physical and laboratory characteristics of the study participants are presented in
Table 1. On average, the levels of HDL-C, uL-FABP, and log-transformed uL-FABP were
higher in females than in males. Casual PG levels, serum levels of UA and Cr, and SAF
levels were higher in males. There were no significant gender differences in age, BMI, SBP,
LDL-C, TG, HbA1c, eGFR, uACR, or log-transformed uACR. The percentage of individuals
who were current smokers was much higher among males than among females. The
percentage of females who used statins was higher than that of males. Greater percentages
of males used antiplatelets and sulfonyl urea.

Table 1. Clinical characteristics of the subjects in the cross-sectional study.

Total Males Females
p Value

(Males vs. Females)

Number of subjects 350 198 152
Age (years) 70 (61, 75) 71 (61, 76) 69 (61, 75) 0.706

BMI (kg/m2) 24.2 (22.0, 26.9) 24.2 (22.1, 26.4) 24.2(21.6, 28.0) 0.943
SBP (mmHg) 132.0 (120.3, 143.0) 131.0 (120.0, 141.8) 133.0 (121.8, 144.0) 0.257
TG (mmol/L) 1.3 (0.9, 1.8) 1.4 (0.9, 1.9) 1.1 (0.8, 1.7) 0.050

HDL-C (mmol/L) 1.3 (1.1, 1.6) 1.3 (1.1, 1.5) 1.5 (1.3, 1.7) <0.001
LDL-C (mmol/L) 2.5 (2.1, 3.1) 2.5 (2.0, 3.1) 2.6 (2.1, 3.1) 0.435

Casual PG (mmol/L) 7.5 (6.3, 9.7) 7.7 (6.8, 10.4) 6.7 (5.8, 8.7) <0.001
HbA1c (%) 6.8 (6.4, 7.4) 6.7 (6.3, 7.3) 6.9 (6.5, 7.5) 0.854

HbA1c (mmol/mol) 51 (46, 57) 50 (45, 56) 52 (48, 58) 0.854
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Table 1. Cont.

Total Males Females
p Value

(Males vs. Females)

UA (umol/L) 297.4 (249.8, 355.4) 321.2 (273.6, 368.8) 258.7 (218.6, 304.8) <0.001
Cr (umol/L) 66.7 (55.7, 82.2) 75.1 (55.6, 83.8) 55.7 (46.9, 63.9) <0.001

eGFR (mL/min) 71.5 ± 20.1 70.2 ± 19.4 73.2 ± 20.9 0.171
uACR (mg/gCr) 16.5 (7.7, 53.0) 15.6 (7.1, 72.4) 16.7 (8.9, 37.8) 0.880

Log-transformed uACR 1.22 (0.89, 1.72) 1.19 (0.85, 1.86) 1.22 (0.95, 1.58) 0.880
uL-FABPCR (μg/gCr) 2.76 (1.74, 5.01) 2.55 (1.47, 5.02) 3.04 (2.06, 4.94) 0.045

Log-transformed
uL-FABPCR

0.44 (0.24, 0.70) 0.41 (0.17, 0.70) 0.48 (0.31, 0.69) 0.045

SAF (AU) 2.4 (2.1, 2.7) 2.4 (2.1, 2.8) 2.3 (2.0, 2.6) 0.025
Current smoker (n, (%)) 59 (16.9) 53 (26.8) 6 (3.9) <0.001
Hypertension (n, (%)) 227 (64.9) 121 (61.1) 106 (69.7) 0.114
Dyslipidemia (n, (%)) 260 (74.3) 144 (72.7) 116 (76.3) 0.462

Duration of T2D (years) 10 (3, 19) 10 (4, 18) 10 (2, 19) 0.632
ARB or ACEi (n, (%)) 142 (40.6) 76 (38.4) 66 (43.4) 0.380

CCB (n, (%)) 130 (37.1) 74 (37.4) 56 (36.8) 0.999
β blocker (n, (%)) 15 (4.3) 9 (4.5) 6 (3.9) 0.999

MR blocker (n, (%)) 4 (1.1) 3 (1.5) 1 (0.7) 0.636
Statin (n, (%)) 174 (49.7) 87 (43.9) 87 (57.2) 0.018

Ezetimibe (n, (%)) 27 (7.7) 14 (7.1) 13 (8.6) 0.596
Other hypolipidemic

drugs (n, (%))
21 (6.0) 13 (6.6) 8 (5.3) 0.657

Antiplatelets (n, (%)) 35 (10.0) 28 (14.1) 7 (4.6) 0.004
SU or Glinide (n, (%)) 66 (18.9) 46 (23.2) 20 (13.2) 0.019

Metformin (n, (%)) 184 (52.6) 106 (53.5) 78 (51.3) 0.746
DPP-4i (n, (%)) 209 (59.7) 120 (60.6) 89 (58.6) 0.742
SGLT2i (n, (%)) 149 (42.6) 87 (43.9) 62 (40.8) 0.587
αGI (n, (%)) 46 (13.1) 25 (12.6) 21 (13.8) 0.752

Pioglitazone (n, (%)) 11 (3.1) 5 (2.5) 6 (3.9) 0.542
Insulin (n, (%)) 73 (20.9) 39 (19.7) 34 (22.4) 0.596

GLP-1RA (n, (%)) 35 (10.0) 18 (9.1) 17 (11.2) 0.591

The values are presented as means ± SD or medians (Q1, Q3). Abbreviations: BMI: body mass index, SBP:
systolic blood pressure, TG: triglycerides, HDL-C: high-density lipoprotein cholesterol, LDL-C: low-density
lipoprotein cholesterol, PG: plasma glucose, HbA1c: hemoglobin A1c, UA: uric acid, Cr: creatinine, eGFR:
estimated glomerular filtration rate, uACR: urinary albumin-to-creatinine ratio, uL-FABPCR: urinary liver-type
fatty acid-binding protein-to-creatinine ratio, SAF: skin autofluorescence, ARB: angiotensin II receptor blocker,
ACEi: angiotensin-converting enzyme inhibitor, CCB: calcium channel blocker, MR: mineral corticoid receptor,
SU: sulfonylurea, DPP-4i: dipeptidyl peptidase-4 inhibitor, SGLT2i: sodium glucose cotransporter 2 inhibitor, αGI:
alpha-glucosidase inhibitor, GLP-1RA: glucagon-like peptide-1 receptor agonist.

3.2. Associations of SAF with uACR and Log-Transformed uACR without Adjusting for
Confounding Factors

In the simple linear regression analysis, uACR level showed a significant positive
correlation with SAF (R2 = 0.0214, p < 0.01, as shown in Figure 2a). Log-transformed uACR
also showed a significant positive correlation with SAF (R2 = 0.0341, p < 0.001, as shown in
Figure 2b).

3.3. Associations of SAF with uL-FABPCR and Log-Transformed uL-FABPCR without Adjusting
for Confounding Factors

In the simple linear regression analysis, uL-FABPCR level showed a significant positive
correlation with SAF (R2 = 0.0443, p < 0.001, as shown in Figure 2c). Log-transformed
uL-FABPCR also showed a significant positive correlation with SAF (R2 = 0.0516, p < 0.001,
as shown in Figure 2d).
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Figure 2. Scatter plots between SAF and urinary DKD biomarkers. (a) Scatter plot between SAF and
uACR. (b) Scatter plot between SAF and log-transformed uACR. (c) Scatter plot between SAF and
uL-FABPCR. (d) Scatter plot between SAF and log-transformed uL-FABPCR.

3.4. Associations of SAF with uACR and Log-Transformed uACR after Adjusting for
Confounding Factors

A multiple linear regression analysis was carried out using the univariate baseline
parameters including Cr but not eGFR (Table 2). The common risk factors for greater uACR
and log-transformed uACR were Cr and duration of T2D. No significant correlation of
SAF with uACR or log-transformed uACR was found. In addition, no association of SAF
with uACR or log-transformed uACR was found in the multiple linear regression analysis
including eGFR but not Cr (Table S1).

Table 2. Multiple linear regression analysis for determinants of DKD biomarkers.

Variables
uACR Log-Transformed uACR uL-FABPCR Log-Transformed

uL-FABPCR
t Value VIF p Value t Value VIF p Value t Value VIF p Value t Value VIF p Value

Age −2.378 1.620 0.018 0.628 1.620 0.531 −0.223 1.620 0.823 2.055 1.620 0.041
Male −2.960 1.539 0.003 −1.913 1.539 0.057 −3.164 1.539 0.002 −3.250 1.539 0.001
BMI 1.557 1.556 0.121 3.21 1.556 0.002 2.003 1.556 0.046 2.105 1.556 0.036

Current smoker 1.311 1.228 0.191 2.16 1.228 0.032 1.899 1.228 0.058 2.074 1.228 0.039
SBP 2.210 1.309 0.028 1.765 1.309 0.079 1.023 1.309 0.307 0.469 1.309 0.639
TG 2.963 1.473 0.003 1.272 1.473 0.204 0.713 1.473 0.476 −0.502 1.473 0.616

HDL-C 0.099 1.388 0.921 −0.708 1.388 0.479 0.183 1.388 0.855 −0.290 1.388 0.772
LDL-C 3.259 1.252 0.001 1.700 1.252 0.090 2.503 1.252 0.013 0.858 1.252 0.391

Casual PG 2.494 1.651 0.013 0.805 1.651 0.422 0.857 1.651 0.392 0.687 1.651 0.493
HbA1c −0.604 1.687 0.547 0.529 1.687 0.598 0.180 1.687 0.858 1.742 1.687 0.082

UA −2.772 1.506 0.006 −2.144 1.506 0.033 −2.409 1.506 0.017 −2.189 1.506 0.029
Cr 7.308 1.660 <0.001 4.779 1.660 <0.001 6.406 1.660 <0.001 4.472 1.660 <0.001

Hypertension 0.506 1.329 0.613 2.982 1.329 0.003 1.023 1.329 0.307 2.017 1.329 0.045
Duration of T2D 3.539 1.260 <0.001 3.443 1.260 0.001 3.680 1.260 <0.001 2.857 1.260 0.005

Dyslipidemia −0.347 1.150 0.729 −0.010 1.150 0.992 −0.770 1.150 0.442 0.127 1.150 0.899
SAF 1.549 1.294 0.122 1.644 1.294 0.101 2.255 1.294 0.025 2.022 1.294 0.044

VIF: variance inflation factor.
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3.5. Associations of SAF with uL-FABPCR and Log-Transformed uL-FABPCR after Adjusting for
Confounding Factors

As in the case of uACR analysis, univariate baseline parameters including Cr but
not eGFR were entered into a multiple linear regression analysis (Table 2). The common
risk factors for higher levels of these urinary markers, uL-FABPCR and log-transformed
uL-FABPCR, were female gender, BMI, Cr, duration of T2D, and SAF. Significant positive
associations of SAF with uL-FABPCR and log-transformed uL-FABPCR were also found in
a multiple linear regression analysis including eGFR but not Cr (Table S1).

3.6. Associations of SAF with uL-FABPCR and Log-Transformed uL-FABPCR after Adjusting for
Identified Confounding Factors and Medications Used

Because pharmacological interventions (including treatments with hypoglycemic
agents, antihypertensive agents, and statins) can change the development of DKD, we next
performed multiple linear regression analysis with the confirmed independent variables
shown in Table 2 and Table S1 as well as certain medications used. Model 1 included
the addition of cardiovascular drugs and Model 2 included the addition of hypoglycemic
agents. Multiple linear regression analysis showed that female gender, Cr (Table 3) or
eGFR (Table S2), and SAF were positive contributors to increases in uL-FABPCR and log-
transformed uL-FABPCR. Furthermore, SAF levels remained positively associated with
the severity of tubular injury regardless of subgroup analyses regarding sex, age, BMI,
duration of T2D, and use of SGLT2i (Figures S1–S5).

Table 3. Multiple linear regression analysis including identified confounding factors and medications
used for determinants of uL-FABPCR.

Model 1 Model 2

Variables
uL-FABPCR Log-Transformed

uL-FABPCR
uL-FABPCR Log-Transformed

uL-FABPCR
t Value VIF p Value T Value VIF p Value t Value VIF p Value t Value VIF p Value

Age - - - 1.570 1.591 0.117 - - - 1.901 1.663 0.058
Male −2.842 1.370 0.005 −3.570 1.511 <0.001 −2.670 1.347 0.008 −3.398 1.532 <0.001
BMI 2.669 1.257 0.008 2.445 1.483 0.015 2.424 1.340 0.016 1.988 1.577 0.048

Current smoker - - - 2.008 1.221 0.045 - - - 2.224 1.213 0.027
LDL-C 3.135 1.279 0.002 - - - 2.877 1.089 0.004 - - -

UA −2.005 1.502 0.046 −1.927 1.511 0.055 −2.132 1.538 0.034 −1.511 1.536 0.132
Cr 6.224 1.597 <0.001 4.672 1.708 <0.001 6.217 1.553 <0.001 4.019 1.702 <0.001

Hypertension - - - 1.621 1.871 0.106 - - - 2.271 1.175 0.024
Duration of T2D 3.515 1.205 <0.001 2.979 1.250 0.003 3.465 1.550 <0.001 1.591 1.673 0.113

SAF 3.063 1.193 0.002 2.606 1.258 0.010 3.115 1.229 0.002 2.268 1.322 0.024
ARB or ACEi −0.004 1.344 0.997 −0.862 1.695 0.390 - - - - - -

CCB 3.107 1.385 0.002 1.842 1.525 0.066 - - - - - -
β blocker −2.267 1.085 0.024 −2.227 1.094 0.027 - - - - - -

MR blocker −2.091 1.078 0.037 −1.897 1.085 0.059 - - - - - -
Statin −0.480 1.272 0.632 −0.905 1.141 0.366 - - - - - -

Ezetimibe 0.066 1.080 0.948 0.950 1.070 0.343 - - - - - -
Other

hypolipidemic
drugs

−0.372 1.049 0.710 0.253 1.064 0.800 - - - - - -

Antiplatelets 0.149 1.189 0.882 0.276 1.200 0.783 - - - - - -
SU or Glinide - - - - - - −0.569 1.297 0.570 0.897 1.300 0.370

Metformin - - - - - - 0.089 1.282 0.929 −1.151 1.287 0.251
DPP-4i - - - - - - −1.121 1.505 0.263 0.028 1.531 0.978
SGLT2i - - - - - - 0.134 1.256 0.894 2.746 1.262 0.006
αGI - - - - - - −0.470 1.226 0.639 0.015 1.225 0.988

Pioglitazone - - - - - - 1.122 1.083 0.263 −0.065 1.085 0.948
Insulin - - - - - - −0.221 1.241 0.825 1.011 1.342 0.313

GLP-1RA - - - - - - 0.705 1.496 0.482 0.201 1.482 0.841

3.7. Association between Annual Changes in uL-FABPCR and Those in SAF

For our longitudinal analysis, we evaluated 220 individuals (128 males and 92 females;
Table S3)of the original 350 individuals in our cross-sectional study for annual changes
in their uL-FABPCR and SAF values. The SAF was positively correlated with uL-
FABPCR (R2 = 0.0206, p = 0.033; Figure 3). This association between SAF and uL-FABCR
remained significant even after adjusting for confounding factors (p = 0.026) (Table 4).
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Figure 3. Scatter plot between SAF and uL-FABPCR in our longitudinal study.

Table 4. Association between annual changes in SAF and those in uL-FABPCR, adjusting for con-
founding factors.

Variables
uL-FABPCR

t Value VIF p Value

Age −0.183 1.329 0.854
Male 0.282 1.159 0.778
BMI −0.558 1.349 0.577

Hypertension −0.249 1.131 0.804
Duration of T2D −1.820 1.173 0.070

Dyslipidemia 2.020 1.086 0.045
Current smoker −0.490 1.173 0.624

SAF 2.240 1.023 0.026

4. Discussion

Although widespread medical knowledge regarding risk management for diabetic
microvascular complications and macroangiopathy has extended the lifespan of people
with T2D, the early detection of DKD without excessive urinary albumin excretion has
remained a pivotal clinical problem. Given the large number of people with T2D who are
expected to be screened, a simple and non-invasive method for evaluating the severity of
DKD is desirable.

SAF showed a significant positive association with urinary excretion of L-FABP in the
subjects with T2D in our cross-sectional study, and annual changes in SAF also showed
a significant positive association with annual changes in uL-FABPCR in our longitudinal
study. As an increase in urine L-FABP is typically associated with tubular injury due to
hypoxia [18], urinary excretion of L-FABP accurately reflects the severity and progression
of DKD [15,19,20]. In addition, increased urine L-FABP might be found in the early stages
of DKD, even before the development of albuminuria. Thus, the early-stage detection of
tubular injury and stratification of subjects who have a considerable risk of tubular injury
using a non-invasive and simple examination method such as SAF measurement could be
useful for the prevention of DKD.

Simple linear regression analysis in previous studies demonstrated a positive correla-
tion between SAF and uACR in people with diabetes, including T1D and T2D [13,14,21],
and Gerrits E.G. and colleagues showed, using multiple regression analysis, that SAF
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had a significant correlation with uACR in subjects with T2D [22]. However, we did not
find a significant correlation between SAF and albuminuria after adjusting for clinical
confounders. The results of this study may differ from the results of those previous studies
due to differences in characteristics of subjects and the inclusion of clinical confounding
factors in our analysis.

AGEs have been identified in renal structures such as the glomerular basement mem-
brane, mesangium, and tubules [23]. The involvement of AGEs in the development of
glomerular lesions in people with T1D has been suggested through several lines of evi-
dence [24,25]. Moreover, previous in vitro studies showed that AGEs could induce tubular
cell apoptosis and dysfunction, contributing to glomerular hyperfiltration, an early manifes-
tation of renal dysfunction in diabetes [26,27]. AGEs include various protein adducts, such
as pentosidine, nepsilon-(carboxymethyl) lysine (CML), and pyrraline, the accumulation of
which alters the structure and function of tissue proteins and stimulates cellular responses.
They have been shown to be involved in tissue damage associated with diabetic microvas-
cular complications including DKD. Horie et al. showed, using immunohistochemistry,
that CML and pentosidine accumulate in the expanded mesangial matrix and thickened
glomerular capillary walls of early-stage DKD and in nodular lesions and arterial walls of
advanced DKD [28].

The validity of SAF as a marker for the accumulation of AGEs in the human body has
been established [29]. Meerwaldt et al. demonstrated a significant correlation, validated with
skin biopsies, between SAF and the fluorescent AGE pentosidine in people with diabetes,
including T1D and T2D, and in those who were undergoing hemodialysis [17,30,31].

Miyata et al. reported that pentosidine accumulation in the proximal renal tubules
of healthy rats was detected using immunohistochemistry one hour after the intravenous
administration of synthetic pentosidine and that no further immunostaining was detected
after twenty-four hours [32]. In addition, following administration of radiolabeled pen-
tosidine, levels of radioactivity peaked in the kidney within an hour and then declined
as they gradually increased in the urine [32]. Thus, the authors concluded that most
of the pentosidine is catabolized during the process of tubular reabsorption. Waanders
et al. demonstrated that pentosidine accumulates in damaged renal tubules in a rat model
with adriamycin-induced nephropathy (AN) and that renoprotective treatment with an
angiotensin-converting enzyme inhibitor reduces the accumulation of pentosidine in in-
jured tubules in the rat model with AN [33].

Taken together, these observations indicate that intact tubules play pivotal roles in
the disposal of AGEs including pentosidine into urine and that injured tubules fail in the
in vivo clearance of pentosidine, leading to increased skin accumulation of pentosidine, the
amount of which is detectable through SAF measurement.

Horie et al. reported that pentosidine was immunohistochemically detected in both
glomeruli and tubules in individuals with T2D who had nephropathy and that pentosidine
was detected in tubules but not glomeruli in individuals with T2D who did not have
nephropathy [28]. Since almost all of our study subjects did not have macroalbuminuria,
the lack of association between SAF values and uACR in our study might be due to the
presence of only minor glomerular injury in the majority of the subjects.

These observations are in agreement with the results of our study showing that SAF is
a simple and non-invasive tubular injury-specific biomarker in people with T2D.

Limitations

Nevertheless, our study is not without limitations, including a relatively small sample
size and the inclusion of only people with T2D. Since the results are based on cross-
sectional data from single measurements of SAF, albuminuria, and urinary L-FABP, a causal
relationship between SAF and the development of tubular injury could not be shown in
this study. Therefore, larger-scale and longitudinal studies are needed to elucidate this
clinical question.
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5. Conclusions

In conclusion, SAF was positively correlated with uL-FABP but not with uACR in
subjects with T2D in our study. These results suggest that SAF can be used as a novel
predictor for the development of tubular injury in people with T2D.
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Abstract: Angiopoietins are crucial growth factors for maintaining a healthy, functional endothelium.
Patients with type 2 diabetes (T2D) exhibit significant levels of angiogenic markers, particularly
Angiopoietin-2, which compromises endothelial integrity and is connected to symptoms of endothe-
lial injury and failure. This report examines the levels of circulating angiopoietins in people with
T2D and diabetic nephropathy (DN) and explores its link with ANGPTL proteins. We quantified
circulating ANGPTL3, ANGPTL4, ANGPTL8, Ang1, and Ang2 in the fasting plasma of 117 Kuwaiti
participants, of which 50 had T2D and 67 participants had DN. The Ang2 levels increased with
DN (4.34 ± 0.32 ng/mL) compared with T2D (3.42 ± 0.29 ng/mL). This increase correlated with
clinical parameters including the albumin-to-creatinine ratio (ACR) (r = 0.244, p = 0.047), eGFR
(r = −0.282, p = 0.021), and SBP (r = −0.28, p = 0.024). Furthermore, Ang2 correlated positively to
both ANGPTL4 (r = 0.541, p < 0.001) and ANGPTL8 (r = 0.41, p = 0.001). Multiple regression analysis
presented elevated ANGPTL8 and ACRs as predictors for Ang2’s increase in people with DN. In
people with T2D, ANGPTL4 positively predicted an Ang2 increase. The area under the curve (AUC)
in receiver operating characteristic (ROC) analysis of the combination of Ang2 and ANGPTL8 was
0.77 with 80.7% specificity. In conclusion, significantly elevated Ang2 in people with DN correlated
with clinical markers such as the ACR, eGFR, and SBP, ANGPTL4, and ANGPTL8 levels. Collectively,
this study highlights a close association between Ang2 and ANGPTL8 in a population with DN,
suggesting them as DN risk predictors.

