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Diabetes: A Multifaceted Disorder

María Grau 1,2,3,* and Carles Pericas 1
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2 Biomedical Research Consortium in Epidemiology and Public Health (CIBERESP), 08036 Barcelona, Spain
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Diabetes is a chronic disease associated with increased morbidity and mortality from
cardiovascular diseases cancer, chronic obstructive pulmonary disease, and kidney or liver
disease [1,2]. Despite the fact that aging is the main risk factor for the onset and progression
of type 2 diabetes mellitus (the most common type of diabetes), in recent decades, age-
standardized all-cause mortality in the population with type 2 diabetes has fallen more
than in the general population [3]. However, age-specific data indicate that this trend in the
total diabetes population is predominantly influenced by trends in those aged 80 or more
years. The figures observed in those younger than 80 years indicate that improvements in
the management of diabetes and its complications may not have translated into a direct
prevention of premature deaths related to type 2 diabetes [4].

This Special Issue of Biomedicines presents a compilation of high-quality scientific evi-
dence aimed at unraveling the molecular mechanisms involved in the association between
diabetes and comorbidities and at describing their clinical and therapeutic implications.
The issue has been structured accordingly and subdivided in three sections.

The first section focuses on diabetes mellitus itself; the second focuses on the com-
plications of such a disorder—particularly nephropathy, polyneuropathy, and diabetic
retinopathy—and the third one presents the consequences of COVID-19 in the population
with diabetes.

The first section starts with a narrative review about the molecular mechanisms
implied in the failure of pancreatic β-cell failure [5]. The review is followed by a computa-
tional model aimed to analyze the effects of hyperlipidemia, particularly free fatty acids, on
pancreatic beta cells and insulin secretion [6]. After, two experimental studies, the first ex-
amines the role of tyrosine isoforms ortho- and meta-tyrosine in the development of insulin
resistance [7]. The second, conducted in a mouse model, focuses on the impairment of the
insulin signaling pathway in the placenta during pregnancies complicated by maternal obe-
sity and gestational diabetes mellitus [8]. Additionally, four studies conducted in human
samples have been included. The first one is a cross-sectional study, which assessed the
relationship between adipokines, and their ratio with obesity and diabetes [9]. The second
one is an intervention study, which evaluated a 13-week personalized lifestyle intervention
in newly diagnosed type 2 diabetes mellitus. The results showed an improvement in type
2 diabetes mellitus parameters compared with patients who received usual care [10]. The
final two studies are narrative reviews devoted to the treatment of diabetes mellitus. One
suggests that the nuclear factor-kappa B could be a target for an anti-inflammatory strategy
in preventing and treating diabetes when immunoglobulin-free light chain is modified [11].
The second focuses on the role of β-cell mass/proliferation pathways, dysregulated in
diabetes, in treating and reversing diabetes as well as the current therapeutic agents studied
to induce β-cell proliferation [12].

In the second section, three manuscripts show the broad spectrum of pathologies
related with diabetes. First, an experimental study in a mouse model presents the detection
of MORG1 expression, a scaffold protein, as a promising strategy to reduce lipid metabolic
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alterations in diabetic nephropathy [13]. Regarding the other studies, conducted in human
samples, Fujishiro et al. evaluated the impact of plasma xanthine oxidoreductase activity on
the mechanisms of distal symmetric polyneuropathy development [14], and Boned-Murillo
et al. performed a systematic review to analyze the current applications of optical coherence
tomography angiography and to provide an updated overview on its role in the evaluation
of diabetic retinopathy [15].

Finally, COVID-19 also has a space in our Special Issue, with two scientific works.
The first article is a narrative review, which provides an overview of the most recent
studies that determine type 2 diabetes mellitus as a risk factor and link it to poor prognosis
of COVID-19 [16]. The second one assessed how alpha-2 macroglobulin, apolipoprotein
A1, and haptoglobin are associated with the risk of liver fibrosis, inflammation, and
COVID-19 in patients with non-alcoholic fatty liver disease with or without type 2 diabetes
mellitus [17].

The variety of updated topics included from different approaches shows the need
for more efficient preventive activities to reduce the incidence of this disease and its
related complications.

On one final note, it is important to point out that diabetes is a worldwide public
health problem that can be explained by the classic model of the determinants of health.
This model shows how individual lifestyles are embedded in social norms and networks
and in living and working conditions, which in turn are related to the wider socioeco-
nomic and cultural environment [18]. Therefore, success in preventing diabetes mellitus
and its associated complications not only depends on the individual but also on social
and community networks as well as general socioeconomic, cultural, and environmen-
tal conditions [19]. Indeed, the final aim is to create conditions that ensure good health
and social care for an entire population through the development and implementation of
preventive strategies, promotion of healthy lifestyles, protection from diseases, and the
design of targeted screening strategies. This aligns with the United Nations Sustainable
Development goal number 3, good health and well-being, which includes the achievement
of universal health coverage and access to quality essential healthcare services. In addition,
this also has a direct link to goal number 10, which focuses on reducing inequalities within
and among countries [20].

Additionally, we have analyzed the gender balance and authors’ nationalities in this
Special Issue. Although 62% of the first authors are women, after analyzing the percentage
of senior authors by gender, this figure dropped to 38%. The authors of the works included
are from nine different countries, guarantying an international representation.

Author Contributions: Both authors (M.G. and C.P.) have significantly contributed to the manuscript
writing and critical review. All authors have read and agreed to the published version of the manuscript.
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Molecular Mechanism of Pancreatic β-Cell Failure in Type 2
Diabetes Mellitus

Hideaki Kaneto 1,*, Tomohiko Kimura 1, Masashi Shimoda 1, Atsushi Obata 1, Junpei Sanada 1, Yoshiro Fushimi 1,

Taka-aki Matsuoka 2 and Kohei Kaku 1
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* Correspondence: kaneto@med.kawasaki-m.ac.jp

Abstract: Various important transcription factors in the pancreas are involved in the process of pan-
creas development, the differentiation of endocrine progenitor cells into mature insulin-producing
pancreatic β-cells and the preservation of mature β-cell function. However, when β-cells are con-
tinuously exposed to a high glucose concentration for a long period of time, the expression levels
of several insulin gene transcription factors are substantially suppressed, which finally leads to
pancreatic β-cell failure found in type 2 diabetes mellitus. Here we show the possible underlying
pathway for β-cell failure. It is likely that reduced expression levels of MafA and PDX-1 and/or
incretin receptor in β-cells are closely associated with β-cell failure in type 2 diabetes mellitus. Ad-
ditionally, since incretin receptor expression is reduced in the advanced stage of diabetes mellitus,
incretin-based medicines show more favorable effects against β-cell failure, especially in the early
stage of diabetes mellitus compared to the advanced stage. On the other hand, many subjects have
recently suffered from life-threatening coronavirus infection, and coronavirus infection has brought
about a new and persistent pandemic. Additionally, the spread of coronavirus infection has led to
various limitations on the activities of daily life and has restricted economic development worldwide.
It has been reported recently that SARS-CoV-2 directly infects β-cells through neuropilin-1, leading
to apoptotic β-cell death and a reduction in insulin secretion. In this review article, we feature a
possible molecular mechanism for pancreatic β-cell failure, which is often observed in type 2 diabetes
mellitus. Finally, we are hopeful that coronavirus infection will decline and normal daily life will
soon resume all over the world.

Keywords: PDX-1; MafA; incretin reeceptor; GLP-1 receptor activator; coronavirus infection

1. A Variety of Pancreatic Transcription Factors Are Involved in the Development of
the Pancreas and Differentiation of Endocrine Progenitor Cells into Mature Pancreatic
β-Cells: Pancreas-Related Phenotype in Knockout Mice of Each Transcription Factor

Pancreatic islets are composed of α-, β-, δ-, ε-, and PP-cells, which secrete glucagon,
insulin, somatostatin, ghrelin, and pancreatic polypeptide, respectively. A variety of
pancreatic transcription factors are involved in the development of the pancreas and
differentiation of endocrine progenitor cells into mature β-cells. Pancreatic and duodenal
homeobox factor-1 (PDX-1) was identified by several independent research groups at
around the same time. It is well known that PDX-1 plays a crucial role in the early stage
of the development of the entire pancreas [1–12]. Hb9 plays an important role in the
development of the dorsal pancreas [13,14] (Table 1). Arx, Isl-1, Pax4, Pax6, Nkx6.1 and
Nkx2.2 are also involved in the development of the pancreas [15–26]. The phenotype in
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the pancreas in knockout mice of each transcription factor is as follows: Arx knockout mice,
absence of α-cells and increase in β- and δ-cells [26]; Isl-1 knockout mice, absence of islet
cells [15]; Pax4 knockout mice, absence of β-cells, decrease in δ-cells, and increase in α- and
ε-cells [16,23]; Pax6 knockout mice, absence of α-cells, decrease in β-, δ- and PP-cells, increase
in ε-cells [17,18,24]; Nkx6.1 knockout mice, decrease in β-cells; Nkx2.2 knockout mice,
absence of β-cells, decrease in α- and PP-cells, and increase in ε-cells [19,20,23] (Table 1).

Table 1. Expression pattern in mature islets and phenotype in the pancreas in knockout mice of each
pancreatic transcription factor.

Transcription
Factor

Expression Site
in Mature Islets

Pancreas-Related Phenotype
in Each Knockout Mouse

PDX-1 β- and δ-cells absence of the pancreas

Hb9 β-cells absence of the dorsal pancreas

Isl-1 all islet cells absence of islet cells and
dorsal pancreatic mesoderm

Pax4 not detected absence of β- and δ-cells
increase in α- and ε-cells

Pax6 all islet cells
absence of α-cells

decrease in β-, δ- and PP-cells
increase in ε-cells

Nkx2.2 α-, β- and PP-cells absence of β-cells
decrease in α- and PP-cells

Nkx6.1 β-cells decrease in β-cells

Ngn3 not detected absence of endocrine cells

NeuroD all islet cells decrease in endocrine cells

MafA β-cells decrease in insulin
biosynthesis and secretion

It is well known that PDX-1 plays a crucial role in the development of the whole
pancreas [1–12], the differentiation of endocrine progenitor cells into mature β-cells [27–37],
and maintenance of mature β-cell function [38–45]. PDX-1 is initially expressed in the
gut region in the early stages of embryonic development. PDX-1 expression is preserved
in endocrine progenitor cells during the development of the pancreas, but its expression
is restricted to insulin-producing β-cells in the mature pancreas. In PDX-1 knockout
mice, there was no pancreas [1], which clearly shows that PDX-1 plays a very important
role during the process of pancreas formation (Table 1). Moreover, pancreatic agenesis is
observed in subjects with loss of PDX-1 function [9]. In mature β-cells, PDX-1 transactivates
several β-cell-related genes including insulin, GLUT2 and glucokinase [41,42]. Abnormal
glucose metabolism, an increase in β-cell apoptosis and a decrease in islet mass were also
observed in PDX-1 hetero-deficient mice [13,42].

NeuroD and neurogenin3 (Ngn3) function as transcription factors in the pancreas.
NeuroD plays an important role in the development of the pancreas and in regulation as
insulin gene transcription in mature β-cells [46–52]. It was reported that in NeuroD knock-
out mice, the β-cell number was markedly reduced, leading to severe diabetes mellitus and
perinatal death [47] (Table 1). Neurogenin3 (Ngn3) is also involved in the differentiation of
endocrine progenitor cells [51–60]. After bud formation, Ngn3 is transiently expressed in
endocrine progenitor cells, and functions as a potential initiator of endocrine differentiation.
It was reported that in transgenic mice overexpressing Ngn3, endocrine cell formation was
markedly increased [52]. In contrast, it was reported that in Ngn3 knockout mice there
were no endocrine cells. These findings clearly show that Ngn3 plays a crucial role in
endocrine differentiation [53] (Table 1).
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MafA was identified by several independent research groups around the same time.
MafA transactivates insulin gene by binding the RIPE3b1 element, and its expression is
observed only in β-cells [61–72]. Furthermore, abnormality of glucose metabolism was
induced by MafA knockout [61]. In MafA knockout mice, insulin biosynthesis and glucose-
stimulated insulin secretion were reduced (Table 1). These findings clearly show that MafA
plays a crucial role in the maintenance of mature pancreatic β-cell function.

2. Reduced Expression Levels of Insulin Gene Transcription Factors Such as PDX-1 and
MafA Are Involved in Pancreatic β-Cell Failure Found in Type 2 Diabetes Mellitus

Recently, obesity has markedly increased all over the world. Previously, it was thought
that obesity was simple accumulation of fat tissues. However, it is now well known that
obesity exerts different effects on our body, depending on the site of fat deposition. Obesity
is the starting point of most metabolic diseases such as metabolic syndrome and type 2
diabetes mellitus. In subjects with obesity and/or metabolic syndrome, insulin resistance
develops mainly due to overeating and/or lack of exercise, but sufficient insulin is secreted
from intact β-cells to compensate for the insulin resistance. However, in subjects with
insulin resistance, β-cells have no choice but to produce and secrete larger amounts of
insulin, which finally leads to β-cell overwork. Additionally, β-cell function gradually
deteriorates due to a large amount of free fatty acids and/or various inflammatory cytokines
that are secreted from visceral fat tissues. This process is known as β-cell lipotoxicity. Such
β-cell overwork and lipotoxicity finally lead to the development of type 2 diabetes mellitus
in subjects with obesity and/or metabolic syndrome.

The major function of pancreatic β-cells is to secrete insulin when blood glucose levels
are increased. However, when β-cells are exposed to chronic hyperglycemia after the onset
of type 2 diabetes mellitus, β-cell function gradually deteriorates due to overwork for
insulin biosynthesis and secretion. Once hyperglycemia becomes overt, β-cell function
progressively deteriorates. Such β-cell failure is often observed in subjects with type 2
diabetes mellitus and is known as pancreatic β-cell glucose toxicity in clinical practice,
as well as in the islet biology research area. In the diabetic state, hyperglycemia and
the subsequently provoked oxidative stress suppress insulin biosynthesis and secretion
and finally lead to apoptotic β-cell death [73–85]. This reduction in insulin biosynthesis
and secretion is preserved by mitigating pancreatic β-cell failure with insulin preparation
or SGLT2 inhibitors [86–90]. Additionally, an important concept regarding β-cell failure
was recently proposed. It was shown that the reduction in β-cell mass was not only
due to apoptotic β-cell death but also due to differentiation of insulin-producing mature
β-cells into Ngn3-expressing endocrine progenitor cells [54,55]. Moreover, it was shown
that insulin therapy facilitated re-differentiation of Ngn3-expressing endocrine progen-
itor cells into insulin-producing mature β-cells [55]. These findings clearly show that
de-differentiation of insulin-producing mature β-cells into other cell types is involved in
pancreatic β-cell failure in type 2 diabetes mellitus. Additionally, such findings show that in-
sulin therapy protects β-cells not only through the suppression of apoptotic
β-cell death, but also through the facilitation of re-differentiation of progenitor cells into
insulin-producing mature β-cells.

Under diabetic conditions, oxidative stress is provoked through several pathways
and is involved in pancreatic β-cell failure [76]. Since the expression levels of antioxi-
dant enzymes in β-cells are very low compared to other tissues, it is thought that β-cells
are more easily damaged by oxidative stress compared to other kinds of cells or tissues.
Provoked oxidative stress reduces the expression levels of insulin and its transcription
factors PDX-1 and MafA. Consequently, it is likely that chronic exposure of β-cells to a high
glucose concentration finally leads to β-cell failure by inducing oxidative stress (Figure 1).
Additionally, it has been shown that such a reduction in insulin biosynthesis and secretion
together with a reduction in PDX-1 and MafA is preserved by mitigating pancreatic β-cell
failure with insulin preparation or SGLT2 inhibitors, especially in the early stage of diabetes
mellitus [86–90].
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Figure 1. Possible underlying pathway of β-cell failure. Chronic hyperglycemia provokes oxidative
stress and thus substantially reduces PDX-1 and MafA expression in nuclei, which finally reduces
insulin biosynthesis and secretion. After chronic exposure to a high glucose concentration, incretin
receptor expression level is also reduced, which leads to pancreatic β-cell failure.

It has been thought that the activated JNK pathway is, at least partially, associated
with β-cell failure. It was reported that inhibition of this pathway protected β-cells from
oxidative stress [91]. Additionally, it was shown that inhibition of the JNK pathway
suppressed nucleo-cytoplasmic translocation of PDX-1 induced by oxidative stress [92]. On
the other hand, it was reported that MafA expression was not clearly observed in almost all
β-cells expressing c-Jun, and that c-Jun overexpression with c-Jun expressing adenovirus
in β-cells significantly reduced MafA expression level [65]. Taken together, it is likely that
the activated JNK pathway and induced c-Jun expression are closely associated with β-cell
failure found in type 2 diabetes mellitus (Figure 1).

Moreover, it was clearly demonstrated that MafA overexpression in β-cells preserved
β-cell mass and function and finally alleviated β-cell failure, which is often observed
in type 2 diabetes mellitus [67]. In β-cell-specific MafA overexpressing transgenic mice,
plasma insulin levels were increased, and plasma glucose levels were decreased. Addition-
ally, β-cell mass was preserved, and insulin biosynthesis and secretion were preserved in
the β-cell-specific MafA transgenic mice [67]. In conclusion, it is likely that down-regulation
of MafA expression is closely associated with β-cell failure found in type 2 diabetes mellitus.

In addition, it is known that the transcription factor Nrf2 plays a crucial role in pro-
tecting β-cells from oxidative stress. The preservation of β-cell mass and function largely
depends on the presence of Nrf2. Indeed, it was reported that activated Nrf2 alleviates
inflammation and maintains β-cell mass by suppressing apoptotic β-cell death and pro-
moting β-cell proliferation. [84]. Various kinds of Nrf2 activators have been examined in
clinical trials for the treatment for the preservation of β-cell function and mass in addition
to the prevention of diabetic complications. We think that modulating Nrf2 activity in
β-cells would be a promising and useful therapeutic approach for the treatment of type 2
diabetes mellitus.

3. Alteration of Exosome microRNAs in Pancreatic β-Cells Is, at Least in Part, Involved
in Pancreatic β-Cell Failure Found in Type 2 Diabetes Mellitus

It has been thought that exosomes are a useful tool for the diagnosis and treatment
of various diseases in the early stage of the disease. It has been shown that various kinds
of exosome-microRNAs such as miR-375 and miR-29 are associated with abnormality
of glucose and lipid metabolism [93–95]. Among them, miR-375 is closely associated
with pancreatic β-cell failure. First, a combination of inflammatory cytokines induces a
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significant change in miR-375 expression level [96]. Second, since miR-375 expression
level is higher in subjects with diabetes mellitus compared to those without it, it is likely
that miR-375 is an early marker of β-cell failure. Third, miR-375 is important for glucose-
regulated insulin secretion. Indeed, when human embryonic stem cells differentiate into
endodermal lineages, miR-375 expression level is substantially increased. Taken together,
miR-375 plays an important role in the process of pancreas development, β-cell growth
and proliferation, and insulin secretion, which could be regulated by the above-mentioned
pancreatic transcription factors. Furthermore, since miR-375 plays a crucial role in β-cells,
it may be a potential target to treat diabetes mellitus. In addition, microRNAs secreted
from β-cells can be transferred to other tissues, which in turn regulates β-cell activity.
For instance, when miR-26a is transferred to the liver, it enhances insulin sensitivity and
alleviates the abnormal glucose metabolism [97]. In conclusion, the alteration of exosome
microRNAs in β-cells is, at least in part, involved in pancreatic β-cell failure found in type
2 diabetes mellitus.

4. Impairment of Incretin Signaling in Pancreatic β-Cells Is, at Least in Part, Involved
in Pancreatic β-cell Failure Found in Type 2 Diabetes Mellitus

Two kinds of incretins, GLP-1 and GIP bind to each receptor in β-cells and facilitate
insulin secretion. Such insulin secretion is regulated through various pathways in β-cells. First,
cyclic adenosine monophosphate (cAMP) facilitates insulin secretion through phosphorylation
of protein kinase A (PKA). Second, cAMP has another target Epac in β-cells [98–101]. Third, a
physiologically low concentration of GLP-1 activates protein kinase C (PKC) and enhances
insulin secretion [102]. Taken together, it is likely that GLP-1 enhances glucose-stimulated
insulin secretion through various pathways, depending on its concentration.

It has been reported, however, that expression levels of incretin receptors in β-cells are
reduced under diabetic conditions, leading to the impairment of incretin effects [103,104]
(Figure 1). It has also been shown that a reduction in transcription factor 7-like 2 (TCF7L2)
expression level is involved in the reduced incretin receptor expression [105–107]. Taken
together, down-regulation of incretin receptor expression after chronic exposure to a high
glucose concentration is likely associated with the impairment of incretin effects and is
involved in β-cell failure found in type 2 diabetes mellitus.

It has also been reported that TCF7L2 is closely associated with the maintenance of
β-cell mass and function though activation of the AKT and mTOR pathway [108–111].
Indeed, inactivation of TCF7L2 impairs insulin secretion and abnormality of glucose
metabolism. Additionally, it is known that common genetic variations of TCF7L2 are
associated with type 2 diabetes mellitus and that subjects with its high-risk allele of TCF7L2
show impaired insulin secretion [112–116].

5. Incretin-Based Medicine Shows Protective Effects against Pancreatic β-Cell Failure
Found in Type 2 Diabetes Mellitus

Incretin-based medicines such as the GLP-1 receptor activator and DPP-IV inhibitor
ameliorate glycemic control and mitigate the deterioration in β-cell function in human
subjects as well as animal models. It has been reported that the GLP-1 receptor acti-
vator preserves pancreatic β-cell function and mass in several types of type 2 diabetes
animals [117–123]. For instance, it was shown that when type 2 diabetes db/db mice
were treated with the GLP-1 receptor activator, liraglutide for 2 weeks, insulin biosynthe-
sis and glucose-stimulated insulin secretion were increased [117]. Liraglutide enhanced
the gene expression involved in cellular differentiation (Hb9, NeuroD and PDX-1) and
proliferation (cyclin D and Erk-1) in pancreatic islets even in normoglycemic m/m mice,
strongly suggesting the direct effect of GLP-1 on β-cell kinetics [117]. There have been
several similar reports so far, indicating that the GLP-1 receptor activator exerts protective
effects on β-cell mass and function in other kinds of diabetic model animals [120–123].
Indeed, in alloxan-induced diabetic mice, both β-cell mass and function were substantially
preserved by liraglutide treatment, which led to amelioration of glycemic control [120]. It
was also shown that β-cell mass was preserved by liraglutide treatment due to an increase
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in β-cell proliferation and a decrease in β-cell apoptosis. Moreover, the beneficial effects
of liraglutide in these mice were preserved even 2 weeks after drug withdrawal [120].
In conclusion, incretin-based medicine shows protective effects against pancreatic β-cell
failure in type 2 diabetes mellitus.

It has been shown that the GLP-1 receptor activator shows more beneficial effects in
the early stages of diabetes mellitus [118,119]. Obese type 2 diabetic db/db mice were
treated with GLP-1 receptor activator liraglutide and/or insulin sensitizer pioglitazone for
2 weeks at 7 weeks old as the early stage and at 16 weeks old as the advanced stage. Insulin
biosynthesis and glucose-stimulated insulin secretion were markedly enhanced by the
treatment only in the early stage. [119]. We assume that reduced GLP-1 receptor expression
after chronic exposure to a high glucose concentration explains why the GLP-1 receptor
activator did not show beneficial effects in the advanced stage [119]. Taken together, we
should use incretin-based medicine in the early stages without hesitation or clinical inertia
in order to maintain β-cell mass and function and ameliorate glycemic control.

In addition, it was shown that DPP-IV inhibitor together with SGLT2 inhibitor exerted
more favorable effects on β-cell function and mass, especially in the early stage of diabetes
mellitus compared to the advanced stage in type 2 diabetic db/db mice [90]. In the study,
7-week-old and 16-week-old db/db mice were used as an early and advanced stage of
diabetes mellitus, respectively, and all mice were treated for 2 weeks with DPP-IV inhibitor,
linagliptin and/or SGLT2 inhibitor, empagliflozin. In the combination group, β-cell mass
and function were significantly preserved compared to those without treatment only at
the early stage, together with enhanced β-cell proliferation [90]. Taken together, such
combination therapy shows beneficial effects on β-cells, particularly in the early stages.

6. GLP-1 Receptor Activator Shows Protective Effects against Pancreatic β-Cell Failure
for a Long Period of Time without Down-Regulating GLP-1 Receptor Expression Level
in β-Cells

In general, chronic exposure to a large amount of ligand leads to down-regulation of its
receptor. Additionally, it is known that the serum GLP-1 concentration becomes extremely
and non-physiologically high after usage of GLP-1 receptor activator. It remained unknown,
however, whether the long-time usage of GLP-1 receptor activator down-regulates its
receptor. However, it was reported that GLP-1 receptor expression was not reduced, even
after treatment with the GLP-1 receptor activator, dulaglutide for as long as 17 weeks in
type 2 diabetic db/db mice [124]. Treatment with dulaglutide ameliorated glycemic control
for 17 weeks in the mice compared to those without treatment. In addition, treatment with
dulaglutide enhanced insulin biosynthesis and glucose-stimulated insulin secretion [124].
Taken together, the GLP-1 receptor activator protects β-cells against glucose toxicity for a
long time due to preservation of GLP-1 receptor expression level in β-cells.

GLP-1 binds to its receptor in various kinds of cells, and the complex of GLP-1 ligand
and its receptor is internalized in the cells. It is thought that receptors that are internalized
in cells preserve their expression level compared to those without internalization. Conse-
quently, although speculative, we think that such characteristics of the GLP-1 receptor could
explain, at least in part, why GLP-1 receptor expression in β-cells was not down-regulated
even after long-term exposure to GLP-1 ligand. Moreover, a strategy for the use of some
drugs has been developed based on such phenomena [125–128].

7. SARS-CoV-2 Directly Infects Pancreatic β-Cells through Neuropilin-1, Leading to
Pancreatic β-Cell Failure such as Apoptotic β-Cell Death and Reduction in
Insulin Secretion

Many subjects have recently suffered from life-threatening coronavirus infection, es-
pecially coronavirus-mediated pneumonia, all over the world, and coronavirus infection
has brought about a new and persistent pandemic. The mortality in subjects with coron-
avirus infection is extremely high, and the main reason for this is coronavirus-mediated
pneumonia [129]. It seems that in subjects with a coronavirus infection, various kinds of
inflammatory cytokines are produced and are likely associated with the aggravation of
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infection. The defense mechanism against the inflammation is substantially weakened,
especially in elderly subjects with comorbidities such as diabetes mellitus. Indeed, it was
shown that the mortality rate due to coronavirus infection was quite high in subjects with
diabetes mellitus [130,131]. Additionally, the spread of coronavirus infection has led to var-
ious limitations on the activities of daily life and the obstruction of economic development
all over the world. However, we are hopeful that coronavirus infection will decline and
normal daily life will soon resume all over the world

It is thought that there is some association between diabetes mellitus and coronavirus
infection. Although it remains unclear, subjects with diabetes mellitus are more easily
infected with coronavirus compared to healthy subjects, and it is likely that coronavirus
infection becomes severe more easily in subjects with poor glycemic control compared to
healthy subjects. In addition, although it has been thought that the deterioration of β-cell
function is a key factor in the pathogenesis of diabetes mellitus due to coronavirus infection,
it remains controversial as to whether β-cells are directly damaged by coronavirus or
not. Indeed, it is thought that the coronavirus does not directly infect β-cells because of
the low expression level of angiotensin-converting enzyme 2 (ACE2), which allows the
coronavirus to go into cells [132,133]. Very recently, however, it has been reported that
SARS-CoV-2 directly infects β-cells through neuropilin-1, leading to apoptotic β-cell death
and a reduction in insulin secretion [134–139] (Figure 2). It was reported that there was
SARS-CoV-2-containing nucleocapsid protein in β-cells after infection with SARS-CoV-2.
It was also shown that such phenomena were suppressed by a neuropilin-1 antagonist.
These data clearly indicate that neuropilin-1 is important for SARS-CoV-2 to go into β-
cells. Furthermore, it was shown that neuropilin-1 expression was high in β-cells with
SARS-CoV-2 infection compared to those without the infection. Infection with SARS-CoV-2
increases TUNEL-positive apoptotic β-cell death. Indeed, it was reported that infection
with SARS-CoV-2 stimulated p21-activated kinase (PAK) and c-Jun N-terminal kinase (JNK)
pathways in β-cells (Figure 2). Activation of the JNK pathway finally increases apoptotic
β-cell death and reduces insulin secretion. In addition, as described above, it has been
shown that activation of the JNK pathway reduces the expression level and activity of
insulin gene transcription factor PDX-1, which we assume also leads to a reduction in
insulin biosynthesis and secretion. It was also shown that the expression of α-cell markers
and acinar cell markers was increased in β-cells after SARS-CoV-2 infection. Therefore,
it is possible that β-cells undergo trans-differentiation to α-cells or acinar cells after the
infection. It was also reported that eIF2-mediated response was closely associated with the
pathology of β-cell failure induced by SARS-CoV-2 infection. (Figure 2). In conclusion, it is
likely that SARS-CoV-2 directly infects pancreatic β-cells through neuropilin-1, and various
pathways are activated in β-cells, and finally, apoptotic β-cell death, a reduction in insulin
secretion, and trans-differentiation of β-cells into other cell types are brought about by the
activation of various pathways in β-cells (Figure 2).
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Figure 2. Pancreatic β-cell failure induced by coronavirus infection. SARS-CoV-2 directly binds to
NRF1 and ACE2 in pancreatic β-cell membrane. Then, PAK, JNK and eIF2α are activated within
pancreatic β-cells, which finally leads to increase in apoptotic β-cell death, reduction in insulin
biosynthesis, and trans-differentiation of β-cells to other cell types.

8. Conclusions

Various transcription factors play crucial roles in the differentiation of endocrine
progenitor cells into mature insulin-producing β-cells and preservation of adult β-cell
function. However, after the exposure of β-cells to a high glucose concentration for a
long period of time under diabetic conditions, the expression levels and activities of
PDX-1 and MafA are reduced, which leads to β-cell failure. Additionally, the expression
levels of incretin receptors in β-cells are reduced after the onset of diabetes mellitus. It is
likely that the reduced expression level of insulin gene transcription factors and incretin
receptors explains, at least in part, the molecular mechanism for β-cell failure found in
type 2 diabetes mellitus. Additionally, since incretin receptor expression is reduced in the
advanced stage of diabetes mellitus, incretin-based medicine shows more favorable effects
against β-cell glucose toxicity, especially in the early stage of diabetes mellitus compared
to the advanced stage. On the other hand, many subjects have recently suffered from
life-threatening coronavirus infection and coronavirus infection has brought about a new
and persistent pandemic. Additionally, coronavirus infection has led to various limitations
on daily activities and restricted economic development worldwide. It has been reported
recently that SARS-CoV-2 directly infects β-cells through neuropilin-1, leading to apoptotic
β-cell death and reduction in insulin secretion. Additionally, it was shown that there was
SARS-CoV-2-containing nucleocapsid protein in β-cells after coronavirus infection. In this
review article, we featured a possible molecular mechanism for pancreatic β-cell failure,
which is often observed in type 2 diabetes mellitus. Finally, we are hopeful that coronavirus
infection will be cleared up and normal daily life will soon resume all over the world.
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Abstract: A link between oxidative stress and insulin resistance has been suggested. Hydroxyl free
radicals are known to be able to convert phenylalanine (Phe) into the non-physiological tyrosine
isoforms ortho- and meta-tyrosine (o-Tyr, m-Tyr). The aim of our study was to examine the role of
o-Tyr and m-Tyr in the development of insulin resistance. We found that insulin-induced uptake of
glucose was blunted in cultures of 3T3-L1 grown on media containing o- or m-Tyr. We show that
these modified amino acids are incorporated into cellular proteins. We focused on insulin receptor
substrate 1 (IRS-1), which plays a role in insulin signaling. The activating phosphorylation of IRS-1
was increased by insulin, the effect of which was abolished in cells grown in m-Tyr or o-Tyr media. We
found that phosphorylation of m- or o-Tyr containing IRS-1 segments by insulin receptor (IR) kinase
was greatly reduced, PTP-1B phosphatase was incapable of dephosphorylating phosphorylated m-
or o-Tyr IRS-1 peptides, and the SH2 domains of phosphoinositide 3-kinase (PI3K) bound the o-Tyr
IRS-1 peptides with greatly reduced affinity. According to our data, m- or o-Tyr incorporation into
IRS-1 modifies its protein–protein interactions with regulating enzymes and effectors, thus IRS-1
eventually loses its capacity to play its role in insulin signaling, leading to insulin resistance.

Keywords: insulin resistance; oxidative stress; hydroxyl free radical; ortho-tyrosine; meta-tyrosine;
IRS-1; phosphorylation; dephosphorylation

1. Introduction

1.1. Pathogenesis of Insulin Resistance

The pathogenesis of type 2 diabetes is complex [1,2], but one of the hallmarks of
the development of type 2 diabetes—at least in obese patients with type 2 diabetes—
is peripheral chronic insulin resistance, with a reduced uptake of glucose into adipose
tissue [3]. The triggering factor for insulin resistance is oxidative stress due to systemic
subclinical inflammation and hormonal interactions which all induce oxidative stress
by the activation of nicotinamide nucleotide (NAD(P)H) oxidase enzyme [4]. In obesity,
overfeeding may lead to glycotoxicity and lipotoxicity. This is especially the case for the
liver, as non-alcoholic fatty liver disease is a frequent companion to obesity. The affected
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tissues may face serious damage, and with time, exhaustion of the mitochondria. The
strong beta-oxidation and uncoupling of the production of adenosine triphosphate (ATP)
and terminal oxidation may lead to a higher rate of the formation of reactive oxygen species
(ROS), contributing to the development of insulin resistance [5].

1.2. Acute Insulin Resistance

Acute insulin resistance induced by tumor necrosis factor alpha (TNFα) or dexametha-
sone could be ameliorated by the antioxidants N-acetylcysteine, manganese (III) tetrakis
(4-benzoicacid) porphyrin (MnTBAP), or by induction of antioxidant enzymes such as
superoxide dismutase or catalase [6]. These data suggest a strong connection between
oxidative stress and the development of acute insulin resistance.

1.3. Chronic Insulin Resistance

In clinical settings, chronic antioxidant therapy of patients (e.g., in the case of diabetic
neuropathy using alpha-lipoic acid) is able to improve chronic insulin resistance [7]. More-
over, using the so-called “breakthrough” therapy, a 2–4 week decrease in glucotoxicity
is able to normalize glycemia by decreasing insulin resistance for months or years [8,9].
Because clinical insulin resistance can be reverted, it is not an alteration of the DNA, but
rather some type of protein abnormality; this can be hypothesized given the background of
this oxidative stress-induced clinical condition.

This theory is further augmented by the observation that a low advanced glycation
end products (AGE) diet, which is associated with a state of increased oxidative stress and
subclinical inflammation, ameliorated insulin resistance in obese people with the metabolic
syndrome [10].

Oxidative stress may develop in type 2 diabetes mellitus because of the activation of
the polyol pathway leading to a depletion in the glutathione pool, non-enzymatic glycation,
and interaction of the resulting AGEs with their receptors (receptor for AGE, RAGE), which
in turn may augment the same pro-oxidant NAD(P)H oxidase (NOX) via protein kinase
C signaling and the hexosamine pathway. Moreover, superoxide overproduction in the
mitochondria due to hyperglycemia may activate all of these pathways, resulting in a
vicious cycle [11] (Figure 1).

 

Figure 1. Chronic exposure leading to oxidative stress and insulin resistance [6,10–33]. Those
factors are listed which cause oxidative stress and insulin resistance at the same time in a chronic
setting. The arrows indicate a causal relationship between alterations in the circulation leading to
intracellular abnormalities.
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1.4. Tyrosine Isomers and Hydroxyl Free Radical

Reactive oxygen species (ROS) that arise from oxidative stress processes are highly
reactive and may attack macromolecules, such as lipids, nucleic acids, proteins, and amino
acids [34]. Stable products of ROS-derived macromolecular damage may be used as
markers of oxidative stress.

Phenylalanine (Phe) is an essential amino acid that is further used for the production
of para-tyrosine, dihydroxy-phenylalanine (DOPA), catecholamines, melanine, and thyroid
hormones [35]. Beyond these important enzymatic reactions, Phe, due to the vulnerability
of its aromatic ring, may also be a subject of non-enzymatic oxidation processes, i.e., the
attack of ROS [36]. The isomers of the physiological para-tyrosine (p-Tyr), namely meta-
and ortho-tyrosine (m-Tyr and o-Tyr), are formed this way [36] (Figure 2).

 
Figure 2. Hydroxyl free radical induced production of tyrosine isomers.

1.5. Non-Physiological Tyrosine Isomers as Markers

Elevated levels of m- and/or o-Tyr have been described in the vascular wall of
cynomolgus monkeys [37] as well as in cataract lenses [38]. In previous studies by our
group, the non-physiological Tyr isomers (m- and o-Tyr) have been shown to be oxidative
stress markers in patients with type 2 diabetes with or without chronic kidney disease [39]
in patients with end-stage renal disease or patients with severe sepsis. We have also shown
that type 2 diabetic patients treated with resveratrol showed a decrease in urinary excretion
of o-Tyr, and a concomitant improvement in insulin resistance [40]. These data suggest that
m- and o-Tyr may be used as markers of oxidative stress.

1.6. Non-Physiological Tyrosine Isomers as “Makers”

Furthermore, m- and o-Tyr may have a role beyond being markers ROS attack. Namely,
m-Tyr has been shown to act as a natural herbicide and inhibit the growth of plants [41].
Additionally, m-Tyr seems to be involved in the inhibition of concomitant tumor growth [42].
These data suggest that m-Tyr is more than just a marker, but it also plays a pathogenetic
role under some circumstances. For example, we have described that patients on renal
replacement therapy show a connection between plasma levels of o-Tyr and erythropoietin
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(EPO) resistance. In a further set of experiments, m- and o-Tyr inhibited the EPO-dependent
proliferation of erythroblasts, in a time- and dose-dependent manner [43].

With all of the above-mentioned data taken into account, we hypothesized that m- and
o-Tyr—on the basis of their potential role in EPO-resistance—are able to induce chronic
insulin resistance in fat cells, HEK cells, podocytes, and macrophages, and that intracellular
signaling of insulin may be disrupted this way.

Thus, proof-of-concept experiments were designed to address this question. Our
results suggest that oxidative stress-induced o- and m-Tyr could incorporate into cellular
proteins, interfere with insulin signaling, inhibit glucose uptake, and thus induce chronic
insulin resistance.

2. Materials and Methods

2.1. Cell Culture

Early passages of mouse embryo fibroblast (3T3-L1) (ATCC, Manassas, VA, US) were
cultured in Dulbecco’s modified Eagle medium (DMEM, Sigma Aldrich, Budapest, Hun-
gary, CAT number: D6046; Invitrogen, Waltham, MA, USA, CAT number: 41966-029)
supplemented with 100 U/mL penicillin, 0.1 mg/mL streptomycin (Gibco, Budapest, Hun-
gary, CAT number: 15070-063) and 10% heat-inactivated Fetal Bovine Serum (FBS, Gibco,
CAT number: 16170-078), supplemented with 398 nM p-, m-, or o-Tyr (equimolar to the
original p-Tyr content of the medium) purchased from Sigma (CAT number: para-Tyr:
T8566, m-Tyr: T3629, o-Tyr: 93851). Media contained 25 or 5 mmol/L glucose (experiment
dependent) pyruvate and L-glutamine. Cells were grown at 37 ◦C and 5% CO2. Adipocyte
differentiation was achieved by DMEM supplemented with 10% FBS (Gibco, Csertex, Bu-
dapest, Hungary, CAT number: 10106-169) (FBS) and a 0.17 nmol/L insulin (Sigma Aldrich,
Budapest, Hungary, CAT number: I 9278), 0.5 nmol/L isobuthylmethylxanthine (Sigma
Aldrich, Budapest, Hungary, CAT number: I 5879), and 250 nmol/L dexamethasone (Sigma
Aldrich, Budapest, Hungary, CAT number: 861871) containing cocktail. From day 4 onward,
cultures were maintained in DMEM containing 1.5 μg/mL insulin and 10% FBS with a
medium change every other day until experimental treatments were started. After 90%
of the cell population reached the adipocyte phenotype, prior to all treatments, cells were
incubated overnight in serum-deprived medium. Experimental treatment was performed
in serum-deprived medium containing 200 or 400 nmol/L insulin, for 5 min.