Keywords: Ang1; Ang2; ANGPTL8; ANGPTL4; DN

1. Introduction

Diabetes mellitus is a significant global public health challenge [1]. Epidemiological
studies indicate that the proportion of people affected by diabetes was approximately
8.8% in 2015, and this percentage is projected to increase to 10.4% by 2024. An analysis
released in 2020, utilizing data from 2014, determined that the prevalence of diabetes
in Kuwait was projected to reach 21.8% [2]. Diabetic nephropathy (DN) is a significant
microvascular complication and the primary cause of mortality among individuals with
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diabetes [3]. According to the tenth report of the International Diabetes Federation (IDF),
approximately 7.8% of people in Kuwait are diagnosed with DN as a consequence of
T2D [4]. Thus, DN imposes a substantial cost on individuals affected by the condition and
on healthcare systems.

The angiopoietin (Ang)/Tie ligand-receptor system is of paramount importance in
the maintenance of endothelial integrity and vascular development [5]. Alterations in the
Ang/Tie system have been suggested to contribute to the advancement of kidney injuries in
individuals with DN [6]. Dysregulation of the angiopoietin balance, specifically Ang1 and
Ang2, and their interaction with Tie receptors (Tie1 and Tie2) can have detrimental effects on
endothelial function and vascular stability in the renal microvasculature [6,7]. Disruption
in Tie receptor signaling and an imbalance between Ang1 and Ang2 collectively contribute
to heightened vascular permeability, inflammation, and oxidative stress. These various
factors have the potential to induce glomerular dysfunction and structural alterations in
the kidneys, thereby playing a role in the advancement of diabetic nephropathy [6,7]. In
general, the pathogenesis of diabetic nephropathy is characterized by an intricate interplay
of metabolic and hemodynamic factors. The role of angiogenesis in the development of
DN is well acknowledged [8], and consequently, growth factors associated with angiogen-
esis, such as Ang1 and Ang2, will have a substantial impact on the development of DN.
Patients with T2D were found to have elevated levels of circulating Ang2 [9], which led
to microalbuminuria [10]. The rise in Ang2 levels acted as an independent predictor of
microalbuminuria in patients with T2D [10] and was reported in connection with a rapid
decrease in kidney function [11]. Significantly elevated Ang2 levels were also positively
linked with the progression of albuminuria in people with DN [8,12,13].

Angiopoietin-like proteins (ANGPTLs) are a family of proteins structurally similar
to angiopoietins. To date, eight ANGPTLs have been discovered, namely ANGPTL1–
ANGPTL8. ANGPTLs, particularly ANGPTL3, ANGPTL4, and ANGPTL8, play pivotal
roles in regulating lipid metabolism and energy homeostasis, with emerging implications
for diabetic nephropathy. ANGPTL3 and ANGPTL4 are known inhibitors of lipoprotein
lipase (LPL), a key enzyme involved in triglyceride metabolism. By inhibiting LPL activity,
these proteins modulate lipid clearance from the circulation, resulting in alterations in
plasma lipid levels. ANGPTL8, often acting in conjunction with ANGPTL3, also regulates
LPL activity and lipid metabolism, albeit with some distinct roles in glucose homeostasis
and insulin sensitivity [14]. Dysregulation of these ANGPTLs has been implicated in the
pathogenesis of metabolic disorders, including obesity, dyslipidemia, and type 2 diabetes
mellitus (T2DM), all of which are risk factors for diabetic nephropathy [15]. ANGPTL8
is a hepatic protein that is produced in the liver and adipose tissue. Despite its lack
of direct involvement in angiogenesis, ANGPTL8 has been identified as a significant
contributor to regulating metabolism processes by adjusting glucose and lipid levels, in
addition to its crucial role in maintaining lipid balance [14]. In addition to its association
with T2D [16,17], ANGPTL8 is linked to diabetes complications and other concomitant
disorders such as DN [15]. Chen et al. reported that ANGPTL8 is considerably higher
in T2D patients with various stages of albuminuria [18]. Having said that, ANGPTL8 is
thought to be involved in DN, and further research into its mechanism in T2D and DN is
needed. The collective involvement of Ang proteins and ANGPTL8 in vascular biology and
metabolic equilibrium renders them highly promising targets for diagnostic and therapeutic
interventions in conditions such as metabolic syndromes and cardiovascular disorders. This
study examines the correlation between Ang2, ANGPTL8, and DN to assess the potential
predictive significance of ANGPTL8 and Ang2 in DN.

2. Materials and Methods

2.1. Study Population

A total of 117 participants joined this study, and the participants were segregated
into two groups. Throughout the report, people diagnosed with diabetes are referred to
as T2D, and those diagnosed with diabetes and nephropathy are designated as DN. The
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participants were body mass index (BMI) and age matched among the individuals with
T2D (n = 50) and people with T2D and nephropathy (DN group, n = 67). All participants
provided written consent at the Dasman Diabetes Institute (Dasman, Kuwait) to be enrolled
in the study. Ethical approval for this study was granted by the Ethical Review Board
of the Dasman Diabetes Institute (DDI), abiding by the ethical guidelines outlined in the
Declaration of Helsinki.

2.2. Anthropometric and Biochemical Measurements

Blood pressure was measured with an Omron HEM-907XL digital sphygmomanome-
ter, and the presented values are the average of three consecutive readings. Plasma was
extracted from fasting blood samples collected in vacutainer-EDTA tubes (centrifugation
for 10 min at 400× g). The plasma samples were aliquoted and stored at −80 ◦C for fur-
ther testing. The fasting blood glucose (FBG), serum total cholesterol (TC), low-density
lipoprotein (LDL-C), high-density lipoprotein (HDL-C) and triglycerides (TG) were mea-
sured with a Siemens Dimension RXL chemical analyzer (Diamond Diagnostics, Holliston,
MA, USA). Quantification of albumin and creatinine in the urine samples was performed
with a CLINITEK Novus Automated Urine Chemical Analyzer (Siemens Healthineers,
Erlangen, Germany).

2.3. Quantification of Creatinine and Urinary Protein

The urinary and serum creatinine levels were measured with a VITROS 250 automatic
analyzer (New York City, NY, USA). Urinary proteins were quantified using a Coomassie
Plus protein assay kit according to the manufacturer’s protocol (pierce, Rockford, IL, USA).
The estimated glomerular filtration rate (eGFR) was calculated using a modification of the
Diet in Renal Disease study equation.

2.4. ANGPTL3, 4, and 8 Enzyme-Linked Immunosorbent Assays (ELISAs)

The levels of plasma in the ANGPTL3, ANGPTL4 and ANGPTL8 proteins were
quantified using a Magnetic Luminex Assay kit (R&D Systems Europe, Ltd., Abingdon,
UK), following the manufacturer’s protocol. Repeated freeze-thaw cycles of the plasma
samples were avoided, and all samples were thawed on ice before assaying. Cross-reactivity
with other proteins was not significant.

2.5. Quantification of Ang1 and Ang2

The levels of Ang1 and Ang2 were determined by the Magnetic Luminex Assay kit
(R&D Systems Europe, Ltd., Abingdon, UK), following the manufacturer’s protocol.

2.6. Statistical Analysis

An unpaired student’s t-test was used to compare the two study groups (i.e., people
with T2D and people with DN) to determine statistical significance. The correlation analysis
between Ang1, Ang2, and various parameters was estimated by Pearson’s correlation
coefficient. A stepwise multiple linear regression model was performed to identify the
parameters independently associated with Ang1 and Ang2. The diagnostic strength of
Ang2 as well as ANGPTL8 as biomarkers for DN was calculated through area under the
receiver operating characteristic (ROC) curve analysis. Similarly, the diagnostic strength of
Ang2 with Ang1 as biomarkers for DN was calculated by ROC curve analysis. All data are
presented as the mean ± SEM, with a p value < 0.05 indicating significance. All statistical
analysis was performed using Graphpad Prism Software version 9 (La Jolla, CA, USA) and
SPSS for Windows version 25.0 (IBM SPSS Inc., New York City, NY, USA).

3. Results

Our study involved a total of 117 Arab participants recruited from the population
of the state of Kuwait. Descriptions of the population demographic and various clinical
parameters are detailed in Table 1. The participants were segregated into two main study
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groups: people diagnosed with T2D (n = 50) and people diagnosed with diabetes and
nephropathy (DN = 67). Diagnosis of type 2 diabetes was determined by having an elevated
fasting blood sugar (i.e., ≥7 mmol/L) and glycated hemoglobin (A1C) (i.e., ≥6.5%) test
results. Diagnosis of diabetic nephropathy was determined with the presence of a severely
increased albumin-to-creatinine ratio (ACR) (i.e., >30 mg/g).

Table 1. Anthropometric and clinical parameters of people with T2D and diabetic nephropathy.

Parameter T2D DN p Value
N = 50 N = 67

Gender (M/F) 18/32 45/22
Age (years) 58.96 ± 1.02 60.09 ± 1.38 0.512
BMI (kg/m2) 33.94 ± 0.88 34.23 ± 0.85 0.816
SBP (mmHg) 132.98 ± 3.88 132.03 ± 3.41 0.911
DBP (mmHg) 69.72 ± 2.26 68.78 ± 1.98 0.909
Height (cm) 161.90 ± 1.30 162.04 ± 3.64 0.004
Weight (kg) 88.79 ± 2.35 92.03 ± 2.79 0.055
Fasting Glucose (mmol/L) 8.27 ± 0.36 9.61 ± 0.48 0.028
HbA1C (%) 9.53 ± 1.73 8.09 ± 0.22 0.415
TChol (mmol/L) 4.15 ± 0.13 4.02 ± 0.12 0.472
TG (mmol/L) 1.41 ± 0.16 1.77 ± 0.11 0.066
HDL-C (mmol/L) 1.25 ± 0.05 1.13 ± 0.03 0.067
LDL-C (mmol/L) 2.28 ± 0.11 2.10 ± 0.10 0.203
VLDL (mmol/L) 0.56 ± 0.06 0.71 ± 0.04 0.067
C Peptide (pg/mL) 0.65 ± 0.05 0.77 ± 0.06 0.136
Serum Creatinine (mg/L) 79.42 ± 3.54 118.36 ± 6.57 0.001
eGFR (ml/min/1.73 m2) 79.22 ± 3.19 59.70 ± 3.00 0.001
BUN 5.10 ± 0.29 7.53 ± 0.52 0.001
Albumin (mcg/L) 37.94 ± 0.50 37.28 ± 0.42 0.316
Insulin (mU/L) 22.08 ± 3.13 22.22 ± 1.93 0.969
ACR 137.27 ± 69.22 569.94 ± 174.39 0.005
Urine Creatinine (mg/day) 11.38 ± 0.84 10.17 ± 0.91 0.015
Microalbumin (mg/day) 157.58 ± 85.09 460.34 ± 169.37 0.001

Data are mean ± standard error mean. DN = diabetes with nephropathy; SBP = systolic blood pressure; DBP = diastolic
blood pressure; ACR = albumin/creatinine ratio.

3.1. Circulating Angiopoietins 1 and 2 Are Elevated in People with DN

In this study, we detected an increase in the circulating levels of Ang1 and Ang2 in
people with DN compared to people with T2D. People with DN showed elevated levels of
Ang1, but the increase in circulating Ang1 was statistically insignificant compared with
the people with T2D (Figure 1A). On the other hand, there was a significant increase in
the levels of Ang2 in the people with DN (p = 0.034, Figure 1B) compared with those with
T2D (Table 1). In addition to the angiopoietins, our data showed an increase in some
angiopoietin-like proteins in the people with DN. Both ANGPTL4 (p = 0.029, Figure 1C)
and ANGPTL8 (p ≤ 0.001, Figure 1D) showed a significant increase in their circulating
levels compared with people with T2D (Table 1).

3.2. Increased Ang2 Correlated with Clinical Parameters of DN

To further examine the significance of the angiopoietins’ elevation, for both Ang1
and Ang2, under the conditions of diabetes and kidney disease, we employed Pearson’s
correlation analysis to explore the link between the clinical parameters indicative of DN and
angiopoietin proteins. When performing the correlation analysis, we found a significant
negative correlation between the elevation of Ang1 in the plasma and albumin (r = −0.24,
p = 0.045) and a positive correlation with both microalbumin (r = 0.35, p = 0.003) and
ANGPTL3 (r = 0.25, p = 0.03) in people with DN (Table 2). By implementing Pearson’s
analysis, we identified a correlation between Ang2 and several clinical parameters in people
with DN and T2D (Figure 2). Here, we present a negative correlation between increased
Ang2 levels and eGFR in people with DN (r = −0.28, p = 0.021; Figure 2A) and people with
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T2D (r = −0.307, p = 0.034), while elevated Ang2 levels showed a negative correlation with
systolic blood pressure (r = −0.28, p = 0.024) only in people with DN (Table 3). Furthermore,
increased levels of Ang2 showed positive correlations with elevated levels of ACR (r = 0.24,
p 0.047; Figure 2B), ANGPTL4 (r = 0.54, p ≤ 0.001; Figure 2C), and ANGPTL8 (r = 0.41,
p = 0.001; Figure 2D) in people with DN (Table 3). Our analysis also showed that increased
Ang2 levels in people with T2D was positively correlated with the levels of serum creatinine
(r = 0.3, p = 0.036), BUN (r = 0.32, p = 0.025), and ANGPTL4 (r = 0.55, p ≤ 0.001) (Table 3).

Figure 1. A comparison of circulating levels of Ang1, Ang2, ANGPTL3, ANGPTL4, and ANGPTL8
in people with T2D (white bar, n = 50) and DN (black bar, n = 67). (A) Levels of circulating Ang1
were higher in people with DN compared with people with T2D. Difference showed no statistical
significance. (B) People with DN showed a significant increase in levels of Ang2 (p = 0.034) compared
with people with T2D. (C) ANGPTL3 levels did not show a significant difference between people with
T2D and those with DN. (D) Circulating levels of ANGPTL4 were significantly higher (p = 0.029) in
people with DN compared with those with T2D. (E) Levels of circulating ANGPTL8 were significantly
increased (p ≤ 0.001) in people with DN compared with those with T2D.

Table 2. Pearson’s correlation analysis for Ang1 in study groups T2D and DN.

Ang1

Parameters
T2D DN

r p r p

Age (years) −0.036 0.808 −0.045 0.715
BMI (kg/m2) 0.151 0.301 −0.001 0.994
SBP (mmHg) 0.177 0.228 0.024 0.852
DBP (mmHg) −0.121 0.414 0.007 0.957
Fasting Glucose (mmol/L) 0.079 0.591 −0.042 0.735
HbA1C (%) −0.003 0.985 −0.140 0.257
T. Chol (mmol/L) −0.083 0.570 0.047 0.703
TGL (mmol/L) 0.061 0.675 0.009 0.941
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Table 2. Cont.

Ang1

Parameters
T2D DN

r p r p

HDL (mmol/L) −0.175 0.228 0.073 0.556
LDL (mmol/L) −0.078 0.599 0.020 0.872
VLDL (mmol/L) 0.063 0.667 0.008 0.952
C peptide (pg/mL) −0.014 0.927 −0.049 0.696
Serum Creatinine (mg/L) 0.291 0.043 −0.049 0.696
eGFR (mL/min/1.73 m2) −0.225 0.123 0.018 0.883
BUN 0.198 0.174 −0.069 0.581
Albumin (mcg/L) −0.274 0.057 −0.246 0.045
Insulin (mU/L) −0.013 0.931 0.131 0.291
ACR (mg/g) 0.065 0.659 0.177 0.152
Urine Creatinine (mg/day) −0.002 0.991 −0.014 0.909
Microalbumin (mg/day) 0.057 0.697 0.353 0.003
Ang2 (ng/mL) 0.197 0.175 0.093 0.455
ANGPTL3 (ng/mL) 0.235 0.104 0.257 0.036
ANGPTL4 (ng/mL) 0.138 0.343 −0.002 0.986
ANGPTL8 (ng/mL) 0.214 0.139 0.089 0.472

r, Pearson’s correlation coefficient with significance at p < 0.05.

Figure 2. Correlation analysis between Ang2 and parameters associated with DN. Pearson’s correla-
tion coefficient showed a significant (A) negative correlation between eGFR and Ang2 (r = −0.282,
p = 0.021), while elevated Ang2 showed positive correlations with (B) ACR (r = 0.244, p = 0.047),
(C) ANGPTL4 (r = 0.541, p = 0.001), and (D) ANGPTL8 (r = 0.410, p = 0.001).
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Table 3. Pearson’s correlation analysis for Ang2 in study groups T2D and DN.

Ang2

Parameters
T2D DN

r p r p

Age (years) 0.277 0.054 0.135 0.277
BMI (kg/m2) 0.240 0.096 0.070 0.580
SBP (mmHg) 0.013 0.932 −0.280 0.024
DBP (mmHg) −0.211 0.150 −0.209 0.095
Fasting Glucose (mmol/L) 0.203 0.162 0.100 0.419
HbA1C (%) −0.024 0.871 0.028 0.820
T. Chol (mmol/L) −0.204 0.159 −0.007 0.955
TGL (mmol/L) 0.063 0.669 0.196 0.113
HDL (mmol/L) −0.176 0.227 −0.049 0.692
LDL (mmol/L) −0.221 0.132 −0.099 0.428
VLDL (mmol/L) 0.063 0.666 0.195 0.114
C peptide (pg/mL) 0.032 0.827 −0.047 0.706
Serum Creatinine (mg/L) 0.300 0.036 0.215 0.081
eGFR (mL/min/1.73 m2) −0.307 0.034 −0.282 0.021
BUN 0.320 0.025 0.236 0.054
Albumin(mcg/L) −0.220 0.129 −0.189 0.126
Insulin (mU/L) −0.060 0.683 −0.017 0.889
ACR (mg/g) 0.157 0.281 0.244 0.047
Urine Creatinine (mg/day) −0.160 0.272 −0.157 0.204
Microalbumin (mg/day) −0.040 0.783 0.092 0.461
Ang1 (ng/mL) 0.197 0.175 0.093 0.455
ANGPTL3 (ng/mL) −0.123 0.401 0.190 0.123
ANGPTL4 (ng/mL) 0.555 0.001 0.541 0.001
ANGPTL8 (ng/mL) 0.020 0.889 0.410 0.001

r, Pearson’s correlation coefficient with significance at p < 0.05.

3.3. Predictive Analysis Suggests a Potential Ang2-ANGPTL8 Link with DN

We implemented multiple stepwise regression analysis with a set of predictors to gain
further insight into the potential connection between Ang2 and the biochemical diagnostic
parameters (Table 4). According to our model, elevated ANGPTL8 levels and ACRs are
both predictive markers with a significant positive regression weight for the elevation of
Ang2 in people with DN (Table 4). These markers showed an independent correlation with
Ang2 and ANGPTL8 levels (F1,58 = 3.171, p < 0.001, and r2 = 34%) and ACRs (F1,58 = 2.611,
p = 0.031, and r2 = 30%), while SBP acted as a negative predictor of increased Ang2 levels in
people with DN (F1,58 = 4.102, p = 0.039, and r2 = 32%) (Table 4). Collectively, these markers
independently correlated with the increase in the Ang2 level. On the other hand, the people
with T2D presented ANGPTL4 (β = 0.552, p < 0.001; Table 4) as a positive independent
predictor for increased Ang2 levels (F1,47 = 11.008, p < 0.001, and r2 = 30%). To sum up, our
data revealed an independent correlation between SBP, the ACR and ANGPTL8 with Ang2
in people with DN, thus highlighting these markers as significant predictors, whereby
Ang2 is a dependent variable in people with diabetic nephropathy.

Table 4. Multiple regression analysis to identify parameters associated with Ang2. Adjusted for age,
gender, and BMI.

Parameters T2D DN
β Coefficient p Value β Coefficient p Value

SBP −0.047 0.706 −0.273 0.012
ACR 0.078 0.535 0.345 0.002
ANGPTL4 0.552 <0.001 0.082 0.614
ANGPTL8 −0.099 0.438 0.424 <0.001
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Additionally, we performed ROC curve analysis to identify the cut-off value of Ang2
and ANGPTL8 and to further evaluate the predictive accuracy of these biomarkers for
people with DN (Figure 3). Our analysis showed that the area under the curve (AUC) (95%
CI) was 0.74 (0.66–0.81, p < 0.001) for Ang2, 0.79 (0.70–0.89, p < 0.001) for ANGPTL8, and
0.77 (0.70–0.85, p < 0.001) for the combination of Ang2-ANGPTL8. The optimal cut-off
value for predicting DN with Ang2 was higher than 1426.78 ng/mL with 93% sensitivity
and a specificity of 86%. The optimal cut-off value for ANGPTL8 as a predictive marker
for DN was higher than 1135.75 ng/mL, with 93.9% sensitivity and a specificity of 81.1%.
Additionally, the optimal cut-off value for the combination of Ang2 and ANGPTL8 was
higher than 2681.08 ng/mL, with 94.1% sensitivity and a specificity of 80.7%. This finding
indicates that ANGPTL8 may possess superior diagnostic accuracy compared with Ang2
and the combined biomarkers in distinguishing diabetic nephropathy from other conditions
or outcomes.

(A) (B) (C) 

Figure 3. ROC curve analysis performed to identify the cut-off values of Ang2 and ANGPTL8 as
biomarkers for DN. (A) AUC for Ang2 (0.74 (0.66–0.81) p < 0.001). (B) AUC for ANGPTL8 (0.79 (0.70–0.89)
p < 0.001). (C) AUC of the combination of Ang2 and ANGPTL8 (0.77 (0.70–0.85) p < 0.001).

ROC curve analysis was also performed to identify the cut-off value of Ang2 and Ang1
as potential predictive biomarkers for people with DN in the study population (Figure 4).
Our analysis showed that the AUC (%95 CI) was 0.72 (0.65–0.80, p < 0.001) for Ang1,
0.74 (0.66–0.81, p < 0.001) for Ang2, and 0.81 (0.74–0.88, p < 0.001) for the combination
of Ang1-Ang2. The identified cut-off value for predicting DN with Ang1 was above
1590.92 ng/mL, with 94% sensitivity and a specificity of 77%. As for Ang2, the optimal
cut-off value for predicting DN was above 1426.78 ng/mL, with 93% sensitivity and a
specificity of 86%. The combination of Ang1 and Ang2 demonstrated an optimal cut-off
value exceeding 1518.91 ng/mL, with a sensitivity of 92% and a specificity of 89%.

Figure 4. ROC curve analysis performed to identify the cut-off values of Ang1 and Ang2 as biomark-
ers for DN. (A) ANG1 (0.72 (0.65–0.80), p < 0.001). (B) AUC for Ang2 (0.74 (0.66–0.81) p < 0.001).
(C) AUC of the combination of Ang1 and Ang2 (0.81 (0.74–0.88), p < 0.001).
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4. Discussion

In this study, we verified that individuals with DN have elevated levels of circulating
Ang2 and ANGPTL8 compared with those with T2D. Our analysis revealed for the first time
a positive correlation between the elevation in Ang2 and rising ANGPTL8 and ANGPTL4
levels in patients with DN. Additionally, the ROC curve analysis indicated the sensitivity
and specificity of using Ang2 in combination with ANGPTL8 as a diagnostic tool for people
with DN, suggesting their potential as significant predictors for nephropathy in patients
with T2D.

In agreement with previous studies, we report that blood levels of Ang2 [11,12] and
ANGPTL8 [19] were higher in the people with DN. A noteworthy finding in the current
report was that the rise in Ang2 exhibited a direct and strong link with ANGPTL8 and the
clinical parameters of DN, such as the ACR and eGFR. Ang2 is a growth factor belonging to
the angiopoietin/tyrosine kinase signaling pathway that is upregulated in animal models
of kidney disease [20–23] and in diabetic nephropathy [24–26].

Angiopoietins are a group of vascular growth factors that have several physiological
roles associated with vascular development and repair. The actions of Angs are facilitated
by endothelial Tie receptor tyrosine kinases via the Ang-Tie signaling pathway, which helps
with angiogenesis in health and disease (i.e., vascular diseases, systemic inflammation, and
cancers). Angiopoietins are present in two isoforms, Ang1 and Ang2, as they contribute to
regulating vascular homeostasis. Ang1 and Ang2 share significant amino acid similarities
(≥65%) (Figure S1A), whereby the fibrinogen-like domains (FLDs) of Ang1 or Ang2 possess
the same structural fold (Figure S1B) [27]. The FLD domains of Ang1 or Ang2 bind to the Ig2
domain of the Tie2 protein (Figure S1C). The Ang1/Tie2 interface is similar to the Ang2/Tie2
interface (Figure S1D). Studies have demonstrated that the binding affinity of Ang2 to Tie2
is less than Ang1 and less potent in activating Tie2 [8]. However, when Ang1 and Ang2 are
added simultaneously, Ang1-Tie2 phosphorylation is inhibited, diminishing the protective
effect of Ang1 [8]. Functionally, Ang1 plays a critical protective role in endothelial cells
(ECs) by initiating an anti-inflammatory response and inducing vessel wall stabilization.
The activity of Ang1 is attained via binding and inducing autophosphorylation, thus
activating Tie2. On the contrary, Ang2 acts as a natural antagonist of a pro-inflammatory
nature toward Ang1 and its Tie2 receptor [28]. The Ang-Tie signaling pathway has critical
importance, particularly in the development and maturation of the kidney, as well as acute
and chronic kidney diseases like DN, lupus nephropathy, hemolytic uremic syndrome, end-
stage renal diseases, and renal cell carcinoma [6]. Ang2 is mainly produced by endothelial
cilia [29] and stored in the Weibel–Palade bodies within ECs [30]. The occurrence of
ischemia, hypoxia, or inflammation induces the release of Ang2 into circulation [31],
where it competes with Ang1 to inhibit the phosphorylation and activation of the Tie2
receptor. Consequently, Ang2 facilitates permeability of the endothelium, which leads to
destabilization of the blood vessel wall [32].

Our data presents a significant rise in the plasma levels of Ang2 in people with
DN, which is in agreement with Tsai et al., who found a significant connection between
elevated Ang2 levels and an increased risk of poor renal outcomes in patients with diabetic
nephropathy [11]. However, the significance of Ang2 and its role in kidney pathophysiology
is still obscure. A growing body of research indicates that the elevation of Ang2 has negative
effects on renal physiology and function. Additionally, increased Ang2 expression impacts
podocytes through paracrine signaling, leading to glomerular EC destabilization that
consequently deteriorates the function of the glomerular filtration barrier [33]. Furthermore,
normoalbuminuric patients with T2D presented elevated levels of Ang2 in their blood
and urine [10,34]. Collectively, this compiling evidence highlights the importance of Ang2
as an early marker of tubular damage before the appearance of clinical symptoms like
microalbuminuria.

ANGPTL8 moderates plasma triglyceride levels by blocking lipoprotein lipases. Mul-
tiple studies have indicated an increase in circulating ANGPTL8 in individuals with
T2D [35–41]. Consistent with the findings showing elevated ANGPTL8 levels in indi-
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viduals with T2D, we previously reported a threefold rise in circulating ANGPTL8 in
people with T2D compared with healthy individuals. Additionally, we have shown that
the circulating ANGPTL8 level is higher in people with DN compared with people with
T2D. The increase in ANGPTL8 correlated with the clinical parameters of nephropathy
in the same population with DN [42]. This rise aligns with the reported link between
varying levels of ANGPTL8 and different phases of albuminuria [18,43]. ANGPTL8 was
proposed as a new regulator in DN development and as a new predictive risk indicator
for all-cause death in individuals with T2D [41], and it was highlighted as a predictive
marker for diabetic complications, specifically DN and declining kidney function [19,42].
In this report, individuals diagnosed with DN exhibited microalbuminuria (460.34 ± 169.37
mg/day, p = 0.001), which is consistent with the documented association between elevated
circulating ANGPTL8 levels and albuminuria [18]. The increase in ANGPTL8 synthesis
was ascribed to albumin loss, a condition that leads to insulin resistance and heightened
insulin requirements in individuals with T2D and albuminuria.

In individuals with diabetic nephropathy, our data presents a notable rise in the levels
of circulating Ang2, ANGPTL8, and ANGPTL4. Among these, Ang2 showed significant
associations with certain clinical markers of DN. The Ang2 levels increased in conjunction
with higher levels of ANGPTL8 and ANGPTL4 and the ACR but showed a negative rela-
tionship with the eGFR and systolic blood pressure, suggesting possible involvement in
diabetic nephropathy. The proven association between Ang2 and nephropathy [6,7,9,11],
as well as the link between ANGPTL8 and renal dysregulation [18,41,42], and the presence
of a positive correlation between Ang2 and ANGPTL8 all point to a possible interplay
between these proteins contributing to DN’s progression or severity. The detected rise in
circulating ANGPTL4 is in agreement with a prior report [44], and it exhibited a signifi-
cant positive correlation with Ang2 in both people with T2D and DN. This implicated a
potential link between the two markers in T2D, which was emphasized by the significant
multiple regression analysis for ANGPTL4 (β = 0.552, p < 0.001; Table 4). Although the
Ang2-ANGPTL4 link is currently obscure, multiple regression data (Table 4) highlights the
importance of changes in ANGPTL4 in T2D as a predictive marker for changes in Ang2.
On the other hand, the larger AUC for ANGPTL8 underscores its potential as a robust
biomarker for diabetic nephropathy, offering promise for improved diagnostic precision
and patient stratification in clinical practice. Finally, the ROC analysis of the amalgama-
tion of Ang2 and ANGPTL8 accentuates the significance of these proteins as prospective
indicators for the progression into a state of nephropathy in people with T2D. Future
research is needed to explain the relationship between Ang2 and ANGPTLs, particularly
ANGPTL8 and ANGPTL4, as well as the mechanism by which they contribute to diabetic
microvascular problems.

The main limitation of this study is the cross-sectional design of the study, which
hindered the ability to determine the biological significance of these proteins and their
potential involvement in the pathophysiology of DN and sequentially establish causality.
Future research should include prognosis and mechanistic studies to confirm the correlation
between Ang2 and ANGPTL(s) in DN. This would also clarify the cause-effect link between
DN and these proteins.

5. Conclusions

In conclusion, we report a positive correlation between the elevation of Ang2 and
increasing levels of ANGPTL8 in individuals with DN and ANGPTL4 in people with T2D,
thus suggesting a potential interplay between Ang2 and ANGPTL(s) that influences the
development and advancement of DN. This finding suggests that increased levels of Ang2,
ANGPTL8, and ANGPTL4 in the bloodstream could be used as predictive indicators to
help detect the advancement of early nephropathy in people with T2D. ANGPTL8’s role
in lipid regulation suggests that a continuous rise in its levels can cause dyslipidemia and
heightened insulin resistance, exacerbating metabolic stress and contributing to the onset
of metabolic disorders such as T2D and DN. ROC curve analysis also emphasized the
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sensitivity and specificity of Ang2 alone and in combination with ANGPTL8 and Ang1 as
diagnostic tools for diabetic nephropathy.
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Abstract: The pathogenesis of diabetic retinopathy is still challenging, with recent evidence proving
the key role of inflammation in the damage of the retinal neurovascular unit. This study aims to
investigate the predictive value of the neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte
(PLR), lymphocyte-to-monocyte ratio (LMR), and systemic inflammation index (SII) for diabetic
retinopathy (DR) and its severity. We performed a retrospective study on 129 T2DM patients, divided
into three groups: without retinopathy (NDR), non-proliferative DR (NPDR), and proliferative DR
(PDR). NLR, MLR, and SII were significantly higher in the PDR group when compared to NDR
and NPDR (3.2 ± 1.6 vs. 2.4 ± 0.9 and 2.4 ± 1.1; p = 0.005; 0.376 ± 0.216 vs. 0.269 ± 0.083 and
0.275 ± 0.111, p = 0.001; 754.4 ± 514.4 vs. 551.5 ± 215.1 and 560.3 ± 248.6, p = 0.013, respectively).
PDR was correlated with serum creatinine (OR: 2.551), NLR (OR: 1.645), MPV (OR: 1.41), and duration
of diabetes (OR: 1.301). Logistic regression analysis identified three predictive models with very
good discrimination power for PDR (AUC ROC of 0.803, 0.809, and 0.830, respectively): combining
duration of diabetes with NLR, MLR, and, respectively, PLR, MPV, and serum creatinine. NLR, MPV,
SII, and LMR were associated with PDR and could be useful when integrated into comprehensive
risk prediction models.

Keywords: diabetic retinopathy; biomarkers; neutrophil-to-lymphocyte ratio (NLR); platelet-to-
lymphocyte ratio (PLR); monocyte-to-lymphocyte ratio (MLR); systemic inflammation index (SII)

1. Introduction

Diabetes mellitus is a major health problem globally, accounting for 537 million
patients worldwide and with an expected ascendant trend reaching 700 million by 2045 [1,2].
For type 2 diabetes mellitus (T2DM), which accounts for approximately 90% of the total,
this rising trend can be attributed to aging, a rapid increase in urbanization, and obesogenic
environments. Insulin resistance and low-grade systemic inflammation lead to multiple
organ damage by microvascular and macrovascular complications. Despite significant
achievements in early diagnosis and therapy, diabetic retinopathy is currently the major
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cause of blindness and visual impairment in working-age adults worldwide [2], causing
an increased burden on national healthcare systems worldwide [3]. The prevalence of
diabetic retinopathy is estimated to be 27.0% in diabetic patients, which leads to 0.4 million
incidences of blindness in the world [4]. The World Health Organization (WHO) Universal
Eye Health: A Global Action Plan 2014–2019 outlines the need to achieve a reduction in
the prevalence of avoidable visual impairment and blindness, including that related to
diabetes, which is currently among the five most common causes of both moderate or
severe visual impairment and blindness [5]. DR is listed as a priority eye disease in the
2030 IN SIGHT strategy [6]. However, an effective screening may be challenging due to
limited available retina specialists. Finding new biomarkers with potential predictive value
may be a valuable tool in the management of diabetic patients by identifying early those at
risk for the development of sight-threatening complications.

Chronic hyperglycemia induces both neurodegeneration and apoptosis of the retinal
ganglion cells and photoreceptors and causes microvascular retinal damages by multiple
pathways: activation of aldose-reductase and polyol pathway, activation of the protein
kinase C (PKC) pathway, accumulation of reactive oxygen species (ROS), nitric oxide
deficiency, and changes in the blood flow, with increased platelet adhesion and aggrega-
tion [7,8]. Nonenzymatic glycation and glycoxidation of proteins lead to the accumulation
of advanced glycation end products (AGEs) in the extracellular matrix and subendothe-
lial space, leading to basal membrane thickening, pericyte loss and monocyte migration,
and activation of nuclear factor (NF)-κB along with activation of pro-inflammatory path-
ways [9,10]. Animal studies proved that monocytes use pigment epithelium (RPE) as a
gateway for trafficking to the retina [11].

The role of ocular and systemic inflammation in the pathogenesis of diabetic retinopa-
thy has been confirmed by many previous articles [12–14]. Impaired glucose and lipid
metabolism lead to the accumulation of toxic metabolites and pro-inflammatory changes
in the retina, leading to damage to the neurovascular unit [15,16]. Several inflammatory
markers such as interleukin (IL)-1, IL6, IL8, transforming growth factor β1, and tumor
necrosis factor-α have been linked to end organ damage in diabetes [17–19]. However, their
practical use is limited due to the high cost and lack of availability in clinical practice.

Blood cell changes contribute to the pathophysiological changes observed in diabetic
retinopathy through various mechanisms, including endothelial dysfunction, leukocyte
adhesion and infiltration, cytokine and chemokine production, platelet activation, and
neovascularization [20]. Increased levels of systemic inflammation were correlated with ac-
tivated circulant platelets, presenting bigger and inequal volumes, resulting in higher MPV
(mean platelet volume) and PDW (platelets distribution width) values [21,22]. Similarly,
destruction and fragmentation of the erythrocytes in an inflammatory environment, with
endothelial activation, sludge, and microcapillary occlusion, was associated with higher
RDW (red cell distribution width) values [23].

White cell inflammatory biomarkers, such as neutrophil-to-lymphocyte ratio (NLR),
platelet-to-lymphocyte (PLR), lymphocyte-to-monocyte ratio (LMR), and systemic inflam-
mation index (SII), can be easily calculated based on the complete blood cells count (CBC).
In recent studies, they showed good predictive value for several inflammatory, oncologic,
and cardiovascular diseases [24,25]. Previous research showed higher values in diabetic
patients when compared to normal subjects. Moreover, higher values of NLR and PLR were
found to be predictive for diabetic microvascular and macrovascular complications, such as
diabetic foot ulcer and the risk of amputation [2], diabetic nephropathy [26] and coronary
artery disease (CAD), and end-organ damage in type2 diabetes mellitus (T2DM) [17].

However, there is still conflicting evidence regarding the significance of these biomark-
ers in clinical evaluation and individual management of diabetic patients. There are
relatively wide differences reported for the “cut-off” values that could be predictive of
diabetic retinopathy and its severity.

In this paper, we analyzed the correlations between diabetic retinopathy and NLR,
PLR, MLR, and SII. Also, we analyzed the RDW and MPV values in T2DM patients with
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noDR comparatively, with non-proliferative DR, and with proliferative DR. The potential
predictive value of these biomarkers was studied both for the onset of any changes of DR
in T2DM patients and the presence of proliferative DR (PDR).

2. Materials and Methods

A 1-year retrospective study was performed on patients with type 2 diabetes mellitus
(T2DM) admitted to the Ophthalmology Department of Surgery, Emergency University
Hospital Bucharest, for cataract surgery, between January 2022 and December 2022. Data
were collected from observation charts and electronic patient files.

Age, sex, duration of diabetes, and associated pathologies were documented for
each patient. Each patient underwent a complete ophthalmological exam. The diagnosis
and staging of diabetic retinopathy were performed according to the Guidelines of the
International Council of Ophthalmology for Diabetic Eye Care [27,28]. The patients in-
cluded in the study group were classified based on the fundoscopic findings into the noDR
group (NDR), non-proliferative DR group (NPDR), and proliferative diabetic retinopathy
group (PDR).

Blood routine tests and complete blood count with differential were performed after
collecting fasting peripheral blood from each patient. Systemic inflammatory indices NLR,
PLR, and MLR were calculated as the ratios of the neutrophils, platelets, and monocytes
to lymphocytes, respectively. The systemic inflammatory index (SII) was calculated by
the formula SII = P × N/L, where P, N, and L are the count for platelets, neutrophils, and
lymphocytes, respectively [29]. All counts were determined from the same automated
blood sample measurement and expressed as a value in cells/L.

Patients with systemic or ocular inflammatory conditions and oncologic or previously
diagnosed hematologic conditions were excluded. From the remaining patients, paired
individuals in terms of age and sex were selected to be included in the 3 study groups
(NDR, NPDR, and PDR), to limit the effect on the final statistical analysis of these two
potential cofounders [29].

Statistical Analysis

MedCalc®Statistical Softwareversion 22.006 (MedCalcSoftwareLtd., Ostend, Belgium;
https://www.medcalc.org; accessed on 5 June 2023) was used for statistical analysis. An
ANOVA test was used for continuous variables. For the statistically significant results,
a post hoc analysis was performed to establish the differences within the three groups
by using the Tukey–Kramer test for all pairwise comparisons. A Pearson chi-square test,
Fisher’s exact test, and Linear by Linear test were used to evaluate the association between
discrete variables.

The specificity and sensitivity of NLR, PLR, MLR, and SII in predicting DR and PDR
were analyzed by ROC curves. A minimum value of 0.6 area under the curve (AUC) was
considered as a criterion for an acceptable discrimination model [30]. Logistic regression
analysis was used to study correlations between several biological parameters and DR. The
best regression models were compared by an ROC AUC (area under the curve) score in
terms of efficiency of prediction.

3. Results

A total of 129 Caucasian patients with T2DM were divided into three study groups
according to the presence and the severity of DR: NDR (36 patients), NPDR (49 patients),
and PDR (44 patients). The general data of the patients included in the study group are
presented in Table 1.

There were no statistically significant differences in age, sex ratio, associated diseases,
lipidic profile, fasting blood glucose (FBG), Hb, and HbA1C between the three study groups.
The duration of diabetes was significantly different among the three groups, being well
correlated with the severity of DR. The RDW distribution was different among groups.
However, the differences were not statistically significant in the post hoc analysis.
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Table 1. General data of the patients included in the study group.

Total NDR NDPR PDR p-Value

N 129 36 49 44

Age (mean ± SD) 65.6 ± 8.9 67 ± 6.6 65.2 ± 7.1 63 ± 9.4 0.078 *

Males (n, %) 67 (51%) 16 (44.4%) 23 (46.9%) 26 (59%) 0.393 **

Duration of diabetes (yrs.) 8.9 ± 3.8 5.3 ± 2.4 9.36 ± 3.3 11 ± 3.1 <0.001 *

Associated DM complications:

• Diabetic kidney disease 13 (10%) 3 (8.3%) 2 (4%) 8 (18.1%) 0.072 **

• Peripheral arterial
disease

11 (8.5%) 2 (5.5%) 3 (6.1%) 6 (13.6%) 0.325 **

• Diabetic foot 4 (3.1%) 1 (2.7%) 1 (2%) 2 (4.5%) 0.778 **

Associated diseases (n, %):

• Arterial hypertension 47 20 8 19 0.518 **

• Ischemic cardiopathy 4 2 1 1 0.563 **

• Glaucoma 5 1 2 2 0.916 **

FBG (mean ± SD) 164.6 ± 60.3 145.5 ± 41.4 173.6 ± 78.6 170.4 ± 46 0.078 *

HbA1C (mean ± SD) 7.6 ± 1.6 7.2 ± 1.1 7.5 ± 1.8 8.2 ± 1.8 0.113 *

Hb (mean ± SD) 13.5 ± 1.6 13.6 ± 1.3 13.5 ± 1.6 13.4 ± 1.2 0.646 *

RDW (mean ± SD) 13.9 ± 1.3 14 ±1.1 13.7 ± 1.4 14.2 ± 1.3 0.031 *

Neutrophils (mean ± SD) 4.9 ± 1.4 4.8 ± 1.4 4.6 ± 1.2 5.4 ± 1.5 0.007 *

Lymphocytes (mean ± SD) 2.1 ± 2.8 2.1 ± 0.7 2.2 ± 0.8 1.9 ± 0.7 0.285

Monocytes (mean ± SD) 0.5 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 0.6 ± 0.1 0.066 *

Platelets (mean ± SD) 237.4 ± 53 224.3 ± 42.6 248.7 ± 46.3 235.3 ± 64.9 0.106 *

MPV mean ± SD) 9 ± 1.1 8.9 ± 1.1 8.7 ± 0.8 9.3 ± 1.2 0.02 *

TG (mean ± SD) 148.3 ± 78.2 136.3 ± 63.4 149 ± 64.2 152.9 ± 92.4 0.076 *

Cholesterol (mean ± SD) 163.19 ±
73.2

158.39 ±
61.7

162.14 ±
53.2 165.9 ± 70.5 0.341 *

Serum urea (mean ± SD) 51.8 ± 28.7 48.4 ± 31.2 49.1 ± 25.8 57.6 ± 29.3 0.264 *

Serum Creatinine 1.1 ± 0.6 0.9 ± 0.3 1 ± 0.5 1.3 ± 0.8 0.024 *

Creatinine > 1.2mg/dL (n, %): 29 (22.4%) 6 (16.6%) 6 (12.2%) 16 (36.3) 0.013 **

Urea > 60 mg/dL (n, %) 30 (23.2%) 7 (19.4%) 8 (16.3%) 15 (34%) 0.035 **
Footnote: * ANOVA; ** Chi-squared test; NDR; nodiabetic retinopathy; NPDR: non proliferative DR;
PDR: proliferative DR; FBG: fasting blood glucose; RDW: red cells distribution width; MPV: mean platelet
volume.

Serum creatinine was significantly different among the study groups (p = 0.024). The
Tukey–Kramer test showed significantly higher values in PDR when compared to the NDR
group. The proportion of patients with abnormal serum urea and creatinine values was
significantly higher in the PDR group (p = 0.035; p = 0.013, respectively), with no differences
between NDR and NPDR groups. These data suggest a higher prevalence of associated
retinal and renal microvascular damages in the PDR group. The patients in the PDR
group were also associated with more diabetic micro- and macrovascular complications,
when compared to NDR and NPDR groups; however, the differences were not statistically
significant.