The conditionally immortalized human podocyte cell line (provided by Moin Saleem,
University of Bristol, UK) was cultured in RPMI1640 medium (R8756, Sigma Aldrich,
Budapest, Hungary) supplemented with 10% heat-inactivated FBS (16170-078, Gibco, Bu-
dapest, Hungary), insulin-transferrin-selenium supplement (41400-045, Gibco), 100 U/mL
penicillin, 0.1 mg/mL streptomycin (P4333, Sigma), and 112.5 nM (equimolar to the orig-
inal p-Tyr content of the medium) para-, meta-, or ortho-Tyr. The cells were grown at
33 ◦C 5% CO2, and when they reached 40–60% confluency they were transferred to 37 ◦C
to differentiate. Following the thermoswitching, cells were kept on RPMI1640 medium
containing 2% FBS, antibiotics, and different tyrosines. Before every treatment, cells were
incubated in serum-deprived medium overnight.

HEK-293 immortalized cell line (ATCC, Manassas, VA, USA) of epithelial morphology
and the J774A.1 mouse BALB/C monocyte-macrophage cell lines (91051511-1VL, Sigma
Aldrich, Budapest, Hungary) were cultured in Petri dishes with a medium composed of
Dulbecco’s modified Eagle’s medium (DMEM, Sigma Aldrich, Budapest, Hungary, CAT
number: D6046, Invitrogen, CAT number: 41966-029), with a 10% heat-inactivated FBS
supplementation (16170-078, Gibco), insulin-transferrin-selenium supplement (41400-045,
Gibco, Budapest, Hungary,), 100 U/mL penicillin and 0.1 mg/mL streptomycin (P4333,
Sigma) and 398 nM para (5 and 25 mmol/L), meta-, or ortho-Tyr (T8566, T3629, 93851,
Sigma). Before treatment, cells were incubated in serum-deprived medium overnight as
well. After the treatment, cells were washed twice with saline (4 ◦C) and then exposed to
80 μL lysis buffer/plate, containing 1 mol/L Trisbase, pH 7.4, 1.15% Triton X, 0.2 mol/L
EGTA, pH 7, 0.5 mol/L EDTA, pH 8, 5 mg/mL phenylmethylsulfonyl fluoride (PMSF),
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0.1 mol/L dithiothreitol (DTT), 0.1 mol/L Na3VO4, 5 mg/mL aprotinin, 5 mg/mL leu-
peptin, and phosphatase inhibitor cocktails 1 and 2 (Sigma Aldrich, Budapest, Hungary,
CAT number: P5726 and P2850). Cells were scraped off mechanically and then were frozen
at −70 ◦C.

2.2. Isotope Glucose Uptake

Initially, cells were kept in glucose-free DMEM (Gibco, Csertex, Budapest, Hungary)
for 30 min and then were treated with 2, 20, 200, or 400 nmol/L insulin for 100 min.
Concurrently, 1 μCi/mL deoxy-D-glucose 2-[1 2-3H(N)] (3.7 × 104 Bq/mL) (Izotóp Intézet,
Budapest, Hungary) was added to the plates for 100 min. After scraping the cells into the
medium, they were centrifuged for 5 min at 1000 rpm. We dissolved the sediment in 70 μL
of lysis buffer, then glucose uptake was determined by scintillation counting by measuring
30 μL of the sample, using a Beckman LS 5000 TD counter, in counts per minute (CPM),
for five minutes each, with average activity was used as the outcome. Following freezing
overnight at −70 ◦C, protein concentration was measured with a Hitachi spectrophotometer.
Results were normalized for protein content [44].

2.3. HPLC Analysis

The type of tyrosine aimed to be measured determined the sample preparation. Meth-
ods were based on earlier publications with minor modifications [39].

To measure the total intracellular non-protein-bound tyrosine concentration, prior to
the freezing of samples overnight at −70 ◦C to achieve cell lysis, 200 μL distilled water was
added to each. After melting up, samples were centrifuged for 15 min at 15,000 rpm. A
total of 200 μL of the supernatant was mixed with 200 μL of 60% trichloroacetic acid. After
30 min incubation on ice, samples were centrifuged again at 15,000 rpm for 15 min. Then,
the supernatant was filtered and was diluted 5-fold and then 160 μL distilled water was
added to 40 μL of filtrate, followed by the injection of the mixture onto the HPLC column.

The total protein-bound cellular tyrosine content was measured by adding 200 μL
of distilled water to the samples, followed by freezing overnight at −70 ◦C to achieve
cell lysis. After melting and centrifugation for 10 min at 4000 rpm, 200 μL supernatant
was mixed with 200 μL 60% trichloroacetic followed by incubation on ice for 30 min to
precipitate proteins. After the second centrifugation for 10 min at 4000 rpm, the sediment
was resuspended in 1% trichloroacetic acid and 4 μL of 400 mmol/L desferrioxamine. A
total of 40 μL of 500 mmol/L butylated hydroxytoluene was added to the samples to avoid
possible free radical formation during hydrolysis. Then, 200 μL of 6 N hydrochloric acid
was added in order to hydrolyze the proteins at 120 ◦C overnight. The hydrolysate was
then filtered through a 0.2 μm filter (Millipore Co., Billerica, MA, USA) and 20 μL of the
filtrate was injected onto the HPLC column of a Shimadzu Class LC-10 ADVP HPLC system
(Shimadzu USA Manufacturing Inc., Canby, OR, USA) using a Rheodyne manual injector.

The amounts of p-, o-, m-Tyr and Phe in the samples were determined by measuring
their autofluorescence. Thus, no derivatization or staining was needed. Samples were
measured on a Shimadzu Class 10 HPLC system equipped with an RF-10 AXL fluorescent
detector (Shimadzu USA Manufacturing Inc., Canby, OR, USA). The mobile phase consisted
of 1% sodium acetate and 1% acetic acid dissolved in water. The separation took place on a
LiChroCHART 250-4 column (Merck KGaA, Darmstadt 64271, Germany) in an isocratic run.
Wavelengths of 275 nm for excitation and 305 nm for emission were used to assess p-, o-
and m-Tyr, while Phe was detected at 258 nm excitation and 288 nm emission wavelengths.
Determination of the area under the curve (AUC) plus external standard calibration was
used to calculate the precise concentrations of the amino acids.

2.4. Western Blot Analysis

The samples of lysates were vortexed and centrifuged (10 min, 13,000 rpm, at 4 ◦C).
Protein content of the samples was determined by the Lowry method using bovine serum
albumin as a standard. Samples were solubilized in 100 mmol/L Tris-HCl (pH 6.8), 4.0%
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sodium dodecyl sulphate (SDS), 20% glycerol, 200 mmol/L DTT, and 0.2% bromophenol
blue containing buffer. Samples (80 to 120 μg protein) were electrophoretically resolved
on 7.5% polyacrylamide gels and transferred to PVDF membranes (Amersham-Biotech,
AP Hungary, Budapest, Hungary). Membranes were stained with Ponceau dye to ensure
successful transfer. The non-specific antibody binding sites were blocked in 5% BSA in
TBS-T solution at room temperature for one hour. Membranes were incubated in the
primary antibodies anti-phospho-(Ser473)-Akt (Cell Signaling Technology, #7074, Beverly,
CA, USA), to detect p-Akt in a final dilution of 1:2000, or anti-phospho-(Tyr612)-IRS-1
(1:2000 I2658 Sigma, Budapest Hungary) and they were used overnight at 4 ◦C. Membranes
were washed three times for 5 min with TBS-T and incubated with HRP-conjugated anti-
rabbit IgG secondary antibody (#7074, Cell Signaling) diluted in the blocking solution
(1:4000) for one hour at room temperature. Membranes were washed three times for 5 min
with TBS-T.

To re-probe Western blots with alternative primary antibodies, the stripping of mem-
branes took place as follows: they were washed in 0.1% TBS-T for 10 min, the membranes
were merged in stripping buffer containing 0.1% SDS, 1.5% glycine, and 1% Tween-20 at
pH 2.2, twice for 10 min, then were washed in PBS twice for 5 min, and then in TBS-T
0.1% twice for 5 min. The membranes were blocked in 5% BSA in TBS-T solution at room
temperature for one hour and then incubated with the following antibodies: total PKB/Akt
in 1:1000 final dilution (#9272, Cell Signaling Technology, Beverly, MA USA) and total IRS-1
in 1:1000 final dilution (I7153 Sigma) overnight at 4 ◦C. The membranes were washed three
times for 5 min with TBS-T and incubated with HRP-conjugated secondary antibody (#7074
Cell Signaling Technology, Beverly, MA USA) diluted in the blocking solution (1:2000) for
one hour at room temperature. Membranes were washed three times for 5 min with TBS-T.
Afterwards, membranes were incubated in enhanced chemiluminescence HRP substrate
(ECL; Pierce Biotech, Bio-Rad, Budapest, Hungary) according to the manufacturer’s in-
structions. Computerized densitometry (integrated optical density) of the specific bands
was analyzed using Scion Image for Windows software. Protein signals were corrected for
total Akt or total IRS-1 protein levels and adjusted to controls.

2.5. Protein Expression

The cDNA segment encoding the human PTP1B catalytic domain (1–299 aa) was PCR
amplified from a HEK293T cDNA pool and inserted into the pBH4 vector with BamHI
and NotI restriction sites. This construct is only missing the C-terminal flexible region and
the membrane binding segment of PTP1B. The protein was expressed with an N-terminal
hexa-histidine tag. Recombinant active PTP1B was expressed in the Escherichia coli BL21
(DE3) bacterial strain. Briefly, cells were grown in an ampicillin-containing LB medium
at 37 ◦C to OD = 0.6 and then cooled down to 18 ◦C and induced by the addition of
0.05 mM isopropyl-beta-D-thiogalactoside (IPTG). After an overnight expression at 18 ◦C,
the pellet was harvested and washed with phosphate buffered saline (PBS). Following
freezing at −80 ◦C, cells were lysed in an appropriate buffer (300 mM NaCl, 50 mM
phosphate, 10 mM imidazole, 2 mM beta-mercapto-ethanol, 0.1% IGEPAL with pH = 8.0,
and 0.5 mM benzamidine with 0.5 mM PMSF protease inhibitors added) with the help
of sonification. The lysate was centrifuged at 20,000 rpm for 30 min and the supernatant
(~30 mL) was mixed with 1 mL Ni-NTA resin slurry (50%). After 45 min incubation at 4 ◦C,
the mixture was transferred to gravity columns and washed with 10-10 mL of imidazole
(40 mM imidazole, 300 mM NaCl, 50 mM phosphate, pH = 8.0 with 2 mM beta-mercapto-
ethanol) and high salt (1000 mM NaCl, 20 mM imidazole, 20 mM TRIS, pH = 8.0 with 2 mM
beta-mercapto-ethanol) containing wash buffers, each. PTP1B was eluted by applying 5 mL
elution buffer (400 mM imidazole, 200 mM NaCl, 10% glycerol, 20 mM TRIS, pH = 8.0, with
0.1% IGEPAL). The eluted protein was supplemented with tricarboxy-ethyl-phosphine
(TCEP) reducing agent at 2 mM concentration.

The Ni-NTA purified PTP1B protein was further purified by anion exchange chro-
matography. After an overnight dialysis against 1 L buffer with low salt (5 mM NaCl, 10%
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glycerol, 20 mM TRIS, pH = 8.0 with 1 mM dithiothreitol reducing agent), it was loaded on
a resource Q anion exchange column and subjected to a gradient from 5 mM to 1 M NaCl.
The protein practically eluted in a single peak, which was then pooled, supplemented with
a reducing agent (TCEP), and frozen on liquid nitrogen. Final protein samples checked by
SDS-PAGE were found to have a purity over 95%.

The N- and C-terminal SH2 domains (regions 321–433 and 614–724, respectively) of
the PI3K regulatory subunit were subcloned into a bacterial expression vector by PCR and
then similarly expressed and purified as described above.

Enzymatically active IR kinase (989–1382, fused to GST and produced in SF9 cells)
was ordered from SinoBiological (catalog number 11081-H20B1). The stock solution was
aliquoted and frozen separately to preserve activity. Prior to comparative measurements,
the activity of recombinant IR kinase was tested on internal control peptides and found to
be suitable for kinase assays.

2.6. Peptide Synthesis

Peptides conferring to one of the YxxM motif regions (626-GRKGSGDYMPMSPKV-639)
of human IRS-1 were chemically synthesized. The Y abbreviation denotes normal, ortho,
and meta tyrosine. The solid-phase peptide syntheses were performed using a Liberty
Microwave Peptide Synthesiser (CEM Corporation, Matthews, NC, USA) applying the
Fmoc/tBu strategy. The resin used was PL-Rink-Amide MBHA. The Fmoc group was
removed by 4.5 equiv. piperazine/HOBtxH2O in DMF. The coupling steps were per-
formed with 4 equiv. of Fmoc amino acids in DMF, 4.5 equiv. of HOBt/HBTU in DMF
and 10 equiv. DIPEA in NMP, using a microwave power of 25 W for 2 × 300 s. All
couplings were performed at standard double coupling conditions at a maximum tempera-
ture of 75 ◦C, except for the following amino acids: 2-Fmoc-amino-3-(3-hydroxyphenyl)-
propanoic acid, 2-Fmoc-amino-3-(2-hydroxyphenyl)-propanoic acid, and 2-Fmoc-amino-
3-(4-hydroxyphenyl)-propanoic acid (Fmoc-tyrosine), which were double coupled using
a 25 min coupling followed by a 5 min period at 25 W. The phenolic hydroxyls were
unprotected. Cleavage of the peptides from the solid support was carried out using a
TFA containing cocktail with TFA 90%, water 5%, TIS 2.5%, and DTT 2.5%. Conditions:
10 mL cocktail, 3.5 h reaction time, RT. The resulted crude peptides were filtered, and
the filtrates were lyophilized. The peptides were analyzed on an Agilent 1200/Waters
SQD RP-HPLC/MS instrument, applying Phenomenex Proteo 4μm C18 90 Å column
(4.6 × 250 mm) at 1 mL/min flow using a liner gradient of 5% to 85% B over 25 min. The
solvent system used was A (0.1% TFA in H2O) and B (0.1% TFA in MeCN). The crude
peptides were purified on a semipreparative RP-HPLC Shimadzu instrument applying a
Phenomenex Luna 10 μm C18 100 Å 10 × 250 mm column.

For the synthesis of the phosphorylated derivatives, first, the C-terminal octapeptides
were prepared in a manner similar to the previous ones. After the incorporation of the
tyrosine moiety, the phosphorylation was made on-line, so the elongation of the peptide
chains was stopped. The phosphorylation of the hydroxyl unprotected tyrosines were car-
ried out on solid-phase using 10 equiv. di-tert-butylN,N-diethylphosphoramidite, 20 equiv.
1H-tetrazole, THF, followed by oxidation using 14% tert-butyl hydroperoxide/water. After
the formation of the appropriately protected phosphotyrosine-containing peptides, the
elongation of the peptide chains was continued and the remaining 7 amino acids were
incorporated as described previously. Cleavage from the solid support and the processing
of the crude peptide was performed using the above-mentioned methodology.

The two methionines in the sequence during the oxidation of the phosphite to phos-
phate were converted to methionine sulfoxide. Therefore, an additional step was necessary
to transform the sulfoxides back to thioether. The reduction of the sulfoxides was per-
formed in the solution phase using 20 equivalents of NH4I in TFA/H2O (1:1 v/v%) at 0 ◦C.
It was particularly fast, with 100% conversion to the desired peptides after 30 min. The
resulting phosphopeptides were purified as mentioned above. The HPLC characterization
is in Table 1.
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Table 1. HPLC characterization of the peptides.

Peptide tR (min)

GRKGSGDF(4-hydroxy)MPMSPKV tR = 9.96

GRKGSGDF(3-hydroxy)MPMSPKV tR = 9.19

GRKGSGDF(2-hydroxy)MPMSPKV tR = 12.08

GRKGSGDF(4-PO4H2)MPMSPKV tR = 9.06

GRKGSGDF(3-PO4H2)MPMSPKV tR = 8.24

GRKGSGDF(2-PO4H2)MPMSPKV tR = 8.59
Gradient 20–35 % (B) in 15 min, flow 1.0 mL/min.

Mass spectrometry: calculated Mw 1608.89, measured Mw 1608.6 (nonphosphorylated
peptides); calculated Mw 1688.89, measured Mw 1689.0 (phosphorylated peptides).

2.7. Phosphorylation and Dephosphorylation Assays—Capillary Electrophoresis

The kinase assay mixture contained 200 μM peptide (GRKGSGDYMPMSPKV) and
875 nM IR kinase in kinase buffer (20 mM potassium phosphate (monobasic), 15 mM
sodium phosphate (dibasic), 103 mM NaCl, 5 mM MgCl2, 5% glycerol, 0.05% Igepal;
pH 7.5). The reaction was initialized by addition of 1 mM ATP. The phosphatase reaction
mixture contained 80 μM peptide (GRKGSGD(phosphoY)MPMSPKV) in buffer (50 mM
TRIS, 150 mM NaCl, 1 mM EDTA and 2 mM DTT; pH 7.4). The reaction was initialized by
addition of 25 nM PTP1B enzyme. Equal aliquots of the kinase or the phosphatase reaction
mixture were subjected to capillary electrophoresis analysis at the indicated time points
after the start the reaction.

Background electrolyte (BGE) components phosphoric acid and triethylamine were
purchased from Sigma (St. Louis, MO, USA) and from Merck GmbH (Darmstadt, Ger-
many), respectively. Capillary electrophoresis was performed with an Agilent Capillary
Electrophoresis 3DCE system (Agilent Technologies, Waldbronn, Germany) applying DB-
WAX coated capillary having a 33.5 cm total and 25 cm effective length with 50 μm I.D.
(Agilent Technologies, Santa Clara, CA, USA). On-line absorption at 200 nm was monitored
by DAD UV-Vis detector. The capillary was thermostated at 25 ◦C. Before measurements,
the capillary was rinsed subsequently with distilled water for 15 min and between measure-
ments with BGE (100 mM trimethylamine-phosphate buffer; pH 2.5) for 3 min. Samples
were injected by 5 × 103 Pa pressure for 6 s. Runs were performed in the positive-polarity
mode with 20 kV.

2.8. Protein-Peptide Binding Assays

For in vitro fluorescence polarization (FP)-based affinity measurements, a peptide
containing the phosphorylated tyrosine residue 632 of human IRS1 was labelled by lys-
carboxyfluorescenine at its C-terminal end (GRKGSGD(pY)MPMSPKS(K-FITC). Synthesis
of the labelled peptide was done by GenScript Inc. For competitive FP measurements, unla-
beled peptides with either natural (para-phospho-Tyr) or unnatural (ortho-phospho-Tyr and
meta-phospho-Tyr) phosphorylated amino acids (core sequence GRKGSGD(pY)MPMSPKV
in all three cases) were used. Direct titration with the labelled peptide was done by gen-
erating a dilution series of the protein (N-terminal and C-terminal SH2 domains of PI3K
regulatory subunit 1), with a constant (100 nM) peptide concentration in a standard buffer
(100 mM NaCl, 20 mM TRIS pH = 8.0, 0.05% Brij-35 detergent). Competitive titrations
were done by keeping the concentration of the protein-labelled peptide mixture constant
(150 nM and 1500 nM C-terminal and N-terminal domain, respectively, with 100 nM la-
belled peptide) and varying the concentration of the unlabeled competitor peptide instead.
Measurements were done in a Cytation C3 (BioTek Instruments) plate reader in black
384-well plates, using three parallels for all points. The resulting curves were fitted with
OriginPro 7 (Origin Labs Inc., Wellesley, MA, USA).
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2.9. Immunofluorescence

In a 6-well plate, 104 cells were cultured on glass coverslips washed with alcohol and
dried under UV light. The podocyte cells were grown in RPMI1640 medium supplemented
with 10% heat-inactivated FBS at 33 ◦C, 5% CO2. When they reached 60% confluence,
the medium was changed to RPMI1640 medium containing 2% FBS and 112.05 nM of the
different tyrosine isoforms, then the plates were transferred to 37 ◦C, 5% CO2 to allow
the cells to differentiate. The different tyrosine isoforms were added to the maintenance
medium. The cells were serum deprived overnight, then incubated with 400 nmol/l insulin
for 10 min. After removal of the medium, the coverslips were washed twice with PBS. The
cells were fixed at room temperature in 2% paraformaldehyde and 4% sucrose for 8 min,
then permeabilized using 0.3% Trion X-100 in 1xPBS for 20 min and blocked in 2.5% BSA
for 45 min [45]. The primary antibody was diluted in 1xPBS, and the cells were incubated
in it for 60 min in humid conditions. The antibodies we used were mouse anti-WT1
antibody (H-1) (1:100, Santa Cruz Biotechnology, Dallas, TX, USA), chicken anti-vimentin
antibody (1:100, Abcam), rabbit anti-glucose transporter GLUT4 antibody (1:100, Abcam,
Cambridge, UK), mouse Insulin Receptor Substrate-1 antibody (1:100, Invitrogen, Waltham,
MA, USA), and rabbit anti-phospho-Insulin Receptor Substrate-1 (pTyr612) antibody (1:10,
Sigma). Coverslips were washed in PBS three times for 5 min in PBS and incubated
in the fluorophore-conjugated secondary antibodies anti-goat, anti-chicken, secondary
antibody Alexa fluor 647, anti-rabbit Alexa fluor 350, and anti-mouse Alexa Fluor 488
(1:10, Invitrogen) for 60 min. Samples were then washed in PBS three times for 5 min and
mounted in Vectashield (Vector Laboratories). Images were taken with a Nikon Eclipse
Ti2 microscope.

2.10. Statistical Analysis

Statistical analysis was carried out using the SPSS Statistics 27 (IBM Company, Chicago,
IL, USA) and GraphPad Prism vs 8 software (GraphPad Software, San Diego, CA, USA)
packages. Experiments were carried out in replications up to n = 5–10 for certain experi-
ments. The data obtained were checked for normality of distribution using the Kolmogorov–
Smirnov test. Data with normal distribution were analyzed using parametric tests, while
non-parametric tests were used for non-normally distributed data. For multiple compar-
isons, analysis of variance (ANOVA) with post-hoc analysis was performed for normally
distributed data. For non-normally distributed data, the Kruskal–Wallis test, and, upon sig-
nificance, pairwise comparison with the Mann–Whitney U tests were carried out. Pairwise
comparisons of normally distributed data were carried out using independent samples
t-tests. If the control was set to 100% and different experimental setting were compared to
that (e.g., Figures 3–5), a one-sample t-test was used.

3. Results

3.1. Ortho- and Meta-Tyrosine Inhibit Insulin-Induced Glucose Uptake

We first tested the glucose uptake of differentiated 3T3-L1 cells in the absence and
presence of o-Tyr and m-Tyr in culture media containing normal or high concentrations of
glucose. In cells grown on p-Tyr containing cell culture media, increasing concentrations
of insulin led to a marked increase in glucose uptake in 5 mmol/L glucose, but not in
25 mmol/L glucose. Similarly to the high glucose environment, in cells grown in media
supplemented with o- and m-Tyr increasing concentrations of insulin failed to induce the
glucose uptake under normal (5 mmol/L) glucose concentrations (Figure 3).

The inhibitory effect of o- and m-Tyr was also tested for zero time-dependence
(Figure 4). While in cells grown on p-Tyr insulin led to an approximately two-fold in-
crease in glucose uptake, cells grown in media supplemented with o- and m-Tyr insulin
showed no significant effect, and even non-stimulated (basal) glucose uptake was lower
than that of the p-Tyr control. Importantly, cells grown on o- and m-Tyr displayed similar
deficiency in response to insulin under low and high glucose conditions alike, after one
day or up to as long as twelve days (Figure 4).
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The inhibitory effect of o-, and m-Tyr on the glucose uptake was ameliorated by
increasing concentrations of p-Tyr (Figure 5).

Figure 3. Insulin-dependent uptake of deoxy-D-glucose 2-[1 2-3H(N)] into differentiated 3T3-L1
adipocytes was assessed in media containing (i) para-tyrosine with 5 mmol/L glucose content (white
column and first striated column in each block), (ii) meta-tyrosine with 5 mmol/L glucose (dark
grey column and second striated column in each block), (iii) ortho-tyrosine with 5 mmol/L glucose
(light grey column and third striated column in each block), and (iv) para-tyrosine with 25 mmol/L
glucose content (black column and fourth striated column in each block). Cells were treated with
2, 20, 200, and 400 nmol/L insulin as shown (#, p < 0.05 vs. control para-tyrosine using one-sample
t-test, *, p < 0.05 vs. 5 mmol/L glucose para-tyrosine using independent samples t-tests). Glucose
uptake of untreated cells grown on para-tyrosine and 5 mmol/L glucose containing medium was set
to 100%. Results are shown as a mean ± SEM for n = 5–10 individual measurements.

Figure 4. Insulin-dependent uptake of deoxy-D-glucose 2-[1 2-3H(N)] into 3T3-L1 adipocytes after
cells were grown in media containing para-tyrosine meta-tyrosine or ortho-tyrosine for 1, 2, 3, 4, 5,
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or 12 days, with or without insulin treatment (200 nmol/L). The glucose uptake of untreated
adipocytes grown on 5 mmol/L glucose medium containing para-tyrosine was set to 100%. Re-
sults are shown as a mean ± SEM for n = 5–8 individual measurements. #, p < 0.05 vs. para-tyrosine
control (one-sample t-test); *, p< 0.05 vs. para-tyrosine + insulin (independent samples t-test), NS:
non-significant. Bars indicate para-tyrosine (white column), meta-tyrosine (dark grey columns),
ortho-tyrosine (light grey columns), control (simple columns), and insulin-treated (striated columns).

 

Figure 5. para-Tyr reverses the inhibitory effects of o- and m-Tyr. Examination of deoxy-D-glucose
2-[1 2-3H(N)] uptake of 3T3-L1 adipocytes depending on the ortho- and meta-tyrosine content of the
medium in the absence of insulin (non-striated bars) or in the presence of 400 nmol/L insulin (corre-
sponding striated bars). The basal glucose uptake of the cells, grown on the original 0.39 mmol/L
para-tyrosine containing medium was considered to be 100%. Results are shown as mean ± SEM
after n = 10 individual measurements. *, p < 0.05 vs. para-tyrosine + insulin (independent samples
t-test), #, p < 0.05 vs. identical control (one sample t-test or independent samples t-test accordingly),
NS: non-significant.

3.1.1. Both o- and m-Tyr Can Be Taken Up by Fat Cells within Several Minutes and Are
Incorporated into Cellular Proteins

Abnormal amino acids may alter insulin signaling by incorporation into proteins,
which requires the cellular uptake of these amino acids. Therefore, we tested if the abnormal
amino acids could be taken up by the cells. For that reason, non-protein-bound intracellular
p-Tyr content, as well as the o-Tyr/p-Tyr and m-Tyr/p-Tyr ratios were measured. We found
a continuous uptake of amino acids which was independent of glucose concentration (5 or
25 mmol/L) and the presence of insulin in the medium (Figure 6).

In a long-term experiment, we tested whether o- and m-Tyr are incorporated into
cellular proteins. In cells grown on o-Tyr or m-Tyr, the p-Tyr/Phe ratio showed either a
decrease or remained unchanged (Figure 7A,D,G,J), while protein-bound o-Tyr/p-Tyr and
m-Tyr/p-Tyr increased (Figure 7B,C,E,F,H,I,K,L).
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Figure 6. HPLC measurement of non-protein-bound, cytosolic, intracellular para- (upper panel),
meta- (middle panel), and ortho-tyrosine (lower panel) content of 3T3-L1 adipocytes after time-
dependent incubation with different tyrosines, without insulin, and after grown either in 5 mmol/L
glucose containing medium or in 25 mmol/L glucose containing medium, or with insulin treatment
(400 nmol/L), either in 5 mmol/L glucose containing medium or in 25 mmol/L glucose containing
medium. Note that p-Tyr is shown as an absolute concentration, while o- and m-Tyr are depicted as
their ratios to p-Tyr. There was no significant difference between the measurements (ANOVA).

Figure 7. Cont.
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Figure 7. p-, m-, and o-Tyr content of the total proteins of cells grown in different Tyr media. HPLC
measurement of protein-bound different tyrosine isomeres in cell lysates, grown in media containing
para-, ortho-, or meta-tyrosine.* p < 0.05, NS: non-significant (using Kruskal–Wallis test for multiple
comparisons and subsequently Mann–Whitney U test for pairwise comparison, as data were non-
normally distributed). Results are mean ± SEM for n = 5–10 individual measurements. Note that the
amount of p-Tyr is shown as p-Tyr/Phe ratio and is expressed in μmol/μmol units (panel A,D,G,J),
while o- and m-Tyr are depicted as their ratio to p-Tyr (i.e., o-Tyr/p-Tyr and m-Tyr/p-Tyr, respectively)
and the units are nmol/μmol (m-Tyr, panel B,E,H,K; o-Tyr, panel C,F,I,L).

3.1.2. Phosphorylation of IRS-1 in Cells Grown on o- or m-Tyr

In order to elucidate the mechanism underlying the inhibitory effect of o- and m-
Tyr on insulin-induced glucose uptake, the phosphorylation levels of the insulin-receptor
substrate-1 (IRS-1) and Akt (protein kinase B) steps of insulin signaling responsible for
glucose uptake were studied. We found that in p-Tyr containing media, insulin treatment
led to an approximately two-fold increase in the activating phosphorylation of IRS-1 and
Akt. Interestingly, in cells grown on o- and m-Tyr containing media, the basal levels of
IRS-1 and Akt phosphorylation were either unchanged or higher, which, however, could
not be further raised by insulin treatment (Figure 8).
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Figure 8. Western blot analysis of activating phosphorylation of IRS-1 (Tyr612, panel A,C,E,G) and
Akt (Ser473, panel B,D,F,H) in the four cell lines (adipocytes, panel A,B; HEK cells panel C,D; podocytes,
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E,F; macrophages, panel G,H). Insulin-induced phosphorylation of IRS-1 (insulin receptor substrate-1)
at the tyrosine of the first YXXM motif (Tyr612) in cells grown in media containing para-, meta-, or
ortho-tyrosine with and without insulin treatment (400 nmol/L). Results are mean ± SEM for n= 4–8
individual measurements. * p < 0.05 (for non-normally distributed data, a Kruskal–Wallis test and,
upon significance, pairwise comparisons with Mann–Whitney U test were carried out. Pairwise
comparisons of normally distributed data were carried out using independent samples t-tests).

3.2. Biochemical Characterization of IRS Peptides Containing Different Forms of Tyrosine

Insulin receptor (IR) kinase phosphorylates multiple tyrosine residues in IRS-1 and its
phosphorylation plays a central role in mediating signals towards downstream targets [46].
IRS-1 binds to activated IR kinase by its phospho-tyrosine binding (PTB) domain, and
its plekstrin homology (PH) domain is instrumental to its cell membrane binding. In
addition, this adapter protein contains a long, disordered C-terminal tail containing six
YXXM motifs phosphorylated by the IR kinase, and thus provides a versatile contact for
tyrosine phosphorylation dependent recognition of multiple regulator and effector proteins
involved in the insulin pathway (Figure 9A). In addition to being the major substrate sites
for the IR kinase, phosphorylated YXXM motifs are dephosphorylated by protein tyrosine
phosphatase 1B (PTP1B) [47]. Furthermore, phosphoinositide 3-kinase (PI3K) is recruited
to the IR kinase signaling complex at the cell membrane via the Src homology 2 (SH2)
domains of its p85 regulatory subunit [48].

Figure 9. The role of IRS YXXM motifs in insulin mediated signaling. (A) Schematic of IR kinase
mediated signaling: IR kinase, IRS-1 (PTB, PH domains and C-tail with YXXM motif positions
and sequences indicated), PTP1B and PI3K regulatory subunits with SH2 domains. IRS-1 contains
six YxxM motifs that play a central role in downstream signaling from the insulin receptor. The
insulin receptor (IR)—comprised of two subunits—is dimerized upon binding to insulin (Ins). This
activates the IR kinase which then creates a recruitment site in its juxtamembrane region for the
PTB domain of IRS-1 by tyrosine phosphorylation. The PH domain helps recruiting IRS-1 to the cell
membrane. (B) Crystallographic models of p-Tyr containing peptides binding to the deep substrate
binding pocket of PTP1B, to the shallow substrate binding pocket of the IR kinase, and to the N-
terminal SH2 domain of PI3K regulatory subunit (from left to right). IRS-1 partners are shown in
surface representation, while substrate or ligand peptides from various proteins are shown with
sticks. Structural figures were made by using the following protein–peptide PDB structures: 4zrt,
PTP1B–Nephrin substrate phospho-peptide [49]; 3bu5, IR kinase IRS2–KRLB region peptide [50];
2iuh, PI3KR-(N)SH2–c-Kit phospho-peptide [51]; 5aul, PI3KR-(C)SH2–CDC28 phospho-peptide [52].
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In order to address the putative roles of o- and m-tyrosine incorporated into IRS-1, we
studied the phosphorylation and the dephosphorylation of IRS-1 YxxM motif containing
peptides by IR kinase and PTB1B, respectively. Peptides, corresponding to a fifteen amino
acid long YXXM motif containing IRS1 (region 626–639) fragment, were chemically synthe-
sized with unphosphorylated or phosphorylated p-, o- or m-tyrosines. The phosphorylation
state of these peptides was examined by capillary electrophoresis in an in vitro kinetic
experiment. In this assay, the electrophoretic mobility of peptides changed according to the
tyrosine phosphorylation state. We found that neither o- nor m-tyrosine containing pep-
tides are substrates for the IR kinase, while the enzyme efficiently phosphorylated the p-Tyr
containing “natural” peptide (Figure 10A). Similarly, apart from the p-Tyr peptide, none of
the modified Tyr containing peptides could be dephosphorylated by PTP1B (Figure 10B).

Figure 10. Phosphorylation and dephosphorylation of p-, m-, and o-Tyr containing IRS-1 peptides.
(A) Results of in vitro kinase assays using recombinant IR kinase. Phosphorylation of IRS1 YXXM

34



Biomedicines 2022, 10, 975

motif containing peptides with para-, meta-, and ortho-tyrosines was analyzed by capillary elec-
trophoresis. After starting the reactions, sample aliquots were injected to the capillary at the indicated
time points. Characteristic migration times for the unphosphorylated peptide are indicated by a
dashed line (~3.2 min). Notice the appearance of a slower migrating peak (at ~4.2 min) corresponding
to the phosphorylated peptide in the case of the peptide with para-tyrosine. (B) Results of PTP1B de-
phosphorylation assays. Experiments were performed similarly to kinase reactions, but the substrate
peptides were previously phosphorylated. Characteristic migration times for the phosphorylated
peptide are indicated by a dashed line (~4.2 min). Notice the appearance of a faster migrating
peak (at ~3.2 min) corresponding to the dephosphorylated peptide in the case of the peptide with
para-tyrosine.

In order to study the role of o- and m-Tyr amino acid incorporation regarding other
IRS-1 partner proteins relaying insulin signals, the binding capacity of para-, ortho-, and
meta-tyrosine containing IRS-1 peptides to PI3K SH2 domains were also investigated
(the regulatory subunit contains an N- and C-terminal SH2 domain). Using an in vitro
protein-peptide binding assay, we found that o- and m-Tyr containing peptides had greatly
reduced binding affinity to these SH2 domains (Figure 11). These in vitro protein–peptide
binding and enzyme activity results can be structurally explained by observing the crystal
structures of known protein–peptide complexes containing natural, p-Tyr, or phospho-p-
Tyr possessing peptides: the topology of the binding surface on the interacting protein is
only compatible with p-Tyr or phospho-p-Tyr for IR kinase or PTB1B and SH2 domains of
PI3K, respectively (Figure 9B).

Figure 11. Binding of m- and o-Tyr IRS1 peptides to the SH2 domains of PI3K regulatory subunit. The
error in the Kd values show the uncertainty of the numerical fit to the direct (top) and competitive
(bottom) binding curves plotted as the mean of three technical replicates. For the GRKV6 peptide,
the binding was so weak that its binding affinity could only be estimated. Please also take note that
the binding affinity of the para-Tyr peptide is nanomolar (nM), while for the meta- and ortho-Tyr
peptides this value is micromolar (μM), making statistical comparison unnecessary.

The panels below show that para-tyrosine containing peptides are efficiently phos-
phorylated and dephosphorylated by IR kinase and PTP1B, respectively, while meta- and
ortho-tyrosine peptides are very poor substrates of these enzymes.
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Results of the fluorescence polarization (FP)-based binding assays. To the left, the
panels show the direct titration of the fluorescently labelled para-tyrosine containing
phosphorylated IRS-1 peptide with the isolated N-terminal and C-terminal SH2 domains
of the PI3K regulatory subunit (top and bottom, respectively). The next three panels
on the right show the competitive binding curves with increasing amounts of phospho-
para- (GRKV2), phospho-meta- (GRKV4), and phospho-ortho-Tyr (GRKV6) containing
peptides. Notice that both modified phospho-tyrosine containing peptides (GRKV4 and 6)
have greatly reduced binding affinity to the SH2 domains compared to the phospho-
para-Tyr containing peptide (GRKV2). Note the change from nanomolar to micromolar
binding affinity.

3.3. Microscopical Analysis

Visualization of insulin signaling is shown in Figures 12 and 13. IRS-1 phosphorylation
leads to membrane translocation of this signaling protein, which is clearly demonstrated by
Figure 12 in p-Tyr containing medium, but this translocation is absent in the presence of m-
and o-Ty. Moreover, the intensity of p-IRS-1 is also lower in the case of m- and o-Tyr. The
same membrane translocation on insulin treatment is also characteristic of GLUT-4, which
is responsible for insulin dependent glucose transport. Figure 13 shows this characteristic
localization of GLUT-4 positivity in the presence of p-Tyr, which is absent in samples treated
with m- and o-Tyr.

Figure 12. Immunofluorescence staining of insulin-treated podocytes for p-IRS-1 (blue) and total
IRS-1 (green). p-IRS-1 (indicated by the white arrows) is located in the membrane when cells cultured
in the presence of p-Tyr, which is not characteristic in cell treated with o- and m-Tyr. Moreover,
p-IRS-1 is more intense in cells cultured in medium containing p-Tyr and the signal almost disappears
in cells treated with o-Tyr. Total IRS-1 localization is mainly perinuclear.
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Figure 13. Immunofluorescence staining of insulin-treated podocytes for GLUT4 (blue) and vimentin
(yellow). In p-Tyr-treated cells, GLUT4 aggregates are transported to the membrane. This localization
is slightly visible in cells treated with m-Tyr, but it is not characteristic in o-Tyr treated cells, which
shows rather a perinuclear localization. Typical localization of GLUT4 and vimentin is highlighted by
the white arrows. Vimentin shows a colocalization with GLUT4. The arrowhead indicates the thicker
vimentin filaments appearing in cells treated with m- and o-Tyr.

4. Discussion

In this study, we report for the first time, that the abnormal amino acids, o- and m-Tyr
inhibit glucose uptake of fat cells. Furthermore, we provide evidence that insulin signaling
may be altered in cells grown on media containing o- or m-Tyr. We also observed that o-
and m-Tyr can be taken up by the cells and incorporates into cellular proteins.

It is suggested that there is a causal connection between oxidative stress and insulin
resistance, e.g., oxidized LDL, as well as isoprostanes correlated with insulin resistance as
measured by the homeostasis model assessment index (HOMAIR) [53]. On the other hand,
oxidative stress has been shown to activate serine protein kinases that would interfere with
insulin signaling [23]. Oxidative stress is believed to lead to the activation of inflammatory
processes that could further contribute to the development of insulin resistance through
inflammatory cells [4] or via activation of stress-kinases (e.g., JNK), which could lead to
the serine/threonine (Ser/Thr) phosphorylation of IRS-1 and IRS-2 and in this way impair
insulin signaling [54].

The abnormal amino acids o- and m-Tyr are results of the attack of hydroxyl radicals
on Phe molecules or the Phe residues of proteins [55]. o- and m-Tyr are regarded as specific,
stable markers of hydroxyl radicals [56], and have been detected in increasing amounts
in cataract lenses [38], in urine of preterm infants [57], in Fabry’s disease [58], and in
cardiopulmonary bypass [59], among others. The abnormal tyrosine isomers offer the
advantage of fluorescent detection without derivatization upon their autofluorescence [60].