When analyzing blood cell counts for different types of white cells, only neutrophils
were significantly higher in the PDR group when compared to NDR and NPDR groups
(p = 0.007). While platelet count was not significantly different among the three groups,
MPV was higher in the PDR group when compared to NDR and NPDR groups, suggesting
an increased platelet activation in the proliferative stage of DR.

Furthermore, white cell inflammatory biomarkers were comparatively analyzed
(Table 2).
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Table 2. NLR, PLR, SII, and LMR distribution in the study groups.

Total NDR NDPR PDR p-Value

NLR (mean ± SD) 2.6 ± 1.3 2.4 ± 0.9 2.4 ± 1.1 3.2 ± 1.6 0.005 *

PLR (mean ± SD) × 109 cells/L 126 ± 54.1 115.4 ± 38.9 122.1 ± 35.4 138.9 ± 76.1 0.127 *

MLR (mean ± SD) 0.308 ± 0.157 0.269 ± 0.083 0.275 ± 0.111 0.376 ± 0.216 0.001 *

SII (mean ± SD) × 109 cells/L 624 ± 365.5 551.5 ± 215.1 560.3 ± 248.6 754.4 ± 514.4 0.013 *

Footnote: * ANOVA; NLR: neutrophil-lymphocyte ratio; PLR: platelet-lymphocyte ratio; LMR: lymphocyte to
monocyte ratio; SII: systemic inflammatory index.

PLR values increased along with the severity of DR. However, the differences among
groups were not statistically significant. NLR, MLR, and SII indices were significantly
higher in the PDR group (p = 0.005; p = 0.001; p = 0.013, respectively) when compared to
NDR and NDPR. The post hoc analysis shows no differences between NDR and NPDR
groups.

3.1. ROC Curves and Predicting the Value of White Cell Inflammatory Biomarkers

For the systemic inflammatory indices that showed statistically significant different
distribution among the study groups after post hoc analysis (MPV, NLR, SII, and LMR), the
predictive power for DR and PDR was further assessed by ROC curves.

None of the studied biomarkers met the criteria of a minimum AUC ROC of 0.6 for
predicting DR in the study group. When the prediction value for PDR was analyzed, NLR,
LMR, and SII showed good discrimination power with high specificity and low sensitivity
(Table 3).

Table 3. Sensitivity and specificity at the “cut-off” value predicting PDR.

PDR Sensitivity (%) PDR Specificity (5) Cut-Off Value AUC p

NLR 40.0 86.9 >3.18 0.662 0.001

MLR 35.6 92.9 >0.364 0.643 0.006

SII 35.6 85.7 >763.8 (×109 cells/L) 0.627 0.015

MPV 55.6 63.1 >9.24 0.593 0.084

PLR 26.7 91.7 >168.8
(×109 cells/L) 0.536 0.518

3.2. Logistic Regression Approach

The binary logistic regression model was performed to analyze the correlation of PDR
(1 = true or 0 = false) with each independent variable listed in Tables 1 and 2. The variables
with a p-value of <0.05 and the minimal value of the confidence interval for each OR > 1
were selected as possible risk factors for PDR (Table 4), ensuring that each risk factor adds
a 95%-significant extra hazard.

A higher correlation with PDR was encountered for creatinine (OR: 2.551), NLR (OR:
1.645), MPV (OR: 1.41), LMR (OR: 161.19), and duration of diabetes (OR: 1.301). Age, FBG,
HbA1C, PLR, RDW, and urea were not significantly correlated with PDR.

Patients with diabetes present a diverse array of comorbidities and metabolic dysregu-
lation features that may combine and accelerate the progression to proliferative diabetic
retinopathy. A multivariate logistic regression analysis was further carried out to identify
the predictive models with the best discrimination value based on the analyzed variables
(Table 5).

We described three different models for predicting PDR based on different systemic
inflammatory biomarkers. One model combines NLR and duration of diabetes, while the
second combines PLR, MPV, serum creatinine, and duration of DM and the last MLR and
duration of diabetes. All models proved a very good discrimination power for PDR, with
an AUC ROC of 0.803, 0.830, and 0.809, respectively. The described models show a superior
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prediction when compared to each of the variables taken separately (p < 0.05), based on
comparative ROC curve analysis (Figure 1).

Table 4. Logistic regression model for the dependent variable of PDR.

Risk
Estimated
Co-Efficient

Standard
Error

Wald
Degrees of
Freedom

p-Value OR Lower Upper

Duration of
diabetes 0.263 0.061 18.55 1 <0.0001 1.301 1.154 1.467

MPV 0.348 0.174 3.984 1 0.045 1.41 1.006 1.994

NLR 0.498 0.165 9.062 1 0.002 1.645 1.189 2.275

MLR × 10 0.508 0.162 9.82 1 0.0017 1.662 1.209 2.284

SII 0.001 0.000 7.23 1 0.007 1.001 1 1.003

creatinine 0.936 0.414 5.11 1 0.02 2.551 1.132 5.746

Footnote: INPUT description: PDR (proliferative diabetic retinopathy) variable is binary (1 = present/0 = absent),
and all risks are binary (1 = yes/0 = no)—OR, estimated odd ratio; CI, confidence interval.

Table 5. Logistic regression models based on multiple variables.

Model No. Variable Coefficient Std.Error Wald p OR
95% CI
Lower

95% CI
Upper

LOGREG_1
NLR 0.46364 0.17296 7.1857 0.0073 1.632 1.156 2.304
Duration
DM 0.28342 0.067991 17.3759 <0.0001 1.314 1.154 1.498

Constant −4.59859 0.89211 26.5713 <0.0001

LOGREGR_2

MPV 0.46284 0.21874 4.4771 0.0344 1.5886 1.0347 2.439
PLR 0.011012 0.0048070 5.2481 0.0220 1.0111 1.0016 1.0206
creatinine 0.87851 0.42178 4.3384 0.0373 2.4073 1.0532 5.5025
Duration of
DM 0.30659 0.071052 18.6195 <0.0001 1.3588 1.1821 1.5618

Constant −10.14928 2.51771 16.2502 0.0001

LOGREGR_3
MLR 0.5234 0.1747 8.9763 0.0027 1.6879 1.1984 2.3772
Duration
DM 0.2853 0.0706 16.3062 <0.0001 1.3302 1.1582 1.5278

Constant −4.97103 0.9542 27.1372 <0.0001

Figure 1. Comparative ROC curves for the three multivariate models described in Table 5, MLR,
NLR, and MPV. The red line signifies a specificity and sensitivity of 50%.
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Combining SII with different other parameters resulted in a logistic regression model
with slightly lower AUC ROC, compared with NLR (0.784 vs. 0.803; p = 0.23) and MLR
(0.784 vs. 0.830, p = 0.17).

4. Discussion

Monocytes, neutrophils, and platelets play a significant role in the pathology of
diabetic retinopathy. While considered a metabolic disease initially, more and more evi-
dence points out the role of inflammation in retinal damage. A large array of cytokines
and chemokines, including monocyte chemotactic protein-1 (MCP1), interleukin-6 (IL-6),
interleukin-8 (IL-8), tumor necrosis factor-α (TNF-α), and interferon-γ, were found to be
elevated in serum and vitreous of DR patients [31,32]. Activated platelets are larger and
display more enzymatic activities. Along with their key role in coagulation and thrombosis,
platelets can release a large array of mediators of inflammation, regulating the leukocytes
and endothelial cells’ activity [33].

Several studies investigated the clinical value of the white cell fractions and ratios but
with conflicting results. A large survey by Wan et al. [34], comparing 2709 patients with no
retinopathy with 512 patients with DR, found no differences in neutrophils and platelets
number but lower monocytes in early stages of DR. The lymphocyte-to-monocyte ratio
(LMR) was considered a good indicator of the circulating immune status of the host in
several oncologic diseases [35,36]. LMR was correlated with serum levels of interleukin-6
(IL-6), tumornecrosisfactor, IL-1β, and monocyte chemotactic protein 1, which was noticed
in higher levels in vitreous and serum in patients with PDR [37]. Thus, MLR could be a
cheaper biomarker to reflect the level of inflammatory changes in patients with DR.

There are only a few studies that analyzed the value of MLR in DR. Yue et al. [32]
found a limited value for MLR in the diagnosis of DR and PDR, with NLR and PLR being
much more relevant. However, other studies [37,38] proved a significant positive correlation
between MLR values and PDR. Huang et al. [37] found a good predictive value for MLR in
discriminating between T2DM patients with DR and those with no complication, with an
AUC ROC of 0.868, which we could not find in the present study. One explanation may be the
increased proportion of PDR cases included in the DR group (64%). We found similar MLR
values in NDR groups with the study of Huang et al. [37] (0.27 ± 0.08 vs. 0.269 ± 0.083) but
a slightly higher cut-off value for PDR (0.30 vs. 0.36).

The neutrophil-to-lymphocyte ratio (NLR) and platelet-to-lymphocyte ratio (PLR)
are promising biomarkers for evaluating the inflammatory status in diabetic retinopathy
(DR). However, to maximize their clinical utility, it is essential to establish the appropriate
classification systems or cut-off values for NLR and PLR concerning the presence and
severity of DR. The NLR values in the normal adult population vary between 0.43 and
3.53, in previous studies, with an average value of 1.56 [39], with slightly higher values in
females versus males [40]. PLR is a newly explored biomarker which was correlated with
cardiac diseases and all-cause mortality. An ample epidemiological study performed by
Wu et al. [40] in a Chinese population found that PLR ranged between 36.63 and 149.13 in
healthy males and between 43.36 and 172.68 in women. Moosazadeh et al. [41] found a mean
PLR of 110.84 ± 56.53 and 123.12 ± 36.21 in Iranian healthy males and females, respectively. In
a prospective cohort study including 8711 adults aged over 45 from the Rotterdam area, Fest
and colleagues [42] described the mean value and 95% reference intervals for NLR, PLR, and
SII of 1.76 (0.83–3.92), 120 (61–239), and 459 (189–1168), respectively (Fest). Previous studies
showed a good prognostic value of PLR in oncologic and cardiovascular diseases [43]. In
a large study on27,321individuals, the mean PLR was significantly higher in individuals
who died during the follow-up period comparative with those who survived (145.7 vs.
133.0) [43].

Several studies have attempted to establish cut-off values for NLR and PLR to dif-
ferentiate between patients with and without DR or to stratify patients according to DR
severity. However, the proposed cut-off values have varied considerably across studies,
reflecting differences in patient populations, study designs, and statistical methods [44,45].
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Zeng et al. [31] found significant differences between T2DM with no DR and with
DR for NLR and PLR, but no NLR or PLR was associated with the severity of retinopathy.
However, in the study group only 24 patients with PDR vs. 124 with NPDR were included.
Zeng et al. [31] found, however, that in a multivariate regression analysis, PLR was signifi-
cantly correlated with the existence of DR, together with diabetic peripheral neuropathy,
systolic blood pressure, and duration of diabetes.

In a study by Ilhan et al. [46], NLR was significantly higher in PDR versus healthy
controls (2.67 ± 1.02 vs. 1.85 ± 0.49). An NLR value of 2.11 or more predicted PDR or
severe NPDR with a sensitivity of 76% and a specificity of 80%.

Hu et al. analyzed the predictive value of NLR for the response to anti-VEGF therapy
in DR patients and found that an NLR < 2.27 showed a better improvement in letter scores
than those with NLR > 2.27 [47]. A recent study by Wang and colleagues [48] comparing
T2DM patients with and without DR found that NLP is an independent risk factor for DR
(OR: 1.37; 95%CI: 1.06, 1.78). Similar to our findings, although PLR was not independently
associated with DR as a continuous variable, including PLR in a multivariate analysis
improved the discrimination power of the statistical model [48].

In a systematic review by Luo et al. [33], MPV mean values ranged between 7.76 and
8.12 in NDR vs. between 8.18 and 10.76 in PDR groups, while the mean NLR had a range
of 1.54–2.4 for NDR vs. 1.91–2.58 in PDR patients. The differences may be related to the
methodology of research and classification of DR but also patients’ age, BMI, comorbidities,
and geographical and ethnic differences. Moreover, the relationship between NLR and
DR appears to be non-linear [49], and some studies have suggested that changes in NLR
and PLR may be more informative when analyzed as continuous variables rather than
categorical variables based on arbitrary cut-off values [2,50,51]. T2DM patients often
present with a unique but diverse series of risk factors, comorbidities, and complications,
which may accumulate over time due to an inappropriate lifestyle [52]. For instance, a
higher NLR or PLR may be associated with an increased risk of DR or more severe DR,
but the precise risk may depend on other factors, such as glycemic control, duration of
diabetes, and the presence of other microvascular or macrovascular complications [53,54].

While multiple studies proved that SII is an important indicator of systemic inflamma-
tion as well as for the risk of acute cardiovascular events, there is little evidence regarding
the value range of SII in a normal population. A recent paper of Bai et al. [55] found a
mean value of 374 (153, 832) in non-pregnant women.In a large epidemiological study of
Luo et al. [56], the mean SII was 334, with a 95% CI of 142–804, with significantly higher
values in females and at younger age.SII was investigated as a predictive biomarker for
survival in various oncological and cardiovascular diseases. Feng et al. [57] found a cut-off
value of 410 × 109 cells/L as a prognostic tool in estimating 5-year survival in patients
with squamous cell carcinoma of the esophagus, while Hirara et al. [58] showed that low
SII values <661.9 are corelated with overall survival in gastric cancer. A large study on
42,875 adults found that adults with SII levels of >655.56 had higher all-cause mortality and
cardiovascular mortality than those with SII levels of <335.36 [59].Guo et al. [60] found a
significantly higher SII in patients with T2DM with chronic kidney disease (634.14 ± 13.43
vs. 546.42 ± 10.13). There is also previous evidence that SII might be correlated with the
level of retinal damage in T2DM. Eybeli et al. [61], in a recent study from 2022, found that
SII and duration of diabetes may predict the incidence of diabetic macular edema (DME)
in a group of patients with NPDR. He found a significantly higher value of SII in DME
patients vs. the non-DME group (599.7 ± 279.2 and 464. 9 ± 172.2, respectively).

T2DM is associated with chronic inflammatory changes, higher levels of cytokines,
and increased oxidative stress, which lead to neurodegeneration and destruction of blood
vessels, causing damage to multiple organs [62]. This explains the higher values observed
for all three study groups in our study, varying from 551.5 ± 215.1 × 109 cells/L in non-DR
patients to 754.4 ± 514.4 × 109 cells/L for the proliferative DR group. This finding may
be explained by the multiple micro- and macrovascular diabetes-related comorbidities
often encountered in these very vulnerable patients. We also found a high cut-off value
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for SII in our study, of 763.8, but with a fair predictive value (AUC = 0.623) for PDR. We
consider that, while not particularly specific for PDR, higher values of SII are useful in
clinical management of DR patient, as an overall mirror of the level of inflammation and
vascular damage.

In our study, we found that no statistical differences were noticed between NDR and
NPDR groups for any of the white cell inflammatory biomarkers. However, significantly
higher values for NLR, MLR, SII, and MPV were found in the PDR group when compared
with NDR and NPDR groups. This finding may signify that the level of systemic inflam-
mation is higher in the advanced stage of DR associated with neovascularization. These
findings support the idea that diabetic retinopathy is a complex, multifactorial process.
Systemic inflammation is one of the key elements that need to be further investigated.
However, by combining multiple data points, the power of prediction increases and allows
individualized management of each case.

The number of patients enrolled in this study is one of the main limitations of this study.
This study did not evaluate the correlation of systemic inflammatory biomarkers with the
level of macular edema, which can also be a significant cause of visual impairment in NPDR
patients. This research is retrospective, based on the standard protocol of paraclinical exams
used for patients admitted for cataract surgery. Data regarding the patients’ medication
were not available and were not taken into account in the statistical analysis. Several
biological data were not evaluated, such as BMI, systolic and diastolic blood pressure, and
the lipidic profile.

Systemic inflammatory biomarkers offer valuable information regarding the level of
inflammation and vascular frailty in diabetic patients, and these two elements should be
taken into account in evaluating the risk for developing PDR. The main shortcoming in
the context of the current knowledge is the relatively wide range for normal values of
these parameters. One future approach may be a dynamic evaluation of the changes in
NLR, PLR, MPV, and SII analyzed with the correlation of DR progression. Further studies,
including multiple risk factors evaluation, with diverse patient populations could identify
better predictive models for clinical use. Such a model may provide a more accurate and
personalized assessment of the inflammatory status and DR risk in individual patients with
diabetes mellitus [63].

5. Conclusions

This paper brings new evidence that supports the role of chronic systemic inflamma-
tion in the pathology of diabetic retinopathy. Systemic white cell inflammatory biomarkers
did not predict DR in our study group. However, they proved to be of clinical value
in assessing PDR, reflecting better the changes associated with the proliferative diabetic
retinopathy than each of the white cell count differential taken separately. There are cheap,
inexpensive tools that can be valuable in clinical practice. Higher values of NLR, LMR, SII,
PLR, and MPV are significantly correlated with PDR in T2DM patients. The best predictive
value was obtained for NLR and MLR when combined with the duration of diabetes.
Platelet-derived biomarkers (MPV and PLR) may be useful in evaluating the risk of PDR
when correlated with other clinical and biological data.
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Abstract: Background: The purpose of this study was to investigate the changes in macular microvas-
culature using optical coherence tomography angiography (OCTA) in association with functional
changes in patients with proliferative diabetic retinopathy (PDR) treated with panretinal photo-
coagulation (PRP) with a follow up of 12 months. Methods: The participants in this study were
28 patients with PDR and no macular oedema, who were eligible for PRP. All participants underwent
best-corrected visual acuity (BCVA) measurement, optical coherence tomography (OCT), and OCT
angiography (OCTA) at baseline (before treatment) and at months 1, 6, and 12 after the completion of
PRP treatment. The comparison of OCTA parameters and BCVA between baseline and months 1,
6, and 12 after PRP was performed. Results: There was a statistically significant decrease in foveal
avascular zone (FAZ) area at months 6 and 12 of the follow-up period compared to baseline (p = 0.014
and p = 0.011 for month 6 and 12, respectively). Of note is that FAZ became significantly more circular
6 months after PRP (p = 0.009), and remained so at month 12 (p = 0.015). There was a significant
increase in the mean foveal and parafoveal vessel density (VD) at all quadrants at the superficial
capillary plexus (SCP) at month 6 and month 12 after PRP compared to baseline. No difference was
noticed in VD at the deep capillary plexus (DCP) at any time-point of the follow up. BCVA remained
the same throughout the follow-up period. Conclusions: At months 6 and 12 after PRP, foveal and
parafoveal VD at SCP significantly increased compared to baseline, while the FAZ area significantly
decreased and FAZ became more circular.

Keywords: proliferative diabetic retinopathy; microvasculature; vessel density; OCTA; foveal
avascular zone; panretinal photocoagulation

1. Introduction

Diabetes mellitus (DM) is a global epidemic which is estimated to affect about 785 mil-
lion people in 2045 [1]. Diabetic retinopathy (DR) is a microvascular complication of DM
and a leading cause of blindness worldwide, especially in the working-age population [2].
Diabetic retinopathy is classified as either non-proliferative (NPDR) and proliferative
(PDR). NPDR is characterized by structural changes in retinal capillaries, including mi-
croaneurysms, haemorrhages, exudates, cotton wool spots, venous beading or looping,
intraretinal microvascular abnormalities (IRMA), and retinal non-perfusion. The latter may
trigger the development of neovascularization either on the disc (NVD) or elsewhere on
the retina (NVE), leading to PDR [2].

Panretinal photocoagulation (PRP) using an argon laser is considered the “gold stan-
dard” for the treatment of PDR, since it has been proven to reduce the risk of severe visual
loss or need for vitrectomy by over 50% in high-risk PDR patients at four-year follow up [3].
Regarding the mechanism by which PRP helps in the regression of neovascularization,
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there are several theories. Firstly, it was suggested that the destruction of the retina using
laser thermal ablation can lead to the reduction in metabolic demand, or, in simple terms,
the diseased retina could be debulked while also achieving the suppression of vascular
endothelial growth factor (VEGF) production [4,5]. Additionally, the thinning of the retina
due to photocoagulation would facilitate increased oxygen diffusion from the choroid
to the vitreous and consequent improvement in inner retinal oxygenation via diffusion
through the vitreous. Moreover, the stimulation of biological factors, such as heat shock
proteins, might result in the improvement of the disease per se [5]. However, PRP may
disrupt the blood–retinal barrier, leading to alterations in the retinal microvasculature
and haemodynamics [6]. Specifically, a reduction in ocular blood flow velocities in the
ophthalmic artery, central retinal artery, and central retinal vein has been reported after
PRP in patients with DR using Doppler measurement or laser speckle flowgraphy [7–9].

On the other hand, advances in retinal imaging and the introduction of optical coher-
ence tomography angiography (OCTA) allow the non-invasive visualization of the retina,
also providing quantitative data, including measurements of the vessel density (VD) and
the foveal avascular zone (FAZ) [10]. There have been a few studies reporting changes in
circulatory distribution and vascular parameters in the macular area after PRP in patients
with severe NPDR and PDR, with controversial results [11–14]. Russell et al. showed
that retinal perfusion did not change significantly 3 months after PRP in 15 patients with
PDR [11] in a prospective study using ultra-widefield fluorescein angiography (FA), the
findings of which were in line with other investigators, who found similar results at months
3–6 after PRP using OCTA [12,13]. On the contrary, Fawzi et al. reported an increase in
the flow metrics of all capillary layers in the macula using OCTA 3–6 months after PRP in
10 patients with PDR, suggesting an overall re-distribution of blood flow to the posterior
pole following PRP in patients with PDR [14].

However, the as yet published studies have short follow ups of 1–6 months and small
study sample, ranging from 6 to 15 patients, with an average age of patients between 46 and
63 years [11–14]. In light of the above, the purpose of this prospective study was to evaluate
the changes in macular microvasculature using OCTA in association with visual changes in
patients with PDR treated with PRP in a 12-month follow-up study.

2. Materials and Methods

Participants in this prospective study were 28 patients with type 2 DM and PDR.
All patients were recruited, diagnosed, treated, and followed up at 2nd Department of
Ophthalmology, National and Kapodistrian University of Athens, Athens, Greece between
September 2020 and September 2022. The study was in adherence with the tenets of
Helsinki Declaration and was approved by the Institutional Review Board of Attikon
General Hospital (Ref: 291/2020). Written informed consent was obtained from all patients
after explaining them the protocol of the study.

All participants were treatment-naïve patients with high-risk PDR, and did not have
diabetic macular oedema. PDR was diagnosed through detection of retinal neovasculariza-
tion on dilated fundoscopy, and confirmed with FA when there was uncertainty regarding
its presence. In case of bilateral PDR, right eye was included to avoid selection bias. Eyes
with other retinal diseases, glaucoma, intraocular pressure (IOP) ≥ 18 mmHg, ocular in-
flammation, spherical equivalent ≥ 6 diopters, axial length ≥ 26.5 mm, significant media
opacity to preclude adequate imaging, vitreous haemorrhage, previous pars plana vitrec-
tomy, previous cataract surgery within the last 6 months, trauma, and previous treatment
for DME or DR were excluded. All patients were followed up for at least 12 months.

At baseline, we recorded patients’ information, including age, gender, diabetes du-
ration, presence of hypertension, dyslipidaemia, and glycated haemoglobin (HbA1c). In
addition, at baseline, all participants underwent a thorough ophthalmic examination, in-
cluding best-corrected visual acuity (BCVA) measurement by means of ETDRS charts,
slit-lamp examination, IOP measurement, dilated fundoscopy, spectral domain optical
coherence tomography (SD-OCT), OCTA, and fundus photography using HOCT-1F All-in-

142



Biomedicines 2023, 11, 3146

one (Huvitz, Korea). In cases where FA was needed, it was performed using Heidelberg
Spectralis (Spectralis HRA+OCT, Heidelberg, Germany). BCVA assessment, slit-lamp ex-
amination, dilated fundoscopy, SD-OCT, and OCTA were repeated at each follow-up visit,
while FA was performed at physician’s discretion. BCVA was converted to LogMAR for
statistical purposes.

All patients were treated with PRP, and were examined at month 1, 6, and 12 after
treatment. Panretinal photocoagulation was carried out using Visulas Green Laser 532 nm
(Carl Zeiss Meditec AG, Jena, Germany) in 3 sessions with an interval of 1 week in between,
with a total number of about 2000–2500 burns. The covered area extended from optic disc
by a diameter of about one disc, and to posteriorly just outside the arcades, reaching as far
as possible into the periphery, while in the macula, the temporal demarcation border was
defined as about 1.5 times the disc-to-fovea distance positioned temporal to the fovea. Laser
settings were 200 μm spot size with pulse duration of 200 ms, and power of 200–250 mW,
while the laser burns were spaced one laser spot size apart. No complications were reported
during or after PRP in our study sample.

2.1. Optical Coherence Tomography (OCT) and OCT Angiography Protocol

The HOCT-1F All-in-one uses a diode beam source of 840 nm with a scanning speed
of 68,000 axial scans per second, and has an intelligent fixation system that avoids artifacts
from ocular movements. For SD-OCT, we used the macular radial 3D OCT scan pattern with
9 mm scan range, 512 A-scan points, and 96 B-scan lines, enabling “fine” OCT sensitivity.
An area of 6 × 6 mm centred in the fovea was analysed in agreement with the Early
Treatment Diabetic Retinopathy Study (ETDRS) map [15]. The macula was divided into
nine regions and three concentric rings (the 1 mm diameter at foveal centre, the inner ring
at 3 mm diameter, and the outer ring at 6 mm diameter), which were subdivided into
four subfields (superior, temporal, inferior, and nasal) (Figure 1A). All measurements were
obtained using the automated segmentation algorithms from the OCT unit. The central
subfield thickness (CST) was defined as the mean thickness of the neurosensory retina in
the central 1 mm diameter determined by the ETDRS map. In addition, the condition of
ellipsoid zone and external limiting membrane was assessed at an area of 1500 μm radius
around the foveola.

 

Figure 1. (A) Optical coherence tomography (OCT) of a patient with diabetes mellitus and no diabetic
macular oedema, depicting the protocol of OCT imaging; (B) OCT–angiography of the same patient
showing the foveal avascular zone (FAZ) area measurement, FAZ perimeter, and FAZ circularity, as
well as vessel density measurement (C), according to the OCT–angiography imaging protocol.

Regarding OCTA, we used the “Macular Angio” protocol with 4.5 mm scan range,
384 A-scan points, and 384 B-scan lines. The OCTA analysis software calculated the foveal
avascular zone (FAZ) area in mm2, the FAZ perimeter in mm, and the FAZ circularity ratio
(Figure 1B) automatically, as well as the vessel density (VD) in foveal and parafoveal region
(Figure 1C) in both superficial capillary plexus (SCP) and deep capillary plexus (DCP).
SCP was defined as from internal limiting membrane (ILM) to inner plexiform layer (IPL),
while DCP was defined as from IPL to outer plexiform layer (OPL). The foveal region was
defined as a 1 mm ring centred on the fovea, and the parafoveal region was defined as the
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zone between the 1 mm and 3 mm concentric rings centred on the fovea. FAZ represents a
region absent of capillaries at the centre of the fovea.

2.2. Statistical Analysis

Patients’ characteristics were presented using descriptive statistics. Mean ± standard
deviation (SD) was used for continuous variables and counts for categorical variables.
Normal distribution of data was analysed by the Kolmogorov–Smirnov test. Longitudi-
nal comparisons for various parameters between baseline and months 1, 6, and 12 was
performed, using ANOVA for repeated measures or McNemar test, as appropriate.

Statistical analysis was conducted using IBM SPSS (Version 22.0, Chicago, IL, USA).
A p value ≤ 0.05 was considered as statistically significant. However, for longitudinal
multiple comparisons, the Bonferroni correction was adopted, as appropriate. Specifically,
since 3 comparisons were performed (baseline versus month 1, month 6, and month 12),
statistical significance was set to 0.05/3 = 0.017.

3. Results

A total of 28 patients (28 eyes) with treatment-naïve PDR were enrolled in the study.
Table 1 shows the demographic and clinical characteristics of the study sample. The mean
age of patients was 57.3 ± 8.9 years. A total of 15 patients (53.6%) were male and 13 (46.4%)
were female. The mean duration of DM was 12.4 ± 5.4 years. The mean HbA1c at baseline
was 7.8 ± 1.3%. Regarding comorbidities, 18 out of 28 patients (64.3%) had hypertension,
and 12 patients (42.9%) Had dyslipidaemia, while 11 out of 28 patients (39.2%) were current
smokers. Furthermore, 6 out of 28 patients (21.4%) were pseudophakic.

Table 1. Demographic and clinical characteristics of the study sample.

Age (years, mean ± SD) (min–max) 57.3 ± 8.9 (48–68)

Gender (n, %)
Male 15 (53.6%)

Female 13 (46.4%)

Duration of diabetes mellitus (years, mean ± SD) (min–max) 12.4 ± 5.4 (7–19)

HbA1c (%, mean ± SD) (min–max) 7.8 ± 1.3 (6–10.5)

Hypertension (n, %) 18 (64.3%)

Dyslipidemia (n, %) 12 (42.9%)

Smoking (n, %) 11 (39.2%)

Best-corrected visual acuity (logMAR, mean ± SD) (min–max) 0.41 ± 0.11 (0.3–0.6)

Intraocular pressure (mmHg, mean ± SD) (min–max) 15.7 ± 4.2 (11–18)

Lens status (n, %)
Phakic 22 (78.6%)

Pseudophakic 6 (21.4%)

Refractive error (spherical equivalent in D, mean ± SD) −1.25 ± 0.75

Central subfield thickness (μm, mean ± SD) (min–max) 262.4 ± 35.2 (223–309)

Ellipsoid zone condition (n, %)
Intact 20 (71.4%)

Disrupted 8 (28.6%)

External limiting membrane condition (n, %)
Intact 22 (78.6%)

Disrupted 6 (21.4%)

At baseline, the mean BCVA was 0.41 ± 0.11 logMAR. There was no statistically
significant difference in BCVA at month 1 (0.41 ± 0.13 logMAR, p = 0.030), month 6
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(0.40 ± 0.12 logMAR, p = 0.103), and month 12 after PRP (0.39 ± 0.12 logMAR, p = 0.032)
compared to baseline, as it is shown in Table 2.

Table 2. Changes in visual acuity, central subfield thickness, ellipsoid zone, and external limiting
membrane over time.

Baseline Month 1 Month 6 Month 12

Best-corrected visual acuity
(logMAR, mean ± SD)

(min–max)

0.41 ± 0.11
(0.3–0.6)

0.41 ± 0.13
(0.3–0.6)

(p = 0.030)

0.40 ± 0.12
(0.3–0.6)

(p = 0.103)

0.39 ± 0.12
(0.3–0.6)

(p = 0.032)

Central subfield thickness
(μm, mean ± SD)

(min–max)

262.4 ± 35.2
(223–309)

299.1 ± 42.7
(242–350)
(p < 0.001)

274.3 ± 37.7
(231–315)
(p = 0.228)

270.1 ± 34.1
(232–311)
(p = 0.409)

Ellipsoid zone integrity intact
(n, %) 20/28 (71.4%) 21/28 (75%)

(p = 0.763)
22/28 (78.6%)

(p = 0.537)
22/28 (78.6%)

(p = 0.537)

External limiting membrane
integrity intact (n, %) 22/28 (78.6%) 22/28 (78.6%) 22/28 (78.6%) 22/28 (78.6%)

At baseline, the mean CST was 262.4 ± 35.2 μm. There was a statistically significant
increase in CST at month 1 after PRP compared to baseline (299.1 ± 42.7 μm, p < 0.001), while
CST did not differ at month 6 (274.3 ± 37.7 μm, p = 0.228) and month 12 (270.1 ± 34.1 μm,
p = 0.409) after PRP compared to baseline, as it is shown in Table 2.

In addition, the ellipsoid zone was intact in 20 out of 28 patients (71.4%) at base-
line. There was no statistically significant change in ellipsoid zone condition at month 1
(p = 0.763), month 6 (p = 0.537), and month 12 (p = 0.537) of the follow-up period, as it
is illustrated in Table 2. Accordingly, at baseline, the external limiting membrane was
intact in 22 out of 28 patients (78.6%), and remained the same throughout the whole
follow-up period.

Table 3 shows the OCTA parameters in SCP and DCP at baseline and at the 1-month,
6-month and 12-month follow up after PRP. At baseline, the mean FAZ area was found
to be 0.51 ± 0.18 mm2, with a 6.43 ± 2.41 mm perimeter and 0.21 ± 0.09 circularity ratio.
There was a statistically significant reduction in the FAZ area at month 6 (0.402 ± 0.13 mm2,
p = 0.014) and month 12 (0.406 ± 0.10 mm2, p = 0.011) after PRP compared to baseline.
Accordingly, at months 6 and 12, the FAZ perimeter was significantly lower compared to
baseline (p = 0.015 and p = 0.017 for month 6 and 12, respectively). In addition, FAZ became
more circular at month 6 (0.27 ± 0.08, p = 0.009) and month 12 (0.27 ± 0.10, p = 0.015) after
PRP compared to baseline.

There was a statistically significant increase in the mean central VD at the SCP at
month 6 (p = 0.002) and month 12 (p = 0.003) after PRP compared to baseline. In addition
to the foveal area, the mean VD was significantly increased in the parafoveal area at all
quadrants at the SCP at months 6 and 12 after PRP compared to baseline, as it is shown in
Table 3. Regarding the DCP, no statistically significant difference was observed in foveal
and parafoveal VD at any quadrant and at any time-point of the follow-up period compared
to baseline, as it is depicted in Table 3.

Table 3. Optical coherence tomography angiography findings at baseline and at months 1, 6, and 12
after panretinal photocoagulation. Bold denotes statistical significance.

Baseline Month 1 Month 6 Month 12

FAZ area (mm2, mean ± SD) 0.51 ± 0.18 0.51 ± 0.19
(p = 0.952)

0.40 ± 0.13
(p = 0.014)

0.41 ± 0.10
(p = 0.011)

FAZ perimeter (mm, mean ± SD) 6.43 ± 2.41 6.45 ± 2.03
(p = 0.973)

5.02 ± 1.73
(p = 0.015)

5.01 ± 1.88
(p = 0.017)
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Table 3. Cont.

Baseline Month 1 Month 6 Month 12

FAZ circularity (mean ± SD) 0.21 ± 0.09 0.21 ± 0.10
(p > 0.999)

0.27 ± 0.08
(p = 0.009)

0.27 ± 0.10
(p = 0.015)

Superficial capillary plexus (mean ± SD)

Vessel density, central 9.07 ± 4.92 10.91 ± 4.01
(p = 0.102)

12.96 ± 4.06
(p = 0.002)

13.15 ± 4.89
(p = 0.003)

Vessel density, superior 26.05 ± 10.21 30.97 ± 7.17
(p = 0.028)

32.21 ± 7.56
(p = 0.013)

32.45 ± 7.74
(p = 0.010)

Vessel density, inferior 24.71 ± 11.63 26.95 ± 8.14
(p = 0.289)

31.99 ± 7.85
(p = 0.008)

32.12 ± 7.76
(p = 0.007)

Vessel density, temporal 19.52 ± 9.35 24.96 ± 9.55
(p = 0.036)

25.67 ± 9.40
(p = 0.017)

26.13 ± 9.42
(p = 0.010)

Vessel density, nasal 22.15 ± 10.61 27.13 ± 9.23
(p = 0.067)

28.77 ± 9.06
(p = 0.015)

28.93 ± 9.57
(p = 0.015)

Deep capillary plexus (mean ± SD)

Vessel density, central 5.01 ± 2.73 5.12 ± 2.96
(p = 0.886)

6.31 ± 2.57
(p = 0.059)

6.69 ± 3.17
(p = 0.038)

Vessel density, superior 12.99 ± 6.81 14.73 ± 6.62
(p = 0.337)

16.57 ± 7.59
(p = 0.069)

16.96 ± 6.53
(p = 0.030)

Vessel density, inferior 15.61 ± 5.53 16.06 ± 6.12
(p = 0.774)

17.89 ± 6.41
(p = 0.160)

18.15 ± 5.94
(p = 0.104)

Vessel density, temporal 16.11 ± 4.90 17.03 ± 4.51
(p = 0.468)

17.98 ± 4.99
(p = 0.163)

19.29 ± 5.23
(p = 0.023)

Vessel density, nasal 15.17 ± 3.78 15.88 ± 3.91
(p = 0.493)

16.91 ± 4.07
(p = 0.103)

17.52 ± 4.90
(p = 0.050)

4. Discussion

In the present study, we investigated the alterations in OCTA parameters after PRP
in patients with PDR. The principal message that came from our study is that there was
a statistically significant decrease in FAZ area 6 months after PRP for PDR compared
to baseline, which remained until the end of our observation, at month 12 after PRP.
Additionally, a significant increase in the foveal and parafoveal VD at SCP was found
at month 6 and 12 of the follow-up period. However, although VD and FAZ area were
improved, there was no statistically significant difference in BCVA over time compared
to baseline.

Previous studies have investigated ocular blood flow, and tried to obtain quantitative
data on retinal and choroidal circulation in eyes with DR after PRP, using various methods,
such as colour Doppler imaging, laser interferometry, laser Doppler flowmetry and laser
speckle flowgraphy [8,16–21]. Augsten et al. found that PRP improved the choroidal circu-
lation in the macular area in patients with NPDR, using a reflection spectra method [19].
Takahashi et al. also reported a significant increase in subfoveal choroidal flow one month
after PRP in patients without macular oedema, using laser doppler flowmetry [20]. They
hypothesised that the redistribution of choroidal flow from obliterated peripheral cap-
illaries to the macula and the inflammatory response to PRP were the main underlying
mechanisms of macular choroidal flow increase [20]. These findings were in accordance
with those of preclinical studies, since Flower et al. implied that PRP markedly increased
the choriocapillaris blood flow in the macular area compared to the periphery in monkeys
after the coagulation of the peripheral retina, using indocyanine green angiography [21].

On the other hand, several researchers tried to examine changes in VD after PRP
in patients with PDR using OCTA, which can provide a non-invasive and more reliable
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assessment of retinal blood flow. Lorusso et al. did not find any significant change in the
retinal haemodynamics indices at 6-month follow up after laser photocoagulation using a
frequency-doubled Nd:YAG laser instead of an argon laser for PDR, and including patients
with both type 1 and type 2 DM, which could have affected their results [12]. Similarly,
Zhao et al. reported no change in OCTA parameters after PRP in eyes with PDR or severe
NPDR, in a study with limited follow up, ranging from 1–3 months [22]. Moreover, Fawzi
et al. did not find a significant change in macular VD following PRP in eyes with PDR,
although the adjusted flow index (a self-created surrogate metric of blood flow) suggested
an overall redistribution of blood flow to the posterior pole, with the improvement of
capillary flow after PRP [14]. On the contrary, Kim et al. demonstrated a decrease in VD
one month after PRP in eyes with PDR or severe NPDR compared to baseline findings,
while they observed a significant increase in VD at both SCP and DCP 12 months after
PRP [23]. Very similar results were found by Mirshahi et al., who showed a significant
increase in VD in both SCP and DCP 3 months after PRP in 11 eyes with PDR or severe
NPDR [13].

The exact mechanism of the early decrease in VD following PRP is still unknown. One
possible explanation for this reduction is that the capillary flow following PRP might be
associated with early PRP-induced inflammation and nitric oxide (NO) overproduction.
After a sufficient time, the inflammation probably subsides, and subsequently, autoregula-
tory functions of retinal vasculature may occur, leading to an improvement in VD at the
long-term follow up [23]. Furthermore, the main theory about the mechanism of action of
PRP pertains to the fact that the retinal pigment epithelium (RPE) absorbs the laser energy,
and, consequently, thermal energy is generated in the outer retina, destroying the periph-
eral RPE and adjacent photoreceptors to the reduced retinal oxygen consumption [13,14].
Due to this, it has been assumed that the redistribution of blood flow from the periphery to
the macular region after PRP results in the re-organisation of capillary networks, resulting
in the better oxygenation of retina and a consequent decrease in VEGF levels and increase
in VD [23].

Regarding the FAZ alterations after PRP, the results of the existing studies are contro-
versial. The enlargement and irregularity of the FAZ are important indications of diabetic
macular ischemia [24–26]. Salz et al. have found that patients with PDR have a larger
FAZ compared to normal eyes, and enlargement of the FAZ indicates an increase in non-
perfusion, since the progression of DR may be associated with a more irregular FAZ due
to capillary occlusion or altered blood flow [27]. Lorusso et al. found no change in FAZ
six months after PRP treatment in PDR eyes [12], in line with the results of Misharhi et al.,
who also found no significant changes in the FAZ area three months following PRP [13].
On the other hand, Sabaner et al. reported a significant decrease in FAZ area after PRP
in NPDR eyes [28], while Abdelhalim et al. presented a significant decrease in FAZ area
6 months after PRP in PDR [29]. Faghihi et al. also showed that the FAZ area constricted
and became significantly more circular at the 6-month follow up after PRP [30], as we found
in our study at the long-term follow up of 12 months. The latter could be explained by
the fact that improved and more effective flow in the remaining capillaries of the macular
area could result in the more effective perfusion of the posterior pole [30]. Of note is that
the discrepancy between the results of various studies could be attributed to the different
OCTA machines and software used, as well as the difference in population and follow up
of each study.

Another important finding of our study was that the BCVA remained the same through-
out the 12-month follow-up period, although there was an improvement in foveal and
parafoveal VD at SCP. One could hypothesise that the functional improvement may need
more time than the structural one, suggesting that improvement in visual acuity may occur
a long time after the improvement in VD. In addition, there was no statistically significant
difference in the VD at the DCP over time, and this could also have an impact on visual
acuity. However, it should be noted that visual acuity is mainly affected by the ellipsoid
zone condition [31,32].
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A potential limitation of our study pertains to the lack of a control group, which
prevents us from drawing a firm conclusion regarding the association between changes
in OCTA parameters and PRP treatment. However, it is unethical not to treat patients
with PDR, and thus the use of a control group is not feasible. In addition, the lack of
considerations of other foveal area hemodynamic parameters, such as choroidal VD and
fractal dimensions, could be added as a limitation of the study. Moreover, multivariate
analysis taking into account HbA1c levels, hypertension, dyslipidaemia, and demographic
data was not performed, since we lack of data at month 12, as they were not included
in the protocol of the study. It is worth noting, however, that this is a prospective study
with a relatively large sample size of 28 patients and a long-term follow up of 12 months,
both considerable in comparison to previous studies, while we included only patients with
high-risk PDR without diabetic macular oedema, so as to have a homogenous population.
In addition, we conducted the first study in the literature on the ellipsoid zone condition in
association with OCTA parameters in patients with PDR after PRP.

5. Conclusions

In conclusion, our study revealed that there was a significant improvement in foveal
and parafoveal VD at the SCP at the 6- and 12-month follow up after PRP in patients with
PDR without macular oedema. The increase in VD suggests that a redistribution of ocular
blood flow may occur from the peripheral retina to the centre after PRP, leading to the
better oxygenation of the macular area. This assumption may be supported by the fact that
the FAZ area was restored 12 months after PRP, presenting better circularity and decreased
FAZ area compared to the baseline condition. However, although VD at SCP and FAZ
area were improved, the visual acuity was found to be the same throughout the follow
up. Further studies with a larger sample size and better OCTA software are needed to
corroborate our results.
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Abstract: Background: Diabetic retinopathy (DR) is a neurodegenerative disease of the retina. The
aim of our study was to analyze latency changes in a full-field electroretinogram (ERG) in patients
with type 2 diabetes. Material: This prospective study included 15 diabetic patients without DR,
16 diabetic patients with non-proliferative DR, 14 patients with pre-proliferative DR, 15 patients
with proliferative DR, and 14 age-matched controls. All the participants underwent ophthalmologic
examination and full-field ERGs. The ERGs were recorded with the Metrovision MonPackOne
system. The latencies were analyzed for “a”- and “b”-waves in the dark-adapted (DA) 0.01 ERG,
DA 3.0 ERG, DA oscillatory potentials, light-adapted (LA) 3.0 ERG, and 30 Hz flicker ERG. Results:
The delayed responses of healthy subjects compared to diabetic patients without DR were the DA
oscillatory potentials (25.45 ± 1.04 ms vs. 26.15 ± 0.96 ms, p = 0.027). When comparing diabetic
patients without DR and with non-proliferative DR, we did not obtain statistically significant delays.
Significant delays in the DA 0.01 “b”-wave (61.91 ± 5.52 ms vs. 66.36 ± 8.12 ms, p = 0.029), DA 3.0
“b”-wave (41.01 ± 2.50 ms vs. 44.16 ± 3.78 ms, p = 0.035), and LA 3.0 “a”-wave (16.21 ± 0.91 ms
vs. 16.99 ± 1.16 ms, p = 0.045) were found between non-proliferative DR and pre-proliferative DR.
When comparing the groups of patients with pre-proliferative DR and proliferative DR, the LA 3.0
ERG “b”-wave (32. 63 ± 2.53 ms vs. 36.19 ± 3.21 ms, p < 0.0001), LA 30 Hz flicker ERG “a”-wave
(19.56 ± 3.59 vs. 21.75 ± 4.74 ms, p= 0.025), and “b”-wave (32.23 ± 4.02 vs. 36.68 ± 3.48 ms, p = 0.017)
were delayed. Conclusions: the electrophysiological findings from our study indicate that there is a
substantial dysfunction of the neural retina in all stages of DR.