Our data suggest that while in cells grown on p-Tyr containing culture medium,
insulin is able to induce glucose uptake to approximately two-fold; in cells grown on media
enriched with glucose, o-, or m-Tyr, glucose uptake is similarly blunted. The effects can
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already be observed after a single day, and last at for least up to 12 days. These observations
prompt for a direct role of o- and m-Tyr, and not the role of oxidative stress itself, as in this
setting o- and m-Tyr were applied in the absence of an obvious oxidative stress.

Our present data suggest that supplementation of four different cell lines with o- or
m-Tyr leads to insulin resistance in the cells, similarly to a high glucose environment. In
the o- and m-Tyr grown cells, insulin failed to increase IRS-1 phosphorylation.

While insulin was able to stimulate Akt phosphorylation in p-Tyr grown cells in
normal glucose media, in the presence of o- and m-Tyr, insulin was unable to exert any
effect, similar to the high glucose environment.

From the insulin receptor substrate proteins, only IRS-1, but not IRS-2, was studied,
and both would have an impact on Akt phosphorylation [61,62]. Furthermore, only one
phosphorylation site of IRS-1 was investigated, although numerous Tyr phosphorylation
sites exist [63]. Furthermore, incorporation of o- or m-Tyr into cellular proteins such
as IRS-1 might alter immunologic recognition by antibodies, especially directed against
phosphorylated tyrosine residues.

Moreover, other protein kinases, e.g., stress kinases (e.g., JNK) may influence insulin
signaling at different levels [54,62], and hypothetically, these kinases could also be altered
by the addition of o- or m-Tyr to the culture media.

Additionally, constant stimulation of insulin signaling has been shown to alter kinetics
and extent of phosphorylation of IRS-1 and Akt and cause seeming disparities between
them [64]. Nevertheless, the results of Akt phosphorylation and glucose uptake match each
other well, indicating the development of insulin resistance at both levels upon o- or m-Tyr
supplementation.

Biochemical characterization of a YXXM motif containing IRS1 peptide demonstrated
that the position of the phosphorylatable hydroxyl group greatly affects its binding capacity
to several IRS1 interactors (IR, PTP1B and PI3K-SH2). These interactors have binding
grooves with distinct binding surface topographies varying from shallow (IR) to deep
(PTP1B), but o- and m-Tyr were deleterious for binding in each case. This indicates that
incorporation of these phenylalanine oxidization by-products into signaling proteins will
greatly perturb network output and behavior because of the fundamentally altered protein–
protein binding capacity of their components.

Altogether, we present a rather indirect connection between the incorporation of o-and
m-Tyr into proteins and their effect on insulin signaling. Unfortunately, to date, there are no
commercially available antibodies raised against o- and m-Tyr or o- and m-Tyr containing
proteins. Moreover, the lack of isotope-labelled o- or m-Tyr precluded providing a more
direct link. For the same reason, the incorporation of o- or m-Tyr into specific proteins,
such as the insulin receptor IRS-1 or other signaling molecules, cannot be demonstrated.
Furthermore, 3T3-L1 cells are not real fat cells, but fat cell-like cells; however, they provide
a widely accepted model to study insulin signaling in fatty tissue.

In spite of these shortcomings, our study does suggest that o- and m-Tyr would be
able to incorporate into cellular proteins in fat cells. Moreover, our results are consistent
with a model in which these incorporated amino acids interfere with insulin signaling and
inhibit insulin-stimulated glucose uptake, i.e., they induce metabolic insulin resistance in
the cells, just like under hyperglycemic circumstances (Figure 14).
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Figure 14. Suggested role of o- and m-Tyr in the development of insulin resistance.

These results are in line with our previous observations regarding vascular insulin
resistance [65], vascular liraglutide resistance [66], and EPO resistance [43], and suggest a
potentially more universal role of o- and m-Tyr in the development of hormone resistances
in conditions with high oxidative stress.
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Abstract: In pregnancies complicated by maternal obesity and gestational diabetes mellitus, there is
strong evidence to suggest that the insulin signaling pathway in the placenta may be impaired. This
may have potential effects on the programming of the metabolic health in the offspring; however,
a direct link between the placental insulin signaling pathway and the offspring health remains
unknown. Here, we aimed to understand whether specific placental loss of the insulin receptor
(InsR) has a lasting effect on the offspring health in mice. Obesity and glucose homeostasis were
assessed in the adult mouse offspring on a normal chow diet (NCD) followed by a high-fat diet
(HFD) challenge. Compared to their littermate controls, InsR KOplacenta offspring were born with
normal body weight and pancreatic β-cell mass. Adult InsR KOplacenta mice exhibited normal glucose
homeostasis on an NCD. Interestingly, under a HFD challenge, adult male InsR KOplacenta offspring
demonstrated lower body weight and a mildly improved glucose homeostasis associated with
parity. Together, our data show that placenta-specific insulin receptor deletion does not adversely
affect offspring glucose homeostasis during adulthood. Rather, there may potentially be a mild
and transient protective effect in the mouse offspring of multiparous dams under the condition of a
diet-induced obesogenic challenge.

Keywords: placental insulin receptor; gestational diabetes; fetal programming; multiparity; obesity;
type 2 diabetes

1. Introduction

The growing prevalence of obesity and diabetes in pregnant women and women of
reproductive age have become major concerns in women’s health, with over 60% of women
of reproductive age being obese or overweight and an increasing number of pregnancies
complicated by gestational diabetes mellitus (GDM) [1–4]. Maternal obesity and diabetes
during pregnancy are associated with short- and long-term adverse pregnancy complica-
tions for both the mother and the baby [5–10]. Exposure to maternal obesity or diabetes
in utero is associated with an increased risk for child and adult obesity, type 2 diabetes
(T2D), cardiovascular disease, and neurodevelopmental disorders in the offspring [7,11–15].
Thus, maternal obesity and diabetes during pregnancy are important considerations in
the programming of the metabolic health in the offspring and may have intergenerational
effects, further perpetuating the vicious cycle of obesity and diabetes [9,16]. An important
risk factor of maternal obesity is multiparity, which exacerbates gestational weight gain,
inflammation, and risk of adverse metabolic outcomes in the offspring [17–19].

The placenta is critical for the development and growth of the fetus, and evidence
suggests that the placenta plays an important role in the long-term health of the off-
spring [20–25]. Insulin is an important growth factor and regulates placental and fetal
growth, nutrient transfer, and hormone secretion [26–28]. In early pregnancy, maternal
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insulin response has been associated with placental weight at birth, which has been asso-
ciated with neonatal birth weight and adiposity at term [27]. In pregnancies complicated
by maternal obesity and GDM, there is evidence to suggest that the insulin signaling
pathway in the placenta may be impaired and may contribute to changes in the metabolic
programming of the offspring [26,28–32]. However, a direct link between the placental
insulin signaling pathway and the metabolic health of the offspring remains unknown.

Despite strict glycemic control in the modern clinical management of pregnant women
with prediabetes and GDM, fetal overgrowth remains an important clinical problem [33].
Further, insulin therapy during pregnancy is potentially associated with a risk of developing
T2D in the offspring later in life, but it has not been investigated directly. Jansson et al.
highlights the importance of placental function and the possible role of maternal insulin [34].
Therefore, a greater understanding of the programming impact of maternal insulin on the
metabolic health of the offspring will be significant in illuminating the effects of insulin
therapy on the children of women with GDM, T1D, or T2D during pregnancy.

Due to the limitations of human clinical studies (i.e., ethical issues), preclinical models
lend feasibility to assess how specific features of maternal health such as hyperinsulinemia
contribute to the programming of the metabolic health in the offspring. Therefore, there is
a need for preclinical studies to specifically assess the role of the placental insulin receptor
in the metabolic health trajectory of the adult offspring.

The placental insulin receptor (InsR) impacts the nutrient flux from the mother to the
fetus and may affect the developing insulin-producing β-cells, which are highly sensitive
to changes in the nutrient flux in utero [35]. Moreover, the roles for maternal insulin and
placental InsR in the metabolic health of the offspring are untested, and we have the state-of-
the art preclinical model to address this gap in knowledge. Therefore, in the present study,
we aimed to understand whether specific placental loss of the insulin receptor has a lasting
effect on the fetus, altering the birthweight and the long-term metabolic health trajectory
of the mouse offspring. Mice with a genetic specific deletion of the insulin receptor in the
placental trophoblast (Cyp19-cre; InsRf/f hereinafter, referred to as InsR KOplacenta) were
generated using the cre/loxP system described further in the Methods section [23,36–38].
Fetal and newborn body weight and pancreatic β-cell mass were assessed in littermate
male and female offspring. Obesity and glucose homeostasis were assessed in the adult
offspring from multiparous and non-multiparous dams on a normal chow diet (NCD),
followed by a high-fat diet (HFD) challenge.

2. Materials and Methods

2.1. Generation of the Animal Mouse Model and Diet

The cre/loxP system is a novel and powerful tool to generate mice with a tissue-
specific knockout of a specific gene. Under the control of the human Cyp19 promoter,
Cyp19-cre is a placenta-specific cre recombinase active in the mouse spongiotrophoblast
and syncytiotrophoblast cells [38]. Cyp19-cre mice were generated and gifted by Dr.
Gustavo Leone (Medical College of Wisconsin) [38]. In this present study, conditional
deletion of the LoxP-flanked InsR gene in the placental trophoblast cells may allow for
better understanding of how the insulin signaling pathway can affect placental and fetal
development. To generate placental trophoblast-specific insulin receptor knockout mice
(Cyp19-cre; InsRf/f) and their littermate controls (InsRf/f), floxed InsR male mice (InsRf/f)
(purchased from Jackson Laboratory, stock No. 006955) were bred with floxed InsR female
mice expressing the placenta-specific Cre recombinase (Cyp19-cre; InsRf/f). For mating,
one male was placed in a cage with two females. The male was then separated while the
dams were pregnant. For multiparous females, pups were born and allowed to suckle.
The pups were weaned at 21–28 days postpartum, and the females were remated within
5 days of weaning, and the process repeated. The dams were allowed to give birth to up to
four litters.

The placenta and the associated extraembryonic membranes are formed from the
zygote at the start of each pregnancy and thus have the same genetic composition as the
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fetus. Therefore, the placental genotypes were determined by the offspring genotypes
(whether they are control or KO), and this was done prior to weaning using standard
PCR on the tissue collected on postnatal (P) day 6–8. The primers used are listed below:
CYP19cre forward: GACCTTGCTGAGATTAGATC; CYP19cre reverse: GACGATGAAG-
CATGTTTAGCT GGCC; InsR tm1Khn forward: GGG GCA GTG AGT ATT TTG GA; and
InsR tm1Khn reverse: TGG CCGTGA AAGTTAAGAGG. Validation of the efficiency of Cre
was assessed by our group and others [23,37]. All the mice were group-housed under a
14:10 light–dark cycle with ad libitum access to food. At 13 weeks of age, the mice were
switched to a high-fat rodent diet with 60 kcal% fat (Research Diets, Inc., D12492) until the
time of harvest. The adult offspring under a normal chow diet and a high-fat diet were
from 2–3 dams. All the animal studies were performed in accordance with the University
of Minnesota Institutional Animal Care and Use Committee (protocol #2106-39213A).

2.2. Newborn Pancreas Collection

The pregnant dams were allowed to deliver spontaneously, with the morning of
the vaginal plug denoting E0.5. The newborns were separated out from the cage and
euthanized by decapitation. Blood was collected and centrifuged at 10,000× g for 10 min at
room temperature. The supernatant serum was collected and stored at −80 ◦C to be run
for serum insulin concentration using an ALPCO ELISA kit as per the kit’s instructions
(ALPCO Mouse Ultrasensitive Insulin ELISA; ALPCO Rat High Range Insulin ELISA,
ALPCO Diagnostic, Salem, NH, USA). A five-parameter logistic fit was used for analysis
through the MyAssays software. Newborn pancreata were harvested, weighed, fixed in
3.7% formalin for 4–6 h, and stored in 70% EtOH (diluted with 1× PBS) at 4 ◦C until
tissue processing. The tissues were processed under the normal tissue processing settings
and embedded in paraffin. The paraffin-embedded pancreata were sectioned 5 microns
apart from top to bottom. Tails from the newborn mice were collected separately during
harvesting for genotyping by standard PCR (see the information about the primers above).
The pups for embryonic data were collected from three dams. The newborn data were
collected from six dams.

2.3. Glucose Tolerance Test

The mice were fasted overnight for 14 h, after which fasting body weight and fasting
blood glucose were measured. A dosage of 2 g/kg of 50% dextrose solution (Hospira,
Inc., Lake Forest, IL, USA) was administered intraperitoneally. Blood glucose levels were
recorded through a small tail clip at 30, 60, and 120 min after the initial injection. Blood
glucose was measured using a Bayer Contour Blood Glucose Monitoring System. The adult
offspring under a normal chow diet and a high-fat diet were from 2–3 dams.

2.4. Insulin Tolerance Test

The mice were fasted for 6 h, beginning in the morning, after which fasted body weight
and fasted blood glucose were measured. A dosage of 0.75 U/kg insulin (Humalog, Eli
Lilly, Indianapolis, IN, USA) in 0.9% sterile saline was administered intraperitoneally, and
blood glucose levels were recorded through a small tail clip at 30, 60, and 120 min after
the initial injection. Blood glucose was measured using a Bayer Contour Blood Glucose
Monitoring System. The data are presented as the baseline percentage (%) corrected to the
blood glucose level taken at T = 0 min after a 6 h fast.

2.5. Body Composition and Indirect Calorimetry

Body composition (EchoMRI, Echo Medical Systems LLC, Houston, TX, USA) and
indirect calorimetry (Oxymax/CLAMS Lab Animal Monitoring System, Columbus In-
struments) were performed by the Integrative Biology and Physiology (IBP) Core at the
University of Minnesota.
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2.6. Immunofluorescence and H&E Staining

For immunofluorescence imaging, paraffin-embedded tissue sections were deparaf-
finized and rehydrated, followed by antigen retrieval in citric buffer by boiling. The sections
were incubated with primary antibodies against guinea pig or mouse insulin (guinea pig
insulin primary antibody (1:400; DAKO, Agilent, Santa Clara, CA, USA); mouse insulin
primary antibody (1:400; Abcam, Waltham, MA, USA)) at 4 ◦C overnight. The sections
were subsequently washed with 1× PBS + 0.01% Tween 20 (1× PBST) with mild shaking
and incubated with secondary antibodies conjugated to FITC (fluorescein isothiocyanate,
Jackson ImmunoResearch, West Grove, PA, USA), a bright green fluorophore, for 1.5 h at
37 ◦C. Following incubation, the sections were subsequently washed with 1× PBST and
counterstained for nuclei using a DAPI (4′,6-diamidino-2-phenylindole, Fisher Scientific,
Hampton, NH) dip, a blue fluorescent stain with a high affinity for DNA. The sections were
then cover-slipped with a mounting media and imaged on a motorized microscope (Nikon
Eclipse NI-E; Nikon, Melville, NY, USA). H&E was used to assess macroscopic observation
of the mouse placenta. Sagittal cuts were performed on the middle section of mouse pla-
centa paraffin-embedded cut side down. The standard Citri Solv (Thermo Fisher Scientific,
Waltham, MA, USA) deparaffinization and dehydration procedure was performed on the
mouse placenta tissue. H&E staining was performed as per the manufacturer’s protocol.
Placental tissues were visualized using a Nikon ECLIPSE NI-E microscope.

2.7. Beta Cell Mass Analysis

The newborn paraffin-embedded pancreata were sectioned 5 microns apart from top to
bottom per animal. The sections stained for insulin were selected incrementally at 100 μM
apart, covering the whole pancreas. The sections were incubated with the insulin primary
antibody overnight at 4 ◦C (see the dilution information above). The area of insulin-positive
cells divided by the total pancreas area was quantified using FIJI ImageJ (NIH, Bethesda,
MD, USA) to give the β-cell area/total pancreas area ratio per animal. The ratio was
then multiplied by the matching pancreas weight (β-cell area/pancreatic area × pancreas
weight) and averaged to give an average β-cell mass, as previously described [39]. The
stained newborn tissue sections were imaged at 10× magnification using a Nikon Eclipse
NI-E (Nikon Instruments) microscope. Individual islets were imaged at 20× magnification.

2.8. Statistical Analysis

All the reported values are expressed as the mean ± standard error of mean (SEM).
Analyses of repeated data measures were performed using repeated measures two-way
ANOVA with tests for sphericity. Individual offspring were the repeated measures subjects
without regard to dams. An unpaired t-test was performed to analyze data where only two
groups were compared. The area under the curve (AUC) values were calculated with zero
as the baseline value. All the statistical analyses were completed using GraphPad Prism
(San Diego, CA, USA) version 8 with a significance threshold of p ≤ 0.05.

3. Results

3.1. Newborn Offspring with Placenta-Specific InsR Ablation Presenting with Normal Body
Weight and Pancreatic β-Cell Mass

Using the Cyp19-cre recombinase, InsR was deleted genetically specifically in the
placental trophoblast cells to generate InsR KOplacenta offspring and their littermate InsR
floxed (InsRf/f) controls, as presented in the timeline of our study in Figure 1A. The
efficiency of using the Cyp19-cre promoter to target specific genes within the placental
trophoblast cell lineage was previously validated within our laboratory as well as by
others [23,37,40]. In this study, we show that a cre reporter transgene expressing the
green fluorescence protein (GFP) is expressed in the placental trophoblast cells where the
Cyp19-cre recombinase is expected to be active and not in the control placenta (Figure 1B).
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Figure 1. Newborn offspring with placenta-specific InsR ablation presented with normal body weight
and pancreatic β-cell mass. (A) Experimental schematic for generating InsR KOplacenta and littermate
controls. (B) GFP reporter (Cyp19-cre; CAG+/+) expressing endogenous green fluorescence (GFP) in
a mouse embryonic E17.5 placenta section compared to the non-GFP control (CAG+/+) (scale bars:
500 μm). (C) InsR mRNA expression in the E17.5 InsR KOplacenta compared to controls by quantitative
reverse transcription polymerase chain reaction (qPCR) (n = 12, 13). (D) Histology of the E17.5 male
control placentas (left) compared to InsR KOplacenta (right) (scale bars: 500 μm). Background of
images was subtracted post-imaging. (E) Gross morphology of the male and (E’) female control
(left) and the InsR KOplacenta (right) newborn pancreata. (F) Whole pancreatic sections (scale bars:
500 μm) of the male newborn control (left) and the InsR KOplacenta (right) mice immunostained for
insulin-positive islets (green) and DAPI (blue). Single islet β-cells (scale bars: 50 μm) shown as insets.
Single islet images were cropped post-imaging to highlight the single islet. (G) Beta cell mass for
the male (n = 5) and (G’) female (n = 5) newborns. The values are reported as the means ± SEM,
** p <0.01. E: embryonic; P: postnatal; BW: body weight; BG: blood glucose; IPGTT: intraperitoneal
glucose tolerance test; IPITT; intraperitoneal insulin tolerance test; NCD: normal chow diet.
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Quantitative reverse transcription polymerase chain reaction (qPCR) was performed
on embryonic (E) 17.5 placentas to demonstrate effective reduction of InsR mRNA levels in
the InsR KOplacenta placentas compared to their controls (p = 0.0055, Figure 1C). To assess
alteration of InsR levels in the offspring (non-placental tissue), we measured InsR mRNA
in the liver and adipose tissues of the adult offspring. The levels of the InsR transcript
were comparable between InsR KOplacenta and their controls (data not shown), suggesting
a placental specificity of Cyp19-cre in the placenta.

Placentas harvested on E17.5 did not differ in total weight between the InsR KOplacenta

and their littermate controls (Figure S1A). Preliminary assessment of the gross placental
morphology at E17.5 appears to be comparable between the littermate controls and the
InsR KOplacenta placenta (Figure 1D), suggesting that placental IR is not required for the
development of the placenta. Fetal body weight and pancreas weight at E17.5 also revealed
no differences between the two genotypes (Figure S1B,C). The male and female InsR
KOplacenta newborns presented with normal body weight compared to their respective
controls (Table 1). There were also no differences in non-fasting blood glucose levels or
serum insulin levels at birth among the groups (Table 1). Examination of the gross pancreas
morphology, pancreas weight, and liver weight showed no apparent differences between
genotypes for either male or female mice (Figure 1E, Table 1). Assessment of the basal
pancreatic β-cell mass at birth demonstrated no differences between the InsR KOplacenta

and their controls (Figure 1F,G,G’).

Table 1. Male and female offspring characteristics in newborns (P0) and adults (parity ≥ 3) on a
normal chow diet. Newborn characteristics in terms of body weight, non-fasting blood glucose,
non-fasting serum insulin, pancreas weight, and liver weight. Adult offspring characteristics in terms
of fasting and non-fasting blood glucose levels measured at 9 and 10 weeks of age, respectively. The
data are presented as the means ± SEM.

Male Offepring Female Offspring

Newborn (P0) Control InsR KOplacenta Control InsR KOplacenta

Body weight 1.226 ± 0.03039 1.318 ± 0.03808 1.242 ± 0.02603 1.251 ± 0.03923

Non-fasting blood glucose 39.67 ± 6.888 36.50 ± 3.833 33.17 ± 5.183 34.90 ± 3.093

Non-fasting serum insulin 0.3919 ± 0.1794 0.4409 ± 0.1791 0.4676 ± 0.1500 0.4622 ± 0.1129

Pancreas weight 7.514 ± 0.3269 8.079 ± 0.4086 8.093 ± 0.6240 8.207 ± 0.6032

Liver weight 46.33 ± 3.449 49.26 ± 2.904 47.92 ± 2.351 49.58 ± 3.411

Adult (Parity ≥ 3)
Normal Chow Diet

Control InsR KOplacenta Control InsR KOplacenta

Fasting blood glucose
(9 weeks old) 61.25 ± 1.652 57.25 ± 4.029 60.25 ± 2.175 56.25 ± 2.810

Non-fasting blood glucose
(10 weeks old) 132.5 ± 13.85 135.0 ± 5.212 138.3 ± 18.03 126.8 ± 13.81

3.2. Adult InsR KOplacenta Mice Displayed Normal Glucose Homeostasis on a Normal Chow Diet

The InsR KOplacenta mice and their littermate controls were weaned onto a normal
chow diet (NCD) at 4 weeks of age. There were no differences in the post-weaning body
weight, measured from 4 to 13 weeks of age in male and female offspring, independent
of parity (defined as the number of pregnancies the dam carried) (Figure 2A,A’). Fasting
and non-fasting blood glucose levels, measured at 9 and 10 weeks of age, respectively,
demonstrated no differences in either male or female mice from multiparous dams, which
we defined as parity ≥ three pregnancies (Table 1). Glucose homeostasis in the adult
offspring was assessed via an intraperitoneal (IP) glucose tolerance test (GTT) and an insulin
tolerance test (ITT) performed at 9 weeks and 11 weeks of age, respectively. The male InsR
KOplacenta mice from multiparous dams exhibited normal glucose and insulin tolerance
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(Figure 2B,C). The female InsR KOplacenta mice similarly demonstrated normal glucose
tolerance but did show a significant change during the IPITT at timepoint T = 120 min
(p = 0.0231) (Figure 2B’,C’). Analysis of the overall response (area under the curve, AUC),
however, showed no significant differences in the female InsR KOplacenta mice compared to
their controls (Figure 2C’). To assess whether the genotype of the dam (InsRf/f vs. Cyp19-
Cre; InsRf/f) impacts the glucose homeostasis of the adult offspring, glucose homeostasis
measurements were performed on the InsR KOplacenta and control mice with either the
dam or the sire as the carrier of the Cyp19-cre recombinase. Glucose and insulin tolerance
remained unchanged (Figure S2). IPGTT and IPITT were performed on a separate cohort
of offspring from parity ≤ 2, similarly demonstrating normal glucose and insulin tolerance
(Figure S3A,A’,B,B’). Using a subset of mice from this group, IPGTT was performed at
20 weeks of age, which revealed that glucose tolerance did not differ between the two
genotypes in either sex with age (Figure S3C,C’). We also generated heterozygous InsR
Hetplacenta (Cyp19-Cre; InsRf/+) and a respective control (InsRf/+) to assess a dosage effect
of the InsR gene. There were no differences in glucose tolerance between the two genotypes
in males and females (Figure S4).

Figure 2. Adult InsR KOplacenta mice displayed normal glucose homeostasis on a normal chow
diet. (A) Body weight in all the males (n = 9, 10) and (A’) the female (n = 13) InsR KOplacenta and
control mice on a normal chow diet. Body weight for the offspring presented as combined data from
parity ≥ 3 and ≤2 litters. (B) IPGTT and AUC analysis (right) for the male (n = 4) and (B’) female
(n = 4) mice from parity ≥ 3 on a normal chow diet at 9 weeks of age. (C) IPITT and AUC analysis
(right) for the males (n = 4) and (C’) females (n = 4) from parity ≥ 3 at 11 weeks of age. Blood glucose
values for IPITT are expressed as the baseline percentage of blood glucose. The values are reported
as the means ± SEM, * p < 0.05.
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3.3. Adult Male InsR KOplacenta Offspring Demonstrated a Lower Body Weight on a High-Fat
Diet Challenge

Since we observed normal glucose tolerance under an NCD, we then tested whether
placental InsR reduction increased the risk of obesity and metabolic dysfunction in the
offspring under a diet-induced obesogenic challenge. Beginning at 13 weeks of age, the
male and female InsR KOplacenta mice and their littermate controls were challenged with a
high-fat diet (HFD, 60% energy by fat) to examine their response to an obesogenic challenge
(Figure 3A). As expected, both the male and female mice, regardless of the genotype, increased
in body weight over the 17 weeks on HFD treatment (Figure 3B,B’). Interestingly, when all the
data from parity 1–4 were combined, the male InsR KOplacenta mice exhibited a significantly
reduced body weight gain compared to their controls (p = 0.0112, Figure 3B). However, when
parity ≤ 2 and ≥3 were considered separately, there were no differences (Figures S5A and S6A).
In contrast, the female InsR KOplacenta mice did not differ in body weight compared to their
controls over the 17 weeks on a HFD regardless of parity (Figure 3B’, Figures S5A’ and S6A’).
Weekly non-fasted blood glucose measurements showed no notable differences between the
InsR KOplacenta mice and their controls for either sex (Figure 3C,C’, Figures S5B,B’ and S6B,B’).
Fasting blood glucose levels were measured after a 14 h fast at 4, 8, and 10 weeks on a HFD.
No differences were observed in fasting blood glucose levels between the genotypes at any
point in either sex regardless of parity (Figure 3D,D’). Body composition assessed by EchoMRI
revealed no differences in fat mass or lean mass for either male or female mice after 18–19
weeks on a HFD (Figure 3E,E’,F,F’). Pancreas tissue harvested after 19–20 weeks on a HFD
did not show weight differences between the genotypes for either the male or female mice
regardless of parity (Figure 3G,G’).

3.4. Adult Male InsR KOplacenta Offspring from Multiparous Dams Presented with a Mild and
Transient Improved Glucose Homeostasis on a High-Fat Diet Challenge

In the male InsR KOplacenta mice on a HFD, the mild reduction in weight gain suggested
a potential effect of reduced placental InsR on glucose homeostasis. IPGTT was conducted on
the male and female InsR KOplacenta mice and their controls from either parity ≥ 3 or ≤2 at 4,
8, and 10 weeks on a HFD. At 4 weeks of a HFD, IPGTT results demonstrated no differences in
glucose tolerance in either the male or female groups (Figure S5C,C’). Interestingly, at 8 weeks
on a HFD, the male InsR KOplacenta mice from parity ≥ 3 demonstrated significantly improved
glucose tolerance compared to their controls (p = 0.0332, Figure 4A). In contrast, there were no
differences in the female group from parity ≥ 3 (Figure 4A’). IPGTT performed at 10 weeks on
a HFD in the same group demonstrated a sustained improvement in glucose tolerance in the
male InsR KOplacenta mice, but the effect was mild and did not reach statistical significance
(p = 0.0899, Figure S5D). Glucose tolerance in the female group showed no difference at
this time (Figure S5D’). Consistent with the mild improvement in glucose tolerance, IPITT
conducted at 14 weeks on a HFD revealed a mild improvement in insulin tolerance in the male
InsR KOplacenta mice from parity ≥ 3 compared to their controls (p = 0.0867, Figure 4B). There
were no changes in insulin tolerance in the female group (Figure 4B’). IPITT was repeated
at 18 weeks on a HFD to see if the improvement was sustained in the male InsR KOplacenta

mice, but the results revealed no differences in insulin tolerance in the male or female mice at
this time (Figure S5E,E’). IPGTT and IPITT were performed on a separate group of mice on a
HFD from parity ≤ 2, but interestingly, the transient improvement in glucose homeostasis
was not observed in this group (Figure S6C,C’,D,D’,E,E’). Within a subset of males from
this group, activity levels and energy utilization were assessed using indirect calorimetry
over a 48 h period. Both O2 consumption (day p = 0.0213; night p = 0.0272) and CO2 (day
p = 0.0142; night p = 0.0165) production were significantly reduced in the InsR KOplacenta mice
compared to the controls (Figure S7A,B). However, the respiratory exchange ratio (RER) and
energy expenditure were comparable between the two groups (Figure S7C,D). Activity levels
from day and night were significantly different within each genotype in the males (control
p = 0.0003; InsR KOplacenta p = 0.0005), but between the two groups, the activity level was
comparable (Figure S7E).
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Figure 3. Adult male InsR KOplacenta offspring demonstrated lower body weight under a high-fat
diet challenge. (A) Schematic of experimental design for a high-fat diet (HFD). (B) Body weight
monitored in all the males (n = 6, 7) and (B’) females (n = 8, 9) from parity ≥ 3 and ≤2 across 17 weeks
on a HFD. (C) Non-fasting blood glucose levels for all the males (n = 6, 7) and (C’) females (n = 8, 9)
from parity was ≥3 and ≤2 (measured across 17 weeks on a HFD). Measurements not included for
T = 4, 8, 10, 14, and 18 weeks on a HFD due to phenotyping performed on these weeks. (D) Fasting
blood glucose measured for the males (n = 4, 7) and (D’) females (n = 4, 9) from parity ≥ 3 and
≤2 at 4, 8, and 10 weeks on a HFD. (E) Fat mass for the males (n = 6, 7) and (E’) females (n = 8, 9)
from parity ≥ 3 and ≤2 as assessed by EchoMRI at 18–19 weeks on a HFD. (F) Lean mass for the males
(n = 6, 7) and (F’) females (n = 8, 9) from parity ≥ 3 and ≤2 as assessed by EchoMRI at 18–19 weeks
on a HFD. (G) Pancreas weight for the males (n = 6, 7) and (G’) females (n = 8, 9) from parity ≥ 3 and
≤2 upon harvest at 19–20 weeks on a HFD. The values are reported as the means ± SEM, * p < 0.05.
P: postnatal; BW: body weight; BG: blood glucose; IPGTT: intraperitoneal glucose tolerance test;
IPITT; intraperitoneal insulin tolerance test; HFD: high-fat diet.
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Figure 4. Adult male InsR KOplacenta mice from multiparous dams presented with a mild and
transient improved glucose homeostasis on a high-fat diet challenge. (A) IPGTT and AUC analysis
(right) for the male (n = 4) and (A’) female (n = 4) mice from parity ≥ 3 at 8 weeks on a HFD.
Repeated measures two-way ANOVA revealed significant differences (p = 0.0332) between the InsR
KOplacenta and control males at 8 weeks on a HFD. A separate unpaired t-test performed specifically
for T = 60 min revealed p = 0.0593. (B) IPITT and AUC analysis (right) for the males (n = 4) and
(B’) females (n = 4) from parity ≥ 3 at 14 weeks on a HFD. Blood glucose values for IPITT are
expressed as the baseline percentage of blood glucose. Repeated measures two-way ANOVA analysis
revealed a p-value of 0.0867 in the males at 14 weeks on a HFD. A separate unpaired t-test performed
specifically for T = 30 and T = 60 min revealed p = 0.0843 and p = 0.0600, respectively. The values are
reported as the means ± SEM, * p < 0.05.

4. Discussion

Maternal obesity and diabetes during pregnancy continue to be serious public health
concerns and are associated with adverse pregnancy complications for both the mother and
the child [5–15]. In our present study, we aimed to understand the effect of altered insulin
receptor availability in the placenta on the metabolic health of the mouse offspring. We
uncovered that placenta-specific insulin receptor deficiency in a normal mouse pregnancy
condition does not adversely affect glucose homeostasis in the male or female offspring at
birth and during adulthood. Under a diet-induced obesogenic challenge, however, adult
male offspring with a placental insulin receptor deletion displayed transient protection
from glucose homeostasis dysfunction, which appears to be dependent on the number of
pregnancies the dam has experienced.

Placental trophoblast-specific loss of the insulin receptor did not affect placental
weight, fetal and newborn weight, or β-cell mass in the male or female newborns. These
results were consistent with findings that placental trophoblast-specific deletion of InsR
alone does not adversely impact offspring growth in mice [40]. Another study looking at
the effects of a total body insulin receptor knockout also found normal fetal development
with normal or slightly reduced body weight at birth [41,42]. The minimal impact on
body weight is likely attributable to the effects of insulin-like growth factor 1 receptor
(IGF1R) in normal fetal growth and development [41,42]. The insulin receptor and the IGF1
receptor (IGF1R) share high homology in their ligand-binding and intracellular tyrosine
kinase domains, and thus insulin can activate both receptors (not IGF2R) albeit with lower
affinity to IGF1R [43–45]. Thus, future studies into the independent role of IGF1R and the
combined role of InsR and IGF1R in the placenta may reveal new insights regarding the
full effect of placental insulin signaling, which will better inform us of the full effects of
maternal insulin on birthweight and β-cell mass at birth.
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Glucose and insulin tolerances of the adult InsR KOplacenta offspring on a normal
chow diet were unaffected and suggest that placental InsR on its own is not sufficient to
induce lasting effects on glucose homeostasis of the offspring. Normal glucose tolerance in
the adult offspring was also observed by Bronson et al. [40]. However, when challenged
with a HFD, male InsR KOplacenta mice demonstrated lower body weight gain compared
to their littermate controls. Male InsR KOplacenta offspring also demonstrated improved
glucose and insulin tolerance, although this was a mild and transient effect dependent
on maternal parity. The improved glucose and insulin tolerance was demonstrated in the
cohort from multiparous dams, which we defined as having ≥ three pregnancies. We
observed no changes in glucose homeostasis parameters in different cohorts of offspring
from dams with parity ≤ 2. While we are careful in the interpretation of this analysis,
deletion of the placental insulin receptor may potentially be associated with a mild pro-
tective effect against diet-induced obesity and glucose homeostasis dysfunction in male
InsR KOplacenta offspring when challenged with a HFD. This phenotype appears to be
dependent on the number of pregnancies the dam has experienced. Thus, ablation of
the placental InsR may have health beneficial effects in the male offspring of multiparous
dams, where they often present higher obesity [46,47] and hyperinsulinemia [48]. Indeed,
epidemiological and experimental studies have shown that increased parity may be as-
sociated with an increased risk of maternal diabetes, glucose homeostasis dysfunction,
and placental inflammation [17,33,49,50]. In a preclinical model, there is also evidence
demonstrating that male offspring from multiparous dams have increased adiposity and
metabolic dysfunction [17]. We are uncertain what factors may be mediating this effect
in multiparous dams, but repeated pregnancies may adversely change the intrauterine
environment through changes related to pregnancy-induced obesity, maternal and pla-
cental inflammation, maternal hyperinsulinemia, and placental nutrient transport [17].
Interestingly, placental insulin receptor ablation was also shown to significantly increase
hypothalamic-pituitary–adrenal axis stress response and impair sensorimotor gating in
males [40]. Thus, sex-specific neurodevelopmental and metabolic risk programming should
be investigated in the future.

5. Conclusions and Future Directions

In the present study, we explored the role of the placental insulin receptor in a normal
mouse pregnancy using a preclinical model, and our results suggest that placental InsR
may contribute to the long-term offspring health when metabolically challenged with
diet-induced obesity. This study suggests that reduction of placental insulin in dams with
hyper-nutrient conditions such as obesity and hyperinsulinemia (i.e., PCOS) may improve
metabolic health of the offspring. Our data highlights the need for a greater understanding
of the role of insulin signaling in placental biology and the mechanisms of developmental
programming of the metabolic health in the offspring. This study also highlights that
multiple pregnancies may have heritable and independent consequences in the offspring
and warrants further investigation using preclinical models and in human studies.

Future studies should be directed toward exploring more closely the impact of parity
on the metabolic health of the dams and the offspring by characterizing glucose homeostasis
of multiparous wild type or InsR KO dams to define how their metabolic health may be
altered with an increasing number of pregnancies. With a more robust amount of dams,
confounding variables such as the dams’ age, weight gain between pregnancies, and litter
effects within dams corrected, a more thorough study may shed some insight into why
male offspring with a placental deletion of the insulin receptor may present with a mildly
protective phenotype. Assessment of the offspring’s metabolic health if the sire is a Cre
carrier should also be considered. Fetal sex has been shown to play a role in sex-specific
responses to changes in the in utero environment and may partially explain the sexual
dimorphic differences observed in our study and others [23,40,51–53]. Thus, an important
future study should also investigate the role of the insulin receptor in placental nutrient-
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sensing and placental vascularization. Moreover, future interventions may be targeted to
break the obesity cycle that could occur between mothers and their offspring.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines10030575/s1, Figure S1. Normal placental and fetal
weight in InsR KOplacenta offspring. Figure S2. Normal glucose homeostasis in InsR KOplacenta
offspring from sire Cyp19-cre carrier. Figure S3. A separate cohort of adult InsR KOplacenta mice
from parity ≤ 2 demonstrated normal glucose homeostasis on normal chow diet. Figure S4. Placental
InsR heterozygous mice demonstrated normal glucose homeostasis on normal chow diet. Figure S5.
Adult male InsR KOplacenta mice from multiparous dams presented with a mild and transient
improved glucose homeostasis on a high-fat diet challenge. Figure S6. Adult male InsR KOplacenta
mice from parity ≤ 2 exhibited normal glucose homeostasis on a high-fat diet challenge. Figure S7.
Adult male InsR KOplacenta mice displayed normal energy expenditure on a high-fat diet challenge.
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Abstract: Currently, adipose tissue is considered an endocrine organ, however, there are still many
questions regarding the roles of adipokines—leptin and ghrelin being two adipokines. The purpose
of the study was to assess the relationship between the adipokines and their ratio with obesity
and diabetes. Methods: Sixty patients (mean age 61.88 ± 10.08) were evaluated. Cardiovascular
risk factors, leptin, ghrelin, and insulin resistance score values were assessed. The patients were
classified according to their body mass index (BMI) as normal weight, overweight, and obese. Results:
20% normal weight, 51.7% overweight, 28.3% obese, and 23.3% diabetic. Obese patients had higher
leptin values (in obese 34,360 pg/mL vs. overweight 18,000 pg/mL vs. normal weight 14,350 pg/mL,
p = 0.0049) and leptin/ghrelin ratio (1055 ± 641 vs. 771.36 ± 921 vs. 370.7 ± 257, p = 0.0228).
Stratifying the analyses according to the presence of obesity and patients’ gender, differences were
found for leptin (p = 0.0020 in women, p = 0.0055 in men) and leptin/ghrelin ratio (p = 0.048 in
women, p = 0.004 in men). Mean leptin/BMI and leptin/ghrelin/BMI ratios were significantly higher,
and the ghrelin/BMI ratio was significantly lower in obese and diabetic patients. In conclusion,
obesity and diabetes are associated with changes not only in the total amount but also in the level
of adipokines/kg/m2. Changes appear even in overweight subjects, offering a basis for early
intervention in diabetic and obese patients.

Keywords: obesity; body mass index; diabetes; leptin; ghrelin

1. Introduction

It is well known that in last 50 years diet (with an excessive supply of energy delivered
with food), lower energy expenditure and lifestyle changes are responsible for increasing
prevalence of obesity (2.5 billion adults being reported as overweight or obese in 2016 [1])
and diabetes mellitus (more than 400 million adults diagnosed in 2019) [2–4]. Obesity and
diabetes are both considered at this time public health issues [5–9]. Hundreds of millions
of people, all over the world [4,10,11], are confronting their effects, literature suggesting
a strong association between them [12].