Keywords: full-field ERG; diabetes mellitus; diabetic retinopathy

1. Introduction

Diabetic retinopathy (DR) is one of the most common causes of vision impairment
worldwide, affecting one-third of people with diabetes mellitus [1]. The risk of developing
DR is correlated with the duration of diabetes and, especially, with blood glucose levels [2].
The risk of blindness in patients with diabetes is 5.2 times higher than in individuals
without diabetes [3]. DR affects the retina gradually and can remain unnoticed until
the patient experiences severe vision reduction. This is why, once diabetes mellitus is
diagnosed, screening for retinal complications is started in order to initiate the correct
treatment on time, which consists of maintaining good glycemic control, administering
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laser photocoagulation, and administering an intravitreal injection with steroids and/or
antibodies against a vascular endothelial growth factor [4]. Because it was thought that DR
was only a microangiopathy, screening usually consists of morphological investigations,
such as fundus photography, optical coherence tomography, and fluorescein angiography,
which detect the presence of retinal lesions and aid in disease staging. But some new studies
have shown that DR is a chronic neurodegenerative disease of the retina, as DR manifests a
significant reduction in the thickness of the inner plexiform layer, inner nuclear layer, and
overall retina [5]; increased apoptosis in retinal cells [6]; and glial cell activation [7].

An objective functional examination of the retina is obtained using electroretinography.
A full-field electroretinogram is a non-invasive tool for the objective assessment of not
only the retinal function but also the individual functionality of photoreceptors, bipolar
cells, amacrine cells, and retinal ganglion cells [8,9]. Since clinical changes may not be
correlated with the degree of functional retinal damage, the use of functional investigations,
such as electroretinography, as a routine investigation, along with the morphological
investigations, can provide a better understanding of disease progression. Also, the use of
electroretinography could offer effective data for studies that target neural preservation in
DR. The aim of our study was to analyze and compare ERG latency changes in patients with
diabetes but without DR, patients with non-proliferative DR, patients with pre-proliferative
DR, and patients with proliferative DR.

2. Materials and Methods

2.1. Subjects

A total of 60 type 2 diabetic patients and 14 age-matched controls were enrolled in our
study. The patients were divided into 4 subgroups, according to their stage of retinopathy:
15 diabetic patients without DR, 16 diabetic patients with non-proliferative DR, 14 patients
with pre-proliferative DR, and 15 patients with proliferative DR, according to the Wilkinson
classification [10]. All the diabetic patients had a clinical diagnosis of type 2 diabetes
mellitus of at least 10 years.

Subgroup 1 (control) included 28 eyes from 14 healthy subjects. The inclusion criteria
were ages between 50 and 80, no diagnosis of diabetes mellitus, no history and no present
signs of ophthalmological diseases, and clear optic media. The exclusion criteria were
ages lower than 50 and higher than 80, diabetes mellitus, neurological diseases, and any
ophthalmological disease.

Subgroup 2 included 30 eyes from 15 patients with type 2 diabetes mellitus without
clinical signs of DR (DR-). The inclusion criteria were ages between 50 and 80, a clinical
diagnosis of type 2 diabetes mellitus, no history of other ophthalmological diseases, normal
findings from ophthalmological investigations, clear optic media, and no signs of DR from
an ophthalmoscopic examination. The exclusion criteria were ages lower than 50 and
higher than 80, neurological diseases, and ophthalmological diseases.

Subgroup 3 included 32 eyes from 16 patients with type 2 diabetes mellitus with
non-proliferative diabetic retinopathy (NDR). The inclusion criteria were ages between 50
and 80; a clinical diagnosis of type 2 diabetes; no history of other ophthalmological diseases;
signs of NDR: microaneurysms, retinal hemorrhages, venous loops, exudate or cotton wool
spots, and venous beading; and no other ophthalmological diseases. The exclusion criteria
were ages lower than 50 and higher than 80, neurological diseases, and ophthalmological
diseases, except for NDR.

Subgroup 4 included 28 eyes from 14 patients with type 2 diabetes mellitus with
pre-proliferative diabetic retinopathy (PPDR). The inclusion criteria were ages between 50
and 80; a clinical diagnosis of type 2 diabetes; no history of other ophthalmological diseases;
clear optic media; signs of PPDR: microaneurysms, retinal hemorrhages, venous loops,
exudate or cotton wool spots, venous beading, intraretinal hemorrhages, and intraretinal
microvascular abnormalities; and no other ophthalmological diseases. The exclusion criteria
were ages lower than 50 and higher than 80, neurological diseases, and ophthalmological
diseases, except for PPDR.
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Subgroup 5 included 30 eyes from 15 patients with type 2 diabetes mellitus with
proliferative diabetic retinopathy (PDR). The inclusion criteria were ages between 50 and
80; clinical diagnosis of type 2 diabetes; no history of other ophthalmological diseases; clear
optic media; signs of PDR: microaneurysms, retinal hemorrhages, venous loops, exudate
or cotton wool spots, venous beading, intraretinal microvascular abnormalities, and new
vessels on disc, new vessels elsewhere, preretinal or vitreous hemorrhages, preretinal
fibrosis, and no other ophthalmological disease. The exclusion criteria were ages lower
than 50 and higher than 80, neurological diseases, and ophthalmological diseases, except
for PDR.

2.2. ERG Measurements

All subjects were recruited from the Ophthalmology Outpatient Clinic of Emergency
County Hospital of Craiova, Romania, and the “Ocularius” Ophthalmological Research
Centre in Craiova, Romania, where the ophthalmological examinations were performed.
We recorded the ERGs at Ophthalmological Research Centre “Ocularius”, Craiova, with
MonPackOne System (Metrovision, Perenchies, France), according to the ISCEV stan-
dards [11]. We used HK loop (“Hawlina-Konec loop”) electrodes as active electrodes and
the Ag-AgCl cup type as reference and ground electrodes.

For each participant, the recording protocol consisted of the following:

A. Ophthalmological investigation: visual acuity, refraction, anterior segment examina-
tion by biomicroscopy, intraocular pressure, fundus examination, and color vision in
order to diagnose the stage of diabetic retinopathy and to exclude other ophthalmo-
logical diseases.

B. ERG recording according to the ISCEV protocol:

1. Mydriasis using 2.5% phenylephrine eye drops and 1% tropicamide;
2. Skin preparation for the placement of the electrodes;
3. Oxybuprocaine chlorhydrate in the lower conjunctival bag;
4. Electrode settlement: we placed the active electrodes on the lower eyelid bilat-

erally, the reference electrodes on each orbital rim, and the ground electrode on
the vertex;

5. Twenty minutes of scotopic adaptation;
6. Scotopic ERG recording: rod response: we used a dim blue flash of 0.01 cd.s.m−2,

with a 2 s interval between flashes; combined rod–cone response: we used a
white flash of 3.0 cd.s.m−2, with a 10 s interval between flashes; oscillatory
potentials: we used a white flash of 2.0 cd.s.m−2, with a 165 s interval between
flashes;

7. Ten minutes of photopic adaptation;
8. Light-adapted ERG recording: single-flash cone response: we used a 3.0 cd.s.m−2

stimulus, with a background luminance of 30 cd.s.m−2 and a 0.5 s interval be-
tween flashes; 30 Hz flicker: 30 stimuli of 3.0 cd.s.m−2 per second.

We analyzed the implicit time for a- and b-waves for the DA 0.01, DA 3.0, LA 3.0, and
LA 30 Hz flicker ERGs and implicit time for N1 and N2 for DA 3.0 oscillatory potentials
(Figure 1). N1 and N2 waves are low-amplitude and high-frequency waves that are
superimposed on the rising phase of the b-wave and show the function of the inner retina,
especially for the amacrine and horizontal cells [11].
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Figure 1. Standard ERG in a healthy individual. DA—dark adapted; LA—light adapted; RE—right
eye; LE—left eye; A1—a-wave; B1—b-wave; O1—OP N1; O2—OP N2.

2.3. Data Analysis

The obtained data were processed using the Microsoft Excel program (Microsoft Corp.,
Redmond, WA, USA), with XLSTAT suite for MS Excel (Addinsoft SARL, Paris, France) and
the Vision Monitor software Mon2016J integrated in the Metrovision MonPackOne system.
The ERG responses were recorded using the MonPackOne program and embedded in the
Metrovision MonPackOne acquisition system, which also performed the initial analysis of
the signals, the automatic marking, and the manual correction of the landmarks necessary
for the quantification of the parameters of the standard electroretinogram waves. All
records were stored in the system database, from which they were exported as Excel files
for each subject. The secondary processing of the data, the calculation of the fundamental
statistical parameters (the mean and the standard deviation of their ratio—the coefficient
of variation), and the comparison of the data were carried out by means of ANOVA test,
post hoc Fisher LSD test, and Tukey’s test, which is the most used multiple comparison test.
Statistical significance was considered at p < 0.05.

3. Results

For each wave of all standard ERG responses, the mean implicit times and standard
deviations were analyzed and compared (Table 1). In our research, we did not obtain
statistically significant gender differences, so we analyzed both genders together, for
each group.
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Table 1. Mean implicit times and standard deviations for healthy subjects (control), patients with
diabetes mellitus without DR (DR-), patients with diabetes mellitus and NDR (NDR), patients with
diabetes mellitus and PPDR (PPDR), and patients with diabetes mellitus and PDR (PDR). a—a-wave;
b—b-wave.

Parameter CONTROL DR- NDR PPDR PDR

DA 0.01 ERG a 29.65 ± 2.29 30.34 ± 2.57 26.48 ± 3.36 27.16 ± 5.06 28.46 ± 3.70

DA 0.01 ERG b 61.23 ± 2.99 62.87 ± 2.99 61.91 ± 5.52 66.36 ± 8.12 68.62 ± 8.01

DA 3.0 ERG a 21.06 ± 2.92 20.49 ± 2.30 20.78 ± 2.60 22.06 ± 3.35 20.89 ± 3.04

DA 3.0 ERG b 42.84 ± 4.80 43.96 ± 6.19 41.01 ± 2.50 44.16 ± 3.78 46.53 ± 6.11

OP N1 21.96 ± 0.89 22.19 ± 1.02 22.48 ± 0.58 23.09 ± 1.06 22.98 ± 1.28

OP N2 25.45 ± 1.04 26.15 ± 0.96 26.08 ± 0.54 26.65 ± 1.05 26.56 ± 1.04

LA 3.0 ERG a 15.85 ± 1.26 15.81 ± 0.69 16.21 ± 0.91 16.99 ± 1.16 16.79 ±1.73

LA 3.0 ERG b 31.62 ± 1.75 32.73 ± 1.40 32.75 ± 3.76 32.63 ±2.53 36.19 ± 3.21

LA 30 Hz Flicker a 18.54 ± 2.50 18.36 ± 2.16 19.22 ± 4.85 19.56 ± 3.59 21.75 ± 4.74

LA 30 HZ Flicker b 30.99 ± 2.87 31.97 ± 2.28 33.63 ± 10.37 32.23 ± 4.02 36.68 ± 3.48

Due to the small sample size included in our study, we used two multiple comparison
tests, Fisher’s post hoc LSD test and Tukey’s test, in order to avoid the errors that could
occur and to obtain valid results.

For the DA 0.01 ERG a-wave, performing the ANOVA test revealed statistically sig-
nificant differences (p ANOVA = 0.000) globally between the five analyzed subgroups.
Consequently, Fisher’s LSD post hoc test was used to detect the pairs of subgroups between
which these differences were manifested (Table 2). Statistically significant differences were
found between the control subgroup and diabetic patients with the NDR (p = 0.005) and
the control subgroup and patients with PPDR (p = 0.022) (Figure 2).

Table 2. Fisher LSD post hoc test p values for the DA 0.01 a- and b-waves, DA 3.0 a- and b-waves,
OP N1 and N2 waves, LA 3 a- and b-waves, LA 30 Hz flicker a- and b-waves for the comparisons
between normal subjects (control), patients with diabetes mellitus without DR (DR-), patients with
diabetes mellitus and NDR (NDR), patients with diabetes mellitus and PPDR (PPDR), and patients
with diabetes mellitus and PDR (PDR). a—a-wave; b—b-wave.

Contrast
DA 0.01

a
DA 0.01 b DA 3.0 a DA 3.0 b

DA 3.0
OP N1

DA 3.0
OP N2

LA 3.0 a LA 3.0 b LA 30 a LA 30 b

Control vs. NDR 0.005 0.663 0.746 0.183 0.064 0.045 0.272 0.126 0.756 0.076

Control vs. PPDR 0.022 0.006 0.231 0.357 0.0001 0.0001 0.002 0.163 0.557 0.269

Control vs. DR- 0.214 0.592 0.442 0.431 0.400 0.027 0.877 0.146 0.542 0.681

Control vs. PDR 0.255 <0.0001 0.831 0.009 0.002 0.001 0.009 <0.0001 0.004 0.0005

PDR vs. NDR 0.094 0.001 0.916 0.0003 0.143 0.152 0.142 <0.0001 0.013 0.074

PDR vs. PPDR 0.241 0.334 0.183 0.114 0.674 0.770 0.582 <0.0001 0.025 0.017

PDR vs. DR- 0.922 0.001 0.599 0.083 0.016 0.160 0.009 <0.0001 0.002 0.005

DR- vs. NDR 0.114 0.935 0.674 0.046 0.312 0.753 0.237 0.941 0.392 0.226

DR- vs. PPDR 0.279 0.0032 0.066 0.891 0.002 0.065 0.002 0.954 0.270 0.547

PPDR vs. NDR 0.629 0.029 0.152 0.035 0.043 0.053 0.045 0.895 0.793 0.519
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Figure 2. Comparison of mean values of l DA 0.01 a-wave latencies between normal subjects
(control) and the subgroups of patients with diabetes mellitus without DR (DR-), patients with
non-proliferative diabetic retinopathy (NDR), patients with pre-proliferative diabetic retinopathy
(PPDR), and patients with proliferative diabetic retinopathy (PDR). * p < 0.05; ** p < 0.01.

For the DA 0.01 ERG b-wave, the ANOVA test revealed statistically significant differ-
ences (p ANOVA = 0.000) globally among the five subgroups. Consequently, Fisher’s LSD
post hoc test was used to detect the pairs of subgroups between which these differences
were manifested (Table 2). Statistically significant differences were found between patients
with PPDR and the control (p = 0.006), DR- (p = 0.0032), and NDR (p = 0.029) subgroups
and between patients with PDR and the control (p < 0.0001), DR- (p = 0.001), and NDR
(p = 0.001) subgroups (Figure 3).

Figure 3. Comparison of mean values of DA 0.01 b-wave latencies between normal subjects (control)
and the groups of patients with diabetes mellitus without DR (DR-), patients with non-proliferative
diabetic retinopathy (NDR), patients with pre-proliferative diabetic retinopathy (PPDR), and patients
with proliferative diabetic retinopathy (PDR). * p < 0.05; ** p < 0.01; *** p < 0.001.

156



Biomedicines 2024, 12, 44

According to Tukey’s test, for the DA 0.01 a-wave, the statistically significant delays are
between healthy subjects and patients with NDR (p = 0.0405). For the DA 0.01 b-wave, the
significant delays are between healthy subjects and PPDR (p = 0.0477) and PDR (p = 0.0009)
groups and between patients with PDR and DR- (p = 0.0108) and NDR (p = 0.0108) groups
(Table 3).

Table 3. Tukey’s test p values for the DA 0.01 a- and b-waves, DA 0.01 a- and b-waves, OP N1 and
N2 waves, LA 3 a- and b-waves, and LA 30 Hz flicker a- and b-waves for the comparisons between
normal subjects (control), patients with diabetes mellitus without DR (DR-), patients with diabetes
mellitus and NDR (NDR), patients with diabetes mellitus and PPDR (PPDR), and patients with
diabetes mellitus and PDR (PDR). a—a-wave; b—b-wave.

Contrast
DA 0.01

a
DA 0.01 b DA 3.0 a DA 3.0 b

DA 3.0
OP N1

DA 3.0
OP N2

LA 3.0 a LA 3.0 b LA 30 a LA 30 b

Control vs. DR- 0.7223 0.9832 0.9386 0.9329 0.9151 0.9127 0.9999 0.1017 0.9728 0.9938

Control vs. NDR 0.0405 0.9923 0.9976 0.6663 0.3338 0.2596 0.8042 0.0858 0.9979 0.3778

Control vs. PPDR 0.1463 0.0477 0.7491 0.8868 0.0009 0.0008 0.0130 0.1155 0.9762 0.7986

Control vs. PDR 0.7820 0.0009 0.9995 0.0700 0.0145 0.0096 0.0654 <0.0001 0.0347 0.0041

DR- vs. NDR 0.5034 >0.9999 0.9933 0.2663 0.8468 0.7777 0.7573 >0.9999 0.9099 0.7380

DR- vs. PPDR 0.8128 0.1977 0.3459 >0.9999 0.0195 0.0179 0.0143 >0.9999 0.7999 0.9738

DR- vs. PDR >0.9999 0.0108 0.9845 0.4089 0.1322 0.0956 0.0655 0.0012 0.0155 0.0371

NDR vs. PPDR 0.9886 0.1864 0.6018 0.2161 0.2475 0.2963 0.2592 >0.9999 0.9989 0.9663

NDR vs. PDR 0.4451 0.0108 >0.9999 0.0025 0.6388 0.6147 0.5790 0.0015 0.1029 0.3832

PPDR vs. PDR 0.7625 0.8677 0.6680 0.5061 0.9812 0.9952 0.9816 0.0010 0.1778 0.1185

For the DA 3.0 ERG a-wave, the ANOVA test revealed no statistically significant
differences globally between the five analyzed subgroups (p = 0.434) (Table 2, Figure 4).

Figure 4. Comparison of mean values of DA 3.0 a-wave latencies between healthy subjects (control)
and the subgroups of patients with diabetes mellitus without DR (DR-), patients with non-proliferative
diabetic retinopathy (NDR), patients with pre-proliferative diabetic retinopathy (PPDR), and patients
with proliferative diabetic retinopathy (PDR).
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The ANOVA test for the DA 3.0 b-wave revealed statistically significant differences
(p ANOVA = 0.006) globally between the five analyzed subgroups. By using the Fisher LSD
post hoc test, statistically significant differences were found between patients with PDR
and subjects from the control (p = 0.009) and NDR (p = 0.0003) subgroups and between
patients with NDR and patients with PPDR (p = 0.035) (Table 2) (Figure 5).

Figure 5. Comparison of mean values of DA 3.0 b-wave latencies between healthy subjects (control)
and the groups of patients with diabetes mellitus without DR (DR-), patients with non-proliferative
diabetic retinopathy (NDR), patients with pre-proliferative diabetic retinopathy (PPDR), and patients
with proliferative diabetic retinopathy (PDR). * p < 0.05; ** p < 0.01; *** p < 0.001.

According to Tukey’s test, for the DA 3.0 a-wave, there is no statistically significant
delay between groups. For the DA 3 b-wave, the significant delay is between the NDR and
PDR groups (p = 0.0025) (Table 3).

The oscillatory potentials (OPs) are characterized by a highly significant overall increase
in latency for both the N1 and N2 waves, with ANOVA p values of 0.000 (Figures 6 and 7).
The analysis of the five subgroups, using the Fisher LSD post hoc test, showed that for the
N1 wave, significant differences were found between the PPDR and the control subgroups
(p = 0.0001) and the DR- (p = 0.002) and NDR (p = 0.043) subgroups, as well as between the
PDR and the control (p = 0.002) subgroups and DR- (p = 0.016) subgroups (Table 2).

Figure 6. Comparison of mean values of DA 3.0 OP N1 wave latencies between healthy subjects
(control) and the groups of patients with diabetes mellitus without DR (DR-), patients with non-
proliferative diabetic retinopathy (NDR), patients with pre-proliferative diabetic retinopathy (PPDR),
and patients with proliferative diabetic retinopathy (PDR). * p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 7. Comparison of mean values of DA 3.0 OP N2 wave latencies between healthy subjects
(control) and the groups of patients with diabetes mellitus without DR (DR-), patients with non-
proliferative diabetic retinopathy (NDR), patients with pre-proliferative diabetic retinopathy (PPDR),
and patients with proliferative diabetic retinopathy (PDR). * p < 0.05; ** p < 0.01; *** p < 0.001.

For the N2 wave, the Fisher LSD post hoc test showed significant changes between
the control subgroup and all four other groups: DR- (p = 0.027), NDR (p = 0.045), PPDR
(p = 0.0001), and PDR (p = 0.001) (Table 2).

Performing Tukey’s test for both N1 and N2 waves of DA 3OP, the statistically sig-
nificantly increased latencies are between healthy subjects and PPDR (p = 0.009 and 0.008,
respectively) and PDR (p = 0.0145 and 0.0096, respectively) groups and between DR- and
PPDR groups (p = 0.0195 and 0.0179, respectively) (Table 3).

Analyzing the a- and b-waves in the standard LA 3.0 ERG recording, a significant
change in latency for both the a-wave (p ANOVA = 0.002) and b-wave (p ANOVA = 0.000)
were found (Figures 8 and 9). For the a-wave, this overall difference was due to signif-
icant increases in latency between the subgroup of subjects with PPDR versus healthy
subjects (p = 0.002) and the subgroup with type 2 diabetes mellitus but without diabetic
retinopathy (p = 0.002) and subjects with PDR versus subjects in the control (p = 0.009) and
DR- (p = 0.009) subgroups (Figure 8). For the b-wave, the difference is due to the major
increase in latency in the subgroup of subjects with PDR compared to the other four groups
included in the study: control (p < 0.0001), DR- (p < 0.0001), NDR (p < 0.0001), and PPDR
(p < 0.0001) (Table 2) (Figure 9).

Figure 8. Comparison of mean values of LA 3.0 a-wave latencies between healthy subjects (control)
and the groups of patients with diabetes mellitus without DR (DR-), patients with non-proliferative
diabetic retinopathy (NDR), patients with pre-proliferative diabetic retinopathy (PPDR), and patients
with proliferative diabetic retinopathy (PDR). * p < 0.05; ** p < 0.01.
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Figure 9. Comparison of mean values of LA 3.0 b-wave latencies between healthy subjects (control)
and the groups of patients with diabetes mellitus without DR (DR-), patients with non-proliferative
diabetic retinopathy (NDR), patients with pre-proliferative diabetic retinopathy (PPDR), and patients
with proliferative diabetic retinopathy (PDR). *** p < 0.001.

Performing Tukey’s test for the LA 3 a-wave, the significant delays are between PPDR
patients and the control (p = 0.0130) and DR- (p = 0.0143) subjects. For the LA 3 b-wave, the
delays are between PDR and all the other four groups: control (p < 0.0001), DR- (p = 0.012),
NDR (p = 0.0015), and PPDR (p = 0.0010) (Table 3).

By analyzing the a-wave from the LA 30 Hz flicker ERG, we found a globally significant
difference between the five study subgroups (p ANOVA = 0.005). The Fisher LSD post hoc
test showed that this overall difference was due to increased latency in the subgroup of
subjects with PDR compared to the control (p = 0.004), DR- (p = 0.002), NDR (p = 0.013),
and PPDR (p = 0.025) (Table 2) (Figure 10).

Figure 10. Comparison of mean values of LA 30 Hz flicker a-wave latencies between healthy subjects
(control) and the groups of patients with diabetes mellitus without DR (DR-), patients with non-
proliferative diabetic retinopathy (NDR), patients with pre-proliferative diabetic retinopathy (PPDR),
and patients with proliferative diabetic retinopathy (PDR). * p < 0.05; ** p < 0.01.

For the b-wave, the globally significant difference (p ANOVA = 0.002) was due to the
increased implicit time between subjects from the PDR subgroup and those in the control
(p = 0.0005), DR- (p = 0.005), and PPDR (p = 0.017) subgroups (Table 2) (Figure 11).
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Figure 11. Comparison of mean values of LA 30 Hz flicker b-wave latencies between healthy subjects
(control) and the groups of patients with diabetes mellitus without DR (DR-), patients with non-
proliferative diabetic retinopathy (NDR), patients with pre-proliferative diabetic retinopathy (PPDR),
and patients with proliferative diabetic retinopathy (PDR). * p < 0.05; ** p < 0.01; *** p < 0.001.

According to Tukey’s test, for 30 Hz flicker, both a- and b-waves have statistically
significant delays between PDR and control (p = 0.0347 and 0.0041, respectively) and DR-
(p = 0.0155 and 0.0371, respectively) groups (Table 3).

4. Discussion

The objectives of this study were to observe the electroretinographic evolution of DR
and to obtain a comparison between the various stages of DR regarding retinal functional
aspects, while excluding changes due to age, by comparing the diabetic patients with a
subgroup of subjects similar in age.

All parameters analyzed in our study showed a statistically significant global delay,
except for the a-wave from the Scotopic 3.0 recording of the standard electroretinogram,
which assesses the mixed rod–cone response.

The first electroretinographic change identified is the increase in the implicit time
of the second wave of OP in patients with type 2 diabetes without diabetic retinopathy
compared to the healthy subjects. In our study between healthy subjects and those with
diabetes without diabetic retinopathy, we did not find other statistically significant changes.

The results of our research correlate with the majority of studies that claim that OPs
represent the most sensitive electroretinographic indicator in diabetic eye disease [12–16],
demonstrating an early impairment of neuronal synaptic activity of amacrine and horizontal
retinal cells.

Yonemura was the first to show that OPs are impaired in more than 50% of patients
with diabetes without DR [17]. Holopigian showed that the latency of OP was not signifi-
cantly altered in diabetics compared to healthy subjects; only the amplitude was decreased,
indicating that the OPs are the first parameter impaired in the ERG [18]. In a study on rats,
in which diabetes was induced by an injection of streptozotocin, Hancock demonstrated a
relationship between OP and the appearance and evolution of DR lesions [19]. More re-
cently, Gualtieri also showed OP abnormalities in 82.95% of subjects with diabetes mellitus
without DR [20].

In subjects with NDR, we did not obtain statistically significant delays, but we ob-
served a slight increase in the a-wave of the rod–cone response and a-wave of the cone
response. As is known, the scotopic a-wave reflects the activity of the photoreceptors,
in our case both rods and cones, but also has postreceptoral contributions [21]. Hanock
showed a delay in DA 3.0 a-wave in diabetic patients without DR in his study [19]. In
our research, this change appeared later in DR evolution in patients with NDR, showing a
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slightly decreased activity of rods [4,21]. We also obtained a discrete delay of the response
of cone cells. Usually, cone damage occurs in the more advanced stages of diabetic retinopa-
thy; however, Gualtieri et al. have found evidence of damage to cone cells in the early
stages [20]. These small differences in ERG parameters between DR- and NDR could be
due to the small sample size included in our study but also due to variability in patient
populations.

Our results are consistent with other studies that found dark-adapted ERG delays
in the early stages of DR [22,23]. The inferred pathway for this ERG change is the in-
creased metabolic demand and high oxidative stress of the diabetic retina under scotopic
conditions [24,25].

In the group of subjects with PPDR, the main increases in latency were the b-wave of
the rod cell response and the mixed rod–cone response and the “a”-wave of the cone cell
response. Thus, as the ischemia progressed, we observed a marked alteration of the scotopic
system with damage to the internal retinal layers but also damage to the photoreceptors in
the photopic system.

Comparing our results with those of the study published by Luu et al., which included
18 patients with diabetes without DR and 10 patients with NDR, both studies show that
the photopic system is not affected in the early stages of DR. On the other hand, Luu’s
study showed the impairment of the b-wave in the scotopic system before the onset of
DR and NDR; in our research, the b-wave shows a significant increase in latency, with
the appearance of a pre-proliferative stage [24]. Both studies have a small number of
participants and the same ERG recording protocol, so this difference could be due to
patients’ variability and statistical methods.

Overall, with the progress of ischemia, our research showed minimal cone cell damage,
in addition to marked alteration of the scotopic system. This fact is in agreement with other
studies that reported cone pathway abnormalities in subjects with advanced DR [26–28].

In the group of subjects with PDR, the affected waves were the LA 3.0 b-wave and LA
30 Hz flicker a- and b-waves, showing a severe impairment of the photopic system.

The flicker stimulation assesses neurovascular coupling, that is, the ability to adjust
blood flow in the microcirculation of the neuronal retina in response to neuronal activity.
The pathway involved in flicker stimulation changes is that an increased frequency of the
light stimulus induces greater activity in nervous cells, with increased release of nitric oxide
and other vasodilatory substances, increasing the microvascular response [29,30].

In fact, two mechanisms contribute to the basis of this altered response: firstly, the alter-
ation of the function of photoreceptors and retinal neurons and, secondly, the impairment
of the retinal microcirculation, creating a vicious circle [31–33].

In our research, the flicker response was delayed in subjects with PDR, a fact that is
in agreement with other studies that report an increased implicit time in diabetics with
advanced stages of DR [34–38] and are normal or minimally affected in early stages [39–43].

By using Tukey’s test, we obtained only a significant delay of the scotopic a-wave
for patients with NDR compared to healthy subjects, also showing a slight impairment of
rods in early stages of DR. With the disease progression to a pre-proliferative stage, we
also obtained a delay of the b-wave within the rod pathway and the a-wave within the
cone system. We obtained a different result regarding oscillatory potentials—these being
delayed in patients with PPDR. For the PDR group, we also obtained a severe impairment
of cone pathway, through a significant delay of the LA 3 a-wave and LA 30 Hz flicker a-
and b-waves.

Research over the past 20 years has shown that normal or slightly delayed a- and
b-waves are consistently presented during the early stages of DR. However, studies exam-
ining more advanced DR stages or combinations of subjects across multiple DR stages have
reported delayed b-waves. There is a lack of large-scale clinical studies of electroretinog-
raphy conducted in diabetic patients able to clearly define the disease stages. Further
research is necessary to clarify questions regarding the extent to which the a- and b-waves
are abnormal in diabetic individuals who have different disease severity.
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The correspondence in clinical practice of the ERG for diabetic patients is related to
quantifying neural dysfunction prior to the appearance of the first signs of retinopathy,
which would help set individual goals for better glycemic control. Further research is
necessary to determine whether diabetic patients who have ERG abnormalities are more
likely to progress in a more advanced stage and therefore adjust the optimal individualized
follow-up intervals for diabetic patients without clinically apparent retinopathy. Also,
patients with flicker ERG abnormalities may show a risk of developing pre-proliferative or
proliferative DR. This marker could indicate the need to decrease the duration between the
usual check-ups and initiate laser therapy as soon as the neovascularization appears. Thus,
electroretinography can strengthen the relationship between the ophthalmologist and the
diabetologist in the sense of individualized therapy in correlation not only with glycemic
values but also with preclinical retinal complications.

Considering that electroretinography is a technique not very often used in diabetic
ophthalmological pathology and that most studies [3,44] evaluated electroretinographic
changes, especially in the early stages, we can say that this research is one of the few studies
to have followed the evolution of retinal function impairment in one of the most common
complications of diabetes. Another important feature of our study is the highlighting of
the different effects on rod cells versus cone cells as the disease progresses.

Based on the ERG changes obtained in our research, as the DR progresses, the following
elements are affected: amacrine and horizontal cells, photoreceptors from the scotopic
system followed by the inner retinal layers of the rods pathway, photoreceptors from the
photopic system, and ON and OFF bipolar cells within the cone pathway. The early ERG
sign that we have signaled in patients with type 2 diabetes without DR is the increase
in the implicit time of the second wave of OP. In subjects with NDR, we did not obtain
statistically significant delays, but we observed a slight increase in the “a”-wave of the
rod–cone response and the “a”-wave of the cone response. There was a significant increase
in the latency of the dark-adapted 0.01 “b”-wave and 3.0 “b”-wave from the early to the
late stages of DR. In the group of subjects with PDR, the affected waves were the LA 3.0
b-wave and LA 30 Hz flicker “a”- and “b”-waves, showing a severe impairment of the
photopic system.

A limitation of the current study could be the small sample size for each group:
14 participants for the DR- group, 15 for the NDR group, and 16 and 15 patients for the
PPDR and PDR groups, respectively. It is well known that studies with a small sample
size may not be able to detect a proper difference between groups due to inaccurate
statistics leading to erroneous conclusions [45]. Large sample size studies could offer more
accurate data regarding inferential statistics. We tried to neutralize the errors that could
appear due to small sample size by using two types of multiple comparison tests, and we
obtained similar results. Also, we analyzed a parameter, the implicit time of all standard
ERG waves, which is stable compared to the amplitude of the waves, which has a higher
variability. It is considered that studies with a small sample size are required to evaluate
stable parameters [45]. Even if the small number of subjects could be a limitation of our
study, due to the fact that we investigated a stable parameter and we used two multiple
comparison tests, we consider our results and conclusions accurate.

Another limitation is that the participants were not monitored over a longer period of
time through electroretinography so that we could evaluate the retinal progression of the
disease. Although this investigation is non-invasive, the patients show some reluctance to
repeat this investigation due to the increased examination time, approximately one hour,
as well as slight eye discomfort due to the induced mydriasis and to the introduction of the
electrodes into the conjunctival sac.

5. Conclusions

The standard ERG is an objective test able to assess global retinal dysfunction, giving
us important insights into the neural effects of diabetes mellitus on the retinal cells that may
not be similar to the clinically visible lesions. Our study showed that, as DR progresses, the
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following elements are affected: amacrine and horizontal cells and the rod pathway fol-
lowed by the cone pathway. The obtained results support the idea that electroretinography
is a useful technique that can be used not only in research but also in current practice and
could help to set individual goals for better control of the disease.
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Abstract: The therapeutic benefit provided by anti-vascular endothelial growth factor (VEGF) for
patients with vision-threatening conditions such as diabetic retinopathy (DR) demonstrates the
important role of VEGF in this affliction. Cytokines, which can be elevated in the vitreous of patients
with DR, promote leakage of retinal blood vessels, and may also contribute to pathology, especially
in those patients for whom anti-VEGF does not provide adequate benefit. In this in vitro study using
primary human retinal endothelial cells, we compared anti-VEGF with the (transforming growth
factor beta) TGFβ receptor inhibitor RepSox (RS) for their ability to enforce barrier function in the
face of VEGF, cytokines, and the combination of both. RS was superior to anti-VEGF because it
prevented permeability in response to VEGF, cytokines, and their combination, whereas anti-VEGF
was effective against VEGF alone. The inhibitory effect of RS was associated with suppression of both
agonist-induced pore formation and disorganization of adherens junctions. RS-mediated inhibition
of the TGFβ pathway and increased expression of claudin-5 did not adequately explain how RS
stabilized the endothelial cell barrier. Finally, RS not only prevented barrier relaxation, but also
completely or partially reclosed a barrier relaxed with tumor necrosis factor α (TNF α) or VEGF,
respectively. These studies demonstrate that RS stabilized the endothelial barrier in the face of both
cytokines and VEGF, and thereby identify RS as a therapeutic that has the potential to overcome
permeability driven by multiple agonists that play a role in the pathology of DR.

Keywords: RepSox; endothelial cells; permeability; diabetes; retinopathy; anti-VEGF; cytokines

1. Introduction

Diabetic retinopathy (DR) is a complication that can develop in the eyes of patients
with diabetes mellitus (DM) [1]. The diabetic milieu within the circulation damages the
retinal vasculature and thereby increases the vitreal concentration of growth factors (such
as vascular endothelial growth factor (VEGF)) and cytokines (such as tumor necrosis factor
α (TNFα) and interleukin-1 beta (IL-1β)). Elevated levels of such agents drive blood–retinal
barrier (BRB) breakdown and neovascularization—diagnostic features of advanced DR [2].

While intensive blood glucose management may delay the onset of DR, most patients
with DM eventually develop DR [3]. Reducing the vitreal level of VEGF by intravitreal
administration of anti-VEGFs has become the standard of care for patients with DR [4].
Not all patients experience an adequate therapeutic benefit from anti-VEGF treatment,
perhaps because of elevated levels of cytokines, which are unaffected by anti-VEGFs [2,3].
Antagonizing both VEGF and cytokines is expected to be effective for a greater percentage
of patients with DR.

RepSox (RS) is a small-molecule multi-kinase inhibitor that prevents VEGF-induced
permeability [5]. Because one of the RS targets is TGF-βR1 [6], and the TGFβ family governs
vascular homeostasis [7], it is possible that TGF-βR1 is an essential mediator of VEGF-
induced permeability. However, not all TGF-βR1 inhibitors prevent VEGF-driven barrier
relaxation [5], which suggests that the relevant RS target is a kinase other than TGF-βR1.
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In this report we investigated the therapeutic potential of RS. We considered whether
RS prevents both cytokine- and VEGF-induced permeability of primary human retinal
endothelial cells (HRECs), its mechanism of action, and its ability to reclose a relaxed barrier.
Finally, we performed a head-to head comparison of RS and an anti-VEGF (aflibercept).

2. Materials and Methods

2.1. Materials

Primary human retinal endothelial cells (HRECs) were purchased from Cell Systems
(Kirkland, WA, USA). They were cultured in EBMTM-2 Basal Medium (CC-3156) supple-
mented with EGMTM-2 MV Microvascular Endothelial Cell Growth Medium SingleQuotsTM

(CC-4147) purchased from Lonza Biosciences (Verviers, Belgium). D-(+)-glucose (G7021)
and 2% gelatin solution (G1393) were purchased from Sigma Aldrich (St. Louis, MO,
USA). Corning™ Penicillin–Streptomycin Solution (MT30002CI) was purchased from Ther-
moFisher Scientific (Waltham, MA, USA).

RS was purchased from both Selleckchem (S7223) and Cayman (14794). Recombinant
human VEGF 165 (100-20), recombinant human TNFα (300-01A), recombinant human IL-1β
(200-01B), and recombinant human TGFβ1 (100-21) were from Peprotech, Inc. (Cranbury,
NJ, USA). Aflibercept (Eylea) was from Regeneron Pharmaceuticals Inc. (Tarrytown, NY,
USA). ON-TARGETplus human SMAD4 siRNA (L-003902-00-0005), ON-TARGETplus
Non-targeting Control Pool (D-001810-10-20), and DharmaFECT 1 Transfection Reagent
(T-2001-03) were purchased from Horizon Discovery, Ltd. (Waterbeach, UK). Opti-MEM™
reduced serum medium (31985070) was purchased from ThermoFisher. The 8-well chamber
slides for ECIS (8W10E+) were purchased from Applied Biophysics, Inc. (Troy, NY, USA).

Dulbecco’s Phosphate-Buffered Salt Solution 1× (MT21030CM), EZ-Link™ NHS-LC-
LC-Biotin (21343), Pierce™ 16% Formaldehyde (28908), and Streptavidin—Alexa Fluor™
594 Conjugate (S32356) were purchased from ThermoFisher Scientific. Bovine serum al-
bumin (BSA (A2153-50G)), and DAPI (D9542-10MG) were purchased from Sigma Aldrich.
Human VE-cadherin antibody (MAB9381-SP) was purchased from R&D Systems (Min-
neapolis, MN, USA). Goat Anti-Mouse IgG H&L (Alexa Fluor® 488) (ab150113) and normal
goat serum (ab7481) were purchased from Abcam (Boston, MA, USA). DAPI Fluoromount-
G® (0100-20) was purchased from SouthernBiotech (Birmingham, AL, USA).

SMAD4 polyclonal antibody (PA5-34806) was purchased from ThermoFisher Scientific.
Phospho-SMAD3 (Ser423/425) antibody (9520S) and anti-rabbit IgG HRP-linked antibody
(7074) were purchased from Cell Signaling, Inc. (Danvers, MA, USA). RasGAP antibody
was an antiserum that was raised as described previously [8]. Claudin-5 monoclonal
antibody (35–2500) was purchased from ThermoFisher. IRDye® 800CW Donkey anti-
Mouse IgG secondary antibody (926–32,212) and Goat anti-Rabbit IgG secondary antibody
(926–32,211) were purchased from LI-COR, Inc. (Lincoln, NE, USA).

Precast 7.5%, 10%, and 12% Mini-PROTEAN® TGX™ gels (4561034) were from Bio-
Rad Laboratories, Inc. (Hercules, CA, USA). Pierce™ ECL Western Blotting Substrate
(PI32106) and iBlot™ 2 Transfer Stacks were purchased from ThermoFisher Scientific.

2.2. Cell Culture

HRECs were seeded onto standard polystyrene plates coated with a 0.04% gelatin solu-
tion and cultured in Lonza EBM basal media supplemented with EGM SingleQuots and 5%
penicillin–streptomycin solution. Cells were cultured in either 5 mM D-glucose-containing
media, which we denoted as normal glucose (NG) media, or media supplemented with
additional glucose to a final concentration of 30 mM, which we denoted as high-glucose
(HG) media. Our in vitro system emulating diabetic retinopathy requires HRECs to be
treated with HG for at least 10 days with daily media changes. Experiments commenced
after this 10-day treatment with HG.
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2.3. Electrical Cell-Substrate Impedance Sensing (ECIS)

The transendothelial electrical resistance (TEER) of HRECs was measured using an
ECIS ZTheta instrument (Applied Biophysics, Troy, NY, USA) housed within a standard
tissue culture incubator, as described previously [9]. First, 17.6 × 106 cells were plated
onto gelatin-coated 8-well chamber slides containing gold-plated microelectrodes (Applied
Biophysics catalogue #8W10E+, New York, NY, USA). The following day, each well was
inspected under a phase-contrast microscope to verify that the monolayer was complete
and overtly normal. At the start of the experiment (typically 24–48 h after plating), the
impedance was typically 1500 ohms at 16 kHz. Four wells of the TEER chamber were used
for a single experimental condition.

After placing the chamber in the TEER instrument, the impedance was monitored
until it stabilized (typically at least 30 min). The electric current passing through the
endothelial monolayers was measured independently in each well. TEER was measured
continuously and in real time before, during and after the treatment of cells. When the
medium was changed during a measurement period, the recording was paused until the
medium change-induced noise subsided.

TEER data are presented in ohms without normalization. The starting impedance was
typically very similar for all wells; variants, wells in which the impedance was ±15% of the
average of all of the wells, were not included. The TEER tracing shows the mean ± SEM of
the four wells of a given experimental condition. The area under the curve (AUC) of data
sets was quantified using ImageJ (version: 2.0.0-rc-69/1.52v; build: 269a0ad53f; date: 2018-
12-04; open source image processing software; https://imagej.net/software/fiji; Bethesda,
MD, USA). Unless indicated otherwise, the TEER tracing is of a single, representative
experiment, whereas the AUC data are the compilation of all independent experiments
within a series. The AUC data, determined from the TEER tracing for the same time period
for all experimental conditions, were expressed as a ratio of the agent-treated/vehicle-
treated samples. The bar graph shows the mean ± SEM of the agent-treated/vehicle-treated
ratio for all of the independent experiments within a series.

For experiments testing the ability of RS to prevent agonist-induced barrier relaxation,
10 μM RS was added, followed by the immediate addition of 100 ng/mL VEGF and/or
50 ng/mL TNFα or 50 ng/mL IL-1β. For RS and aflibercept reclosure experiments, cells
were exposed to 100 ng/mL VEGF and/or 50 ng/mL TNFα for 8 h before the addition
of either 10 μM RS or 143.75 μg/mL aflibercept for the remainder of the time course. To
reflect that clinical scenario, aflibercept was added at a 500-fold molar excess of VEGF
(1250 nM aflibercept and 2.5 nM VEGF). The composition of the aflibercept vehicle was
10 mM sodium phosphate pH 6.2, 40 mM sodium chloride, 0.03% polysorbate 20, and 5%
sucrose. In this experimental system, bevacizumab, which neutralizes VEGF-A, had the
same effect as aflibercept, which neutralizes VEGF-B and PIGF in addition to VEGF-A [9].