Currently, obesity is considered a heterogeneous syndrome [13], the same fat mass
excess being associated with various types of metabolic profile and risk [3,14]. Various
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types of intervention for obesity prevention and treatment have been proposed (diets,
pharmacological interventions, or bariatric surgery). It is very important to make an
accurate selection of obese patients gaining the most benefits, but also identify those with
developing high-risk complications.

Taking into consideration the previously mentioned data, in recent years, the focus
has shifted from adipose tissue as a fat storage organ [15] to an endocrine and immune or-
gan [7,10,16–23], secreting various types of molecules [7,11,15,22]. The last decade has wit-
nessed an increase in the number of discovered adipokines, with more than 600 adipokines
being secreted by adipose tissue, and with an increasing need to identify their roles and
clinical relevance [18]. Adipokines are involved in appetite regulation [22], energy balance,
glucose homeostasis, lipid metabolism, in the pathogenesis of insulin resistance [18,20],
diabetes mellitus, atherosclerosis, hypertension, metabolic syndrome, cardiovascular dis-
ease, and cancer [21,24–27]. Currently, inadequate adipokines’ secretion can emphasize
adipose tissue dysfunction [15,18,21], linking obesity to other comorbidities (including
diabetes) [15,18–20,22,23,28,29].

Despite this great interest in the implied mechanism in obesity and diabetes, there are
still many questions in the debate on the role of adipokines. Most research on this topic
has focused on the individual adipokines’ roles and values in diabetes or obesity. To the
best of our knowledge, their relationship and the influence of body mass index over them
have rarely been evaluated.

Knowledge of the possible interactions and pathological implications is needed for
personalized prevention [18], early diagnosis, estimation of the risk of complications, and
early intervention to reduce morbidity and mortality.

Leptin and ghrelin appear to be involved in glucose and lipid metabolism, eating
behavior [7,11,22,30] and energy balance [1,23], playing important roles in hormonal reg-
ulation of food intake [17,30], being potent appetite influencers in the opposite direc-
tion [1,7,26]. Due to their interaction, they are considered in a “ghrelin-leptin tango” [17].

The aim of this work is to extend our knowledge on the relationship between adipokine
(leptin, ghrelin) and their ratio enforced by body mass index, obesity, diabetes, and
metabolic syndrome. Moreover, we have intended to evaluate a possible subtle rela-
tionship between adipokines and body mass index (their ratio)—a possible substrate for
framing the same BMI patient category in different risk classes.

2. Materials and Methods

The current study was conducted in the Department of Cardiology of the Rehabilitation
Hospital in Cluj-Napoca, a total number of 60 consecutively recruited hospital-admitted
patients (44 women) were enrolled in this study. The mean age was 61.88 ± 10.08 years.
Subjects who did not consent in writing to participate were excluded from the present study;
also, those who present systemic or inflammatory diseases. At the same time, taking into
account recently published papers with controversial data on the interaction between lipid-
lowering therapy (depending on dose, duration, and type of treatment) and adipokines
levels [31–37], patients with no data related to this topic have also been excluded.

A complete clinical examination was performed by a physician (according to the
current European Society of Cardiology guidelines). Bodyweight, height, body mass
index (BMI, calculated as weight divided by squared height, expressed as kg/m2), waist
circumference (in centimeters), present or past smoking, obesity, presence of dyslipidemia
(total cholesterol ≥ 200 mg/dL or serum triglycerides ≥ 150 mg/dL), hypertension (blood
pressure ≥ 140/90 mmHg or under hypotensive treatment), and diabetes were recorded.

For each patient, a blood sample was collected in the morning (between 7:00 a.m. and
9:00 a.m.); lipid fractions, glycemia were determined. The insulin resistance score was assessed
as homeostatic model assessment (HOMA index) = insulin (μU/mL) × glycemia (mg/dL)/405.

Using the commercially available ELISA kits method (enzyme-linked immunosorbent
assay, R&D Systems Inc., Minneapolis, MN, USA) serum total ghrelin (pg/mL) and serum
leptin (pg/mL) levels were determined for each patient.
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Patients were classified according to their body mass index in normal weight (body mass
index BMI 18.5–24.9 kg/m2), overweight (BMI 25–29.9 kg/m2), and obese (BMI ≥ 30 kg/m2). The
classification of metabolic syndrome (MetS) was based on International Diabetes Federation
(IDF) guidelines (central obesity plus any two of the following: triglycerides ≥ 150 mg/dL, low
HDL-cholesterol, increased blood pressure, elevated fasting plasma glucose, or diabetes) [38].

The local University Ethics Committee (following the Declaration of Helsinki) ap-
proved the study protocol.

The statistical packages MedCalc version 10.3.0.0 (MedCalc Software, Ostend, Bel-
gium) and SPSS for Windows version 16.0 (IBM Corporation, Armonk, New York, NY,
USA) were used for processing statistical analysis. For all quantitative variables, distri-
bution’s normality was tested using the Kolmogorov–Smirnov and D’Agostino–Pearson
tests; quantitative data were presented as the mean ± standard deviation, median values,
respectively; qualitative data as numbers and percentages. Independent sample t-test,
Mann–Whitney, χ2 test, ANOVA (analysis of variance), or Kruskal–Wallis test were used
to analyze differences between variables or groups; relationships were assessed using
Spearman and Pearson correlation coefficients. Univariate and multivariate regression
were used to identify independent prognostic factors. A p-value < 0.05 was considered
statistically significant.

3. Results

Twelve (20%) patients presented as normal weight, 31 (51.7%) overweight and 17 (28.3%)
were obese; 23.3% were diabetics (type 2 DM—all of them), 47 (78.3%) hypertensive,
11 (18.3%) current smokers, 41 (68.3%) with dyslipidemia, and 71.7% with MetS. Moreover,
53.3% were diagnosed with cardiovascular disease (ischemic heart disease, heart failure,
peripheral artery disease, previous stroke).

The mean age of the evaluated patients was 61.88 ± 10.08; no noteworthy differences
(regarding age) were found between the groups (normal weight vs. overweight vs. obese
ones). The tests revealed significant differences between the three groups in relationship
with abdominal circumference (p < 0.001), body mass index (p < 0.001), glycemia (p = 0.016),
presence of diabetes (p = 0.0099).

The overall mean ± SD (median) values were for ghrelin—39.55 ± 18.90 (34.25) pg/mL, for
HOMA-index—2.07 ± 1.19 (1.72), and for leptin/ghrelin ratio—771.68 ± 791.43 (508.61).
The characteristics of the studied group are presented extensively in Table 1.

When absolute values were compared, obese patients presented higher values of leptin
(p trend = 0.0049), leptin/ghrelin ratio (p trend = 0.0228) and HOMA index (p trend = 0.003)—co-
mplete data are presented in Figure 1. Significant differences were found between obese
patients and overweight (for leptin p < 0.05, for leptin/ghrelin ratio p < 0.05) and between
obese and normal weight patients (for leptin p < 0.05, for leptin/ghrelin ratio p < 0.05). No
relationship was found between ghrelin level and ponderal status (p = NS).

Stratifying the analyzes according to the presence of obesity and patients’ gender,
significant differences were found for leptin in both sexes. Obese female presented greater
values (16,930 pg/mL in normal weight vs. 32,227 pg/mL in overweight vs. 39,270 pg/mL
in obese, p trend = 0.0020); same results were found for men (1560 pg/mL in normal weight
vs. 3480 pg/mL in overweight vs. 20,240 pg/mL in obese, p trend = 0.0055).

For the leptin/ghrelin ratio, significant differences were found between groups for both
sexes—for women (437.93 ± 225.87 vs. 1019.48 ± 992.11 vs. 1295.81 ± 669, p trend = 0.048) and
for men (34.55 ± 4.29 vs. 164.84 ± 140.84 vs. 478.11 ± 189.65, p trend = 0.004).

HOMA index was significantly higher in obese women (p trend = 0.008), but not in
obese men (p trend = 0.11).
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Figure 1. Relationship between adipokines, insulin resistance score and ponderal status. Panel (a)—relationship between
leptin and ponderal status; panel (b)—relationship between leptin/ghrelin ratio and ponderal status; panel (c)—relationship
between HOMA index and ponderal status.

Globally, significant correlations were found between leptin and BMI (rho = 0.402,
p = 0.001), insulin (rho = 0.271, p = 0.036), ponderal status (rho = 0.420, p = 0.0012) and
patients’ sex (rho = −0.57, p < 0.001). Significant relationships were found between ghre-
lin and age (rho = −0.344, p = 0.007), diabetes presence (rho = −0.266, p = 0.04). The
leptin/ghrelin ratio correlated with BMI (r = 0.304, p = 0.018), ponderal status (r = 0.29,
p = 0.021), diabetes presence (r = 0.318, p = 0.013), insulin (r = 0.287, p = 0.026), and patients’
sex (r = −0.404, p = 0.001). Data are presented in Figure 2. No associations were found
between leptin, ghrelin, or leptin/ghrelin ratio and glycemia, HOMA index, lipid fractions,
abdominal circumference, systolic or diastolic blood pressure.

In women, leptin correlates with weight (rho = 0.496, p = 0.001), BMI (rho = 0.577,
p < 0.001), abdominal circumference (rho = 0.505, p < 0.001), diabetes (rho = 0.408, p = 0.006)
and ponderal status (rho = 0.537, p < 0.001) ghrelin with age (rho = −0.434, p = 0.003),
weight (rho = 0.304 p = 0.004), and the leptin/ghrelin ratio with age (r = 0.363, p = 0.015),
BMI (r = 0.387, p = 0.009), abdominal circumference (r = 0.338, p = 0.018), diabetes (r = 0.477,
p = 0.001), and ponderal status (r = 0.359, p = 0.017). In men, leptin correlates with age
(rho = −0.510, p = 0.043), weight (rho = 0.576, p = 0.02), BMI (rho = 0.697, p = 0.025),
ponderal status (rho = 0.819, p < 0.001), and the leptin/ghrelin ratio with BMI (r = 0.603,
p = 0.013) and ponderal status (r = 0.735, p = 0.001)

The predictors of leptin, ghrelin, and the leptin/ghrelin ratio were studied using
univariate and multivariate analysis. For leptin in the univariate analysis, independent
predictors were body mass index (R2 = 0.125, p = 0.003), insulin (R2 = 0.128, p = 0.005), ponderal
status (R2 = 0.150, p = 0.002), and patient sex (R2 = 0.210, p < 0.001). In the multivariate analysis
(stepwise method), independent factors were ponderal status and patient sex.
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Figure 2. Correlation between leptin, leptin/ghrelin ratio, and body mass index. Panel (a)—correlation between leptin
value and body mass index; panel (b)—correlation between leptin/ghrelin ratio and body mass index.

In the univariate analysis, for ghrelin age (R2 = 0.166, p = 0.001) and for the lep-
tin/ghrelin ratio BMI (R2 = 0.093, p = 0.018), ponderal status (R2 = 0.088, p = 0.021), diabetes
(R2 = 0.101, p = 0.013), insulin (R2 = 0.082, p = 0.026), and patient sex (R2 = 0.163, p = 0.001)
were independent predictive factors. In the multivariate analysis, for the leptin/ghrelin
ratio, patients ‘gender, diabetes, and body mass index were independent factors.

No significant differences were found in the values of leptin and ghrelin between
patients with MetS vs. those without MetS. Patients with MetS presented higher values of
leptin/ghrelin (869.19 ± 845 vs. 525.03 ± 584, p = 0.07) and the HOMA index (1.83 vs. 1.57,
p = 0.004).

Considering diabetic patients, as highlighted in Table 2, globally significant differences
were found regarding insulin, HOMA index, ghrelin (p = 0.0409), and the leptin/ghrelin ratio
(p = 0.0131). Differences were also present in women, in men registered p being non-significant.

Diabetic and obese patients (vs diabetic and nonobese patients) presented greater
leptin values (32,810 pg/mL vs. 14,505 pg/mL), lower ghrelin levels (25.75 pg/mL vs.
29 pg/mL); no difference in relationship with the leptin/ghrelin ratio (1242.42 ± 663 pg/mL
vs. 1201.10 ± 1616 pg/mL, p = NS) was found. Detailed data regarding the relationship
between BMI category and diabetes are presented in Figure 3.

After calculating the adipokines/BMI ratio (data presented in Table 3), we should
mention that no statistical significance was achieved, mean ghrelin/BMI was the lowest in
obese subjects (1.59 ± 0.35 in normal weight vs. 1.41 ± 0.8 in overweight vs. 1.26 ± 0.58 in
obese). The mean leptin/BMI ratio and leptin/ghrelin/BMI ratio were highest in obese
patients (data in Table 3 and graphic representation in Figure 4).

In metabolic syndrome, respectively, in diabetic patients, a lower ghrelin/BMI ratio
and a higher leptin/ghrelin/BMI ratio were also found.

Globally, the determined area under the ROC curve for MetS identification was 0.687
(Se = 44.2%, Sp = 82.4%, criterion > 600.54) for the leptin/ghrelin ratio. For the HOMA
index, the AUROC was 0.740 (Se = 48.8%, Sp = 100%, criterion > 1.83).

In men, the leptin/ghrelin ratio had a better capacity to identify patients with metabolic
syndrome (AUROC = 0.923, Se = 76.9%, Sp = 100%) compared to leptin (AUROC = 0.821),
ghrelin (AUROC = 0.718), or the HOMA index (AUROC = 0.654); p = 0.09 between the
leptin/ghrelin ratio AUROC vs. AUROC-HOMA.

In women, no significant differences were found between AUROCs (AUROC-
HOMA = 0.752 vs. AUROC-leptin = 0.706 vs. AUROC-ghrelin = 0.536 vs. AUROC-leptin/
ghrelin ratio = 0.690). Data are presented in Table 4.
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Figure 3. Relationship between adipokines—obesity—diabetes. Panel (a)—relationship between ghrelin—diabetes—ponderal
status; panel (b)—relationship between leptin—diabetes—ponderal status; panel (c)—relationship between leptin/ghrelin
ratio—diabetes—ponderal status; panel (d)—relationship between HOMA index—diabetes—ponderal status.

 

Figure 4. Relationship between leptin/BMI ratio, leptin/ghrelin/BMI ratio, Ghrelin/BMI ratio, HOMA index/BMI ratio
and ponderal status. Panel (a)—relationship between leptin/BMI ratio—ponderal status; panel (b)—relationship between
leptin/ghrelin/BMI ratio—ponderal status; panel (c)—relationship between HOMA index/BMI ratio—ponderal status;
panel (d)—relationship between ghrelin/BMI ratio—ponderal status.
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Table 4. AUROCs for adipokines and the HOMA index—for metabolic syndrome identification.

Women Men

AUROC Se Sp Criterion AUROC Se Sp Criterion

L/G ratio 0.690 60 78.6 >600.54 0.923 76.9 100 >101.98

L 0.706 83.3 57.1 >17,910 0.821 53.8 100 >5150

G 0.536 53.3 71.4 ≤33 0.718 84.6 66.7 ≤43

HOMA 0.752 53.33 100 1.83 0.654 38.46 100 1.83
L/G = leptin/ghrelin ratio, L = leptin, G = ghrelin, HOMA index = homeostatic model assessment, AUROC = area
under the ROC curve; Se = sensibility, Sp = specificity.

The presence of diabetes was better identified by the HOMA index (AUROC lep-
tin/ghrelin ratio = 0.658, AUROC leptin = 0.632, AUROC ghrelin = 0.682, AUROC HOMA
index = 0.831); the results were similar in both sexes.

4. Discussion

The increase in obesity and diabetes prevalence has important consequences on
population health, the financial burden on the health system [18], and the impact on all
body systems [3,7,8,39–43].

The body mass index (BMI) represents the most used tool to assess the degree of
obesity. Although early studies believed that it is all about increasing in size and number of
adipocytes, recent studies pointed to metabolism dysregulation, insulin resistance, systemic
inflammation [18,44], responsible being the adipokines, cytokines, extracellular matrix
proteins, vasoactive substances, and the release of hormone-like action proteins [7,45–47].
New data have suggested the idea that this variability in adipose tissue composition,
distribution, and substance release is a substrate for people in the same BMI category
being framed in various risk levels [3,7,13,21], and a key factor in obesity-related metabolic
disorders [12]. Substances secreted by dysfunctional adiposity have pro-inflammatory,
pro-thrombotic, and pro-atherogenic effects, but also affect vascular tone and motricity,
endothelial function [7], promoting cardiac fibrosis appearance [7].

On the other hand, it is well known that a large proportion of type 2 diabetics are
obese and, inversely, type 2 diabetes is more frequently met in obese people [21,48], a clear
connection between those being already established. Over the last 10 years, the focus has
shifted from two separate entities (obesity and diabetes) to an interwoven perspective.

Despite great interest in a complex relationship between adipokines–obesity–diabetics,
many aspects are still unclear. Today, many theories and techniques have evolved to
understand and prevent, to highlight the already appeared related complication of type 2
diabetes and obesity [49–52], to create estimative risk models [53].

On the other hand, the underlined mechanisms are not, at this moment, fully explained,
and adipokines secretion dysregulation is considered as a possible missing chain between
two entities.

Leptin and ghrelin are the main hormones that, working together, but in an opposite
manner [26,27], regulating reciprocally [54], influence appetite and hunger sensations [17,26].

Leptin (from the Greek word leptos, which means thin [11]) is secreted by adipose
tissue (in proportion with fat stores [29,55]), but also by the stomach and mammary
gland [29]. It influences dietary intake, regulates food intake [7,15,17,22,23,29,55], energy
consumption [15,29], induces the satiety sensation—“a satiety hormone” [21–23,26,47],
and, consequently, determines the number of adipose deposits [25,56]. At the same time,
it is considered a pro-inflammatory adipokine [15], being involved in low inflammation
associated with an increased amount of fat tissue [22]. Most forms of obesity are associated
even with leptin resistance [15,23]. Different mechanisms are responsible, including the
fact that chronic high leptin level leads to leptin insensitivity [57]. Our results are in line
with previous ones [11,17,18,22,28,55,58–62], showing higher levels in obese or diabetic
patients and a positive correlation with body mass index (as reported in [15,28]).
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Ghrelin, a stomach-derived hormone [30] secreted by P/D1 cells [17,63] also has an impor-
tant role in short-term appetite regulation [11,17,30,64,65] and stimulation [11,26,27,60,63,66,67],
but also involved in lipogenesis [67], insulin sensitivity, having anti-inflammatory prop-
erties [65], blocking the renin-angiotensin system [7,67], decreasing sympathetic activ-
ity [67,68], influencing blood pressure and heart rate [67,68], and finally being involved in
cardiovascular disease development (low values being associated with increase global car-
diovascular risk [54,69,70]). Previously reported data suggested the idea that a low ghrelin
level could be one of the pathogenetic pathways of type 2 diabetes development [70,71].

The results presented in the current study are not in line with those previously
published by [17,64,72–75], who found low ghrelin levels in obese patients, but in ac-
cordance with a 2021 published study finding no significant differences between obese
and normal-weight patients regarding ghrelin levels [1]. We do not have a clear expla-
nation for these discrepancies; probably, ghrelin levels are elevated due to 12 h fasting
or food restriction [11,26,63], starvation [63]—knowing that its concentration increases
before meal intake [17,66] and is influenced by low meal frequency, diet composition,
exercise, and lifestyle [66]. There have also been published studies reporting the nocturnal
increase in ghrelin levels [76,77]. At the same time, the literature describes the “obesity
paradox”—obese subjects appear to have heterogeneous phenotypes [13]—from Metabol-
ically UnHealthy Obesity (MuHOB) to Metabolically Obese Normal Weight (MONW
or metabolically unhealthy normal BMI—normal BMI associated with obesity-related
metabolic complications—more than 20% in US adults [3]) and Metabolically Healthy
Obesity (MHOB—10–30% in European obese, more frequently met in women [13], 10% of
US adults [3]). Just the simple use of the body mass index does not allow us to accurately
discriminate between lean and fat mass, between MuHOB-MONW-MHOB [3,13].

However, our results support other published theories [65,70,71,78], theories founding
lower ghrelin levels in diabetic patients.

Due to the discrepancy between the previous results, new parameters have been
evaluated such as the leptin/ghrelin ratio, leptin/BMI ratio, ghrelin/BMI ratio, and lep-
tin/ghrelin/BMI ratio.

The leptin/ghrelin ratio appears to be a hunger regulator [17], a higher ratio being
associated with hunger and decreased appetite [17]. The previous hypothesis enunciated
suggested the fact that leptin/ghrelin ratio can be used to identify subjects with an un-
favorable evolution after obesity weight-loss therapeutic treatment [54,79], with weight
regain after successful weight loss [54]. To our best knowledge, only a few studies have
explored its relationship with obesity—metabolic syndrome—diabetes. Our results rein-
force the data reported by [17,26,54], the leptin/ghrelin ratio being significantly higher in
overweight/obese patients or diabetic or metabolic syndrome patients.

Furthermore, we should mention the fact that, in men, the leptin/ghrelin ratio had
a very good discriminatory capacity for metabolic syndrome (AUROC = 0.923). Compared
to previous studies that evaluated other parameters (such as the leptin/adiponectin ra-
tio, HOMA index, QUICKI index, McAuley index, triglycerides/HDL-cholesterol ratio,
cholesterol/HDL-cholesterol ratio, different measurement in abdominal CT—[80–83]) for
the prediction of metabolic syndrome, leptin/ghrelin appears to have at least as good, if
not a better (in men) prediction capacity.

Early findings suggest a different influence of fat amount on health status—the clas-
sification (according to BMI) in normal-weight vs. overweight vs. obese being too large,
masking the differences in relationship with body mass index [3]. Metabolically obese
normal-weight patients present hyperinsulinemia, insulin resistance, dyslipidemia, and
an increased risk of cardiovascular diseases [3]. Therefore, we need more accurate instru-
ments to differentiate between MuHOB-MONW-MHOB, such as the adipokines/BMI ratio.

The most striking observation that emerged from the analysis was the relationship
between obesity, diabetes, and the adipokines/BMI ratio. The leptin/BMI ratio increased
with the degree of obesity, the presence of metabolic syndrome, or diabetes. Although we
did not find a decrease in the ghrelin level in obese subjects when we took into consideration the
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ghrelin/BMI ratio, a decrescendo trend was obvious. A positive parallel trend with the ponderal
status of the leptin/ghrelin/BMI ratio was also revealed. Not achieving statistical significance
was probably due to the small number of evaluated subjects. The results are consistent with (to
our best knowledge) the only published study [27] that evaluated the adipokines/BMI ratio.

From this point of view, it seems important that not only the total adipokines’ lev-
els but also the idea that obesity and diabetes mellitus are associated with changes in
adipokines’ level/kg/m2 (bringing a detailed look, a finesse one about a new possible
involved mechanism).

Considering the small number of participants and discrepancy between the numbers of
men/women due to consecutively admitted hospital patients (both of them being important
limitations of the study), further research is needed to fully assess the relationship between
adipokines, obesity, diabetes, and their pathophysiological involvement. Another serious
limitation of the study is the incapacity to deepen the analysis according to the obesity
degree. However, we should mention the fact that, even in a small sample, significant
and interesting relationships involving leptin/ghrelin, leptin/BMI, ghrelin/BMI, and
leptin/ghrelin/BMI ratios have been found.

This work provides new insights into the relationship between adipokines, diabetes,
and obesity, opening new research directions to identify the changes responsible for the
appearance and unfavorable disease evolution.

5. Conclusions

In conclusion, this study provides the backbone for future studies. There are still many
unanswered questions surrounding the release, role, and prognostic value of adipokines.
The results of this study suggest that obese and diabetic patients present both an alteration
of total adipokines’ level, but also changes in the relationship with body mass index. These
changes seem to appear even in overweight subjects offering a base for early intervention
in diabetic and obese patients.
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insulin in lean, obese and anorexic subjects. Prz. Gastroenterol. 2013, 8, 383–389. [CrossRef] [PubMed]

75. Mohamed, W.S.; Hassanien, M.; Abokhosheim, K. Role of Ghrelin, Leptin and Insulin Resistance in Development of Metabolic
Syndrome in Obese Patients. Endocrinol. Metab. Syndr. 2014, 3, 1–6. [CrossRef]

76. Dzaja, A.; Dalal, M.A.; Himmerich, H.; Uhr, M.; Pollmächer, T.; Schuld, A. Sleep enhances nocturnal plasma ghrelin levels in
healthy subjects. Am. J. Physiol. Endocrinol. Metab. 2004, 286, 963–967. [CrossRef]

77. Motivala, S.J.; Tomiyama, A.J.; Ziegler, M.; Khandrika, S.; Irwin, M.R. Nocturnal levels of ghrelin and leptin and sleep in chronic
insomnia. Psychoneuroendocrinology 2009, 34, 540–545. [CrossRef] [PubMed]

78. Lindqvist, A.; Shcherbina, L.; Prasad, R.B.; Miskelly, M.G.; Abels, M.; Martínez-Lopéz, J.A.; Fred, R.G.; Nergård, B.J.; Hedenbro, J.;
Groop, L.; et al. Ghrelin suppresses insulin secretion in human islets and type 2 diabetes patients have diminished islet ghrelin
cell number and lower plasma ghrelin levels. Mol. Cell. Endocrinol. 2020, 511, 110835. [CrossRef] [PubMed]

79. Labayen, I.; Ortega, F.B.; Ruiz, J.R.; Lasa, A.; Simón, E.; Margareto, J. Role of baseline leptin and ghrelin levels on body weight and
fat mass changes after an energy-restricted diet intervention in obese women: Effects on energy metabolism. J. Clin. Endocrinol.
Metab. 2011, 96, 996–1000. [CrossRef] [PubMed]

80. Pickhardt, P.J.; Graffy, P.M.; Zea, R.; Lee, S.J.; Liu, J.; Sandfort, V.; Summers, R.M. Utilizing fully automated abdominal CT-based
biomarkers for opportunistic screening for metabolic syndrome in adults without symptoms. Am. J. Roentgenol. 2021, 216, 85–92.
[CrossRef] [PubMed]

70



Biomedicines 2021, 9, 1657

81. Yoon, J.H.; Park, J.K.; Oh, S.S.; Lee, K.H.; Kim, S.K.; Cho, I.J.; Kim, J.K.; Kang, H.T.; Ahn, S.G.; Lee, J.W.; et al. The ratio of
serum leptin to adiponectin provides adjunctive information to the risk of metabolic syndrome beyond the homeostasis model
assessment insulin resistance: The Korean Genomic Rural Cohort Study. Clin. Chim. Acta 2011, 412, 2199–2205. [CrossRef]

82. Cozma, A.; Fodor, A.; Orăsan, O.H.; Suharoschi, R.; Muresan, C.; Vulturar, R.; Sampelean, D.; Negrean, V.; Pop, D.; Sitar-Tăut,
A. A comparison between insulin resistance scores parameters in identifying patients with metabolic syndrome. Stud. Univ.
Babes-Bolyai Chem. 2019, 64, 147–159. [CrossRef]

83. Blum, M.R.; Popat, R.A.; Nagy, A.; Cataldo, N.A.; McLaughlin, T.L. Using metabolic markers to identify insulin resistance in
premenopausal women with and without polycystic ovary syndrome. J. Endocrinol. Investig. 2021, 44, 2123–2130. [CrossRef]

71





Citation: de Hoogh, I.M.; Pasman,

W.J.; Boorsma, A.; van Ommen, B.;

Wopereis, S. Effects of a 13-Week

Personalized Lifestyle Intervention

Based on the Diabetes Subtype for

People with Newly Diagnosed Type 2

Diabetes. Biomedicines 2022, 10, 643.

https://doi.org/10.3390/

biomedicines10030643

Academic Editor: Myunggon Ko

Received: 20 January 2022

Accepted: 7 March 2022

Published: 10 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomedicines

Article

Effects of a 13-Week Personalized Lifestyle Intervention Based
on the Diabetes Subtype for People with Newly Diagnosed
Type 2 Diabetes

Iris M. de Hoogh *, Wilrike J. Pasman, André Boorsma, Ben van Ommen and Suzan Wopereis

Research Group Microbiology & Systems Biology, TNO, Netherlands Organization for Applied
Scientific Research, 3704 HE Zeist, The Netherlands; wilrike.pasman@tno.nl (W.J.P.); andre.boorsma@tno.nl (A.B.);
ben.vanommen@tno.nl (B.v.O.); suzan.wopereis@tno.nl (S.W.)
* Correspondence: iris.dehoogh@tno.nl; Tel.: +31-088-8660911

Abstract: A type 2 diabetes mellitus (T2DM) subtyping method that determines the T2DM phenotype
based on an extended oral glucose tolerance test is proposed. It assigns participants to one of seven
subtypes according to their β-cell function and the presence of hepatic and/or muscle insulin resis-
tance. The effectiveness of this subtyping approach and subsequent personalized lifestyle treatment in
ameliorating T2DM was assessed in a primary care setting. Sixty participants, newly diagnosed with
(pre)diabetes type 2 and not taking diabetes medication, completed the intervention. Retrospectively
collected data of 60 people with T2DM from usual care were used as controls. Bodyweight (p < 0.01)
and HbA1c (p < 0.01) were significantly reduced after 13 weeks in the intervention group, but not
in the usual care group. The intervention group achieved 75.0% diabetes remission after 13 weeks
(fasting glucose ≤ 6.9 mmol/L and HbA1c < 6.5% (48 mmol/mol)); for the usual care group, this
was 22.0%. Lasting (two years) remission was especially achieved in subgroups with isolated hepatic
insulin resistance. Our study shows that a personalized diagnosis and lifestyle intervention for T2DM
in a primary care setting may be more effective in improving T2DM-related parameters than usual
care, with long-term effects seen especially in subgroups with hepatic insulin resistance.

Keywords: type 2 diabetes; remission; lifestyle intervention; diet; subtypes; primary care

1. Introduction

The main pathophysiological defects in type 2 diabetes mellitus (T2DM) are insulin
resistance (IR) of the liver, muscle, and adipose tissue, and reduced β-cell function (BCF) [1].
Current treatment primarily focuses on lowering blood glucose concentrations and glycated
hemoglobin (HbA1c) levels instead of addressing the underlying pathophysiology. There-
fore, limited effectiveness may be achieved in diabetes treatment, especially in the longer
term [2–4]. Several studies have shown that lifestyle interventions have beneficial effects
on glycemic control [5–7], and may even induce disease remission [8,9]. In the DiRECT
trial, a primary-care-led weight management program for T2DM, 46% of the intervention
participants achieved disease remission [3,4]. The remission rate appeared related to β-cell
capacity [6], indicating that not all persons react similarly to such interventions. As T2DM
is a multi-factorial disease affecting multiple organs, and because people differ in their
genetics, phenotype, lifestyle, and environment, different mechanisms may underlie T2DM
pathophysiology [10,11]. Impaired glucose tolerance (IGT) and impaired fasting glucose
(IFG), which are both pre-stages of T2DM, can occur both separately and simultaneously,
and differ in prevalence [12]. Moreover, plasma insulin levels in response to an oral glucose
tolerance test (OGTT) differ [13]. A greater impairment in first-phase insulin secretion,
indicative of hepatic insulin resistance (HIR), can be found in individuals with isolated IFG.
People with IGT show higher two-hour insulin and glucose concentrations, indicative of
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muscle insulin resistance (MIR) [14]. The cardiometabolic T2DM etiologies of systemic low-
grade inflammation and lipid dysmetabolism differ between people with MIR and people
with HIR [15]. These differences in underlying T2DM pathophysiology may explain the
differences in the effectiveness of lifestyle interventions. Indeed, it has been shown that in
people with prediabetes with relatively high fasting insulin, a low-fat diet is most effective
for weight loss, whereas for people with prediabetes with relatively low fasting insulin, a
low-carbohydrate diet is most effective [16]. Another study comparing the two-year effects
of both a low-fat and a Mediterranean diet showed a larger improvement in BCF on a
low-fat diet in people with HIR, whilst people with MIR or a combination of muscle and
liver IR (CIR) benefitted more from a Mediterranean diet [17]. Moreover, it is known that
MIR is best counteracted by physical exercise [18], whereas caloric restriction seems to be
effective in reducing HIR [19]. Thus, the diabetic subtype can be used to personalize—and
potentially increase—the efficacy of and adherence to lifestyle treatment for T2DM.

Herein, we propose a subtyping method that determines an individual’s diabetic
phenotype and establishes the underlying pathophysiology [20]. T2DM subtyping was
conducted by performing a five-timepoint OGTT, quantifying plasma glucose and insulin
concentrations at baseline and 30 min intervals up to two hours. The resulting data were
used to determine indices indicative of pancreatic insulin secretion and muscle and liver
insulin resistance.

Based on the T2DM subtype, a personalized diagnosis and subsequent tailored treat-
ment were determined. Next, we assessed the effectiveness of this T2DM subtyping
approach in ameliorating T2DM by the evaluation of HbA1c and fasting plasma glucose
(FPG), as well as the associated risk factors, including body weight, in comparison to
usual care. Additionally, we elucidated whether personalized interventions improved the
diabetic phenotype and induced diabetes remission. This study took place in a primary
care setting to assess the feasibility of this more personalized approach in a real-life setting.
The intervention lasted 13 weeks, with a two-year follow-up.

2. Materials and Methods

2.1. Study Population

Eighty-two participants with prediabetes or newly diagnosed T2DM (within the last
12 months), according to the Dutch general practitioners’ standards, were recruited from
eight primary care centers in Hillegom, The Netherlands. In The Netherlands, T2DM
diagnosis is determined based on glucose values with two FPG of ≥7.0 mmol/L or one
FPG of ≥7.0 mmol/L combined with non-FPG of ≥11.1 mmol/L on two different days,
whereas prediabetes is defined as an FPG of ≥6.1 and <7.0 mmol/L and/or a non-FPG
of ≥7.8 and <11.1 mmol/L. Participants were eligible for study participation if they were
aged 30–80 years, and had a stable body mass index (BMI) between 25 and 35 kg/m2.
The exclusion criteria were the use of plasma glucose-lowering medication within the
past year, the use of systemic corticosteroids and β-blockers in the past month, pancreatic
or (late-onset) type 1 diabetes, and other medical conditions, including gastrointestinal
dysfunction, psychiatric disorders, severe hypertension, and renal insufficiency. Of the
82 participants initially enrolled in the study, 16 were excluded after the baseline OGTT
because of either very poor BCF (n = 8) or normal glucose metabolism (neither reduced
BCF nor IR) (n = 8).

From the same primary care center, the data of 60 people with prediabetes or newly di-
agnosed T2DM in usual care, meeting the above-stated inclusion and exclusion criteria, i.e.,
aged 30–80 years, BMI between 25 and 35 kg/m2, and no use of plasma glucose-lowering
medication, were collected retrospectively as controls. The historic data included fewer
people with prediabetes because there is no official monitoring protocol for prediabetes
according to the Dutch general practitioners’ standards [21], as a result of which registration
and monitoring occurs less frequently.

All participants gave written informed consent. The study protocol was approved
by the Medical Ethics Committee Brabant (NL48742.028.14). The study was performed in

74



Biomedicines 2022, 10, 643

accordance with the Declaration of Helsinki and good clinical practice and was registered
at ClinicalTrails.gov (NCT02196350).

2.2. Study Design

This study was exploratory. At baseline, clinical chemistry, blood pressure, and an-
thropometric measurements (length, body weight, waist circumference, and fat percentage)
were performed. Based on the T2DM subtype, participants were allocated to one of seven
personalized lifestyle treatments. The 13-week intervention was supervised by a dietician
and/or physiotherapist. All participants visited the general practitioner’s assistant at
baseline and in weeks 4, 8, and 13, and participants visited the dietician at baseline and
in weeks 1, 2, 6, 10, and 13 for (personalized) dietary advice. Those participants allocated
to a treatment including exercise visited the physiotherapist for supervised personalized
exercise training three times a week for 13 weeks. After the 13-week intervention, the mea-
surements were repeated, including an OGTT to determine changes in glucose metabolism
and the T2DM subtype. After the 13-week intervention, the participants returned to stan-
dard primary care. Anthropometry and clinical chemistry were repeated one and two
years after baseline. Healthcare providers were instructed to be reluctant in prescribing
oral diabetes medication or insulin therapy during the study. The intervention group was
compared with historic data from a control group that received usual care according to
the Dutch general practitioners’ standards [21]. This states to start with prescribing oral
diabetes medication when the HbA1c target level of 7.0% (53 mmol/mol) is not reached
with a non-drug treatment. For this study, diabetes remission was defined as: (a) Fasting
glucose ≤ 6.9 mmol/L, (b) HbA1c < 6.5% (48 mmol/mol), (c) no use of glucose-lowering
medication, and (d) meeting these targets at the 12- and 24-month follow-up [2]. Figure 1
provides an overview of the study design.

 
Figure 1. Study design. GP = general practitioner; OGTT = oral glucose tolerance test; clin. chem-
istry = clinical chemistry (HbA1c, triglycerides and HDL, LDL, and total cholesterol). Anthropometry
includes body height (only at baseline), body weight, waist circumference, and fat percentage.

2.3. Clinical Chemistry and OGTT

After an overnight fast, blood samples were taken before (0 min) and at four time
points after drinking a 75 g glucose solution (t = 30, 60, 90, and 120 min) to determine plasma
glucose and insulin concentrations. HbA1c and lipids were assessed at baseline, 13 weeks,
and at the one- and two-year follow-up. OGTT and blood sampling were performed at the
service center Elsbroek by AtalMedial in Hillegom, The Netherlands. Lab analyses were
performed by AtalMedials’ lab located in Spaarne Gasthuis Hospital, The Netherlands.
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2.4. Subtyping Rationale

Glucose and insulin response to the OGTT was used to calculate the following in-
dices: Disposition Index (DI) [22–24], Matsuda Index, Hepatic Insulin Resistance Index
(HIRI) [25], and Muscle Insulin Sensitivity Index (MISI) [26]. Cut-off values for these
indices, to distinguish between healthy and diabetic scores, were determined using data
from ~1100 participants [27–29]. These cut-offs were calculated and validated using differ-
ent subsets of healthy participants, participants with prediabetes (IFG, IGT, or both), and
people with undiagnosed and clinically diagnosed T2DM.

After calculating the indices, participants were assigned to one of seven subtypes
according to BCF (moderate or low) and the presence of hepatic IR and/or muscle IR
(Supplemental Table S1). Individuals with no IR and no BCF were excluded at baseline. If,
after the intervention, participants reverted to no IR and no BCF, these participants were
assigned to the “healthy” subtype.

2.5. Interventions

The HIR and CIR subgroup received a very-low-calorie diet (VLCD) for one week,
using meal replacements (Modifast) three times a day (500 kcal/day), followed by a
12-week low-calorie diet (LCD; 1000 kcal/day) based on a personal meal plan provided by
a dietician. Participants could opt for meal replacements for a maximum of one meal per
day. Groups with poor BCF (PB), PB-HIR, or PB-CIR received 13 weeks of LCD, similar
to the LCD of the HIR and CIR subgroups. Groups with MIR or PB-MIR followed an
isocaloric diet (ICD), comprising normal food products.

In addition to the dietary intervention, participants in the HIR, PB, and PB-HIR
subgroup were stimulated to adhere to the Dutch Norm for Healthy Physical Activity for
overweight people (moderate exercise of 60 min/day). The CIR and PB-CIR subgroup
were stimulated to adhere to the Dutch Norm for Physical Activity for one week, followed
by 12 weeks of strength and endurance training (thrice a week for 60 min), supervised by
a physiotherapist. The MIR and PB-MIR subgroups performed supervised strength and
endurance training for 13 weeks.

2.6. Statistical Analysis

Complete case analysis was performed using only paired data at baseline and after
13 weeks. Two weighted linear mixed models were created, from which all statistical results
were subsequently derived, using the “lmer” package [30]. One model included subtype
as the main effect, whereas the other contained group. Both models included time as the
main effect and the interaction of time with either group and subtype. Furthermore, both
models included the participant as a random factor. When fitting the models, statistical
outliers were excluded when their standardized model residuals were further than three
standard deviations away from 0. When applying these models, some variables were
log10-transformed to account for heteroscedasticity in the model residuals.

Type-III sum-of-squares p-values were calculated for the main effects using the “car”
package, whereas p-values for the post hoc tests were calculated using the “emmeans”
package [31]. Additionally, p-values of <0.05 were deemed statistically significant. The R
Project for Statistical Computing software version 3.4.3 for Windows (The R Project for
Statistical Computing, Auckland City, Auckland, New Zealand) was used for statistical
analysis [32].