2.4. Gelatin Trapping Assay (GTA)

The formulation of biotinylated gelatin and the gelatin trapping assay (GTA) protocol
was as previously described [10]. Briefly, cells were seeded at 100% confluency on a 35 mm
glass bottom dish (P35G-1.5-14-C) from MatTek Corporation (Ashland, MA, USA) that
had been coated with 100 μL of 0.25 μg/mL biotinylated gelatin overnight at 4 ◦C. The
medium was refreshed every 24 h; 48 h post-plating, 10 μM RS or vehicle, 100 ng/mL
VEGF, and 50 ng/mL TNFα or vehicle were added and incubated for 5 h. Once stimulation
was complete, cells were treated briefly with a 1:2000 dilution of streptavidin in DPBS. The
remaining protocol was completed in the dark using 1000 μL of treatment solution in every
step. Cells were washed three times with room-temperature DPBS and treated with 4% PFA
in DPBS for 10 min at room temperature. After three 5 min washes with ice-cold DPBS, cells
were treated with permeabilization solution (0.25% TritonX100 in DPBS) for 30 min at room
temperature. Once cells were permeabilized, they were washed again with DPBS three
times for 5 min per wash. Plates were blocked with AD buffer (10% goat serum, 1% BSA,
0.05% Tween20 in DPBS) for 1 h at room temperature. After aspirating the AD buffer, cells
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were incubated overnight at 4 ◦C with a 1:200 dilution of VE-cadherin primary antibody
in AD buffer. The next day, the cells were washed with DPBS containing 0.05% Tween 20
(PBST) three times for 5 min per wash, and then incubated for 1 h at room temperature with
a 1:1000 dilution of fluorescently tagged secondary antibody in AD buffer. Once incubation
with the secondary antibody was complete, the cells were washed two times in PBST and
once in PBS for 5 min per wash, and then counterstained with DAPI diluted in DPBS 1:1000
for one minute. After one final wash with DPBS, 12 mm glass coverslips were mounted
onto the glass bottom using a drop of antifade mounting medium.

Plates containing fixed cells were subjected to imaging with a Zeiss confocal micro-
scope (Jena, Germany). At least two images per plate were collected at 20× objective using
405 nm (DAPI), 488 nm (VE-cadherin), and 594 nm (streptavidin) lasers. Quantification of
pore intensity was accomplished using ImageJ.

2.5. Small Interfering RNA (siRNA)

HG HRECs were plated onto 60 mm gelatin-coated plates and grown to confluency
in complete Lonza medium without antibiotic supplements. Cells were transfected with
2 mL of 10 nM non-targeting control or siSMAD4 complexed with Dharmacon transfecting
reagent (1:2 ratio) in Opti-mem medium. The medium was replaced with complete Lonza
medium 24 h post-transfection and incubated for another 24 h (total of 48 h of knockdown)
before sample collection for Western blot analysis.

For ECIS analysis, cells were plated to confluency on two 100 mm gelatin-coated
dishes cultured in Lonza medium without antibiotic supplements. Cells were transfected
with 4 mL of 10 nM siSMAD4 or 10 nM non-targeting control complexed with Dharmacon
transfecting reagent (1:2 ratio) in Opti-mem medium for 24 h. After this incubation, cells
were plated on gelatin-coated 8-well chamber slides for ECIS (8W10E+); 24 h later (after
48 h of knockdown), the ECIS assay began in which 100 ng/mL VEGF or vehicle was added
to the wells. TEER tracings were recorded for at least 20 h.

2.6. Western Blotting

HG HRECs were plated onto 60 mm or 35 mm gelatin-coated plates and grown to
confluency before treatment with 10 μM RS or vehicle for 30 min, followed by 50 ng/mL
TGFβ or vehicle for an additional 30 min. Cells were then washed with ice-cold PBS and
lysed in SDS-βMe (0.3% sodium dodecyl sulfate, 1% β-mercaptoethanol, and 50 mM Tris-
HCl pH 7.5). Lysates were then treated with DNase/RNase (1 mg/mL DNase I, 500 μg/mL
RNaseA, 100 mM Tris, pH 7.5, 25 mM MgCl2, and 5 mM CaCl2) and 5× sample buffer
(10 mM EDTA, 2% sodium dodecyl sulfate, 0.2 M 2-mercaptoethanol, 20% glycerol, 20 mM
Tris-HCl, pH 6.8, and 0.2% bromophenol blue) before being heated at 95 ◦C for 5 min
to denature the proteins. Samples were then cooled on ice (or stored at −20 ◦C) before
being resolved on a 7.5% SDS–polyacrylamide gel and subjected to Western blot analysis.
siRNA-transfected cells and RS (10 μM)-stimulated cells were collected in the same way
and resolved on 10% and 12% SDS–polyacrylamide gels, respectively.

After transferring the gel using iBlot stacks, membranes were incubated on an orbital
shaker for 1 h in TBST (10 mM Tris, pH 7.5, 150 mM NaCl, and 0.05% Tween20) containing
5% bovine serum albumin (BSA) at room temperature. Blots were subsequently incubated
with primary antibodies (SMAD4 (1:1000), pSMAD3 (1.3:1000) claudin-5 (1:1000), and
Rasgap (1:2000)) at room temperature for 2–3 h or overnight at 4 ◦C before washing and
probing with secondary antibody for 1 h at room temperature. An HRP-linked secondary
antibody was used for the SMAD4 and pSMAD3 blots, and IRDye 800CW secondary
antibodies were used for the claudin-5 blots. ECL substrate kits were used to visualize the
SMAD4 and pSMAD3 blots. The claudin-5 blots were visualized with the Chemidoc MP
imager. The intensity of the bands was quantified using ImageJ.

170



Biomedicines 2023, 11, 2431

2.7. Statistical Analysis

Unless indicated otherwise, TEER data are mean ± SEM; all other data are mean ± SD.
Statistical significance of differences between means of two experimental groups was
assessed using the t-test; ANOVA was used when comparisons involved groups larger
than two. Significance was defined as p < 0.05.

3. Results

3.1. RS Prevented Barrier Relaxation by Distinct Agonists

We investigated the effect of RS on both basal and agonist-induced permeability in
primary human retinal endothelial cells (HRECs) using electric cell-substrate impedance
sensing (ECIS), which measures the electrical resistance across a monolayer of cells. Addi-
tion of RS rapidly improved basal barrier function and completely prevented VEGF from
relaxing the barrier (Figure 1A). Dose–response experiments indicated that 10 μM was
the minimum concentration of RS that had a maximal effect; 1 and 0.1 μM had a partial
effect and no effect, respectively. These observations resonate with a previous publication
investigating the influence of a panel of TGFβ receptor antagonists on basal and VEGF-
induced permeability [5]. We extended this line of investigation by considering the effect of
RS on cytokine-induced permeability. The effect was even more pronounced. RS not only
prevented TNFα or IL-1β permeability, but it also converted TNFα from a barrier relaxer to
a modest barrier enforcer (Figure 1B,D). Finally, RS prevented relaxation in response to the
combination of TNFα and VEGF (Figure 1C). These studies demonstrate that RS enforces
basal barrier function and prevents relaxation in response to multiple types of agonists.

The experiments in Figure 1 were conducted with HRECs cultured in high glucose
(30 mM). We recently reported that these experimental conditions induced hyperglycemia-
induced adaptation (HIMA) [11]. To test if the effects of RS described above were unique
to this in vitro model of diabetic retinopathy, we repeated key experiments with HRECs
cultured in normal glucose (5 mM). The effect of RS was the same in cells that had not
undergone HIMA (Figure S1). Thus, HG-induced changes to gene expression, osmolality,
and metabolism did not influence the response of cells to RS. We conclude that acquisition
of HIMA was not required for the RS effect, which is consistent with the report of Roudnicky
et al. using cells cultured in normal glucose [5].

3.2. Antagonizing TGFβ Signaling Was Insufficient for the RS Effect

In light of the well-established ability of RS to inhibit the kinase activity of TGFβ
receptors [5,12], we sought to test the hypothesis that RS enforced basal barrier function
and prevented agonist-induced relaxation by antagonizing constitutive TGFβ signaling.
We found that while RS inhibited TGFβ-induced signaling (Figure 2A), constitutive TGFβ
signaling (phosphorylation of SMAD3) was low (Figure 2A; see also the uncropped blot in
Figure S2. Furthermore, antagonizing the endogenous TGFβ pathway by suppressing the
expression of SMAD4 did not phenocopy the RS effect (Figure 2B,C; see also the uncropped
blot in Figure S2). In addition, exposing cells to exogenous TGFβ for either 18 or 48 h had
no effect on basal or VEGF-induced permeability (Figure 3 and [13]). These data show that
antagonizing or activating the TGFβ pathway did not influence basal or VEGF-mediated
barrier relaxation. Moreover, although RS prevented TGFβ signaling, this did not appear
to be how it enforced barrier function. This concept is supported by Roudnicky et al.,
showing that TGFβ receptor inhibitors other than RS (e.g., SB-431542) had no effect on
barrier function. This unique feature of RS appears to require more than suppression of
TGFβ-dependent signaling.
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Figure 1. RS prevented barrier permeability by distinct agonists. TEER tracings of cells treated
with either DMSO or 10 μM RS that was added concurrently with agonist vehicle (0.1% BSA in
water) or (A) 100 ng/mL VEGF, (B) 50 ng/mL TNFα, (C) 100 ng/mL VEGF and 50 ng/mL TNFα,
or (D) 50 ng/mL IL-1β. The TEER tracings from a single, representative experiment are shown; the
data are the mean ± SEM of 4 wells that were used for a single experimental condition. The bar
graphs show the average area under the curve (AUC) from three independent experiments. The AUC
was calculated for the time interval from 0 to 15 h. Differences between the indicated pairs were
determined using the Student’s t-test; * p < 0.05.
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Figure 2. RS’s inhibition of TGFβ-induced signaling was not responsible for its effect on agonist-
induced permeability. (A) Cells were pretreated with RS vehicle (DMSO) or 10 μM RS for 30 min
before adding TGFβ vehicle (0.1% BSA in water) or 50 ng/mL TGFβ for an additional 30 min, after
which time the cells were lysed and subjected to Western blot analysis with the indicated antibodies.
Band intensities were quantified using ImageJ. The pSMAD3/Rasgap ratio for the blot shown is
presented in the bar graph. Similar results (efficient RS-mediated suppression of the TGFβ pathway)
were observed on at least three independent occasions. (B) Same as Figure 1A, except the cells
were transfected with either siScramble or siSMAD4. The TEER tracing is of a single, representative
experiment; the bar graph is the compilation of at least three independent experiments. (C) The cells
used in panel (B) were subjected to Western blot analysis using the indicated antibodies. The blot is
of a single, representative experiment, while the bar graph shows the fold change in the intensity of
SMAD4 in three independent experiments. * p < 0.05; n.s. p > 0.05.

3.3. RS Prevented Agonist-Induced Pore Formation and VE-Cadherin Disorganization

To better understand how RS enforced barrier function, we investigated its influence on
pore formation and the organization of adherens junctions, which are components of the barrier
that are affected by many types of agonists [14]. To observe pore formation, we used a previously
described gelatin trapping assay (GTA) [10] in which cells are plated on biotinylated gelatin and
stained with fluorescently labeled streptavidin. Pores permit interaction between biotin and
streptavidin, which can be detected via fluorescent microscopy and quantified. The organization
of adherens junctions was assessed by co-staining the monolayers with a fluorescently labeled
anti-VE-cadherin antibody. Control experiments demonstrated the specificity of the signals that
were observed in this series of experiments (Figure S3).

Exposing cells to the combination of VEGF and TNFα for 5 h increased perme-
ability (Figure 1C) induced pore formation and disorganized the adherens junctions
(Figure 4). A high-magnification image shows that pores preferentially formed in ar-
eas where the adherens junctions had disorganized (Figure 4). RS prevented all of these
changes (Figures 1C and 4). While RS improved the electrical resistance of the barrier in
unstimulated cells (Figure 1), RS did not detectably affect pores or the organization of the
adherens junctions under such experimental conditions (Figure 4). These data indicate
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that a plausible mechanism by which RS suppresses agonist-induced permeability is by
preventing changes in the barrier that are required for its relaxation.

 

Figure 3. Overnight treatment of TGFβ had no effect on VEGF-induced permeability. Cells were
pretreated overnight with 50 ng/mL TGFβ or TGFβ vehicle (0.1% BSA in water), and then 100 ng/mL
VEGF or PBS (control) was added, and the TEER tracing was recorded for the indicated duration.
The TEER tracing from a single, representative experiment is shown; the data are the mean ± SEM of
the 4 wells that were used for a single experimental condition. The bar graphs show the mean ± SD
of the area under the curve (AUC) from three independent experiments. The AUC was calculated for
the time interval from 0 to 20 h. Differences between the indicated pairs were determined using the
Student’s t-test; n.s. p > 0.05.

Figure 4. RS prevented agonist-induced pore formation and VEC disorganization. (A) Cells that had
been treated with the indicated agents were subject to the GTA assay as described in the Materials
and Methods section. The top row of this panel shows staining with an anti-VE-cadherin antibody,
which reveals the nature of the adherens junction. (B) Quantification of pore intensity (red signal).
The bars are the median of the intensity from two arbitrarily selected images; error bars show the
range. In 3 independent experiments, RS inhibited VEGF/TNFα-induced pore formation. (C) High
magnification of the boxed region within the merged VEGF and TNFα image (the third panel from
the right in the bottom row). This panel demonstrates that pores formed preferentially in regions of
VEC disorganization.

We also considered whether the RS effect was associated with increased expression of
claudin-5, a component of tight junctions that contributes to endothelial barrier stability [15].
As expected, and as in [5], expression of claudin-5 was markedly increased following
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exposure to RS for 24 h (Figure S4; see also the uncropped blot in Figure S5). However, the
level of claudin-5 was unchanged in cells incubated with RS for 1 or 6 h (Figure S4; see also
the uncropped blot in Figure S5). Because the RS effect was observed very quickly, well
before the increase in expression of claudin-5, we conclude that upregulation of claudin-5
is unlikely to be responsible for how RS stabilized the barrier in our experimental setting.

3.4. RS Reclosed the Barrier Relaxed by Distinct Agonists

In addition to preventing agonist-induced permeability (Figure 1), we considered
whether RS was able to reclose a relaxed barrier. The design of these experiments was
to first relax the barrier for 8 h with VEGF, TNFα, or their combination before adding RS
and continuing to record the permeability of the monolayers. Thus, we tested if RS could
reclose the barrier in the continued presence of the agonist that relaxed it.

RS partially reclosed a barrier relaxed by VEGF, and the maximum effect took approxi-
mately 4 h (Figure 5A). In contrast, RS completely and quickly overcame TNFα-induced
permeability (Figure 5B). Cells treated with both VEGF and TNFα responded to the addi-
tion of RS in a manner similar to cells treated with VEGF alone (Figure 5C). It seems likely
that the combination of RS and anti-VEGF treatment would completely reclose the barrier
because anti-VEGF is more effective than RS at reclosing a VEGF-relaxed barrier (ref. [9]
and Figure 6 below). These results indicate that RS induced reclosure of the barrier in the
continued presence of the agonist which relaxed it. Furthermore, the extent of this effect
was determined by the agonist.

 

Figure 5. RS reclosed barriers that were relaxed by distinct agonists. Barriers were relaxed with
either (A) 100 ng/mL VEGF, (B) 50 ng/mL TNFα, or (C) 100 ng/mL VEGF and 50 ng/mL TNFα
for 8 h before the addition of either RS vehicle (DMSO) or 10 μM RS. Each TEER tracing is from
a single, representative experiment along with the bar graph showing the area under the curve
(AUC) for that experiment, which was calculated for the time interval from 15 to 20 h. The error
bars show the mean ± SEM for quadruplicate wells that were used for each experimental condi-
tion. The Student’s t-test was used to determine statistical significance between the indicated pairs.
* p < 0.05 Three independent experiments showed similar results. Repeat experiments can be found
in Figures S6–S8.
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Figure 6. Anti-VEGF reverses only VEGF-mediated barrier relaxation. Same as Figure 5, except afliber-
cept vehicle or aflibercept was used instead of RS. Barriers were relaxed with either (A) 100 ng/mL
VEGF, (B) 50 ng/mL TNFα, or (C) 100 ng/mL VEGF and 50 ng/mL TNFα for 8 h before the addition
of either aflibercept vehicle or aflibercept (anti-VEGF). TEER tracings are from a single, representative
experiment; the data are the mean ± SEM of the 4 wells that were used for each experimental condi-
tion. The bar graphs under the TEER tracings show the mean ± SD of the area under the curve (AUC)
for the TEER tracing shown above. The AUC was calculated for the time interval from 15 to 20 h.
Statistically significant differences between the indicated pairs were determined using the Student’s
t-test; * p < 0.05; n.s. p > 0.05. Three independent experiments showed similar results.

3.5. Comparison of RS with Anti-VEGF

In order to compare RS with anti-VEGF, we repeated the experiments described in
Figure 5 using an anti-VEGF (aflibercept) instead of RS. Anti-VEGF reclosed the barrier
relaxed with VEGF (Figure 6A) to a greater extent than RS (Figure 5A). Anti-VEGF had
no effect on the TNFα -relaxed barrier (Figure 6B), whereas RS completely reclosed it
(Figure 5B). Permeability driven by the combination of TNFα and VEGF was largely
insensitive to anti-VEGF (Figure 6C), whereas RS partially reclosed a barrier that had been
relaxed by this agonist combination (Figure 5C). We conclude that RS either completely
or partially overcame permeability driven by different types of agonists. In contrast, anti-
VEGF was effective only when VEGF was the sole agonist; under such conditions, it was
more effective than RS.

4. Discussion

We observed that the therapeutic potential of RS extended beyond the previously
reported inhibition of VEGF-induced permeability [5]. RS completely suppressed cytokine
(TNFα or IL-1β)-induced and even VEGF/TNFα-induced barrier relaxation. Furthermore,
RS either partially (VEGF) or completely (TNFα) reclosed barriers, despite the continued
presence of the relaxation-promoting agent. Finally, a head-to head comparison with anti-
VEGF indicated that RS stabilized barriers in the face of multiple types of agonists (VEGF
and cytokines), whereas anti-VEGF was effective when VEGF was the only agonist present.

176



Biomedicines 2023, 11, 2431

The results described herein, together with those published by other groups [12,16–18],
raise the question of how RS enforces barrier stability. While we observed the expected
RS-mediated inhibition of the TGFβ pathway, this did not appear to suffice in our exper-
imental system. Activating or suppressing the TGFβ pathway did not influence either
basal or agonist-driven permeability [13] (Figures 2 and 3). Furthermore, other TGFβ
pathway inhibitors (SB-431542) do not prevent VEGF-induced permeability [5]. While
these observations do not rule out a contribution of the TGFβ pathway, they show that
additional targets play an essential role in the effect of RS on barrier function.

Given that RS prevented agonists that engage distinct signaling pathways, it seems
most likely that the relevant RS target lies within steps controlling the barrier that are
common to multiple agonists (e.g., VEGF, TNFα, and IL1β) [19]. Indeed, RS prevented
pore formation and adherens junction disorganization driven by the combination of VEGF
and TNFα (Figure 4). While these data are consistent with the RS target being involved
with control of components of the barrier, they do not rule out the possibility that the target
is proximal to the receptor. For instance, candidate RS targets exist among the kinases
that are involved with clathrin-mediated internalization [5], a process that both VEGF
and TNFα receptors require for proper signal transduction [20,21]. It is plausible that RS
simultaneously antagonizes many kinases, and that inhibition of more than one of them is
required for the RS effect.

Is it likely that the relevant RS-regulated kinases govern expression of claudin-5?
Claudin-5 is a key component of tight junctions, and its expression declines in response
to agents that induce permeability [22]. Furthermore, RS increases the level of claudin-5,
and this change correlates with RS-mediated barrier stabilization [23]. However, while RS
increased expression of claudin-5 in HRECs, this occurred well after the barrier had been
stabilized (Figure S4). Thus, regulation of claudin-5 expression does not adequately explain
how RS stabilizes the barrier of HRECs. Additional studies are necessary to identify the RS
targets (kinases and pathways that they regulate) responsible for enforcing barrier function.

Unlike anti-VEGF, which physically binds and thereby neutralizes the agonist respon-
sible for destabilizing the barrier, RS prevented cells from responding to the agonist, despite
its continued presence. Similarly, RS reclosed a relaxed barrier without neutralizing the
agent instructing cells to keep the barrier open. This was especially dramatic with TNFα-
treated cells, in which case RS completely reclosed the barrier within minutes (Figure 5B).
The rapid and complete reclosure of the barrier raises the intriguing possibility that RS
engages an as yet-undescribed pathway that instructs cells to close a relaxed barrier.

The next steps to develop RS as a therapeutic include determining the best way to
deliver it (eye drops, slow-release depots implanted into the eye, etc.), its pharmacokinetics,
and its safety/toxicity. Investigators focused on outcomes other than permeability have
reported the feasibility of treating experimental animals with RS [16,18,24]. Given that RS
not only prevents agonist-induced permeability but also tightens the basal barrier, it will
be particularly important to assess the effect of RS on kidney function, which depends on
the relative high permeability of the glomerular vasculature. Additional considerations
include the spectrum of RS targets, especially within the TGFβ family.

5. Conclusions

RS stabilized the endothelial barrier in the face of both cytokines and VEGF. Conse-
quently, RS is a candidate therapeutic because of its capability of overcoming permeability
driven by multiple agonists that play a role in the pathology of DR.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines11092431/s1. Figure S1: The effect of RS was
independent of HIMA acquisition. Figure S2: Uncropped western blot images from Figure 2A with
molecular weight standards. Figure S3. Controls for the GTA shown in Figure 4. Figure S4. Claudin-5
expression increases after 24-h of RS treatment. Figure S5. Uncropped western blot images from
Figure S3 with molecular weight standards. Figure S6. Experimental repeats for Figure 5A. Figure S7.
Experimental repeats for Figure 5B. Figure S8. Experimental repeats for Figure 5C.
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