3. Results

3.1. Baseline Characteristics

A total of 60 out of the 66 participants completed the intervention. At baseline, the
intervention group had significantly lower HbA1c and FPG and significantly higher BMI
compared with the usual care group (Table 1). Moreover, age tended to be higher in the
usual care group (p = 0.06). In both groups, the average HbA1c levels were below the target
level for people with type 2 diabetes, which is 7% (53 mmol/mol) in The Netherlands [21].
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Table 1. Baseline characteristics by treatment group.

Characteristic Usual Care Intervention p-Value

n 60 60
Men/women (n) 34/26 29/31 NS

Age (years) 65.2 ± 9.7 63.4 ± 7.9 0.06
Body height (m) 1.73 ± 0.10 1.72 ± 0.10 NS
Bodyweight (kg) 90.4 ± 15.1 96.3 ± 16.1 NS

BMI 29.9 ± 5.0 32.6 ± 4.8 0.035

HbA1c (%) HbA1c (mmol/mol)
6.7 ± 3.4 6.0 ± 2.8

<0.00149.7 ± 13.9 42.6 ± 7.4
FPG (mmol/L) 8.3 ± 4.0 7.0 ± 1.5 0.005
SBP (mmHg) 136 ± 19 137 ± 14 NS
DBP (mmHg) 82 ± 11 83 ± 10 NS

Total cholesterol (mmol/L) 5.9 ± 1.9 † 5.7 ± 1.1 NS
HDL-cholesterol (mmol/L) 1.3 ± 0.5 † 1.3 ± 0.3 NS

Triglycerides (mmol/L) 3.5 ± 5.4 † 2.2 ± 1.0 NS

Data are the mean ± standard deviation, unless otherwise indicated. † n ≈ 20, not available for all controls and after
outlier removal. BMI = body mass index; HbA1c = glycated hemoglobin; FPG = fasting plasma glucose; SBP = systolic
blood pressure; DBP = diastolic blood pressure; HDL = high-density lipoprotein; NS = not significant.

3.2. Intervention Effects Compared with Usual Care

After 13 weeks, body weight (p < 0.001) and HbA1c (p < 0.001) were significantly
lower compared with baseline in the intervention group, whilst there were no significant
changes in the usual care group (Supplemental Table S2). After one and two years of
follow-up, body weight (p < 0.001) and HbA1c (p < 0.001 at one year and p < 0.01 at two
years) remained significantly lower compared with baseline in the intervention group. In
the usual care group, body weight (p < 0.01) was reduced compared with baseline at the
two-year follow-up only.

In the intervention group, total cholesterol (−0.47 mmol/L; p < 0.01), triglycerides
(−0.58 mmol/L; p < 0.001), and waist circumference (−11 cm; p < 0.001) decreased after the
intervention. These data were not available for the usual care group, as these markers are
not measured regularly in usual care.

3.3. Diabetes Remission

Table 2 shows the fraction of participants who were classified as “in remission” for the usual
care and intervention group. The results are shown as the fraction of participants diagnosed
with T2DM at baseline, as our study population also included participants with prediabetes.
The intervention group achieved significantly more T2DM remission after 13 weeks compared
with the usual care group (p = 0.0002). In the intervention group, two participants started
using glucose-lowering medication during the follow-up period of the study. For the usual care
group, no medication data were available for follow-up, so it was unclear what proportion of
participants were still in remission at the one- and two-year follow-ups.

Table 2. Remission data * for the intervention and usual care groups after the intervention (week 13)
and at the one- and two-year follow-ups (week 52 and 104), expressed as the number and percentage
of participants with T2DM at baseline **.

Usual Care Intervention

(n = 41) (%) (n = 25) (%)

13 weeks 5 22.0 19 75.0
52 weeks - - 13 52.4
104 weeks - - 7 28.6

* Remission was defined as fasting plasma glucose ≤ 6.9 mmol/L and HbA1c < 6.5% (48 mmol/mol), no use of
glucose-lowering medication, and meeting these targets at 12 and 24 months of follow-up; medication data were
not available at follow-up for the usual care group. ** In other words, subjects with prediabetes at baseline were
excluded from this table, as the remission definition does not apply to people with prediabetes.
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For the intervention group, participants that achieved remission after 13 weeks showed
significantly more weight loss than participants that did not achieve remission (−10.7 kg
resp. −4.6 kg; p < 0.001).

Of the participants with prediabetes at baseline, 89% remained prediabetic, whilst 11%
progressed to T2DM during the study. Those participants that progressed to T2DM showed
significantly less weight loss than participants that remained prediabetic (p = 0.05).

3.4. Changes in the Diabetic Phenotype in the Intervention Group

At baseline, 11 participants had hepatic IR (HIR), 7 participants had muscle and
hepatic IR (combined IR; CIR), 9 participants had isolated poor BCF (PB), 28 participants
had PB-HIR, and 5 participants had PB-CIR. At baseline, there were no participants with
a healthy, MIR, or PB-MIR subtype. A substantial redistribution of participants over the
subtypes was found after 13 weeks of intervention (Figure 2). The most noticeable trend
was seen for the HIR subtype, with 55% of the participants converting into a healthy
subtype after the intervention. For the PB-HIR and CIR subtype this was 29%, whereas for
the PB and PB-CIR subtypes, it was 22% and 20%, respectively.

Figure 2. Flow diagram showing the shift in subtypes for participants from baseline to 13 weeks. A
shift upwards illustrates a shift toward a less complex phenotype. H = healthy; HIR = moderate BCF
and liver IR; MIR = moderate BCF and muscle IR; CIR = moderate BCF and combined IR; PB = low
BCF and no IR; PB-HIR = low BCF and liver IR; PB-CIR = low BCF and combined IR.

In total, 32% of the participants (n = 19) obtained a healthy subtype (normal BCF
without IR) after 13 weeks of intervention, of which 7 participants met the criteria for
T2DM remission, 11 had prediabetes at baseline, and one participant reached a HbA1c of
5.4% (36 mmol/mol) and FPG of 7.0 mmol/L at 13 weeks. Including the participant with
borderline remission and a healthy subtype, in total, 10 participants could be classified
as T2DM after 13 weeks of intervention, of which 6 had the PB-HIR subtype and 3 the
PB-CIR subtype.

78



Biomedicines 2022, 10, 643

3.5. Changes in the Glucose Metabolism in the Intervention Group

Liver IR significantly improved (HIRI of −80.2; p < 0.001) after 13 weeks. Postprandial
glucose (PPG) decreased significantly (−1.34 mmol/L; p < 0.001) after 13 weeks. The
disposition index and MISI did not change over time (p = 0.231, resp. p = 0.945).

Furthermore, the 13-week intervention significantly decreased HIRI in all subtypes
with liver IR (unknown for subgroup PB-CIR, as no p-value could be calculated due to
missing data; Table 3). FPG decreased in two of these subgroups (HIR and PB-HIR).

Table 3. Changes in oral glucose tolerance test response from baseline to 13 weeks (end of interven-
tion) for the main type 2 diabetes subtypes.

Subtype FPG PPG DI HIRI MISI

HIR (n = 11) −1.2 ** −1.1 2.19 −1145 ** 0.41

CIR (n = 7) −0.3 −3.1 * 1.44 −619 * −1.71 †

PB (n = 9) 0.3 0.2 0.33 138 0.09

PB-HIR (n = 28) −1.2 ** −0.3 0.80 * −22 ** 1.58 **

PB-CIR (n = 5) −0.6 −8.4 † 0.87 2525 † −2.16 ‡

The data are deltas between baseline and 13 weeks of intervention. FPG = fasting plasma glucose; PPG = post-
prandial glucose; DI = disposition index; HIRI = hepatic insulin resistance index; MISI = muscle insulin sensitivity
index; HIR = moderate BCF and liver IR; CIR = moderate BCF and combined IR; PB = low BCF and no IR;
PB-HIR = low BCF and liver IR; PB-CIR = low BCF and combined IR. * p < 0.01 and ** p < 0.001 compared with
baseline; † no p-value available due to missing data; ‡ trend toward a decrease (p = 0.0590).

Unexpectedly, MISI increased in the PB-HIR subgroup, indicating a decrease in muscle
insulin sensitivity, although the mean MISI was still within the healthy range (−2.87 ± 1.27).
Postprandial glucose improved in the CIR subgroup only. The disposition index only
improved in the PB-HIR subgroup.

3.6. Long-Term Intervention Effects

All subgroups showed a significant reduction in body weight after the intervention,
which was maintained at one and two years of follow-up for all subgroups, except for the
group with PB-CIR (+3.3 kg; p < 0.05) (Table 4).

Table 4. Changes in body weight, FPG, and HbA1c from baseline (week 0) to the end of the in-
tervention (week 13) and to the one- and two-year follow-ups (weeks 52 and 104) for the type 2
diabetes subtypes.

HIR
(n = 11)

CIR
(n = 7)

PB
(n = 9)

PB-HIR
(n = 28)

PB-CIR
(n = 5)

Bodyweight (kg)
Weeks 0–13 −10.2 *** −13.1 *** −5.6 ** −8.8 *** −5.7 *
Weeks 0–52 −9.1 *** −7.3 ** −4.8 *** −6.0 *** 2.0

Weeks 0–104 −8.4 *** −7.1 ** −2.3 * −6.0 *** 3.3 *

Fasting glucose
(mmol/L)

Weeks 0–13 −1.1 *** −0.3 0.3 −1.1 *** −0.5
Weeks 0–52 −1.3 *** −0.2 0.0 −0.7 *** 0.4

Weeks 0–104 −1.0 *** −0.2 0.4 −0.7 *** −0.3

HbA1c
(mmol/mol)
Weeks 0–13 −3.4 *** −3.3 * 0.0 −6.2 *** −2.2
Weeks 0–52 −4.3 ** −1.3 −1.3 −4.9 *** −1.5
Weeks 0–104 −2.4 * −0.4 1.8 −2.5 ** −1.3

The data are deltas comparing baseline to week 13 (end of intervention), week 52 (one year follow-up), and week
104 (two years follow-up). HIR = moderate BCF and liver IR; CIR = moderate BCF and combined IR; PB = low
BCF and no IR; PB-HIR = low BCF and liver IR; PB-CIR = low BCF and combined IR. * p < 0.05, ** p < 0.01, and
*** p < 0.001 compared with baseline.
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In the HIR and PB-HIR subgroups, FPG and HbA1c decreased after the intervention,
which was maintained up to two years of follow-up. In the CIR subgroup, HbA1c was
significantly reduced after the intervention, but this effect was not maintained at follow-up.
For all other subgroups, no significant changes in FPG or HbA1c were found.

4. Discussion

In this study, we showed that diabetes subtyping and subsequent tailored lifestyle
interventions in a primary care setting are more effective in improving T2DM-related
parameters than usual care. Bodyweight and HbA1c were significantly reduced after
13 weeks of intervention, whilst no changes in these markers were seen with usual care.
Additionally, the improvements in health status were maintained up to two years after the
intervention. Our results suggest that a (V)LCD may be more effective in improving liver
IR, whilst resistance training may be more effective in improving muscle IR.

Unique to our study was the use of an extended OGTT in a primary care setting for
identifying the diabetic phenotype and subsequently using this knowledge for a tailored
lifestyle treatment. Various clinical studies have shown that persons with T2DM may
differ in their metabolic profile, resulting in differential responses to lifestyle interven-
tions [13,15,17,33–36]. However, in these studies, participants were assigned to a dietary
pattern at random and subtype effects were identified retrospectively. To the best of our
knowledge, this is the first study in which the metabolic profiling of people with T2DM
was performed prospectively and used for a phenotype-based sub-diagnosis and adjacent
tailored lifestyle treatment in a real-life primary care setting.

Our results suggest that these tailored treatments indeed induce differential effects.
The specific improvements in HIRI and FPG for the groups with liver IR, and the improve-
ments in PPG in the groups with combined IR (CIR), suggest that the tailored treatment may
have added value over a one-size-fits-all approach. However, as there were no participants
with isolated muscle IR (with or without low BCF), future research is needed to investigate
the effects of a solely physical activity intervention in people with muscle IR. Previous
research has shown that improving MISI is more difficult or may take longer [36,37]. The
lack of effect, or even a small negative effect in the PB-HIRI group, on MISI in our study
may be a result of weight loss. Weight loss may have included a loss of muscle mass,
which may negatively affect MISI. However, in the PROBE trial, the lack of effect on MISI
coincided with an improved muscle mass [36].

Average weight loss in our study after one year was 7.1 kg, and this resulted in
improvements in T2DM-related health parameters. Caloric restriction has been shown to
reduce pancreatic and hepatic fat content and hepatic IR and improve BCF [19,38]. In our
study, weight loss was strongly correlated with achieving remission, with an average weight
loss of −10.7 kg in the group that achieved remission and −4.7 kg in the group without
remission. These results indicate a relationship between T2DM remission achievement
and weight loss, as also shown in the DiRECT trial [3]. Modest weight loss of 5–10% has
also been previously linked to improvements in cardiovascular risk factors, including
HbA1c [39]. Non-responders predominantly had a complex phenotype with combined
IR, decreased BCF, or both, indicating that achieving remission is more difficult with a
more progressed disease status. Karter et al. observed an association between the rate of
remission and years since diagnosis [40], and Taylor et al. linked non-response to a lifestyle
intervention to a more advanced, irreversible stage of β-cell dysfunction. In our study,
subgroups with combined insulin resistance with or without poor BCF or poor BCF only
(CIR, PB, and PB-CIR) showed only short-term or no improvements in FPG or HbA1c [6],
whereas subgroups with hepatic insulin resistance with or without decreased BCF (HIR
and PB-HIR) had long-term improvements in FPG and HbA1c. Interestingly, persons
with combined insulin resistance (CIR) did achieve a sustained bodyweight reduction of
7 kg after two years of follow-up that did not result in reduced hyperglycemia. Therefore,
the subgroups with isolated liver IR (HIR and PB-HIR) benefitted most from the lifestyle
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treatment, as shown by improved bodyweight, HIRI, FPG, and HbA1c after the intervention
period, and improved FPG and HbA1c after one and two years of follow-up.

The percentage of participants in remission after the intervention was 75.0%. However,
when looking at the diabetic phenotype of the included participants, based on indices for
organ-specific insulin sensitivity and β-cell function, only 28% of the participants with
T2DM at baseline had a fully remitted and healthy subtype (normal BCF and no IR) after
the intervention. T2DM is indeed a multi-factorial disease affecting multiple organs, and
normalization of HbA1c and/or FPG levels can still coincide with reduced organ function
and β-cell dysfunction [41]. It is therefore recommended for individuals who achieve
remission to remain under the supervision of healthcare professionals [42].

Increasing focus on the functioning of organs involved in the pathophysiology of
T2DM (liver, adipose tissue, skeletal muscle, and pancreas) may therefore provide more
insight into the effects of interventions and disease status, instead of merely focusing on
remission numbers. We therefore suggest performing an extended OGTT to assess diabetes
pathophysiology so that disease progression or regression before and after an intervention
can be more accurately determined over time. Indeed, in a pilot study using the same
subtyping methodology in a population with a longer T2DM disease duration, none of the
participants were able to achieve a healthy subtype, even though improvements in HbA1c
and FPG were observed [37]. Additionally, the diabetes subtyping methodology allows
for a more tailored lifestyle intervention, which may improve intervention success. For
this, our subtyping method can be used, which uses blood glucose and insulin response
to a five-point OGTT as a measure of diabetes pathophysiology [20,43]. Besides our
subtyping model, other models exist, using established T2DM genetic loci to identify several
diabetic phenotypes [44], using clinical parameters to cluster adult-onset diabetes [45,46],
or using patterns of specific glycemic responses called “glucotypes” [47]. The importance
of differences in organ function was also suggested in the Diogenes and Maastricht studies,
which showed an altered metabolic profile in persons with obesity and liver IR compared
with persons with obesity and muscle IR [15,48,49]. However, our subtyping method is,
to the best of our knowledge, the first that provides a complete picture of the underlying
pathophysiology of T2DM and offers the opportunity for tailored treatment.

A few limitations need to be discussed. An important limitation of this explorative
study was that participants in the usual care group were not accurately matched with the
intervention group for BMI and age, due to a limited available patient database. Addition-
ally, or maybe consequently, the usual care group had higher baseline FPG and HbA1c
values compared with the intervention group. Additionally, as OGTTs are not performed
in usual care, no data on type 2 diabetes subtypes and the comparability of the distribution
thereof with the intervention group were available. Considering the higher baseline FPG
and HbA1c values, the participants in the usual care group, although newly diagnosed,
without treatment for type 2 diabetes and with an average HbA1c level below the target,
could all have had a poor BCF, which would explain the scarce response in this group.
Furthermore, no data on medication were available for the usual care group, except for
baseline, where oral medication was used as the exclusion criterium. Possibly, in the usual
care group, the use of glucose-lowering medication could have started throughout the trial.
These differences between the usual care and intervention groups may have influenced our
results. A future efficacy study with a prospective control arm randomized for BMI, age,
FPG, HbA1c, and BCF status, as well as careful registration of medicine use is needed to
confirm the current results from diabetes subtyping and tailored lifestyle intervention.

In The Netherlands, people are screened for T2DM by determining FPG levels and
sometimes HbA1c levels. As 2 h blood glucose is not measured, participants with isolated
IGT, which is defined as 2 h glucose levels of 7.8–11.1 mmol [50], are missed. This may have
caused the underrepresentation of participants with muscle IR in our study. To improve
the early detection of and treatment for participants with isolated IGT, we suggest always
performing an OGTT or at least measuring 2 h blood glucose levels.
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In the intervention group, the number of participants was relatively small per diabetes
subtype, especially for the PB-CIR, CIR, and PB groups. Despite the small diabetes subtype
groups, we were still able to reach statistical significance for some of the variables, providing
interesting insights into the underlying pathophysiology of type 2 diabetes and how lifestyle
interventions can interact with this. For a follow-up study, a larger study population is
required to confirm and validate these findings. It will remain difficult, however, to
influence equal distribution over the diabetes subtypes, as this follows from the OGTT.
Lastly, the frequency of visits to a healthcare professional, including visits to the GP
assistant, as well as to dieticians and/or physiotherapists, was probably lower in the
control group as compared with the intervention group, which could have resulted in
differences in intervention adherence, thereby affecting the study results. However, this
more intensive guidance, as well as referral to lifestyle professionals such as dieticians and
physiotherapists may be required to help people with newly diagnosed T2DM to initiate
behavior change.

5. Conclusions

This was the first study to provide tailored treatment based on the diabetic phenotype
of people with T2DM in a primary care setting. The tailored approach resulted in differ-
ential effects on T2DM phenotypes, with the largest and most persistent improvement in
participants with isolated liver IR (with or without low BCF). Our results suggest that a
(V)LCD may be more effective in improving liver IR, whilst resistance training may be more
effective in improving muscle IR. Future research, including participants with isolated
muscle IR, a prospective control arm matching the intervention arm, and a larger number
of study participants to have larger subgroups of diabetes subtypes, should confirm these
findings. Even though diabetes remission was achieved by the majority of participants
in the intervention group, organ-specific IR and BCF were not fully recovered. This calls
for continued monitoring to avoid relapse, and long-term adherence to a tailored-lifestyle
treatment may be required for people who achieve T2DM remission. Lastly, this study
showed that the tailored approach can be implemented in current primary care and can
result in remission or reversal of the disease in the first three months after T2DM diagnosis.
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Abstract: Virus infection, inflammation and genetic factors are important factors in the pathogenesis
of diabetes mellitus. The nuclear factor-kappa B (NF-κB) is a family of transcription factors that bind
the enhancer of the κ light chain gene of B cell immunoglobulin. NF-κB plays an essential role in the
activation and development of B cells, and the activation of NF-κB is critical in the inflammation and
development of diabetes mellitus. Recently, immunoglobulin-free light chain (FLC) λ was found to
be increased in the sera of patients with diabetes mellitus, and the FLC λ and κ/λ ratios are more
specific and sensitive markers for the diagnosis of diabetes relative to glycated hemoglobin A1c.
Thus, FLCs may be promising biomarkers of inflammation that could relate to the activation of
NF-κB. We suggest that NF-κB could be a target for an anti-inflammatory strategy in preventing and
treating diabetes when FLCs are modified. FLCs could be a surrogate endpoint in the management of
diabetes. In this review, the role of inflammation in the pathogenesis of diabetes, as well as the novel
inflammatory biomarkers of FLCs for the management of diabetes, are discussed.

Keywords: anti-inflammation; B cells; biomarker; diabetes; hepatitis C virus; immunoglobulin;
inflammation; light chain; nuclear factor-kappa B; virus

1. Introduction

Diabetes mellitus is caused by chronic high glucose levels in the blood as a result of
the incapability of β cells in the pancreas to produce adequate insulin or ineffective insulin
utilization by cells in the body [1]. There is evidence that virus infection, inflammation and
genetic factors play important roles in the pathogenesis of diabetes [2–5]. Experimental
and clinical studies suggest the inflammatory hypothesis, and clinical trials are ongoing to
confirm the therapeutic effects targeting inflammation to treat or prevent diabetes [6,7].

The nuclear factor-kappa B (NF-κB) was originally identified as a family of transcrip-
tion factors that binds the immunoglobulin κ light chain gene enhancer, plays an essential
role in the activation and development of B cells, and the activation of NF-κB is critical in
the inflammation and development of diabetes mellitus [8–10]. Recently, we found that
immunoglobulin-free light chains (FLCs) are novel biomarkers of inflammation and found
that FLCs are sensitive biomarkers for the diagnosis of inflammatory heart diseases such as
heart failure, myocarditis and atrial fibrillation and diabetes [11–13]. In this review, the role
of inflammation in the pathogenesis of diabetes, and novel inflammatory biomarkers of
FLCs for the management of diabetes, are discussed.

2. Role of Virus in the Pathogenesis of Diabetes Mellitus

Type 1 diabetes mellitus (T1DM) is believed to be caused by genetic and environ-
mental factors, and viruses are the most well-studied environmental triggers. T1DM is
an autoimmune disease in which pancreatic β cells, which produce insulin in normal
circumstances, are destroyed. Although multiple genes have been identified to play a role
in the development of T1DM, environmental factors may be necessary for its progression
to clinical disease [14,15]. Enteroviruses, rotavirus, herpesviruses, and other viruses are
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thought to be triggers of T1DM [2,3,16–18]. Molecular mimicry, direct pancreatic infec-
tion, infection-induced changes to the gut mucosa, and interactions between the immune
system and infection have been proposed as mechanisms of pathogenesis [14,16,17,19].
Enteroviruses are studied most frequently; however, a growing body of research shows the
potential influence of rotavirus on T1DM [20]. Hepatitis C virus (HCV), the most common
cause of hepatic failure, is frequently associated with the development of diabetes mellitus,
especially type 2 (T2DM) [21].

A recent meta-analysis showed that the odds ratio of risk between non-autoimmune
diabetes and virus infections was 10.8 for severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), 3.6 for HCV, 2.7 for human herpesvirus 8, 2.1 for influenza H1N1 virus,
1.6 for hepatitis B virus, 1.5 for herpes simplex virus 1, 3.5 for cytomegalovirus, 2.9 for
Torque teno virus, 2. 6 for parvovirus B19, 0.7 for coxsackie B virus, and 0.2 for hepatitis G
virus [22].

2.1. SARS-CoV-2

The mechanism of diabetes development in coronavirus disease 2019 (COVID-19)
remains to be clarified [23]. COVID-19 affects people with or without diabetes, and hyper-
glycemia, which is frequently seen in patients with severe COVID-19, is considered as a
marker of disease severity [24,25]. A study of COVID-19 patients reported that 22% had
a history of diabetes, 21% had newly diagnosed diabetes, and 28% were diagnosed with
dysglycemia [25]. A number of studies have reported that new-onset diabetes associated
with the presence of COVID-19 was classified as either T1DM or T2DM [23].

Patients with new-onset diabetes have higher levels of inflammatory markers such
as C-reactive protein, white blood cell count, and erythrocyte sedimentation rate [25].
A cytokine storm can worsen insulin resistance [26], and neutrophils, d-dimers, and in-
flammatory biomarkers are higher in individuals with hyperglycemia than in those with
normal blood glucose [27]. The proinflammatory cytokines and acute-phase reactants due
to COVID-19 may cause inflammation and damage of pancreatic beta cells [28]. A recent
study showed that SARS-CoV-2 could infect pancreatic cells, and that the virus entered
endocrine islets and exocrine acinar and ductal cells in human pancreatic cultures and
postmortem pancreatic tissues from COVID-19 patients [29]. Further studies are needed to
investigate the direct effects of SARS-CoV-2 on pancreatic β-cells and other islet cells by
experimentation and to assess inflammatory biomarkers in order to understand new-onset
COVID-19-related diabetes.

2.2. Hepatitis C Virus

Extrahepatic manifestations are frequently seen in chronic HCV infection. About 70%
of patients have one or more extrahepatic manifestations over the course of chronic HCV
infection, which are often the first and only clinical signs and symptoms of infection. A
causal association between extrahepatic manifestations such as cardiovascular disease,
insulin resistance, T2DM, mixed cryoglobulinemia, non-Hodgkin lymphoma, neurological
and psychiatric diseases, and rheumatic disease and HCV infection has been supported by
experimental and clinical evidence [21,30].

Meta-analyses have shown an approximately 3.5- to 3.6-fold increase in HCV infection
risk in individuals with T2D [22,31], and HCV infection seems to be strongly associated
with non-autoimmune diabetes. An analysis reported an approximately 1.7-fold increase
in T2DM risk in HCV infected individuals compared with non-infected individuals [32,33],
and HCV infection is associated with an increased risk of T2DM independent of the severity
of the associated liver disease. Patients with chronic HCV have higher insulin resistance
compared with body mass index–matched controls, and viral eradication improves global,
hepatic, and adipose tissue insulin sensitivity [34], suggesting that HCV infection precedes
non-autoimmune diabetes.

HCV replicates in pancreatic cells and affects insulin signaling pathways through
its structural and non-structural proteins [35]. The indirect mechanisms of insulin resis-
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tance involve HCV-induced oxidative stress, the release of inflammatory cytokines, and
the upregulation of gluconeogenic genes such as glucose 6 phosphatase and phospho-
enolpyruvate carboxy kinase 2 [36]. Recent studies have shown that clearance of HCV
by direct-acting antiviral agents (DAAs) leads to improvement or regression of insulin
resistance, improves control of glucose homeostasis in patients both with and without
T2DM, and reduces the incidence of T2DM [37,38]. A prospective study of over 2400 HCV
patients demonstrated an 81% reduction in the risk of developing T2DM in those who were
treated with DAAs compared to those who were untreated [37]. These studies suggest that
HCV plays a central role in the increased risk of developing insulin resistance and T2DM,
and that eliminating the HCV can reverse insulin resistance and prevent the development
of T2DM [39].

2.3. A New Concept of Pathogenesis of HCV-Induced Diseases

HCV infection is frequently associated with heart diseases such as myocarditis, di-
lated cardiomyopathy, arrhythmogenic right ventricular cardiomyopathy and hypertrophic
cardiomyopathy. Various arrhythmias, conduction disturbances and QT prolongation
were also associated with HCV infection [21,40–43]. We found that CD68-positive mono-
cytes/macrophages were a primary target of HCV infection [44]. HCV-core antibodies
stained mostly mononuclear cells in various body organs such as the liver, heart, kidney
and bone marrow, but not hepatocytes or myocytes. Antibodies against the NS4 protein
stained the mononuclear cells of peripheral blood and various tissues, confirming that
HCV replicates in the mononuclear cells [44].

The presence of multiple extrahepatic organ involvement could be explained by the
effect of HCV-infected monocytes/macrophages by immune escape and viral modulation
of host immune responses. The virus may also spread through the lymphatic system, where
it reaches the peripheral lymph nodes, which may cause immune cell infection prior to
recirculation. Thus, HCV may cause diabetes by inflammation in the pancreas induced by
monocytes/macrophages infected with HCV.

The major human histocompatibility complex (MHC) is located on the short arm of
chromosome 6 and codes for several cell surface proteins involved in immune function,
such as complement system components. There are marked differences in the MHC-related
disease susceptibility for HCV-associated cardiomyopathies, which suggests that HCV-
associated cardiomyopathies are controlled by different pathogenic mechanisms [45,46].
Therefore, HCV-induced diabetes might associate with different MHCs [3].

3. Role of Inflammation in the Pathogenesis of Diabetes Mellitus

Diet influences inflammation. Orally absorbed advanced glycation and lipoxidation
end-products that are formed during the processing of foods are linked to overnutrition and
hence obesity and inflammation. Furthermore, high-glycemic-load foods, such as isolated
sugars and refined grains can cause increased oxidative stress that activates inflammatory
genes [47]. Physical inactivity can increase the risk for diabetes because it is linked to
obesity, and excessive visceral adipose tissue is a significant trigger of inflammation [47].

3.1. Inflammatory Cytokines

Circulating levels of acute-phase proteins are elevated in diabetes, such as serum amy-
loid A, C-reactive protein (CRP), fibrinogen, haptoglobin, plasminogen activator inhibitor,
sialic acid, interleukin (IL)-1β, IL-1 receptor antagonist (IL-1Ra), IL-6 and tumor necrosis
factor (TNF)-α [48–51]. Elevated circulating CRP, IL-1β, IL-1Ra and IL-6 are predictive
markers for the development of T2DM [49,52–55]. The production of TNF-α is increased
by adipose tissues during obesity, and insulin sensitivity is improved by a TNF-α antago-
nist [56]. Macrophages and other immune cells exist in adipose tissues and may release
TNF-α, IL-1β, IL-6 and IL-33 [57–59]. It is now well-established that tissue inflammation
plays a critical role in insulin resistance [6,7].
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Inflammation may play an important role in defective insulin action and insulin
secretion. Increased cytokine expressions and immune cell infiltration of pro-inflammatory
macrophages are seen in pancreatic islets of patients with T2DM [60,61]. This chronic
inflammatory process is associated with fibrosis and amyloid deposits, which are observed
in the islets of most patients with T2DM [7].

3.2. Nuclear Factor-Kappa B (NF-κB)

Nuclear factor-kappa B (NF-κB) is a key molecule in the pathogenesis of diabetes. The
NF-κB pathway is activated by genotoxic, oxidative and inflammatory stress, and regulates
the expression of cytokines, growth factors and genes that regulate apoptosis, cell-cycle
progression and inflammation [8]. Pharmacologic and genetic suppression implicated that
NF-κB activation causes insulin resistance and glucose metabolism [9]. Upregulation of
NF-κB signaling in hepatocytes results in a T2DM [10], and innate immune activation and
inflammatory response that may underlie T2DM [62]. Therefore, NF-κB activation in nu-
merous tissues, including adipose tissue, pancreas and liver, contributes to the pathogenesis
of T2DM.

4. Novel Biomarkers of Inflammation: Immunoglobulin-Free Light Chains (FLCs)

4.1. FLCs as Novel Biomarkers of Chronic Inflammation

NF-κB was originally identified as a family of transcription factors that binds the
immunoglobulin κ light chain gene enhancer. FLCs are synthesized de novo and secreted
into circulation by B cells. FLCs emerge as an excess byproduct of antibody synthesis by
B cells; elevated FLCs have been proposed to be a biomarker of B cell activity in many
inflammatory and autoimmune conditions [63]. Polyclonal FLCs are a predictor of mortality
in the general population, measured by the sum of κ and λ concentrations [64]. Increased
FLCκ, and the higher κ/λ ratio, occurred more in rheumatic disease than in healthy blood
donors [65]. FLCs in inflammatory and autoimmune diseases correlate with disease activity,
suggesting their role as potential therapeutic targets in such conditions.

As discussed above, HCV infection can induce insulin resistance and cause dia-
betes [20–38]. High concentrations of FLC κ have been observed in HCV-positive patients,
and an alteration in the κ/λ ratio is positively correlated with an increasing HCV-related
lymphoproliferative disorder severity [66]. Furthermore, it has been suggested that the κ/λ
ratio may be useful in the evaluation of therapeutic efficacy [67].

4.2. FLCs as Markers of Heart Failure and Myocarditis

We found that FLCs were increased in a mouse model of heart failure due to viral
myocarditis [68]. Recently, we conducted additional research with patients in heart failure,
and we observed that circulating FLC λ were increased while the κ/λ ratio was decreased
in sera from patients with heart failure resulting from myocarditis, as compared to a group
of healthy controls. These findings demonstrated that the FLC λ and κ/λ ratio together
showed good diagnostic potential for the identification of myocarditis. In addition, the
FLC κ/λ ratio could also be used as an independent prognostic factor for overall patient
survival [11].

As shown in our previous studies, HCV infection has often been associated with my-
ocarditis [21,40–45]. In our study on FLCs using sera from the U.S. Multicenter Myocarditis
Treatment Trial, myocardial injury was more severe in patients with HCV infection than
in non-infected patients. The level of FLC κ was lower, FLC λ was higher, and the κ/λ
ratio decreased in patients with myocarditis, both with and without biopsy-confirmation
according to the Dallas criteria, as compared to normal volunteers. These changes were
more prominent in patients with HCV infection, as compared to those without infection.
HCV infection may enhance the production of FLC λ while decreasing FLC κ [69,70]. Al-
though the mechanisms of these changes require clarification, the detection of FLCs might
be helpful for the diagnosis of myocarditis with heart failure and also be useful in differen-
tiating patients with HCV infection from those without infection [69,70]. In heart failure
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patients, LV end-diastolic and end-systolic diameters, pulmonary arterial pressure, and
N-terminal pro-brain natriuretic peptide correlated positively with FLC λ and negatively
with the κ/λ ratio. Left ventricular ejection fraction was also negatively correlated with the
κ/λ ratio [70].

4.3. FLCs and COVID-19 and Heart Diseases

The recent review of 316 cases of postmortem examination of COVID-19 patients
demonstrated that cardiac abnormalities, either on gross pathology or histology, were
identified in almost all cases. Most autopsies demonstrated chronic cardiac pathologies
such as hypertrophy (27%), fibrosis (23%), amyloidosis (4%), cardiac dilatation (20%), acute
ischemia (8%), intracardiac thrombi (2.5%), pericardial effusion (2.5%), and myocarditis
(1.5%). SARS-CoV-2 was detected within the myocardium of 47% of studied hearts [71].
However, the Dallas criteria was satisfied in only five of these cases. In an additional
35 cases, minimal lymphocytic or mononuclear infiltration was reported, and they did not
satisfy the Dallas criteria for myocarditis. Lymphocytic infiltration was scarce but could be
detected in the pericardium, myocardium, epicardium, or endothelium. Therefore, cellular
infiltration may be rare in COVID-19 myocarditis and, therefore, the Dallas criteria may
not be accurate in the diagnosis of COVID-19 myocarditis, as it is the same in the case of
HCV myocarditis [21,69].

An increase in blood troponin levels in COVID-19 is an indicator of myocardial dam-
age. Several studies have documented a strong association between COVID-19 progression
and elevated blood troponin. Reports from China found that elevated circulating cardiac
troponin was present in 7–28% of COVID-19 patients, suggesting the existence of myocar-
dial injury or myocarditis [72,73]. In hospitalized patients with COVID-19, mortality in
the elevated-blood-troponin group was 51.2–59.6%, a range markedly higher than in the
4.5–8.9% in the normal-blood-troponin group [74].

We have studied how frequently myocardial injury or myocarditis occurs in COVID-19
patients [75]. Troponin T was positive in 63% of patients, NT-proBNP was elevated in
68% of patients, and elevated creatine kinase was noted in 43% of patients at admission.
NT-proBNP showed a significant correlation with the length of hospital management and
the severity of pulmonary CT findings. In addition, the existence of enhanced inflammatory
biomarkers such as CRP and ferritin suggested that myocardial injury may be caused by
inflammatory myocardial processes. D-dimer was also elevated frequently, suggesting
that coagulation abnormality occurs frequently in COVID-19 patients [75]. Thus, COVID-
19 has been frequently associated with myocardial injury, suggesting that SARS-CoV-2
causes myocarditis.

We also measured FLCs and IL-6 in COVID-19 patients. FLC κ and λ was elevated in
73% and 80% of patients, respectively, and the frequency of the elevated levels was higher
than those of troponin T, NT-proBNP, creatine kinase, and IL-6. IL-6 has been frequently
measured in COVID-19 patients, but elevated levels of IL-6 were less frequent, as compared
to other parameters [69,75].

4.4. FLCs as Markers of Atrial Fibrillation

Atrial fibrillation is the most common arrhythmia, which is an important cause of
stroke. Diabetes is a risk factor for the development of atrial fibrillation. Diabetes in patients
with atrial fibrillation is associated with increased cardiovascular and cerebrovascular
mortality [76]. The pathogenesis of diabetes-related atrial fibrillation remains to be clarified,
but may be related to structural, electrical, electromechanical, and autonomic remodeling.

Abnormal atrial histology compatible with a diagnosis of myocarditis was uniformly
found in patients with lone atrial fibrillation. Patients with atrial fibrillation exhibited a
higher concentration of cytokines, higher NF-κB activity and more severe lymphocyte infil-
tration than those in sinus rhythm. These observations imply local inflammatory responses
in the atria in atrial fibrillation [12]. The concentrations of circulating FLC κ and λ in
patients with lone atrial fibrillation were significantly different from the healthy group. The
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mechanism by which FLCs cause atrial fibrillation remains to be clarified. However, the in-
flammation associated with FLCs directly induces atrial fibrillation. Moreover, FLCs might
cause a change in membrane fluidity, which, in turn, could alter ion channel function [12].

4.5. FLCs as Biomarkers of Diabetes

Since we found that FLCs could be biomarkers of NF-κB, immune responses and
inflammation, FLCs were measured in the patients with T2DM. Circulating levels of
FLC λ were higher, and the κ/λ ratio was lower in patients with T2DM than in controls
(Figure 1) [13].

Figure 1. Immunoglobulin-free light chains (FLCs) in patients with type 2 diabetes and healthy
controls (Adapted from [13]).

A statistical analysis showed that the area under the receiver operating curve (ROC-
AUC) of the FLC λ and κ/λ ratio was significantly larger than glycated hemoglobin
(HbA1c) [13]. The diagnostic ability for distinguishing between T2DM and controls had a
sensitivity of 0.96, a specificity of 1, a positive predictive value of 1 and a negative predictive
value of 0.96, with an optimal cutoff value of 1.3 for the FLC κ/λ ratio,. The odds ratio was
0.000018. The ROC-AUC, sensitivity, and specificity for HbA1c were 0.95, 0.86 and 0.94,
respectively, on the cutoff value of 6.2% (Figures 2 and 3).

Figure 2. The area under the receiver operating curve (ROC-AUC) of the FLC κ, λ and κ/λ ratio and
glycated hemoglobin (HbA1c). ROC-AUC of the FLC κ/λ ratio showed the largest compared with
other FLC variables (Adapted from [13]).
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Figure 3. Comparisons of ROC-AUC between FLC variables and HbA1c. The ROC-AUC of the FLC
κ/λ ratio was larger than that of HbA1c (Adapted from [13]).

In our preliminary study, urine FLC λ and the κ/λ ratio were well correlated with sera,
suggesting that urine FLCs could be a suitable and non-invasive biomarker of diabetes
(unpublished observation). Since HbA1c cannot be measured in urine, FLCs would be
more beneficial biomarkers of diabetes than HbA1c. Since FLCs are a marker of inflamma-
tion/immune activation, their presence in diabetes confirms the inflammatory /immune
character of the disease.

Since NF-κB activation is a critical mechanism of the inflammatory cascade in devel-
oping T2DM as discussed above [8–10], it is interesting that FLC λ and κ/λ ratio are more
specific and sensitive markers for the diagnosis for T2DM than HbA1c. Therefore, FLCs
represent promising potential biomarkers of inflammation that may reflect the activation
of NF-κB.

Recently, we also found that FLC λ was higher, and the κ/λ ratio was lower in patients
with T1DM, as seen in those with T2DM (unpublished observation). The reason why
the specific activation of FLC λ occurred is unknown. B lymphocytes and plasma cells,
which produce FLC λ, may be specifically activated in diabetes [13]. Another possibility
is that FLC κ and λ are differently regulated because NF-κB may not exercise control of
the production of FLC κ and λ in the same manner [13]. NF-κB could be a target for new
types of anti-inflammatory therapy for diabetes when FLCs are changed and could be a
surrogate endpoint in the management of diabetes.

5. Targeting Inflammation for the Management of Diabetes

Several therapeutic approaches or pharmacologic agents used for diabetes are re-
ported to have anti-inflammatory properties in addition to their major mechanisms of
action. Conversely, some anti-inflammatory approaches may affect glucose metabolism
and cardiovascular health. It is suggested that targeting the inflammation may differen-
tially affect hyperglycemia and atherothrombosis. Clarifying the underlying pathogenetic
mechanisms may contribute to the development of effective new therapies for the optimal
management of both metabolic and atherothrombotic disease states [6,7].

5.1. Metformin

Cytokines and chemokines play important roles in inflammation, and some of them are
therapeutic targets for attenuating chronic inflammatory diseases [77,78]. In a large-scale
treatment trial of newly diagnosed diabetic patients, metformin decreased the neutrophil-to-
lymphocyte ratio, a marker of systemic inflammation. Metformin also inhibited circulating
cytokines and chemokines in a non-diabetic heart failure trial. These findings show that
metformin has anti-inflammatory effects in both diabetic and non-diabetic patients [79].
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Metformin attenuates the production of IL-6 and TNF-α induced by lipopolysaccharide
(LPS) and reduces the activation of NF-κB induced by TNF-α. NF-κB inhibition by met-
formin also reduces IL-1β production [80]. Metformin was shown to inhibit LPS-stimulated
chemokine expression by activating AMP-activated protein kinase (AMPK), and to inhibit
the phosphorylation of I-κBα and p65 in a macrophage cell line [78]. Metformin also
attenuated LPS-stimulated acute lung injury by activating AMPK; reducing inflammatory
cytokine, neutrophil, and macrophage infiltration; and reducing myeloperoxidase activ-
ity [81]. Metformin therapy reduced acute phase serum amyloid A, a pro-inflammatory
adipokine that is upregulated in patients with obesity and insulin resistance [82]. The
anti-inflammatory actions of metformin seem to be independent of glycemia and are most
prominent in immune cells and vascular tissues [6].

5.2. Dipeptidyl Peptidase-4 Inhibitors

Dipeptidyl peptidase-4 (DPP-4) is a transmembrane glycoprotein known as CD26,
expressed on T lymphocytes, macrophages and endothelial cells, and regulates the actions
of chemokines and cytokines involved in T cell activation. DPP-4 inhibitors suppress the
actions of NLRP3 inflammasomes, TLR4 and IL-1β in macrophages [83]. Sitagliptin and
other DPP-4 inhibitors reduce the expression or activity of TNF-α, jun amino terminal
kinase (JNK)1, Toll-like receptor (TLR) 2, TLR4, β subunit of IκB kinase and the chemokine
receptor CCR2 [84].

5.3. The Glucagon-Like Peptide 1 Receptor Agonists

The glucagon-like peptide 1 (GLP-1) receptor agonists reduce circulating inflammatory
biomarkers even in the absence of substantial weight loss. Markers of inflammation, are
reduced including reactive oxygen species, NF-κB activity, the expression of mRNAs
of IL-1β, TNF-α, JNK1, TLR2, TLR4 and SOCS-3 in mononuclear cells, and circulating
concentrations of IL-6, monocyte chemoattractant protein-1, matrix metalloproteinase-9,
and serum amyloid A [85,86].

5.4. SGLT2 Inhibitors

SGLT2 inhibitors improve cardiovascular and renal outcomes in large cardiovascular
outcome trials in patients with diabetes. SGLT2 inhibitors reduce adipose tissue-mediated
inflammation and pro-inflammatory cytokine production [87,88]. An SGLT2 inhibitor,
canagliflozin, was reported to decrease circulating levels of IL-6, TNF receptor 1, fibronectin
1 and matrix metalloproteinase 7, and contributes to improving molecular processes re-
lated to inflammation, extracellular matrix turnover and fibrosis [89]. Empagliflozin may
contribute to cardiovascular benefits in heart failure by repleting AMP kinase activation-
mediated energy and reducing inflammation [90].

5.5. Anti-IL-1 Agents

Anakinra (recombinant human IL-1 receptor antagonist) improved glycemia, reduced
CRP levels and improved β-cell secretory function [91]. The CANTOS study demonstrated
that anti–IL-1β antibody (canakinumab) treatment lowered cardiovascular events over
placebo [92]. IL-1β antagonism significantly decreased HBA1c in a subanalysis on metabolic
endpoints [93]. A T2DM meta-analysis, following the CANTOS study, demonstrated a
substantial reduction in HbA1c [94].

Therapeutic approaches to reduce inflammation may include weight-reducing diets
and lifestyles, pharmacologic or surgical approaches to weight management, statin therapy
and antidiabetic drugs. Serial measurements of FLCs in these interventions may be helpful
in the evaluation of their therapeutic efficacy as anti-inflammatory interventions. The
determination of FLCs seems suitable as an initial health screening in the general population.
When the abnormalities of FLCs are found, secondary tests such as HbA1c would be
performed and followed up for diabetes.
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Figure 4 summarizes the risk factors, inflammation, FLCs and anti-inflammatory
therapy for diabetes.

Figure 4. FLCs as inflammatory biomarkers of diabetes. Risk factors of diabetes such as viral infection,
hyperglycemia and obesity activate nuclear factor kappa B (NF-κB), which regulates transcription of
immunoglobulin-free light chains in the immunoglobulin-producing B cells and plasma cells and
production of many inflammatory molecules, leading to inflammation. Thus, FLCs were proposed
to be biomarkers of NF-κB activation and inflammation. Metformin, DPP-4 inhibitors and GLP-1
receptor agonists inhibit NF-κB activation and inflammation, and SGLT2 inhibitors and anti-IL-1
therapy inhibit inflammation.

6. Conclusions

Virus infection and inflammation are important factors in the pathogenesis of diabetes
mellitus. Enteroviruses are studied most frequently; however, a growing body of research
shows the potential influence of HCV and SARS-CoV-2 infections in the pathogenesis
of T1DM and T2DM. Circulating FLCs are specific and sensitive diagnostic markers for
diabetes mellitus. They may represent promising potential biomarkers of inflammation,
which may reflect activation of NF-κB. NF-κB could be a target for new types of anti-
inflammatory prevention and treatment for diabetes when FLCs are changed. FLCs could
be a surrogate endpoint in the management of diabetes. Anti-inflammatory approaches
may be promising for the prevention and treatment of diabetes mellitus. Clarifying the
underlying pathogenetic mechanisms may contribute to the development of effective new
therapies for optimal management of both metabolic and cardiovascular diseases.
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Abstract: Diabetes mellitus (DM) is a metabolic disorder characterized by chronic hyperglycemia as
a result of insufficient insulin levels and/or impaired function as a result of autoimmune destruction
or insulin resistance. While Type 1 DM (T1DM) and Type 2 DM (T2DM) occur through different
pathological processes, both result in β-cell destruction and/or dysfunction, which ultimately lead to
insufficient β-cell mass to maintain normoglycemia. Therefore, therapeutic agents capable of inducing
β-cell proliferation is crucial in treating and reversing diabetes; unfortunately, adult human β-cell
proliferation has been shown to be very limited (~0.2% of β-cells/24 h) and poorly responsive to many
mitogens. Furthermore, diabetogenic insults result in damage to β cells, making it ever more difficult
to induce proliferation. In this review, we discuss β-cell mass/proliferation pathways dysregulated
in diabetes and current therapeutic agents studied to induce β-cell proliferation. Furthermore,
we discuss possible combination therapies of proliferation agents with immunosuppressants and
antioxidative therapy to improve overall long-term outcomes of diabetes.

Keywords: pancreatic β-cells; proliferation; antioxidative therapy; immunosuppression; diabetes

1. Introduction

Diabetes Mellitus (DM) is a metabolic disorder characterized by chronic hyperglycemia
that affects an estimated 34.2 million people in the United States [1]. Diabetes is commonly
associated with a plethora of complications, including diabetic nephropathy, retinopathy,
and cardiovascular disease, and thus, early diagnosis and management is crucial to improve
outcomes. T1DM and T2DM are distinguished by different pathological processes that
ultimately lead to insufficient insulin levels to maintain normoglycemia. While T1DM
results from autoimmune destruction of pancreatic β cells, T2DM is found in patients with
insulin resistance, which initially results in β-cell overdrive and increased insulin secretion,
which eventually drives β-cell exhaustion. Current treatments for both T1DM and T2DM
focus on increasing insulin levels by improving β-cell function and/or by administering
exogenous insulin. However, exogenous insulin is not sufficient to prevent the progression
of DM and only works to delay the onset of comorbidities associated with long-term
DM. Therefore, current research focuses on identifying islet cell regeneration methods by
inducing β-cell proliferation and/or transdifferentiation. Unfortunately, this approach
has been met with several obstacles, primarily that adult human β-cell proliferation has
been shown to be very limited (~0.2% of β cells/24 h) and poorly responsive to many
mitogens [2]. Furthermore, diabetogenic insults result in the dysregulation of pathways
modulating β-cell masses, making it ever more difficult to induce proliferation. This review
first briefly discusses alterations in β-cell function and mass in DM, followed by β-cell
mass/proliferation pathways dysregulated in DM and current therapeutic agents studied
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to induce β-cell proliferation. Lastly, we discuss possible combination therapies with
proliferation agents to improve overall long-term outcomes of DM.

2. Diminished β-Cell Function and Mass in DM

Pancreatic β-cells are endocrine cells that modulate blood sugar levels mainly through
secreting insulin under basal conditions in a pulsatile manner and when stimulated by
high glucose exposure after a meal. In this section, we discuss the impact of diabetogenic
insult on β-cell function and health.

2.1. Pancreatic β-Cell Function in T2DM

Oral glucose tolerance test (OGTT) is commonly used to measure β-cell function by
measuring blood glucose pattern following glucose administration. T2DM and healthy
patients display distinctive glucose curve patterns during OGTT; patients with T2DM
commonly (67.8%) show a monophasic blood glucose curve, even under treatment with
metformin, to a prevalence of 80.9% in pre-diabetic patients with impaired glucose toler-
ance, while normal glucose tolerant patients exhibit biphasic curves [3,4]. Insulin sensitivity
(homeostasis model of insulin sensitivity, HOMA2-S) for T2DM patients are similar re-
gardless of the shape of their OGTT curve and is lower than would be seen in a normal
population [3,5]. However, β-cell function adjusted for insulin resistance was significantly
to be lower in patients with a monophasic curve, compared with patients with normal
biphasic response, suggesting that the altered OGTT curve seen in T2DM is primarily a
result of impaired β-cell function [4].

One theory of how β-cell function becomes impaired in T2DM is as insulin sensitivity
decreases; β-cell increases their insulin production to compensate [6]. In turn, hyperinsu-
linemia leads to endoplasmic reticulum stress response, oxidative stress, and accumulation
of reactive oxygen species leading to β-cell death [7–9]. As glycemia increases, insulin
secretion rates from the β-cells become less responsive to changes in the glucose level,
especially compared with non-diabetic subjects [10]. It is still unknown whether this dys-
function is caused by a reduction in β-cell mass or by a decrease in glucose sensitivity [11].
The alternative theory is that β-cell impairment on the first phase of insulin secretion leads
toward T2DM [12]. Pancreatic β-cells release insulin in a pulsatile manner [13]. Normally,
autocrine action of insulin in β-cell increases the packing of mature insulin into granules
for exocytosis (first-phase insulin response), followed by negative feedback that prevents
continuous insulin secretion [14,15]. In β-cells treated with fatty acids to imitate T2DM,
insulin granules with synaptotagmin-9 were lost [14]. This dysfunction impairs the β-cell
resting period in DM, characterized by increased levels of pro-insulin, as there is less time
for intracellular insulin processing to proceed normally [16]. The impairment of β-cell
insulin pulsatility has a potential genetic background, where the offspring and relatives
of T2DM patients exhibit impaired insulin pulsatility [17,18]. A plethora of genes have
been associated with an increased risk of β-cell dysfunction, including TCF7L2, CDKAL1,
HHEX, CDKNA/2B, IGF2BP2, SLC30A8, and JAZF1 (accurately reviewed in [19–21]).

2.2. Pancreatic β-Cell Damage and Death in DM

Diminishing β-cell mass in diabetes occurs primarily through three pathways: apop-
tosis, necrosis, autophagy, and potentially ferroptosis [22]. In T1D, macrophage-derived
IL-1 cytokine was found to be a strong intermediary that increases inducible nitric oxide
synthase (iNOS) and nitric oxide production in β-cell, leading to β-cell death [22]. In con-
trast, in T2D patients, first, increased apoptosis was found, accompanied by reduced β-cell
replication [23]. Additionally, autophagy pathway is normally responsible for maintaining
normal islet homeostasis, especially in response to a high fat diet [24]. However, in T2D,
gene expression of the normal autophagy pathway was altered, leading to accumulation of
cytoplasmic vacuoles and increased β-cell death. This damage was found to be reversible
by metformin treatment [25]. Therefore, while loss of β-cell mass in T1DM results from
autoimmune destruction, diabetogenic insults result in β-cell dysfunction and death in
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T2DM. In the following section, we discuss β-cell mass regulating pathways that have been
found to be dysregulated in T2DM.

3. Dysregulation of Pathways Regulating β-Cell Mass in DM

Loss of β-cell mass in T1DM and T2DM occurs through distinctive methods. While
T1DM results in β-cell mass loss through destruction by autoreactive immune cells, in
T2DM, diabetogenic insults, most commonly hyperglycemia and hyperlipidemia, result
in β-cell apoptosis, proliferation pathway dysregulation, and dedifferentiation. Stewart
AF et al. have published a comprehensive review of proliferation pathways regulating
human β-cell mass [26]. In this section, we focus on pathways regulating β-cell mass
that have been shown to be dysregulated in T2DM conditions: PI3K-AKT/PKB pathway,
Ras/Raf/Extracellular signal-regulated kinase (ERK) pathway, and cell cycle regulation
(Figure 1).

Figure 1. Pathways dysregulated in human T2DM islets and their potential downstream conse-
quences (based on rodent and human studies). Downregulated genes found in T2DM human islets
are indicated by the red color and arrow. T2DM β-cells exhibit alteration in gene expression of
key upstream components of major pathways regulating β-cell mass, which may contribute to the
reduced β-cell mass evident in T2DM patients.

3.1. PI3K-AKT/PKB Pathway

The PI3K-AKT/PKB pathway plays a crucial role in the regulation of β-cell func-
tion and proliferation through modulating insulin secretion and key proliferation genes
including Forkhead box protein O1 (FOXO1), glycogen synthase kinase—3 (GSK3), and
mammalian target rapamycin (mTOR) [27–29]. Importantly, islet cells of T2DM patients ex-
hibit a significant reduction in AKT2 and a downward trend of PI3K expression [30]. Under
physiological conditions, the AKT/PKB pathway is stimulated by insulin, growth factors,
incretins, and glucose [31]. Both insulin and growth factors act through the stimulation of
Insulin receptor substrate 2 (IRS2) receptors, which has been shown to play a central role in
maintaining β-cell mass. IRS2-deficient β-cells in mice exhibit reduced proliferation and an
inability to respond to external insulin stimulation, while overexpression of IRS2 receptors
in β-cells induces proliferation in rats and decreases apoptosis in humans β-cells under hy-
perglycemic treatment in vitro [32,33]. Importantly, it has been demonstrated that islet cells
of T2DM patients exhibit significantly lower the levels of IRS2 receptors compared with
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normal glucose tolerant patients [30,34]. Glucose metabolism also stimulates the AKT/PKB
pathway through the IRS2 receptors. In addition to activating IRS2 receptors through
stimulating insulin secretion, glucose metabolism also directly increases IRS2 receptor
expression through glucokinase (GCK) activity and calcineurin/NFAT pathway [35–37].
GCK may be an important point of intervention as T2DM patients exhibit downregulation
of GCK expression and a patient with a GCK mutation that resulted in 8.5 times higher
affinity for glucose demonstrated significantly higher β-cell proliferation rates compared
to control patients [30,38,39].

The inhibition of FOXO1 and GSK3β, and the activation of mTORC1 are important
downstream targets of the AKT/PKB pathway. FOXO1 has been described as a double-
edged sword as it has both protective and harmful effects. Under oxidative stress conditions,
FOXO1 activates expression of Neuro D and MAF BZIP transcription factor A(MafA), two
insulin 2 gene transcription factors important for β-cell identity and function [40]. On
the other hand, the constitutive nuclear expression of FOXO1 prevents pancreatic and
duodenal homeobox 1 (PDX-1) induced β-cell proliferation by downregulating expression
of PDX-1 [41]. Furthermore, mice with IRSKO exhibit nuclear restriction of FOXO1 in
β-cells, significantly reduced β-cell mass, and suffers from β-cell failure; however, the
ablation of one allele of FOXO1 is sufficient to restore β-cell proliferation, indicating that
FOXO1 is an important target of IRS2 for regulation of proliferation [41,42]. mTORC1 is
another downstream target of the PI3K-AKT/PKB pathway that has been shown to be
important in inducing β-cell proliferation. Counterintuitively however, it has been shown
that islets of T2DM patients exhibit elevated mTORC1 levels [43]. In mice, forcing mTORC1
expression in islet cells significantly increases islet cell mass consistent with the consensus
on the importance of mTORC1 on β-cell proliferation, but the islets demonstrated tran-
scription pattern consistent of neonatal immature islets [44]. Supporting this study, Jia YF
et al. showed that the treatment of T2DM patient islets with diabetogenic insults results
in reduced β-cell proliferation secondary to upregulation of TBK1 and subsequent down-
regulation of mTORC1. Interestingly, the upregulation of mTORC1 through the inhibition
of TBK1 in INS-1 832/13 β-cells augments β-cell proliferation while compromising the
expression of function maintaining genes under basal conditions [45]. These results are in
line with previous studies that showed an inverse relation between proliferative capacity
and β-cell maturity [46]. Lastly, the inhibition of GSK3β through phosphorylation by AKT
also plays an important role in maintaining β-cell mass. Active GSK3β phosphorylates
Cyclin D2 and Cyclin D3 and causes G1/S cell cycle arrest, which is further discussed be-
low [29]. Furthermore, activated GSK3β phosphorylates PDX-1, promoting its degradation
by proteasomes [47]. Importantly, hyperglycemic treatment of human islets in vitro caused
hyperactivation of GSK3β and subsequent increased phosphorylation and degradation of
PDX-1 [47]. In addition to decreasing proliferation, the suppression of PDX-1 resulted in
the downregulation of glucose transporter 2 (GLUT2); since this would result in decreased
glucose metabolism, this may aggravate the reduced activation of PI3K-AKT/PKB pathway
in DM [47]. Studies evaluating the expression levels of Glut2 in T2DM islets have yielded
conflicted results; while some reported downregulation, others reported no change [30,38].

3.2. ERK1/2 Pathway

ERKs are one of the classical mitogen activated protein kinase (MAPK) signaling that
has been extensively studied for their role in regulation of cell proliferation in pancreatic
β-cells [26]. ERKs are commonly activated by growth factors, and its activation is mediated
by MAPK3s (Raf isoforms) and MAP2Ks (MEK1/2 isoforms) [48]. The importance of
ERK1/2 for β-cell proliferation has been demonstrated primarily in rodent models. Mek1-
and Mek2-deficient mice with abrogation of ERK signaling in β-cells exhibit insufficient
insulin production with lower β-cell proliferation and reduced β-cell mass [49]. Phar-
macological agents such as Trefoil factor 2, genistein, and Epoxypukalide induced mice
β-cell proliferation in vitro and in vivo through ERK1/2 activation, an effect abrogated
with ERK1/2 inhibition [50–52]. Although fewer studies have been conducted in human
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islets, it has been shown that genistein also induces human β-cell proliferation through
activation of ERK 1/2 pathway in vitro, and ERK 1/2 inhibition results in abrogation of
this effect [51]. Furthermore, the inhibition of men1, inhibitor of k-Ras and downstream
ERK1/2, stimulates human β-cell proliferation in vitro [53]. Importantly, pancreatic islets
of T2DM patients exhibit significantly lower levels of phosphorylated ERK 1/2 [49]. Sup-
porting this finding, human islets from type 2 DM donors were reported to be 80% deficient
in the p21 (Cdc42/Rac)-activated kinase, PAK1, which has been shown to be important for
activation of ERK1/2 amongst other things in both rodent and human [54]. Furthermore,
HNFα-deficient mice islets exhibit impaired ERK 1/2 phosphorylation in response to EGF
treatment, suggesting that HNFα is required for ERK1/2 activation; interestingly, T2DM
islets also exhibit downregulation of HNF-α as well [30,55].

3.3. Altered Cell Cycle Dynamics

In addition to disruption of the PI3K-AKT/PKB and ERK1/2 pathways, alterations in
cell cycle regulators may also play a part in reduced β-cell mass in T2DM. The difficulty of
inducing human β-cell proliferation even under physiological conditions is well known,
and this has been suggested to be partly due to the majority of G1/S proteins involved
in cell cycle progression being expressed cytoplasmically rather than in the nucleus [56].
Compounding these issues, islets from T2DM patients exhibit elevated proliferating cell
nuclear antigen (PCNA) expression with concomitant downregulation of cyclin dependent
kinase 2 (CDK2) and p27-kip1, suggesting that diabetic islets from T2DM patients are able
to enter the cell cycle but are unable to proliferate due to G1/S phase arrest [57]. p27-kip1
has dual effect in regulating cell cycle progression: (1) inhibition through inhibiting cyclin
A/cyclin E/cdk1/cdk2) and (2) promotion through stimulating the nuclear translocation
of CDK2/4 and Cyclin D [58]. However, it has not been evaluated whether Cyclin D
and CDK2/4 nuclear expression is downregulated in T2DM islets, and thus, whether
the downregulation of p27-kip1 has beneficial or harmful effects is unclear. On the other
hand, the downregulation of CDK2 has clear consequences; pancreatic CDK2-deficient
mice exhibit β-cell dysfunction and defects in β-cell proliferation [59]. Furthermore, in
human islets, it has been shown that CDK2 binds to and phosphorylates FOXO1 in a
glucose dependent manner, causing nuclear exclusion; thus, the downregulation of CDK2
would result in constitutive expression of FOXO1 in the nucleus and subsequent β-cell
dysfunction [59]. Moreover, FOXO1 has been shown to downregulate cyclin D2, which
plays an important role in G1 phase progression, feeding into a vicious cycle [60]. A
possible explanation of the downregulation of CDK2 in T2DM is the downregulation
of IRS receptors in T2DM patients. IR-deficient β-cells in mice exhibited high levels
of nuclear FOXO1 with concomitant downregulation of CDK2; CDK4; and cyclin D2,
D3, and E expression (CKD2: virtually absent, CDK4: ~85% reduction, cyclin D2 and
D3: >80% reduction, cyclin E: 42% reduction in IR-deficient β-cell compared with the
control) [57]. The expression of human insulin receptor B isoform in IR-deficient β cells in
mice restored FOXO1 cytoplasmic expression and phosphorylation, and CDK2, CDK4, and
cyclin E protein expression, further highlighting the importance of proper IRS expression
and function in restoring β-cell masses [57]. Lastly, the overexpression of CDK6 and
Cyclin D2 in human β-cells increased proliferation to 13% of β-cells from negligible levels
in vitro [61–63]. Additionally, in vivo, transplanting 1500 islet equivalent (IEQ) of CDK6
and cyclinD2 overexpressing human islets into non-obese diabetic (NOD)-SCID mice
yielded similar blood glucose and intraperitoneal glucose tolerance test (IPGTT) results
to those transplanted with 4000 IEQ of untreated human islets, suggesting increased
proliferation and function in vivo [61]. Thus, all in all, T2DM patients exhibit dysregulation
of cell cycle regulators, and further studies must be conducted to evaluate the efficacy and
safety of therapeutic agents targeted at stimulating cell cycle regulators.
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4. Current Therapeutic Agents

Both T1DM and T2DM pathogeneses involve the loss of β-cell mass, and the identifi-
cation of mitogenic factors that may stimulate β-cell proliferation is crucial in developing a
therapeutic regimen to improve prognosis of DM. Unfortunately, adult human β-cell prolif-
eration has been shown to be very limited (~0.2% of β-cells/24 h) and poorly responsive to
many mitogens that have been shown to induce expansion in rodent models, including
glucagon-like peptide 1 (GLP-1) analogs, IGF-1, and hepatocyte growth factors, to name
a few [2]. Furthermore, recent studies have identified age-dependent factors in humans
that influences the ability of β-cells to respond to specific mitogens; thus, juvenile and
adult pancreatic β-cells require different mitogens for expansion. This section discusses
therapeutic agents that have been shown to induce proliferation in juvenile and adult
human pancreatic β-cells.

4.1. Therapeutic Agents for Juvenile Human Pancreatic β-Cells
4.1.1. GLP-1 Analogs

GLP-1 analogs are a class of anti-diabetic medication currently approved for the
treatment of T2DM. It has been shown to be effective in improving Hemoglobin A1C
(HbA1C) by 0.6–1.5% over a three year period predominately through augmentation
of glucose-stimulated insulin secretion [64]. While GLP-1 analogs have been shown to
promote β-cell expansion in rodent models, prior studies investigating the effect of GLP-1
analogs on human β-cell proliferation have yielded conflicting results [65,66]. Although
liraglutide, a GLP-1 agonist, indeed induced the proliferation of β-cells (0.042% vs. 0.082%
control vs. liraglutide, p < 0.05) in an in vitro study, this increase would not be sufficient
to serve as a treatment for DM [67]. This discrepancy may partly be a result of the age
of donors. Dai C et al. recently demonstrated that exendin-4, a GLP1 analog, induced
proliferation in juveniles (ages 0.5–9 years) through the activation of the calcineurin/nuclear
factor of activated T cells (NFAT) pathway but not in adult human β-cells (ages 20 and
up) [68]. The basal juvenile β-cell proliferation rate decreased with age and the increase in
proliferation rate in response to exendin-4 treatment was inversely correlated with age.

4.1.2. Prolactin

Prolactin is a hormone produced by the anterior pituitary gland. While it is most
well-known for its function in lactation and homeostatic control, it has also been shown
to play a crucial role in β-cell adaptation during pregnancy [69,70]. During pregnancy,
β-cell mass is increased two- to threefold in rodent models and 40% in humans [71,72].
Furthermore, low prolactin levels in non-pregnant human models show a higher prevalence
of DM and impaired glucose regulation [73]. Importantly however, the frequency of β-cell
proliferation was not increased in pregnancy, as evidenced by the non-significant change
in Ki67% insulin+ cells [72]. Instead of proliferation, it has been suggested that islet cell
neogenesis may be responsible for the increased β-cell mass evident during pregnancy [72].
Supporting this finding, a study demonstrated that, while human recombinant prolactin
treatment of human pancreatic β-cells increased in vitro survival by 37%, there was no
apparent increase in proliferation [74]. Furthermore, while the unresponsiveness of β-cells
to prolactin has partly been attributed to the fact that adult human β-cells express little to
no prolactin receptors (PRLR), restoration of human PRLR on human β-cells rescued the
JAK/STAT5 signaling pathway but failed to activate proliferation [71]. On the other hand,
fetal pancreatic islets during late gestation express high levels of PRLR [75]. Currently, no
studies have assessed the effect of prolactin on juvenile β-cell proliferation, and therefore,
further studies in this field will be crucial to determine if prolactin could be used as therapy
for early T1DM.

4.1.3. PDGF

Platelet-derived growth factor (PDGF) is a serum growth factor that has been shown
to be involved in β-cell proliferation. In a rodent model, a decrease in PDGF-AA serum
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produced by osteoblast cells in bones decreased β-cell proliferation in vitro [76]. The
proliferative capacity of PDGF appears to be age dependent, however, as PDGF treatment
increased β-cell proliferation in juvenile mice but not in adult mice. Similar effects were
seen in human β-cells; PDGF treatment increased β-cell proliferation in juveniles through
activation of ERK1/2 pathway but not in adults [77]. This is likely due to PDGF receptors
not being expressed in adults as overexpression of human PDGFR-a in β-cells of adult
transgenic mice increased β-cell proliferation [78]. Thus, PDGF may be a promising therapy
to enhance β-cell proliferation in children with early onset T1DM.

4.1.4. WISP1

Wnt-induced signaling protein 1 (WISP1) is a circulating factor involved in a wide
range of tissue specific biological functions including cell growth, tumorigenesis, as well
as β-cell proliferation in both rodents and humans. WISP1-deficient mice lead to reduced
β-cell proliferation during the early postnatal period; in addition, injecting recombinant
mouse Wisp1 in WISP 1-deficient mice showed a 1.7- to 2-fold increase in β-cell proliferation
compared with saline treatment in both juvenile and adult mice [79]. Similarly, treatment
of human islets (average age of 54.1 years) with recombinant human WISP1 increased
β-cell proliferation up to 2% through the activation of the AKT/PKB pathway, evidenced
by the abrogation of proliferative effects of WISP1 when rodent and human β-cells were
co-treated with WISP1 and an AKT inhibitor. Importantly, children aged 2–5 years have
been shown to have significantly higher circulating WISP1 levels compared with adults
aged 28–45 years; thus, usage of young blood factors is a potential way to increase β-cell
proliferation in adult humans [79]. However, further studies must be conducted to confirm
safety of WISP1 treatment as it has a plethora of target sites throughout the body that may
lead to pathological conditions including cancer.

4.2. Therapeutic Agents for Adult Human Pancreatic β-Cells
4.2.1. Gastrin

The ability of gastrin to improve glycemic control in T2DM has been indirectly demon-
strated by clinical trials that demonstrated improved HbA1C in patients receiving proton
pump inhibitors (PPIs), which indirectly elevates serum gastrin levels [80–82]. Whether
this is through improving β-cell function or altering β-cell mass is not known. Gastrin
has been shown to be a potent inducer of rodent β-cell proliferation; however, studies
evaluating the effect of gastrin on human β-cell proliferation have yielded conflicting re-
sults [83,84]. Consistent with the experimental data in rodents, gastrin treatment increased
proliferation of human 1.1B4 β-cells in vitro [85]. Supporting this, Meier et al. reported
high rates of β-cell proliferation adjacent to gastrinomas, gastrin producing tumors, in the
adult human pancreas [86]. In contrast with this report, Bruer et al. reported that there was
no difference in β-cell area and replication between DM patients receiving PPI treatment
and those without [87]. Furthermore, in an in vitro study, while gastrin alone was able to
increase survival of insulin + cells when human islets from healthy donors were incubated
with gastrin, gastrin alone failed to increase the number of insulin+ cells [88]. However,
interestingly, treatment of pancreatic cells in gastrin or gastrin + epidermal growth factor
(EGF) increased the expression of β-cell transcription factors PDX-1 and Insulin in CD19+
pancreatic duct cells. Thus, it is possible that gastrin may induce β-cell neogenesis through
transdifferentiation of pancreatic duct cells, an effect augmented to significant levels with
cotreatment with EGF [88]. However, further studies must be conducted to elucidate
this effect.

Gastrin may also contribute to β-cell mass through maintaining β-cell identity under
diabetic conditions. For example, gastrin treatment of islets from DM patients resulted in
increased expression of insulin (INS), PDX-1, MAFA, NKX homeobox 1 (NKX6.1), NK2
homeobox 2 (NKX2.2), monitor neuron and pancreas homeobox 1 (MNX1), and common
β-cell markers [89]. Islets from patients with higher HbA1C, signifying higher average
blood glucose level in the prior 3 months, experienced a more profound increase in these
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β-cell transcription factors compared with those with lower HbA1C [89]. This is possibly
due to the increased gastrin receptor expression, cholecystokinin B receptor (CCKBR),
in insulin positive cells from donors with higher HbA1C [89]. Interestingly, while PPI
treatment of patients with HbA1C ≤ 7% only resulted in an average of 0.05% decrease in
HbA1C, patients with HbA1C > 7% and HbA1C > 9% showed 0.5% and 1.2% reduction
in HbA1C, respectively [82,90]. Thus, further studies elucidating the mechanism in which
PPI and gastrin improve glycemic control may help in directing this treatment approach to
the appropriate patient population. Lastly, while PPI benefited T2DM patients, a clinical
trial that studied the efficacy of combination therapy with sitagliptin and lansoprazole(PPI)
in patients with recent onset T1DM demonstrated no changes in C peptide levels and
HbA1C levels between patients receiving PPI and those without [91]. Thus, while combina-
tion therapies with drugs that increase gastrin levels are promising avenues to improve
glycemic control in T2DM, possibly through increasing β-cell mass, further studies must
be conducted to discover novel combination therapies with gastrin to treat T1DM.

4.2.2. DYRK1A Inhibitors

Small molecule inhibitors of dual specificity tyrosine phosphorylation regulated kinase
1A (DYRK1A) have gained widespread interest due to its potent ability to induce human
β-cell proliferation. Among the known DYRK1A inhibitors that have been shown to induce
human β-cell proliferation including aminopyrazines, thiadiazine, and 5-IT, harmine has
been the most studied [92–94]. Harmine treatment in vitro of human pancreatic β-cells
increased proliferation to approximately 1.3% from negligible levels through activation of
DYRK1A -NFAT pathway, which has been shown to upregulate transcription of prolifer-
ation related genes including cell cycle regulators and IRS-2 receptors [37,95]. Similarly,
when human islets were transplanted into the renal capsule of NOD-SCID mice, harmine
treatment in vivo increased BrdU and Ki67 labeling in β-cells by 2 to 3 folds compared with
saline treatment, and improved blood glucose levels and intraperitoneal glucose tolerance
test [96]. Several combinations have been explored to improve the potency of harmine.
First, harmine and TGFβ inhibitor combination resulted in increased Ki67 positive β-cells to
5–8% compared with the 1–3% in harmine alone in vitro [97]. Secondly, harmine and GLP1
combination treatment of human islets resulted in an average proliferation rate of 5%, simi-
lar to the combination with TGFβ. Importantly, blood glucose levels after transplantation of
1500 IEQ or 500 IEQ with harmine and exendin-4 treatment in streptozotocin (STZ) diabetic
NOD scid gamma mouse (NSG) mice showed no significant difference, a result that was
accompanied by a 3-fold increase in proliferation in the harmine + exendin-4 treatment arm
compared with the saline group [66]. Furthermore, while the concern of increased prolifera-
tion in β-cell is the worry of naive phenotype, both harmine + TGFβ and harmine + GLP-1
analog treatment of normal and T2DM human islets resulted in an increased expression of
key β-cell markers including PDX1, NKX6.1, MAFA, and MAFB [66,97]. With its potent
ability to induce β-cell proliferation, DYRK1A inhibitors appear to be a promising regener-
ation treatment for both T1DM and T2DM; however, clinical utility is hampered by central
nervous system off target effects. To curtail these effects, several derivatives of current
inhibitors have been evaluated for increased kinase selectivity, and decreased off-target
effects and cytotoxicity [93,98–101].

4.2.3. GABA

The neurotransmitter γ-aminobutyric acid (GABA) is a signaling molecule secreted
from β-cells. It has been reported to be important in insulin exocytosis and glucose stim-
ulated insulin secretion in human β-cells, and GABA signaling has been shown to be
dysregulated in β cells from T2DM patients [102]. In addition to its role in insulin reg-
ulation, GABA has also been shown to stimulate β-cell proliferation in both rodent and
human β cells [103,104]. In a rodent model, GABA treatment prevented the develop-
ment of DM and reversed DM through preservation and restoration of β-cell mass in
STZ-induced NOD Mice [103]. The in vivo GABA treatment of NOD-Scid mice or STZ-
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induced C57BL/6J mice transplanted with human islets increased Ki67+ insulin+ islet
cells and decreased apoptotic islet cells [104,105]. Purwana I et al. demonstrated that,
in human β-cells, GABA evokes Ca2+ influx, which subsequently results in AKT and
cAMP response element binding protein (CREB) phosphorylation, suggesting that GABA
signals through the PI3K/AKT pathway. Furthermore, GABA treatment increased IRS-2
mRNA expression [105]. The therapeutic effects of GABA have been thought to be due
to its ability to induce β-cell proliferation and to augment insulin secretion but also its
anti-inflammatory and immunosuppressive properties. In rodent models, GABA treatment
reduced circulating inflammatory cytokines including IL-1β, TNF-α, IFN-γ, and IL-12 in
STZ-induced mice, and in vitro, GABA reduced CD4+ and CD8+ T cells and increased
regulatory T cells [103]. Furthermore, the activation of GABA(A) receptor has been shown
to inhibit proliferation in T cells isolated from human peripheral blood mononuclear cells
in vitro [106]. Based on these compelling data, clinical trials with GABA have been initiated
for prevention and treatment for new onset T1DM; however, its safety and efficacy has not
been reported thus far [107]. Lastly, GABA has been shown to improve insulin resistance
through increasing peripheral expression of Glut4, reducing inflammation, and decreasing
blood glucose levels [108]. Oral treatment with GABA inhibited the high-fat-diet-induced
glucose intolerance, insulin resistance, and obesity through its anti-inflammatory effects in
C57BL/6J mice [109]. Thus, GABA is a promising treatment for both T1DM and T2DM,
and further studies evaluating its efficacy and safety is warranted.

Several other agents such as GSK3β inhibitors, transforming growth factor β (TGFβ)
inhibitors, IKKε and EBP1, and Serpin B1 have been evaluated for their ability to induce
β-cell proliferation in human islets [110,111]. GSK 3β inhibitors, LiCl and 1-Akp, in combi-
nation with glucose, stimulated mTOR-dependent DNA synthesis, cell cycle progression,
and proliferation of human β-cells [112]. Additionally, pharmacological agents with dual
GSK3β and DYRK1A inhibition have been shown to increase β-cell proliferation to 3–6%
from negligible levels in human islets [92,100]. However, whether the proliferated β-cells
exhibit mature phenotype has not been evaluated yet. TGFβ inhibitors have also been
shown to induce proliferation. Combination treatment in vitro with small molecule menin-
MLL inhibitors and TGFβ inhibitors synergistically increased human β-cell proliferation
through the downregulation of cell cycle inhibitors without affecting insulin production,
suggesting sustained mature phenotype. Furthermore, in vivo, TGF-β inhibitors also
successfully increased Ki67+ β-cells from approximately 0.1% to 0.5% in human islets
transplanted in NSG mice [113]. TGF-β has also been tested in combination with DYRK1a
as discussed earlier [114]. While promising, clinical utility of TG-β has been questioned
due to its potential harmful effects to other organs at evaluated doses.

5. New Therapeutic Approach

In both T1DM and T2DM, β-cells face multi-prong challenges that limit their function,
survival, and proliferative capacity. Therapeutic approaches solely focused on increas-
ing β-cell proliferation are not sufficient in improving the long-term outcomes of DM.
Combination therapy focused on protecting β-cells from apoptosis/dedifferentiation from
diabetogenic insults in the case of T2DM or protecting islets from activated autoreactive
immune cells for T1DM is crucial to developing a comprehensive approach. Here, in this
section, we discuss potential combination therapy with nuclear factor erythroid factor
2 related factor 2 (Nrf2) activators and immunosuppressive medication to magnify the
beneficial effects of β-cell proliferation agents in the treatment of T1DM and T2DM.

5.1. T2DM

T2DM is caused by a combination of two factors: (1) impaired insulin secretion and
death of pancreatic β-cells and (2) insulin resistance. Thus, while β-cell proliferation is an
attractive therapeutic approach in improving prognosis of T2DM, without targeting insulin
resistance, β-cell proliferation may serve only as a temporary bandage. Unfortunately,
current treatment options for insulin resistance are very limited and are primarily focused
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on weight management [115]. Worse yet, the chronic hyperglycemia resulting from insulin
resistance results in β-cell dysfunction and death, promoting a vicious cycle. The effects of
hyperglycemia on β-cells have been extensively studied, and more recently, oxidative stress
has been highlighted as one of the major downstream consequences that has detrimental
impact on β-cell function and survival possibly due to the limited antioxidative capacity
of β-cells [116]. Compared with α-cells, β-cells have a significantly lower expression of
catalase and glutathione peroxidase, and exposure to oxidative stress conditions results in
significantly lower survival and viability of β-cells, reducing the β/α cell ratio [117]. Thus,
combination therapy with therapeutic agents targeted at alleviating oxidative stress may
improve outcomes through providing protection of newly proliferated β-cells.

Nrf2 activators hold tremendous potential to fulfill this role. The Nrf2 pathway is an
important regulator of cellular defense against oxidants and in human pancreatic islets,
controls the expression of key antioxidants including NAD(P)H: Quinone oxidoreductase,
Heme oxygenase 1 (HO-1), glucose 6 phosphate dehydrogenase (G6Pd), sulfiredoxin-1,
and thioredoxin reductase1 (TXNRD1) [118]. Pharmacological activation of Nrf2 pathway
by dimethyl fumarate (DMF), oltipraz, dh404, curcumin, sulforaphane, vitexin in human
and/or rodent β-cells have been shown to protect β-cells under different stressors, includ-
ing glucolipotoxicity and oxidative stress, by preserving β-cell function and mass [118–122].
Furthermore, Nrf2 activation has been shown to be sufficient to drive human β-cell prolif-
eration in vitro, supporting the beneficial effect of Nrf2 activation on proliferation [123,124].
Lastly, a cross sectional study that evaluated TNF-α, HO-1, and Nrf2 levels in β-cells of
normal glucose tolerant, prediabetic and T2DM patients found that while TNF-α levels
increased with progressing DM, HO-1 and Nrf2 levels decreased, indicating an impaired
antioxidative system in DM conditions [34]. In addition to offering protection from dia-
betogenic insults, more recent studies have also elucidated the potential beneficial effect
of Nrf2 activators on insulin resistance. Thus, in T2DM, elevating Nrf2 levels to improve
β-cell function and survival while increasing β-cell mass through proliferation agents may
be a novel holistic approach to improve long-term outcomes of T2DM.

5.2. T1DM

Several immunosuppressive regimen have been tested for the treatment of T1DM.
Immunotherapy against new-onset T1DM is largely grouped into three categories: therapies
targeting T cells, targeting B cells, and anti-inflammatories and cytokines. Of the therapies
targeting T cells including cyclosporine and anti-thymocyte globulin, anti-CD3 monoclonal
antibody(teplizumab) showed the most promising results, delaying the diagnosis by at
least 2 years versus the placebo. However, 20 to 55% of teplizumab-treated participants
developed antidrug antibodies, and thus, the long-term efficacy has not been established
yet [125]. For B cell therapy, while rituximab improved HbA1C in T1DM patients, its
effects were only seen temporarily as immune tolerance was not induced [126,127]. Anti-
inflammatory therapy, IL-6Ra blockade recently showed no clinical efficacy while TNF-α
blockade successfully delayed C-peptide loss in new-onset T1DM. However, whether TNF-
α can prevent or delay T1DM onset has not been evaluated [126]. Thus, evaluation of new
immunosuppressant with long-term efficacy and without β-cell toxicity combined with
β-cell proliferation agent is fundamental to improving the overall outcomes of T1DM.

DMF is an immunosuppressant with anti-inflammatory and antioxidative properties
that has also been shown to have protective effects on pancreatic β-cells [120,128]. DMF
has been successfully used to treat multiple sclerosis (MS) and psoriasis. In the MS clinical
trial, DMF treatment significantly decreased both T and B cell counts in MS patients [129].
Importantly, the effect of DMF differs based on the T cell subpopulation, and it has been
shown that DMF increased CD4/CD8 and naive/memory T cells while reducing the fre-
quency of T helper 1 (Th1) and Th17 inflammatory cells in DMF-treated MS patients [130].
Furthermore, DMF has also been shown to decrease follicular helper T cell, a subset of T
cells critical for B cell activation to increase proliferation and antibody production [131]. In
addition to altering T and B cell population, DMF has also been shown to alter activity of
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macrophages. Although yet to be studied in humans, animal models have demonstrated
that DMF decreased M1(pro-inflammatory)/M2(anti-inflammatory) macrophage polariza-
tion and absolute number. DMF treatment of a mouse model of immune thrombocytopenia,
an autoimmune disease characterized by immune mediated platelet destruction, demon-
strated reduced number of CD68+ macrophages in the spleen, and in an in vitro study,
DMF induced apoptosis of macrophages dose dependently. Lastly, in support of these
findings, we previously reported that DMF significantly delayed the onset of T1DM in
non-obese diabetic mice and reduced the onset of autoimmune DM. The insulitis score was
significantly lower, and these results were accompanied by a significant reduction in serum
level of proinflammatory cytokines and chemokines [132]. Thus, combination therapy
with DMF is a novel approach that may augment the efficacy of proliferation agents by
providing protection from autoreactive immune cell destruction.

6. Conclusions

In conclusion, in both T1DM and T2DM, pancreatic β-cells face several obstacles
hampering their ability to regulate blood glucose levels. In contrast, in T1DM, β-cell de-
struction by autoreactive immune cells causes reduced β-cell mass; in T2DM, diabetogenic
insults result in major changes in pathways (PI3K-AKT/PKB, Ras/Raf/ERK, cell cycle
regulators) that impair the ability of β-cells to proliferate. Thus, there has been a focus
on identifying therapeutic agents capable of inducing β-cell proliferation in human islets,
most importantly, gastrin, DYRK1A, and GABA, as discussed earlier. While promising,
further studies on combination therapy with proliferation agents must be conducted to
develop a comprehensive treatment regimen for both T1DM and T2DM. Nrf2 activators for
T2DM and DMF for T1DM have tremendous potential in fulfilling these roles to provide
protection of newly proliferated β-cells. Evaluating other therapeutic agents that could be
used in the combination therapy is an exciting avenue to explore.

Author Contributions: N.E. and H.I. conceived and designed the review; N.E., A.J.T. and M.A.
drafted the manuscript; N.E., A.J.T., M.A., I.X., D.L.W., L.F.H., D.D. and H.I. edited and revised the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are contained within the article.

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

Abbreviations

T1DM Type 1 Diabetes
T2DM Type 2 Diabetes
OGTT Oral Glucose Tolerance Test
HOMA2 Homeostasis Model Assessment
iNOS Nitric Oxide Synthase
PI3K—AKT/PKB Phosphoinositide 3 Kinases-AKT/Protein Kinase B
FOXO1 Forkhead Box Protein O1
GSK3 Glycogen Synthase Kinase-3
mTOR Mammalian Target Rapamycin
IRS2 Insulin Receptor Substrate 2
GCK Glucokinase
ERK Extracellular Signal-Regulated Kinase
MAPK Mitogen-Activated Protein Kinase
MafA MAF BZIP Transcription Factor A
PDX-1 Pancreatic and Duodenal Homeobox 1
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GLUT2 Glucose Transporter 2
PCNA Proliferating Cell Nuclear Antigen
CDK2 Cyclin-Dependent Kinase 2
NOD mouse Non-Obese Diabetic Mouse
IPGTT Intraperitoneal Glucose Tolerance Test
GLP1 Glucagon-Like Peptide 1
HbA1C Hemoglobin A1C
NFAT Nuclear Factor of Activated T-Cells
PRLR Prolactin Receptor
PDGF Platelet-Derived Growth Factor
WISP1 Wnt-Induced Signaling Protein 1
PPI Proton Pump Inhibitors
EGF Epidermal Growth Factor
INS nsulin
NKX1.6 NKX Homeobox 1
NKX2.2 NK2 Homeobox 2
MNX1 Motor Neuron and Pancreas Homeobox 1
CCKBR Dholecystokinin B Receptor
DYRK1A Dual Specificity Tyrosine Phosphorylation Regulated Kinase 1A
IEQ Islet Equivalent
GABA γ-Aminobutyric Acid
CREB cAMP Response Element Binding Protein
TGF β Transforming Growth Factor β
STZ Streptozotocin
NSG mouse NOD Scid Gamma Mouse
Nrf2 Nuclear Factor Erythroid Factor 2-Related Factor 2
HO-1 Heme Oxygenase 1
G6PD Glucose 6 Phosphate Dehydrogenase
TXNRD1 Thioredoxin Reductase 1
DMF Dimethyl Fumarate
MS Multiple Sclerosis
Th1 T-Helper 1
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Abstract: Renal fatty acid (FA) metabolism is severely altered in type 1 and 2 diabetes mellitus (T1DM
and T2DM). Increasing evidence suggests that altered lipid metabolism is linked to tubulointerstitial
fibrosis (TIF). Our previous work has demonstrated that mice with reduced MORG1 expression, a
scaffold protein in HIF and ERK signaling, are protected against TIF in the db/db mouse model.
Renal TGF-ß1 expression and EMT-like changes were reduced in mice with single-allele deficiency
of MORG1. Given the well-known role of HIF and ERK signaling in metabolic regulation, here we
examined whether protection was also associated with a restoration of lipid metabolism. Despite
similar features of TIF in T1DM and T2DM, diabetes-associated changes in renal lipid metabolism
differ between both diseases. We found that de novo synthesis of FA/cholesterol and β-oxidation
were more strongly disrupted in T1DM, whereas pathological fat uptake into tubular cells mediates
lipotoxicity in T2DM. Thus, diminished MORG1 expression exerts renoprotection in the diabetic
nephropathy by modulating important factors of TIF and lipid dysregulation to a variable extent in
T1DM and T2DM. Prospectively, targeting MORG1 appears to be a promising strategy to reduce lipid
metabolic alterations in diabetic nephropathy.

Keywords: type 1 diabetes mellitus; T1DM; type 2 diabetes mellitus; T2DM; diabetic nephropa-
thy; kidney; lipid metabolism; fatty acid metabolism; MORG1; mitogen-activated protein kinase
organizer 1; WDR83

1. Introduction

One of the most important complications of type 1 (T1DM) and type 2 diabetes mellitus
(T2DM) is diabetic nephropathy (DN) [1,2]. Early in DN, the interstitium becomes dilated,
leading to tubulointerstitial fibrosis (TIF) and tubular atrophy [3,4]. In TIF, myofibroblast
accumulation is observed, accompanied by excessive extracellular matrix (ECM) deposition
and, in later stages, destruction of renal tubules [5,6]. Fibrosis-promoting cytokines (e.g.,
transforming growth factor beta 1 (TGF-β1), connective tissue growth factor (CTGF)) are
produced in fibrogenic signaling phase of TIF [7]. In contemporary understanding of
renal fibrosis, multiple cell types and different mechanisms appear to be responsible for
ECM accumulation and remodeling [8–15]. Recently, it has been demonstrated that the
downregulation of key enzymes and regulators of fatty acid oxidation (FAO), as well
as increased lipid accumulation in proximal tubular epithelial cells, is directly linked
to TIF [16]. Under physiological conditions, tubular cells rely on fatty acids (FAs) as
their main energy source. Therefore, uptake of FAs, FA oxidation and FA synthesis are
tightly balanced in these cells [16–19]. Conversely, injured tubular cells display dramatic
metabolic rearrangements, including profound suppression of FAO [17]. This altered renal
lipid metabolism has been described in DN, where sustained hyperglycemia promotes FA
synthesis and triglyceride accumulation [20]. The elevated serum triglycerides, together
with free FAs and modified cholesterol, can cause lipid accumulation in non-adipose tissues,
a process termed lipotoxicity [20].
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Various pathological stimuli in the diabetic milieu, such as TGF-β1 and hypoxia, are
known to induce an imbalance in lipid metabolism [21–23]. Tissue hypoxia in patients with
chronic kidney disease results from an altered renal oxygen supply, thus leading to the
stabilization of the hypoxia-dependent transcription factors HIF1/2 (hypoxia-inducible
factor 1/2) in the kidneys [24]. HIF1α and HIF2α function mainly as transcriptional activa-
tors, regulating several biological processes, such as metabolism of glucose, cholesterol and
FAs [25–27]. In contrast to the apparent role of HIF in carbohydrate metabolism, its effects
on lipid metabolism have recently been investigated [21]. In addition to the HIF pathway,
the MEK/ERK pathway also appears to be involved in lipid metabolism, as extracellular
signal-regulated kinases 1/2 (ERK1/2) can influence several master regulators of cellular
lipid metabolism [28–31].

MORG1 (mitogen-activated protein kinase organizer 1, also known as WDR83) is
identified as a scaffold protein in both ERK1/2 and HIF pathways. It is a member of the WD-
40 domain protein family with a molecular mass of 34.5 kDa and is ubiquitously expressed
in different organs, including the heart, brain and kidney [32]. MORG1 was first isolated as
a binding partner of the ERK pathway scaffold protein MP1 (MEK partner 1) in 2004 [32].
It also specifically associates with multiple-components of the mitogen-activated protein
kinase (MAPK) cascade and stabilizes their assembly into an oligomeric complex [32].
Furthermore, MORG1 biphasically modulates the activation of the ERK cascade: at low
concentrations, MORG1 enhances ERK activation, whereas high concentrations lead rather
to the inhibition of ERK activation [32]. In addition to its central role in the MAPK pathway,
MORG1 also functions as a scaffold protein in HIF signaling. Our group has identified
MORG1 as a scaffold protein of PHD3 (prolyl hydroxylase domain protein 3) that regulates
the degradation of HIF-1α and HIF-2α under normoxic conditions [24,33]. MORG1 was
found to interact with PHD3, leading to the stabilization of PHD3. In this way, MORG1
works together with PHD3 in the regulation and degradation of HIF-α protein [33–35]. By
suppression of MORG1 the basal HIF-α protein stability is increased and (as a result) there is
reduction in HIF-α degradation [33,36–38]. Several lines of evidence support the notion that
MORG1 is involved in the pathophysiology of various diseases. Due to embryonic lethality
of homozygous MORG1 knockout mice, studies have been conducted in heterozygous
mice that exhibit a normal phenotype. We described that heterozygous MORG1 knockout
mice are protected from experimentally induced focal cerebral ischemia [39], from acute
renal ischemia-reperfusion injury [40] and from acute kidney damage due to systemic
hypoxia [37]. Recent data indicate that they are also protected from kidney damage as
a late consequence of T2DM [41]. In the db/db mouse model for type 2 DN, the DN
was ameliorated when MORG1 expression was suppressed [41]. We hypothesize that the
attenuated TIF is, at least partly, a consequence of reduced EMT (epithelial-to-mesenchymal
transition)-like changes in tubular cells [41].

In this study, we aimed to investigate whether a reduction of MORG1 in kidneys
of diabetic mice leads to a restoration of a potentially disrupted lipid metabolism. Here,
we compare two different diabetes models: insulin-dependent (STZ-induced T1DM-like
phenotype) and insulin-independent diabetes mellitus (db/db mouse model for T2DM).

2. Materials and Methods

2.1. Animals

All animal experiments were approved by the Local Ethics Committee of Thüringer-
Landesamt für Verbraucherschutz (approval numbers UKJ-17-024 and 02-039/15) and were
performed in accordance with the German Animal Protection Law. The animals were
housed in a pathogen-free facility with a 12-h light–dark cycle and raised on standard chow
and water ad libitum. MORG1 knockout mice were derived from the C57BL6/J strain
and generated by homologous recombination, using standard techniques [42]. A cassette
containing various selection markers and the gene for green fluorescence protein was
placed in the exons 1–5 of the MORG1 gene to disrupt the MORG1 coding sequence and to
detect the expression. Individuals involved in this study were backcrossed to the C57BLKS
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background for at least 10 generations. MORG1+/− (heterozygous) mice exhibited a normal
phenotype; however, MORG1−/− (homozygous) animals exhibited embryonal lethality be-
tween embryonic days 8.5 and 10.5, probably due to diffuse vascularization of the embryo
and malformations in the neural tube (unpublished observations).

Mouse model for T1DM-like phenotype: Mild insulin-dependent diabetes mellitus
was induced in wild-type (n = 7) and MORG1 heterozygous mice (n = 7) at 12–15 weeks
of age by intraperitoneal administration of 50 mg/kg streptozotocin (STZ; Sigma-Aldrich,
St. Louis, MO, USA; in sterile 10 mM sodium citrate, pH 5.5) for 4 consecutive days.
Due to their genetic background, which contains proportions of DBA/2, the animals used
were very good STZ responders [43]. Therefore, the used STZ protocol was sufficient to
keep fasting blood glucose stable above 15 mmol/L (on average) and to avoid ketonuria.
Non-diabetic control animals received daily intraperitoneal injections of placebo (10 mM
sodium citrate, pH 5.5) for 4 days. After 3 months of inducing diabetes, the mice were
euthanized and their kidneys were removed. One half of the kidney was fixed in 4%
phosphate buffered formalin and for histological studies embedded in paraffin. Remaining
tissue was snap-frozen for mRNA analysis.

T2DM mouse model: The mouse line used for our T2DM model was generated by
crossing mice from the db/db strain (BKS.Cg-Dock7m+/+Leprdb/J; C57BLKS/J back-
ground; obtained from Charles River Laboratory (Brussels, Belgium)) with mice from
the MORG1 strain. Based on their genotype, the animals were divided into four groups:
MORG1 wild-type non-diabetic control (db/m; MORG1+/+) (n = 10), MORG1 wild-type
diabetic T2DM (db/db; MORG1+/+) (n = 8), MORG1 heterozygous non-diabetic control
(db/m; MORG1+/−) (n = 5) and MORG1 heterozygous diabetic T2DM (db/db; MORG1+/−)
(n = 6). At the age of 25–28 weeks, mice were euthanized, and their kidneys were removed.
One half of a kidney was fixed in 4% phosphate buffered formalin and for histological
studies embedded in paraffin. Remaining tissue was snap-frozen for mRNA analysis and
Oil Red O staining.

2.2. Immunohistochemistry and Oil Red O Staining

In preparation for immunohistochemical staining, the 3 μm paraffin sections were
dewaxed/deparaffinized and rehydrated. A heat-mediated antigen retrieval procedure in
citrate buffer (pH 6.0) was performed. Blocking of endogenous peroxidase was achieved by
incubation with 3% H2O2 (Roth, Karlsruhe, Germany) for 10 min at room temperature. Fol-
lowing the blocking with Roti-Block, the sections were incubated with primary antibodies
overnight at 4 ◦C. The following primary antibodies were used: rabbit polyclonal anti-fatty
acid synthase (FAS) antibody (Abcam, Camebridge, UK), mouse monoclonal anti-MTCO1
antibody (Abcam, Camebridge, UK) and rabbit polyclonal anti-PPARαantibody (Abcam,
Cambridge, UK). After incubation with peroxidase-labeled goat anti-rabbit IgG antibody
(KPL, Gaithersburg, MD, USA) or anti-mouse IgG antibody (SeraCare, Milford, MA, USA),
di-aminobenzidine (DAB) (DAB-peroxidase substrate kit; Vector Laboratories, Burlingame,
CA, USA) was used as a chromogen.

For Oil Red O staining, snap-frozen renal sections (thickness 10 μm) were stained by
using Oil Red O solution 0.5% in iso-propanol (Sigma-Aldrich, Merck, Darmstadt, Ger-
many).

2.3. Immunofluorescence

Protein expression via immunofluorescence was analyzed on paraffin-embedded
kidney sections (thickness 3 μm). After deparaffination, hydration and heat-mediated
antigen retrieval in citrate buffer (pH 6.0), blocking with 5% BSA (bovine serum albumin,
Roth, Karlsruhe, Germany) was performed for one hour at room temperature. The kidney
sections were incubated with recombinant anti-CD36 antibody (Abcam, Camebridge, UK)
at 4 ◦C overnight. As secondary antibody anti-rabbit IgG DY-light 594 (Vector Laboratories,
Burlingame, CA, USA) was used. Nuclei were counterstained with 4′,6-diamidino-2-
phenylindole (DAPI, Sigma-Aldrich, Merck, Darmstadt, Germany).
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2.4. Quantification

For quantification, at least 10 non-overlapping high-power fields (magnification ×200)
for each kidney sample were examined by AxioVision 4.8 software monochrome modus of
the AxioCamHRc camera (both Zeiss, Jena, Germany) and analyzed by using an ImageJ
Macro. ZeissVisionImage (.zvi) format was exported to TIFF format. Gained data were
analyzed by using the thresholding function of ImageJ. For each staining, an individual
threshold was customized and applied to all images of that staining. Staining was seg-
mented into relevant and irrelevant. As an example, the used MACRO for FAS staining can
be found in the Supplementary Materials and Section 2.

Obtained data of relevantly stained area per image were averaged for each mouse. To
compare individuals of different groups, all mice were normalized to the mean value of
samples from the MORG1 wild-type non-diabetic control group (db/m; MORG1+/+).

2.5. cDNA Synthesis and Semi-Quantitative Real-Time PCR

For isolation of total RNA from kidney cortex, the NucleoSpin 8 RNA Kit (Macherey-
Nagel, Düren, Germany) was used. Elimination of possible DNA contamination was
performed with the RNase-Free DNase Set (Qiagen, Hilden, Germany), and 1 μg total
RNA was reverse-transcripted into cDNA with the Reverse-Transcription System Promega
(Promega, Madison, WI, USA). Determination of gene-expression levels was performed
by semi-quantitative real-time PCR by use of the LightCycler-FastStart DNA Master SYBR
Green 1 (Roche Diagnostics, Mannheim, Germany) and a thermocycler (qTower, Ana-
lytik Jena, Jena, Germany). PCRs were carried out with sense and antisense primers at a
concentration of 0.25 μM each (purchased from TIB Molbiol, Berlin, Germany). Temper-
atures and sequences of all primer pairs are shown in Table 1. Hypoxanthine phospho-
ribosyltransferase 1 (HPRT1) was used as the housekeeping gene. Relative expression ratio
was quantified by the ΔΔCT method, and transcript levels were normalized to the mean
value of the MORG1 wild-type non-diabetic control group.

Table 1. List of primer pairs and annealing temperatures.

Gene Sense and Antisense Primers Tann.

ACOX1 5′-GCCCAACTGTGACTTCCATC-3′
5′-GCCAGGACTATCGCATGATT-3′ 60 ◦C [44]

CPT1 5′-TCCATGCATACCAAAGTGGA-3′
5′-TGGTAGGAGAGCAGCACCTT-3′ 60 ◦C [45]

CTGF 5′-TGCTGTGCAGGTGATAAAGC-3′
5′-AAGGCCATTTGTTCACCAAC-3′ 58 ◦C [46]

FAS 5′-CCTGGATAGCATTCCGAACCT-3′
5′-ACACATCTCGAAGGCTACACA-3′ 61 ◦C [47]

HMG-CoA-Red 5′-AGCCGAAGCAGCACATGAT-3′
5′-CTTGTGGAATGCCTTGTGATTG-3′ 57 ◦C [48]

HPRT1 5′-TGGATACAGGCCAGACTTTGTT-3′
5′-CAGATTCAACTTGCGCTCATC-3′ 59 ◦C [49]

KIM1 5′-ATGAATCAGATTCAAGTCTTC-3′
5′-TCTGGTTTGTGAGTCCATGTG-3′ 58 ◦C [50]

SREBP2 5′-CAAGTCTGGCGTTCTGAGGAA-3′
5′-ATGTTCTCCTGGCGAAGCT-3′ 61 ◦C [51]

ACOX1 = Acyl-CoA Oxidase 1, CPT1 = carnitine palmitoyltransferase 1, CTGF = connective tissue growth
factor, FAS = fatty acid synthase, HMG-CoA-Red = 3-hydroxy-3-methylglutaryl-Coenzyme A reductase,
HPRT1 = hypoxanthine phosphoribosyl transferase 1, KIM1 = kidney injury molecule-1, SREBP2 = sterol regula-
tory element-binding protein 2, Tann. = annealing temperature.

2.6. Statistics

The data from the four experimental groups are shown as box/whisker-dot plots,
drawn using SPSS statistics (IBM company, Armonk, NY, USA). The boxes’ boundaries mark
the 25th percentile in the bottom and the 75th percentile on the top. The line in the center of
the box indicates the median of values and the whiskers, drawn below and above the box,
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span from the 10th to the 90th percentile. Values with a distance of ≥1.5*IQR (interquartile
range) to the first and third quartile are defined as outliers. Outliers (presented as single
dots outside the whiskers) were excluded from statistical analysis. Effects (main effects
and interactions) were assessed by using two-way analysis of variance (ANOVA) with
phenotype (non-diabetic control or diabetic (STZ-T1DM/T2DM)) and genotype (wild-type
or heterozygous) as the two factors. Interaction determines whether the one main effect
depends on the level of the other main effect. For intergroup comparison, Mann–Whitney U
test was used to test the statistically significance between two independent groups (MORG1
wild-type control vs. MORG1 wild-type STZ-T1DM/T2DM; MORG1 wild-type control vs.
MORG1 heterozygous control; MORG1 heterozygous control vs. MORG1 heterozygous
STZ-T1DM/T2DM; MORG1 wild-type STZ-T1DM/T2DM vs. MORG1 heterozygous STZ-
T1DM/T2DM).

To analyze the correlation between tested lipid metabolism markers and CTGF, KIM1
or lipid accumulation, all groups were included, and the Pearson correlation coefficient (ρ)
was calculated by using SPSS statistics. To analyze the correlation between PPARα and FAS
or CD36 expression, only non-diabetic mice were included, and the Pearson correlation
coefficient (ρ) was calculated. We classified Pearson’s correlations as reasonable according
to medical standards, with ρ of 0.3 to 0.5 as fair, 0.6 to 0.7 as moderate and >0.7 as very
strong [52].

A p-value of ≤0.05 was considered statistically significant. The p-values from ≥0.05 to
≤0.1 were considered biologically relevant.

3. Results and Discussion

3.1. Different Role of MORG1 in Renal Fatty Acid and Cholesterol Synthesis in STZ-T1DM
and T2DM

A tubule epithelial lipid accumulation was found in patients with manifested DN.
Lipid droplets are round membrane-coated organelles, which contain potentially toxic
triglycerides and cholesterol esters [20]. It is believed that genes involved in triglyceride, as
well as cholesterol, metabolism are dysregulated in DN. In diabetic kidneys, increased up-
take of FAs, de novo synthesis of FAs and triglycerides and decreased expression of master
regulators of FAO may contribute to lipid storage, thus contributing to the altered expres-
sion of receptors or transporters regulating the influx/efflux of cholesterol [16,17,19,20].

Firstly, we investigated the expression of markers for FA and cholesterol synthesis
in our models. Sterol regulatory element binding proteins (SREBPs) serve as the master
regulators of cellular FA and cholesterol synthesis, whereas SREBP-2 regulates cholesterol
synthesis. FA synthesis is regulated by SREBP-1 and catalyzed through FA synthase (FAS)
and acetyl-CoA carboxylase (ACC) [20,21]. Our analysis revealed differences not only
between the types of diabetes, but also regarding the MORG1 genotype in this condition
(Figures 1 and 2). In mice with T1DM-like phenotype, FAS protein, as well as HMG-CoA-
Red and SREBP2 mRNA, was upregulated (Figures 1A and 2A,C), and this correlates
with previous data [20]. Whereas the single-allele deficiency of MORG1 resulted in the
restoration of diabetes-induced FAS dysregulation (Figure 1A), the upregulation of choles-
terol synthesis was independent of MORG1 genotype (Figure 2C). Analysis of variance
(represented in tables below the graphs) confirms a significant diabetes effect on FA and
cholesterol synthesis (Figures 1A and 2A,C) and a profound interaction between diabetes
phenotype and MORG1 genotype on protein expression of FAS (Figure 1A).

The similar analysis of kidneys from T2DM mice (Figures 1B and 2B,D) did not yield
significant results, except that the non-diabetic control animals with MORG1 heterozygous
genotype showed significantly higher FAS expression compared to the wild-type control
(Figure 1B). This could also be observed in the non-diabetic animals of the STZ-T1DM model
(Figure 1A). A possible explanation is the HIF1/2 stabilization in MORG1 heterozygous
mice, which was shown in previous work [37,41]. An HIF1-dependent activation of SREBP1
and, thus, increased expression of FAS have been described [21].
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Studies of a possible diabetes effects on renal MORG1 expression revealed that neither
T2DM nor STZ-induced diabetes affected tubular MORG1 protein expression in our models.
Thus, renal MORG1 levels are similar in non-diabetic and diabetic kidneys, with an overall
reduction of MORG1 of approximately 20–25% in heterozygous mice (Supplementary
Materials Figure S1 and Reference [41]).

In summary, we demonstrated that there is a significant interaction between MORG1
expression and STZ-T1DM in the synthesis of FA. The results further suggest that, in
our T2DM model, increased FA or cholesterol synthesis does not play a role in lipid
accumulation. On the contrary and consistent with the trend observed in wild-type animals
with T2DM (Figure 2D), gene expression analyses in kidney biopsies of patients with DN
(with T2DM) showed decreased FAS, as well as SREBP2 [20].

Figure 1. Role of MORG1 in de novo synthesis of fatty acids in tubular cells. (A,B) Immunohis-
tochemistry of FAS (fatty acid synthase) in STZ-T1DM and T2DM and semi-quantitative analysis
of the staining. Representative images are shown next to the graphs (magnification ×200). The
significances shown in the tables were assessed by two-way ANOVA with diabetes (control or
STZ-T1DM/T2DM) and genotype (MORG1 wild-type or MORG1 heterozygous) as the two factors.
Diabetes, genotype: main effect of diabetes/genotype, respectively. Diabetes*genotype: interaction.
Bold: statistically significant. (*) Biologically relevant. Significances shown next to each bar were
assessed by using Mann–Whitney U test; ** p ≤ 0.01 in between same genotype; # p ≤ 0.05 in between
different genotypes.
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Figure 2. Effect of MORG1 and diabetes on renal expression of key enzymes of cholesterol synthesis.
(A,B) Real-time analysis of HMG-CoA-Red (3-hydroxy-3-methylglutaryl-CoA-reductase) mRNA
expression in STZ-T1DM and T2DM. (C,D) Real-time mRNA analysis of SREBP2 (sterol regulatory
element-binding protein 2) in STZ-T1DM and T2DM. (A–D) The significances shown in the tables
were assessed by two-way ANOVA with diabetes (control or STZ-T1DM/T2DM) and genotype
(MORG1 wild-type or MORG1 heterozygous) as the two factors. Diabetes, genotype: main effect
of diabetes/genotype, respectively. Diabetes*genotype: interaction. Bold: statistically significant.
(*) Biologically relevant. Significances shown next to each bar were assessed by using Mann–Whitney
U test; * p ≤ 0.05 in between same genotype; ## p ≤ 0.01 in between different genotypes; (*) biological
relevant in between same genotypes.

3.2. Expression of Fat Transporters in Tubular Cells Depends on Type of Diabetes and
MORG1 Level

Intracellular lipid accumulation can result from de novo synthesis of FAs and choles-
terol or from exogenous FAs uptake and cholesterol influx. CD36 (cluster of differentiation
36) is a scavenger receptor class B that mediates binding and uptake of long-chain FAs, oxi-
dized lipids and phospholipids, advanced oxidation protein products, advanced glycation
end-products (AGEs) and thrombospondin [53]. In the kidney, CD36 is mainly expressed
in tubular epithelial cells, podocytes and mesangial cells, and multiple ligands regulate
its expression and intracellular location [53]. Moreover, we have demonstrated for the
first time that the scavenger receptor class B type I, a specific receptor for HDL is mainly
expressed in proximal tubular cells and is downregulated by angiotensin II (ANG II) [54].
Since local ANG II concentrations are high in DN [2], this mechanism may contribute to
severe lipid abnormalities in DN.

Experimental induction of a T1DM-like phenotype significantly reduces tubular CD36
protein in our model, which is further decreased by reduction of MORG1 (Figure 3A).
Variance analysis reveals significant diabetes–MORG1 interaction. The data suggest that,
in this diabetes model, increased de novo synthesis, but not increased uptake, contributes
to impaired lipid metabolism.

However, a somewhat different situation emerges in the T2DM model (Figure 3B).
Although not statistically significant across all animals tested in the intergroup comparison,
we found accelerated CD36 expression in the kidneys of some mice with T2DM (Figure 3B).
This is consistent with the finding that patients with diagnosed type 2 DN showed increased
fat uptake receptor expression in kidneys (e.g., CD36) [20].
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HK-2 tubular cells line cultured with high glucose (HG) showed exacerbated lipid
deposition. The effect was partly due to increased CD36 expression via the AKT-PPARγ
signaling pathway. This underlines/emphasizes the relevance of FA or cholesterol uptake
in intracellular lipid accumulation [55,56]. Furthermore, CD36 is involved in HG-induced
EMT in renal tubular epithelial cells [57]. This is of great interest because we also observed
EMT-like changes in the kidneys in our db/db mouse model; for example, the expression of
the transcription factor Snail1 was increased and the tubular epithelial marker E-cadherin
was reduced [41]. Although hyperglycemia is a clinical hallmark in T1DM and EMT-like
changes could already be detected in the STZ model [58], but in our mice with a T1DM-like
phenotype, both the HG-CD36 and the CD36-EMT axis do not play a major role.

In the T2DM model, however, a reduction of MORG1 expression inhibits both TGF-
β1 and EMT-like changes [41], conforming the CD36 expression pattern shown here in
heterozygous MORG1 mice (Figure 3B).

In line with the increased FAS in non-diabetic MORG1 knockout mice, the CD36
protein is also highly expressed when MORG1 is reduced (Figure 3A,B). This is intriguing,
as the uptake of extracellular FA and triacylglycerol synthesis are promoted by transcription
factor PPARγ, which is directly activated by HIF1 [21].

Consistent with CD36 expression in the STZ-induced T1DM model, there is also a
significant diabetes*MORG1 genotype interaction in T2DM, but this results from different
and partially opposing effects. However, in mice with the single-allele deficiency of
MORG1, there is significantly lower renal CD36 expression compared to non-diabetic
kidneys, independent of diabetes type.

It is believed that lipotoxicity in patients with DN can mechanistically results from
cell-specific stress (e.g., CD36-mediated cellular stress in tubular cells), as well as from
generic cellular stress (e.g., altered mitochondrial energy production) [59]. Mitochondrial
dysfunction is a well-recognized pathologic feature which triggers fibrosis [60]. Mitochon-
drially encoded cytochrome c oxidase subunit 1 (MTCO1) is one of the core subunits of
complex IV (the final enzyme of electron transport chain of mitochondrial oxidative phos-
phorylation) and can be used as a mitochondrial marker. Recently, Haraguchi et al. showed
an accumulation of oxidative modified mitochondria in the damaged diabetic proximal
renal tubules after 10 weeks of STZ-induced T1DM in C57BL/6J mice [61]. We also selected
MTCO1 as a mitochondrial target, but could not confirm diabetes-induced accumulation
of mitochondria in STZ-T1DM (Figure 3C). In contrast to the model of Haraguchi et al.,
our mice have a different genetic background (namely, C57BLKS and not C57BL/6J) and
administered with a lower dose of STZ (50 mg/kg body weight for 4 consecutive days vs.
70 mg/kg body weight for 5 consecutive days) [61].

Similarly, in our T2DM model, we did not detect any diabetic effect on MTCO1
levels (Figure 3D). Interestingly, kidneys with reduced MORG1 expression (MORG1 het-
erozygous) showed significantly intense MTCO1 staining (Figure 3D). We interpret higher
levels of MTCO1 with increased mitochondrial fission. Mitochondrial fission generates
new organelles, facilitates quality control and is a mechanism for preconditioning to
be prepared for metabolic stress [62]. Various studies have demonstrated that hypoxia-
preconditioning, pharmacologic and/or genetic activation of HIF protects from kidney
injury [37,40,41,63–65]. Considering the fact that mitochondrial fission is regulated via
ERK1/2 signaling [66], and, at low concentrations, MORG1 also enhances ERK activa-
tion [32]; this novel finding confirms that the MORG1 heterozygous mice are protected
because of preconditioning. Supporting our hypothesis, it has been shown that increased
expression of the key transcriptional regulator of mitochondrial biogenesis, PGC-1α, in
renal tubule cells protects against chronic kidney disease [67].
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Figure 3. Analysis of fat uptake and metabolic stress in kidneys of diabetic animals. (A,B) Immunoflu-
orescence staining of CD36 (cluster of differentiation 36) and semi-quantitative analysis of the staining
in STZ-T1DM and T2DM. (C,D) Immunohistochemistry of MTCO1 (mitochondrially encoded cy-
tochrome C oxidase 1) in STZ-T1DM and T2DM and semi-quantitative analysis of the staining.
(A–D) Representative images are shown next to the graph (magnification ×200). The significances
shown in the tables were assessed by two-way ANOVA with diabetes (control or STZ-T1DM/T2DM)
and genotype (MORG1 wild-type or MORG1 heterozygous) as the two factors. Diabetes, genotype:
main effect of diabetes/genotype, respectively. Diabetes*genotype: interaction. Bold: statistically
significant. Significances shown next to each bar were assessed by using Mann–Whitney U test;
* p ≤ 0.05 in between same genotype; ** p ≤ 0.01 in between same genotype; # p ≤ 0.05 in between
different genotypes; ## p ≤ 0.01 in between different genotypes.
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3.3. Single-Allele Deficiency of MORG1 Restores Pathological Changes in Renal FAO

Tubular cells have a high basal level of energy demand, which is mostly produced
by the β-oxidation of FA, due to greater ATP yield compared to oxidation of only
glucose [16,18,68]. Decreased FAO in these renal epithelial cells has been reported to
play a particular role in kidney fibrosis: on the one hand, the inhibition of FAO leads to a
fibrotic phenotype, and, on the other hand, restoring FA metabolism protected mice from
TIF [16].

Therefore, we investigated the expression of key enzymes of FAO pathways: per-
oxisome proliferator activated receptor alpha (PPARα), carnitine palmitoyltransferase 1
(CPT1) and acyl-CoA oxidase (ACOX1) (Figures 4 and 5). PPARα is the key transcriptional
factor that directly controls genes involved in β-oxidation, FA uptake and triglyceride
catabolism [68]. FAs undergo transport into mitochondria, where FAO takes place, by CPT1
and degradation (β-oxidation) by ACOX1 [20,21].

Figure 4. Role of MORG1 in renal expression of transcriptional factor of β-oxidation. (A,B) Immuno-
histochemistry of PPARα (peroxisome proliferator activated receptor alpha) protein in STZ-T1DM
and T2DM with 10 non-overlapping images per animal and semi-quantitative analysis of the staining.
Representative images are shown next to the graphs (magnification ×200). The significances shown in
the tables were assessed by two-way ANOVA with diabetes (control or STZ-T1DM/T2DM) and geno-
type (MORG1 wild-type or MORG1 heterozygous) as the two factors. Diabetes, genotype: main effect
of diabetes/genotype, respectively. Diabetes*genotype: interaction. Bold: statistically significant.
(*) Biologically relevant. Significances shown next to each bar was assessed by using Mann–Whitney
U test; * p ≤ 0.05 in between same genotype; ## p ≤ 0.01 in between different genotypes; (*) biological
relevant in between same genotype; (#) biological relevant in between different genotypes.

Whereas our wild-type animals, in contrast to the literature, showed no changes in
tubular PPARα protein expression in either STZ-T1DM or T2DM (Figure 4), there is the
expected diabetic effect (in this study: significant in STZ-T1DM and tangential in T2DM)
in the expression of CPT1 and ACOX1 (Figure 5). The diabetes-induced decrease in both
FAO markers is abolished in mice with single-allele deficiency of MORG1, which translates
into a significant diabetes*genotype interaction in STZ-T1DM (for CPT1 and ACOX1) and
T2DM (for ACOX1). One possible explanation as to why there is no detectable change in
expression of PPARα while its target genes CPT1 and ACOX1 are reduced is that TGF-β1
influences FAO. TGF-β1, which is upregulated in both T1DM and T2DM, can decrease FAO
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by classical signaling (via Smad3 and ERK1/2 pathway) by reducing PPARα and its target
genes CPT1 and ACOX1; additionally, it can also inhibit PGC-1α and PPAR at epigenetic
levels [16,67].

Interestingly, in non-diabetic animals with reduced MORG1 expression PPARα is
increased. Because this is consistent with the expression patterns for FAS and CD36
(compare Figure 4B with Figures 1B and 3B and Figure 4A with Figures 1A and 3A), we
assume a feedback mechanism here to maintain physiological lipid metabolism. Correlation
analysis of non-diabetic control animals revealed a strong positive correlation (ρ 0.74**)
between PPARα and FAS in the T2DM model (compare Figure 4B with Figure 1B).

In the presence of diabetes and lower MORG1 expression, PPARα values return
to basal levels. There is a biological relevance in STZ diabetes (Figure 4A) and even
a significant interaction between diabetes and MORG1 genotype in T2DM (Figure 4B).
This may be related to increased HIF2α expression/stabilization in these animals, as it
was shown in the fatty liver that HIF2α-mediated activation of ERK decreases PPARα
activity [69]. Previous studies in the db/db model showed that diabetic animals with
single-allele deficiency of MORG1 had significantly higher HIF2α levels [41], which was
also confirmed in the STZ-T1DM model (data not shown).

Figure 5. MORG1 effect on expression of key enzymes of FAO (fatty acid oxidation) in diabetic
kidneys. (A,B) Real-time analysis of CPT1 (carnitine palmitoyl transferase 1) mRNA expression in
STZ-T1DM and T2DM. (C,D) Real-time analysis of ACOX1 (Acyl-CoA Oxidase 1) mRNA expression
in STZ-T1DM and T2DM. (A–D) The significances shown in the tables were assessed by two-way
ANOVA with diabetes (control or STZ-T1DM/T2DM) and genotype (MORG1 wild-type or MORG1
heterozygous) as the two factors. Diabetes, genotype: main effect of diabetes/genotype, respectively.
Diabetes*genotype: interaction. Bold: statistically significant. Significances shown next to each bar
was assessed by using Mann–Whitney U test; * p ≤ 0.05 in between same genotype; *** p ≤ 0.001 in
between same genotype; # p ≤ 0.05 in between different genotypes.

3.4. Reduction of MORG1 Ameliorates Renal Fibrosis and Lipid Accumulation

It has been reported that altered lipid metabolism, especially defective FAO, can
promote TIF [16]. In addition, gene-expression analyses of a large number of human renal
tubule samples showed that genes with metabolic functions represent the largest group
of dysregulated genes in renal fibrosis [67]. Therefore, we investigated the expression of
fibrosis-promoting factors CTGF and kidney injury molecule 1 (KIM1) (Figure 6). For KIM1,
a type I membrane protein, a high induction of expression after acute injury and in fibrotic
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kidneys has been shown [70,71]. KIM1 is an early biomarker of AKI and has furthermore a
potential role in predicting the long-term renal outcome [71]. It has also been shown that
KIM1 expression correlates with proinflammatory chemokine MCP1 expression [70].

Figure 6. Effect of diabetes and MORG1 on TIF and lipid accumulation. (A) Real-time analysis of
CTGF (connective tissue growth factor) mRNA expression in STZ-T1DM. (B) Quantitative analysis of
OilRedO staining of kidney sections from T2DM animals (graph) and representative images next to
the graph (magnification ×100). (C,D) Real-time analysis of KIM1 (kidney injury molecule-1) mRNA
expression in STZ-T1DM and T2DM (A–D) The significances shown in the tables were assessed by
two-way ANOVA with diabetes (control or STZ-T1DM/T2DM) and genotype (MORG1 wild-type
or MORG1 heterozygous) as the two factors. Diabetes, genotype: main effect of diabetes/genotype,
respectively. Diabetes*genotype: interaction. Bold: statistically significant. (*) Biologically relevant.
Significances shown next to each bar were assessed by using Mann–Whitney U test; * p ≤ 0.05 in
between same genotype; *** p ≤ 0.001 in between same genotype; (#) biological relevant in between
different genotypes.
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In the STZ-T1DM model, a clear and significant diabetes effect was detected on both
CTGF and KIM1 mRNA expression (Figure 6A,C). However, diabetic conditions do not
have such a strong effect on fibrosis marker expression when MORG1 is reduced. There
is no statistical significance in heterozygous genotype between diabetic and non-diabetic
animals (in the case of CTGF; Figure 6A). However, a direct group comparison of diabetic
heterozygous animals with those of the MORG1 wild type shows a decrease with biological
relevance (in case of KIM1; Figure 6C). Correlation analyses showed moderately significant
inverse correlations between renal fibrosis and FAO (CTGF mRNA vs. CPT1 mRNA
ρ—0.6**; CTGF mRNA vs. ACOX1 mRNA ρ—0.7***). In addition, a fair to moderately
significant inverse correlation between damaged tubules and FAO (KIM1 mRNA vs. CPT1
mRNA ρ—0.4**; KIM1 mRNA vs. ACOX1 mRNA ρ—0.7***) was demonstrated.

We have already examined TIF in the T2DM animals with different MORG1 genotypes
in our previous study [41]. The results obtained in a previous study correlate with the
current findings for STZ-T1DM. Diabetes-induced CTGF mRNA and protein expression,
as well as collagen I and fibronectin accumulation in the tubulointerstitium of the db/db
mice, were less pronounced when a heterozygous MORG1 knockout genotype was present
in addition to diabetes [41]. KIM1 expression analysis in the T2DM model showed no
significance among the mice studied here, but a trend showing the same pattern as the
other fibrosis markers from the previous study (Figure 6D and Reference [41]).

Our analyses of the expression of key proteins and enzymes of lipid metabolism in the
kidneys of mice with T1DM-like phenotype and T2DM show clear evidence of alterations
that may be causative for accumulation of fat in kidney tissue. To investigate the extent to
which visible lipid droplets are already present, we applied Oil Red O staining. While no
renal intracellular fat was detectable in the STZ mice (data not shown), lipid droplets could
be visualized in type 2 diabetic kidneys (Figure 6C). This is consistent with the findings
in kidney biopsies of patients with diagnosed type 2 DN [20]. In the background of the
MORG1 heterozygous knockout, less lipid deposition was detectable in diabetic kidneys
than in non-diabetic ones. However, a significance analysis across all groups indicates a
statistical interaction between the T2DM and the MORG1 genotype that we consider to
be biologically relevant, with p = 0.089 (Figure 6B). The results shown so far suggest that
the accumulation of lipid droplets in db/db mice is not due to the increased synthesis of
FA, and it is also less because of downregulated FAO. Rather, in this model, there is an
oversupply of circulating lipids due to obesity per se that may be transported via CD36
into the kidney cells. Hence, the correlation analysis reveals a moderate positive correlation
between tubular lipid accumulation and lipid uptake (OilRedO vs. CD36 protein ρ 0.6**).

As discussed above, we hypothesize a feedback mechanism in response to increased
FA levels as an explanation for the elevated PPARα expression in non-diabetic heterozygous
animals (see Figure 4). Oil Red O staining confirms increased lipid accumulation in these
animals, to which the cells apparently respond by increasing PPARα. The efficacy of thereby
decreasing renal lipid accumulation was demonstrated by pharmacological activation of
PPARα by, for example, fenofibrate [72].

Evidence suggests that renal lipid accumulation may be the consequence, as well as
the cause, of diabetic kidney injury [73]. In kidneys that show increased intracellular lipid
droplets, β-oxidation pathways were downregulated [20]. Although we found a marked
downregulation of the CPT1 and ACOX1 genes in STZ-T1DM, no lipid accumulation
could be visualized. However, because the expression of fibrosis markers was already
upregulated, it can be assumed that, in the STZ-T1DM model, changes in lipid metabolism
are the consequence rather than the cause of early damage. In obesity-associated T2DM,
it seems to be the other way around: lipid droplets are clearly visible, whereas fibrotic
changes are still comparatively minor.

Of great interest in this context is a very recent study with the finding that overex-
pression of CPT1 in renal tubule cells protects against renal injury and fibrosis by restoring
metabolic gain of function in FAO and mitochondrial homeostasis [74]. This is a promising
finding, especially because overexpression of CPT1 attenuated the fibrotic phenotype even
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after FA-induced injury [74]. One negative aspect of this study, according to Reidy and
Ross [75], is that all three employed murine models of renal fibrosis have well-known
limitations regarding their relevance to human chronic kidney disease.

4. Conclusions

In this animal-based study, key markers of de novo FA/cholesterol synthesis, lipid
uptake and FAO were examined in parallel for both major diabetes types and related
to TIF and lipid accumulation. Alterations in lipid metabolism are present in both STZ-
T1DM and T2DM, but therapeutic targets on lipid metabolism, such as PPAR agonists or
CD36 antagonists, to prevent diabetes-induced TIF should be adapted to the diabetes type.
Another and possibly better target is MORG1, which appears to play different roles in lipid
metabolism, depending on the underlying diabetes type. Although our current study has
not yet fully established a causal link between MORG1 expression and the observed changes
in gene expression levels, the results, in agreement with several previous observations,
support a potential implication of MORG1 in pathogenesis of lipid-associated kidney
fibrosis. In other words, reducing MORG1 levels restores physiological lipid metabolism
and is renoprotective, regardless of the diabetes type.
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Abstract: To unravel associations between plasma xanthine oxidoreductase (XOR) and diabetic
vascular complications, especially distal symmetric polyneuropathy (DSP), we investigated plasma
XOR activities using a novel assay. Patients with type 2 diabetes mellitus (T2DM) with available
nerve conduction study (NCS) data were analyzed. None were currently taking XOR inhibitors. XOR
activity of fasting blood samples was assayed using a stable isotope-labeled substrate and LC-TQMS.
JMP Clinical version 5.0. was used for analysis. We analyzed 54 patients. Mean age was 64.7
years, mean body mass index was 26.0 kg/m2, and mean glycated hemoglobin was 9.4%. The log-
arithmically transformed plasma XOR activity (ln-XOR) correlated positively with hypoxanthine,
xanthine, visceral fatty area, and liver dysfunction but negatively with HDL cholesterol. ln-XOR
correlated negatively with diabetes duration and maximum intima-media thickness. Stepwise multi-
ple regression analysis revealed ln-XOR to be among selected explanatory factors for various NCS
parameters. Receiver operating characteristic curves showed the discriminatory power of ln-XOR.
Principal component analysis revealed a negative relationship of ln-XOR with F-waves as well as
positive relationships of ln-XOR with hepatic steatosis and obesity-related disorders. Taken together,
our results show plasma XOR activity to be among potential disease status predictors in T2DM
patients. Plasma XOR activity measurements might reliably detect pre-symptomatic DSP.
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1. Introduction

Type 2 diabetes mellitus (T2DM) is a metabolic disease that leads to various vas-
cular complications involving multiple organs, ultimately reducing the lifespans of af-
fected patients [1]. Diabetes prevalence rose in the second decade of the 21st century
and continues to increase. In 2019, diabetes prevalence worldwide was estimated to be
463 million people [2], and 4.2 million people were estimated to have died from diabetes
and its complications [3]. Prevention or early detection of T2DM and its complications
is hugely important but occult and asymptomatic complications are difficult to detect.
Distal symmetric polyneuropathy (DSP) especially often precedes other complications
and can progress to become a life-threatening disorder [4]. However, the progression of
DSP is very difficult to evaluate and employs routine outpatient examinations. Consensus
definitions consistently recommend a combination of neuropathic symptoms and signs in
addition to specific nerve conduction study (NCS) abnormalities as criteria for diagnosing
DSP and it is essential to confirm that the diagnosis of this condition is accurate [5].

Though the mechanisms by which diabetic vascular complications develop remain
to be elucidated, oxidative stress and chronic inflammation, as well as longstanding hy-
perglycemia, associated metabolic derangements including increased polyol flux, accumu-
lation of advanced glycation end products, and lipid alterations among other metabolic
abnormalities, are thought to be among the key factors contributing to the development
of DSP [6,7]. Obesity, especially when accompanied by visceral fat accumulation, hyper-
tension, hyperglycemia, hyperinsulinemia, and fatty change in the liver are considered
to be parameters predicting upregulation of oxidative stress and/or chronic inflamma-
tion as risk factors for diabetic complications [8]. The serum uric acid (UA) level is also
associated with obesity and insulin resistance [9,10], and a high serum UA level has been
proposed to be an independent risk factor for various diabetic complications such as dia-
betic nephropathy [11,12], as well as diabetic retinopathy (DR) [13] and neuropathy [14].
Xanthine oxidoreductase (XOR), the rate-limiting enzyme of UA production, was recently
reported to be upregulated in fat, liver, kidneys, and the vasculature of patients with T2DM
and other metabolic diseases [15,16]. XOR produces UA by catalyzing the oxidation of
purines such as hypoxanthine to xanthine and xanthine to UA. Excessive purine deriva-
tives derived from biological activities such as ATP depletion due to exercise, intake of
fructose or alcohol, intake of a purine-rich diet or a pathological event such as ischemia, or
degradation of RNA and DNA induced by cell turnover, are broken down by the purine
metabolism system, in which XOR plays an essential role [17]. On the other hand, xan-
thine dehydrogenase (XDH) is converted to xanthine oxidase (XO) in response to tissue
injury [18]. XO can reduce molecular oxygen to superoxide and hydrogen peroxide and is
thought to be one of the key enzymes producing reactive oxygen species (ROS) [19] which
serve as important messengers inducing inflammation [20,21].

However, XOR activity measurement has not been sufficiently established because
the level of plasma XOR activity is quite low in humans as compared with that in ro-
dents [17]. Recently, a novel human plasma XOR activity assay using a combination of
liquid chromatography (LC) and triple quadrupole mass spectrometry (TQMS) to detect
[13C2,15N2]-UA using [13C2,15N2]-xanthine as a substrate was developed [22]. At present,
plasma XOR activity levels during the clinical courses of T2DM patients remain unclear.
Thus, to unravel the associations of early vascular complications such as DSP with XOR
activity, we investigated the relationships between clinical features of T2DM and plasma
XOR levels measured employing this novel assay.

2. Materials and Methods

2.1. Study Subjects

We enrolled 127 patients with T2DM who visited the department of diabetes and
metabolic diseases in our hospital during the period from August 2017 to October 2020.
Of these patients, we analyzed those who had complete NCS data. The key inclusion
criteria were as follows: (1) confirmed diagnosis of T2DM, (2) 18 years or older, and (3) no
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liver dysfunction. The exclusion criteria were: (4) pregnant, breastfeeding, or not using
contraception for women of childbearing age, (5) currently taking XOR inhibitors, and/or
(6) judged by their primary doctors to be inappropriate for trial enrollment due to safety
concerns or for any other reasons. This investigation conformed with the principles outlined
in the Declaration of Helsinki. The study protocol was approved by the Institutional Ethics
Committee of Nihon University Hospital (approval number 20170701) and was registered at
UMIN Clinical Trials Registry with the ID number UMIN000029257. All patients provided
written informed consent for study participation.

2.2. Clinical Parameters and Procedures

Patient profiles, including diabetic microangiopathy, were collected from medical
records. The intra-abdominal visceral fat area (VFA) was evaluated from computed to-
mography cross-sectional scans at the level of the umbilicus, as previously reported [23].
Diabetic nephropathy was clinically diagnosed by attending physicians based on microal-
buminuria or overt proteinuria with no evidence of other kidney or urological diseases [24]
and was classified into four stages (patients receiving dialysis therapy were excluded)
according to the classification of diabetic nephropathy promulgated in 2014 by a joint
committee on diabetic nephropathy in Japan [25]. DR includes non-proliferative DR diag-
nosed by the presence of microaneurysms and retinal hemorrhages [26], and all DR cases
were confirmed by ophthalmologists. DR was subdivided as follows: no apparent diabetic
retinopathy (NDR), simple diabetic retinopathy (SDR), and proliferative diabetic retinopa-
thy (PDR). For the estimation of diabetic autonomic neuropathy, the coefficient of variation
of the R-R intervals at rest and in deep breathing was measured with CardiMax FCP-8800®

(Fukuda Denshi Corporation, Tokyo, Japan) as previously described [27]. To estimate DSP,
the vibratory sensation was tested by measuring the perception time for a fork vibration
using a 128 Hz tuning fork at the lateral malleoli. We measured the sensory nerve conduc-
tion velocity of the sural nerve as well as motor nerve conduction velocity and F-wave
parameters of the peroneal nerve and tibial nerves using NeuropackX1® (Nihon Kohden
Corporation, Tokyo, Japan) as previously described [27]. For estimation of macrovascular
complications, we measured the cardio-ankle vascular index as well as the ankle-brachial
index (ABI) using the VaSera VS-3000TN® (Fukuda Denshi Corporation, Tokyo, Japan).
We measured carotid ultrasonographic variables such as the intima-media thickness (IMT)
and the plaque score of the common carotid artery as previously reported [28] using the
Aplio 500® (Toshiba Medical Systems Corporation, Tokyo, Japan). We usually performed
the examinations, other than NCS, employed in this protocol as part of a comprehensive
annual check-up aimed at detecting complications in patients with T2DM followed at
our hospital.

To measure XOR activity, fasted blood samples were centrifuged at 3000 g for 15 min
at 4 ◦C when collected in the early morning and the obtained plasma was stored at
−80 ◦C until analysis. The XOR activity assay was performed using a stable isotope-labeled
substrate and LC-TQMS together with the measurement of metabolites as previously
reported [22,29]. In brief, 100 μL plasma samples pooled at −80 ◦C (purified by Sephadex
G25 column) were mixed with Tris buffer (pH 8.5) containing [13C2,15N2]-xanthine as
a substrate, NAD+, and [13C3,15N3]-UA as the internal standard. The mixtures were
incubated at 37 ◦C for 90 min. Subsequently, the mixtures were combined with 500 μL of
methanol and centrifuged at 2000× g for 15 min at 4 ◦C. The supernatants were transferred
to new tubes and dried with a centrifugal evaporator. The residues were reconstituted with
150 μL of distilled water, filtered through an ultrafiltration membrane, and measured using
LC/TQMS. We used LC/TQMS consisting of a Nano Space SI-2 LC system (Shiseido, Ltd.,
Tokyo, Japan) and a TSQ-TQMS (Thermo Fisher Scientific, Bremen, Germany) equipped
with an ESI interface. Calibration standard samples of [13C2,15N2]-UA were also measured,
and the amounts of [13C2,15N2]-UA production were quantitated from the calibration
curve. XOR activities were expressed as [13C2,15N2]-UA in pmol/mL/h.
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2.3. Statistical Analysis

JMP Clinical version 5.0 (SAS Institute, Cary, NC, USA) was used for all statistical
analyses. Data are presented as the mean ± standard deviation, or as a number with
the percentage. F-wave latency was corrected by height as previously described, that is,
it was multiplied by 160 then divided by height (cm) [30]. We used Student’s t-test for
continuous variables. Percentage data were examined using the Chi-square test or Fisher’s
exact test as appropriate. Stepwise multiple regression analysis was performed using
various NCV parameters stratified by the thresholds identified for prediction of incident
DSP as described in a previous report [31] as the objective variable, as well as variables
including XOR activity which had been natural logarithm-transformed to normalize the
skewed distribution, sex, age, height, duration of diabetes, body mass index (BMI), waist
circumference, fasting blood glucose (FBG), and maximum IMT as explanatory variables.
To reveal the relationships between plasma XOR, DSP parameters, and other parameters
in detail, we performed principal component analysis (PCA). When NCS values were
undetectable, the longest F-wave latency in the dataset from another subject as well as
a value of “0” for amplitude or conduction velocity was used as a substitute value for
the purposes of the regression analysis as previously reported [32,33]. All p-values are
two-sided, and p < 0.05 was considered to indicate a statistically significant difference.

3. Results

3.1. Characteristics of the Enrolled Patients

The characteristics and principal parameters of enrolled patients are listed in Table 1.
We enrolled 54 patients with T2DM (37 males and 17 females, mean age 64.7 ± 12.2 years).
Mean diabetes duration was 146 ± 130 months, glycated hemoglobin 9.4 ± 1.9%, BMI 26.0
± 5.9 kg/m2, and waist circumference 94.1 ± 14.8 cm. As for antidiabetic drugs, 13 patients
(24%) were prescribed various forms of insulin, 9 (17%) sulfonylureas or glinides, 27 (50%)
dipeptidyl peptidase-4 inhibitors or GLP-1 agonists, 12 (22%) sodium-glucose cotransporter
2 inhibitors, 15 (28%) biguanides, 2 (4%) thiazolidinediones, 5 (9%) α-glucosidase inhibitors,
and 1 (2%) epalrestat, as indicated in Table 1. As for antihypertensive agents, 17 patients
(31%) were taking angiotensin-converting enzyme inhibitors/angiotensin receptor blockers,
15 (28%) calcium channel blockers, 3 (6%) diuretics, and 6 (11%) β-blockers.

Table 1. Baseline characteristics of study participants.

Variable (n = 54) * n or Mean ± SD (Median)

Sex (male/female) 37/17
Age (years) 64.7 ± 12.2 (66.5)
Height (cm) 162.5 ± 9.6 (163.3)

BMI (kg/m2) 26.0 ± 5.9 (24.0)
Waist circumference (cm) 94.1 ± 14.8 (93.5)

VFA (cm2) 180.8 ± 78.3 (171.4)
SBP (mmHg) 131 ± 19 (130)
DBP (mmHg) 79 ± 13 (78)

Pulse Rate (bpm) 76 ± 12 (77)
Duration of diabetes (M) 146 ± 130 (108)

Brinkman index 443 ± 677 (0)
Vibration (sec) 7.3 ± 3.5 (7.0)

CVRR (%) 148 ± 130 (106)
Minimum ABI 1.07 ± 0.13 (1.11)

Maximum IMT (mm) 2.3 ± 1.2 (2.2)
Laboratory measurements

XOR activity (pmol/h/mL) 216 ± 441 (78.3)
Hypoxanthine (μM) 1.7 ± 0.8 (1.5)

Xanthine (μM) 0.63 ± 0.30 (0.49)
UA by LC/TQMS (mg/dL) 5.0 ± 1.4 (4.8)

FBG (mg/dL) 168 ± 46 (161)
HbA1c (%) 9.4 ± 1.9 (9.2)
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Table 1. Cont.

Variable (n = 54) * n or Mean ± SD (Median)

Cre (mg/dL) 0.9 ± 0.4 (0.8)
eGFR (mL/min/1.73 m2) 72.9 ± 24.1 (71.1)

ACR (mg/g) 127 ± 288 (30.3)
Plt (×109/L) 223 ± 63 (215)
AST (IU/L) 30 ± 24 (23)
ALT (IU/L) 33 ± 34 (24)
γGTP (IU/L) 54 ± 78 (34)

AAR 1.11 ± 0.61 (1.00)
APRI 0.40 ± 0.37 (0.29)

FIB-4 index 1.92 ± 1.99 (1.50)
Albumin (g/dL) 4.2 ± 0.4 (4.2)

HDL-Chol (mg/dL) 52 ± 15 (49)
LDL-Chol (mg/dL) 122 ± 40 (120)

TG (mg/dL) 136 ± 51 (133)
EPA/AA 0.34 ± 0.31 (0.21)

CRP (mg/dL) 0.3 ± 0.9 (0.1)
BNP (pg/mL) 48.5 ± 28.3 (14.3)

NCS Parameters Median (Q1, Q3)

Sural Amp (μV) ND (ND, 3.3)
Sural CV (m/s) ND (ND, 43.3)

Peroneal Amp (mV) 4.6 (1.4, 6.7)
Peroneal CV (m/s) 43.8 (37.7, 47.0)

Peroneal F-wave (ms) 49.2 (45.8, 52.6)
Tibial Amp (mV) 10.6 (6.4, 17.1)
Tibial CV (m/s) 41.4 (37.7, 45.0)

Tibial F-wave (ms) 51.6 (47.3, 55.4)

Incidence of Diabetic Microangiopathy n

Nephropathy
Stage 1
Stage 2
Stage 3
Stage 4

27
21
4
2

Retinopathy
NDR
SDR
PDR

32
8

14

Use of Antidiabetic Drugs or Other Medications n (%)

Insulins 13 (24)
SU/Glinides 9 (17)

GLP1RAs/DPP4is 27 (50)
SGLT2is 12 (22)

Biguanides 15 (28)
TZDs 2 (4)
αGIs 5 (9)

Epalrestat 1 (2)
Statins 22 (41)
EPAs 6 (11)

ACEI/ARBs 17 (31)
CCBs 15 (28)

Diuretics 3 (6)
β-blockers 6 (11)

SBP, systolic blood pressure; DBP, diastolic blood pressure; Cre, serum creatinine; eGFR, estimated glomerular filtration rate; ACR, albumin
to creatinine ratio; Plt, platelet count; FIB-4 index, fibrosis-4 index; EPA/AA, eicosapentaenoic acid to arachidonic acid ratio; CRP, C-reactive
protein; BNP, B-type natriuretic peptide; Amp, amplitude potential; ND, not determined; CV, conduction velocity; F-wave, F-wave latency.
Vibration: perception time for a fork vibration. F-wave latency was corrected by height as previously described as described in the “Patients
and Methods” section. All data are presented as n or means ± standard deviation and medians with or without the first (Q1) and the third
(Q3) quartiles. * Visceral fat area from two patients and vibration data from one patient were missing. The coefficient of variation of RR
intervals (CVRR) from eight patients with arrhythmias were omitted. SUs, sulfonylureas; GLP-1RAs/DPP4is, GLP-1 agonists/dipeptidyl
peptidase-4 inhibitors; SGLT2: sodium-glucose cotransporter 2 inhibitors; αGIs: α-glucosidase inhibitors; TZDs: thiazolidinediones;
EPAs, eicosapentaenoic acids; ACEIs: angiotensin-converting enzyme inhibitors; ARBs: angiotensin receptor blockers; CCBs: calcium
channel blockers.
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3.2. Relationships of Plasma XOR Activity with Individual Parameters

Plasma XOR activity was logarithmically transformed to normalize the skewed distri-
bution to determine correlations between variables using analysis of variance (Figure 1).
Correlations of individual parameters with logarithmically transformed plasma XOR
activity (ln-XOR) are shown in Figure 2. As shown in panel (A), ln-XOR was signifi-
cantly and positively correlated with the plasma hypoxanthine level (r2 = 0.086, p = 0.032)
and the plasma level of xanthine (r2 = 0.439, p < 0.0001), but not with the plasma UA
level (r2 = 0.123, p = 0.011). Ln-XOR showed a significant positive correlation with VFA
(r2 = 0.022, p = 0.284) but with neither BMI (r2 = 0.024, p = 0.265) nor waist circumference
(r2 = 0.024, p = 0.265). We found that ln-XOR showed a significant negative correlation with
the duration of diabetes (r2 = 0.078, p = 0.041), the Brinkman index (number of cigarettes
smoked per day) x (number of years smoked) (r2 = 0.131, p = 0.007), and maximum
IMT (r2 = 0.176, p = 0.002) but not with sex (r2 = 0.027, p = 0.233), age (r2 = 0.014, p =
0.400), height (r2 = 0.012, p = 0.423), vibration (r2 = 0.012, p = 0.443), or minimum ABI
(r2 = 0.023, p = 0.269). In addition, ln-XOR showed significant positive correlations with
aspartate aminotransferase (AST) (r2 = 0.568, p < 0.0001), alanine aminotransferase (ALT)
(r2 = 0.619, p < 0.0001), gamma-glutamyl transferase (γ-GTP) (r2 = 0.188, p < 0.0001), the
AST to platelet ratio index (APRI) (r2 = 0.310, p < 0.0001), and albumin (r2 = 0.093, p =
0.025), while showing negative correlations with the AST to ALT ratio (AAR) (r2 = 0.159, p
= 0.003) and high density lipoprotein (HDL)-cholesterol (r2 = 0.129, p = 0.008). The ln-XOR
showed no significant correlations with FBG (r2 = 0.153, p = 0.372), HbA1c (r2 = 0.0001,
p = 0.930), estimated glomerular filtration rate (eGFR) (r2 = 0.010, p = 0.469), low density
lipoprotein (LDL)-cholesterol (r2 = 0.026, p = 0.249), triglyceride (TG) (r2 = 0.030, p = 0.209),
the eicosapentaenoic acid to arachidonic acid ratio (EPA/AA) (r2 = 0.0008, p = 0.843), C-
reactive protein (CRP) (r2 = 0.006, p = 0.571), or B-type natriuretic peptide (BNP) (r2 = 0.066,
p = 0.061). We examined relationships of XOR with anti-diabetic drugs, antihyperlipidemic
agents, and antihypertensive agents and found that ln-XOR showed a significant negative
correlation with GLP-1 agonists/dipeptidyl peptidase-4 inhibitors (GLP-1RAs/DPP4is)
(r2 = 0.162, p = 0.003).

As shown in panel (B), we investigated the correlations between ln-XOR and NCS
parameters. For the correlation analysis, we excluded the parameters related to the sural
nerve because in half of the analyzed participants (27/54) these parameters were not
detectable (Table 1). There were no significant correlations of ln-XOR with peroneal amp
(r2 = 0.013, p = 0.434), tibial amp (r2 = 0.059, p = 0.076), or tibial F-wave (r2 = 0.044,
p = 0.136). However, we did demonstrate significant positive correlations of ln-XOR with
both peroneal conduction velocity (r2 = 0.135, p = 0.008) and tibial conduction velocity
(r2 = 0.097, p = 0.023), together with a significant negative correlation of ln-XOR with the
peroneal F-wave (r2 = 0.107, p = 0.028).
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(A) (B) 

Figure 1. Distribution of plasma XOR activity (A) with logarithmically transformed data (B) displayed as a histogram.

Figure 2. Cont.
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Figure 2. Correlations of individual parameters with logarithmically transformed plasma XOR activity. Results of sex, hypoxanthine, xanthine, UA, age,
BMI, waist circumference, VFA, height, SBP, DBP, duration of diabetes, Brinkman index, vibration, minimum ABI, maximum IMT, FBG, HbA1c, Cre, eGFR,
ACR, Plt, AST, ALT, γGTP, AAR, APRI, FIB-4 index, Alb, HDL cholesterol, LDL cholesterol, TG, EPA/AA, CRP, BNP, anti-diabetic drugs, antihyperlipidemic
agents, and antihypertensive agents are shown in (A), those of various NCS parameters in (B). Solid lines indicate regression lines, while each dotted line
shows the threshold level of each of the NCS parameters in panel (B). The thresholds for peroneal/tibial amplitude potential, peroneal/tibial conduction
velocity, and peroneal/tibial F-wave for prediction of incident DSP were 6.2/8.4 mV, 42.4/41.4 m/s, and 51.8/57.6 ms, respectively. SBP, systolic blood
pressure; DBP, diastolic blood pressure; Cre, serum creatinine; eGFR, estimated glomerular filtration rate; ACR, albumin to creatinine ratio; Plt, platelet
count; FIB-4 index, fibrosis-4 index; EPA/AA, eicosapentaenoic acid to arachidonic acid ratio; BNP, B-type natriuretic peptide; CRP, C-reactive protein; αGIs,
α-glucosidase inhibitors; GLP-1RAs/DPP4is, GLP-1 agonists/dipeptidyl peptidase-4 inhibitors; SGLT2, sodium-glucose co-transporter 2 inhibitors; ACEIs,
angiotensin-converting enzyme inhibitors; ARBs, angiotensin receptor blockers; CCBs, calcium channel blockers; Amp, amplitude potential; CV, conduction
velocity; F-wave, F-wave latency. r2: coefficient of determination, vibration: perception time for a fork vibration.
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3.3. Relationships of Plasma XOR Activity with NCS Parameters

As for DSP, stepwise multiple regression analysis using various NCS parameters as the
objective variable, as well as variables including ln-XOR, sex, age, duration of diabetes, BMI,
waist circumference, FBG, minimum ABI, and maximum IMT as explanatory variables,
revealed significant correlations of peroneal conduction velocity with ln-XOR, age and
waist circumference, peroneal F-wave latency with ln-XOR and BMI, and tibial F-wave
latency with ln-XOR when stratified by the thresholds identified for prediction of incident
DSP (Table 2). Receiver operating characteristic curves (Figure 3) showed the discriminatory
power of the ln-XOR for various NCS parameters, such as peroneal conduction velocity,
peroneal F-wave, and tibial F-wave, stratified by the thresholds identified for prediction of
incident DSP [31]. Their area under the curve values were 0.83, 0.80, and 0.83, respectively.

Table 2. Univariate and multivariate regression analysis of NCS parameters.

Univariate Analysis

Objective
Variable

Explanatory
Variable

OR <95% CI> p-value

Peroneal Amp
(<6.2 mV) Ln-XOR 0.78 <0.46–1.31> 0.349

Peroneal CV
(<42.4 m/s) 0.48 <0.24–0.83> 0.007

Peroneal F-wave
(>51.8 ms) 0.39 <0.18–0.73> 0.002

Tibial Amp (<8.4
mV) 0.63 <0.34–1.07> 0.087

Tibial CV (<41.4
m/s) 0.84 <0.51–1.34> 0.454

Tibial F-wave
(>57.6 ms) 0.23 <0.07–0.58> 0.001

Multivariate Analysis

Objective
Variable

Explanatory
Variable

OR <95% CI> p-value

Peroneal CV
(<42.4 m/s) Ln-XOR 0.47 <0.22–0.86> 0.013

Age 0.93 <0.87–0.99> 0.027
Waist

circumference 0.92 <0.86–0.96> 0.0004

Peroneal F-wave
(>51.8 ms) Ln-XOR 0.48 <0.21–0.89> 0.017

BMI 0.83 <0.69–0.96> 0.007
Tibial F-wave

(>57.6 ms) Ln-XOR 0.23 <0.07–0.58> 0.001

OR, odds ratio; CI, confidence interval; Amp, amplitude potential; CV, conduction velocity; F-wave, F-wave
latency. NCV parameters were stratified by the thresholds identified for prediction of incident DSP according to a
previous report as described in the “Patients and Methods” section, that is, the thresholds for peroneal/tibial
amplitude potential, peroneal/tibial conduction velocity, and peroneal/tibial F-wave were 6.2/8.4 mV, 42.4/
41.4 m/s, and 51.8/57.6 ms, respectively.
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Figure 3. ROC curves for various NCS parameters stratified by the thresholds identified for prediction of incident DSP. (A)
Peroneal CV, (B) peroneal F-wave, (C) tibial F-wave. ROC, receiver operating characteristic; AUC, area under the curve;
F-wave, F-wave latency. NCV parameters were stratified by the thresholds identified for the prediction of incident DSP
according to a previous report as described in the “Patients and Methods” section, that is, the thresholds for peroneal
conduction velocity, peroneal F-wave, and tibial F-wave were 42.4 m/s, 51.8 ms, and 57.6 ms, respectively.

The PCA biplot (Figure 4) showed distributions of parameters from the axes of three
primary components (PC). Along the axis of PC1, ln-XOR correlated strongly with hypox-
anthine, xanthine, impaired liver functions (ALT, AST, γGTP, and/or APRI abnormalities,
with hepatic steatosis), obesity-related parameters (BMI, VFA, waist circumference, and
triglyceride), and various NCS parameters. Ln-XOR also correlated positively with ampli-
tude potentials and conduction velocities and negatively with F-waves for both peroneal
and tibial nerves. Factor loadings (Table 3) for PC1 to PC11 showed ln-XOR to have signifi-
cant loadings in PC1 and PC2. PC1 showed a positive correlation of ln-XOR with impaired
liver functions (ALT, AST, γGTP, and/or APRI abnormalities, with hepatic steatosis), xan-
thine, hypoxanthine, conduction velocity of the peroneal nerve, amplitude potentials (both
peroneal and tibial), and obesity-related parameters (BMI, VFA, waist circumference, and
triglyceride), as well as negative correlations of ln-XOR with F-waves (both peroneal and
tibial), maximum IMT, duration of diabetes, HDL-cholesterol, AAR, GLP1RAs/DPP4is
use, retinopathy, ACR, age, and the Brinkman index. PC2 showed positive correlations
of ln-XOR with liver dysfunction (APRI, AST, and ALT) and age, while showing inverse
relationships of ln-XOR with obesity-related parameters (BMI, waist circumference, and
triglyceride), renal function (eGFR and without nephropathy), and peroneal nerve ampli-
tude potential. PC3 showed positive correlations of ln-XOR with F-waves (both peroneal
and tibial), height, female gender, FBG, Alb, and minimum AMI, while correlations with
age, the AST to ALT ratio, BNP, and CRP together with tibial nerve conduction velocity
were negative.
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Figure 4. Visualization of correlations between variabilities in PCA biplots. PC, principal component; Amp, amplitude; CV,
conduction velocity; WC, waist circumference.
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Table 3. Principal component analysis (PCA).

Factor Loadings for PC1 to PC11

Variables PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11

Log [XOR activity,
pmol/h/mL] 0.75 0.49

Peroneal F-wave (ms) −0.69 −0.34
Peroneal CV (m/s) 0.65 −0.3

Xanthine (μM) 0.63 0.51
BMI (kg/m2) 0.62 −0.35 0.48

Hepatic steatosis
(Without0/Wth1) 0.61 0.35

ALT (IU/L) 0.6 0.64
Tibial F-wave (ms) −0.6 −0.51

Visceral Fat Area (cm2) 0.6 0.52
max IMT (mm) −0.6 0.32

Waist circumference (cm) 0.58 0.52
γGTP (IU/L) 0.51
AST (IU/L) 0.49 0.72

Tibial Amp (mV) 0.49 −0.34 0.38 −0.43
Peroneal Amp (mV) 0.48 −0.38 0.46

Duration of diabetes (M) −0.48 −0.48 0.35
Hypoxanthine (μM) 0.46 0.31 −0.36 −0.35

AAR (AST/ALT ratio) −0.43 0.42 −0.39
HDL-Chol (mg/dL) −0.43 0.44
GLP1RAs/DPP4is
(Without0/Wth1) −0.41 0.51 −0.34

TG (mg/dL) 0.41 0.56
Age (years) −0.38 0.36 0.5 0.36

ACR (mg/g) −0.37 0.37 −0.41
Retinopathy

(Without0/Wth1) −0.35 0.46 −0.33 −0.32

Brinkman index −0.34 0.43 0.37
APRI (AST to Platelet Ratio

Index) 0.82

Nephropathy
(Without0/Wth1) 0.44 0.32

eGFR (mL/min/1.73 m2) −0.43 −0.35 −0.38 −0.34 0.34
UA (mg/dL) by LC/TQMS 0.36 0.67 −0.32

Alb (g/dL) 0.3 0.52 0.35
BNP (pg/mL) 0.58 0.58
Height (cm) −0.58 −0.31

CRP (mg/dL) 0.52 −0.34 0.64
Sex (Male0/Female1) 0.45 −0.48 −0.32

FBG (mg/dL) −0.45 0.65
min ABI −0.37 −0.45 0.49

Tibial CV (m/s) 0.36 −0.42
EPA/AA 0.51 0.41 0.41

HbA1c (%) −0.51 0.39 0.36
Vibration (sec) −0.33 0.5 0.31

Eigenvalues of PCs

Eigenvalues Proportion of Variance Cumulative Proportion

PC1 7.63 0.191 0.191
PC2 3.69 0.092 0.283
PC3 3.61 0.09 0.373
PC4 3.22 0.081 0.454
PC5 2.67 0.067 0.521
PC6 2.21 0.055 0.576
PC7 1.81 0.045 0.621
PC8 1.71 0.043 0.664
PC9 1.33 0.033 0.697

PC10 1.26 0.031 0.729
PC11 1.13 0.028 0.757

PC, principal component. Hepatic steatosis was diagnosed by ultrasonography. We omitted factor loadings with an absolute value less
than 0.3 (indicated as blanks).

4. Discussion

We investigated the associations of plasma XOR activity in T2DM patients with
individual parameters and diabetic vascular complications. To our knowledge, this study
is the first to demonstrate low levels of plasma XOR activity to be associated with an
elongation in the F-wave latencies of both tibial and peroneal nerves, which are known to
be the most sensitive parameters of DSP [34]. Stepwise analysis using clinical thresholds
for prediction of incident DSP applied for various NCS parameters showed significant and
independent sensitivity of XOR activity measurement for the detection of DSP. In contrast,
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we found that high plasma XOR activity levels were associated with a short duration of
diabetes and metabolic disorders often found in young diabetic patients such as central
obesity and liver dysfunction.

Recently, relationships between various clinical features and the level of plasma
XOR activity measured by the procedure used in our present study have been reported.
For example, plasma XOR activity is related to obesity and habitual smoking in the general
population [35], vascular endothelial dysfunction assessed by flow-mediated dilation in
patients with type 1 diabetes [36], liver dysfunction in T2DM patients [37], the preva-
lence rate of coronary artery spasm [38], and adverse clinical outcomes in patients with
heart failure but with a preserved ejection fraction [39], as well as the requirement for
cardiovascular intensive care [40]. Previous studies demonstrated that XOR activity is
upregulated in patients with diabetic vascular complications [41–44]. Furthermore, XOR
was suggested to mediate axonal and myelin loss in a murine model of neural diseases [45].
XOR-derived ROS involvement in the pathogenesis of tissue lesions induced by reper-
fusion after ischemia is thought to be related to vascular injury resulting from diabetic
vascular complications [46]. Taken together, these observations suggest that plasma XOR
activity is upregulated in the early period of diabetes and then becomes exhausted with
the development of diabetic vascular complications, as suggested in a recent report [47].

Moreover, PCA analysis revealed two patterns of relationships between XOR activity
and F-wave latency. One pattern is low XOR activity associated with elongation in the
F-wave latency, consistent with our main findings, while the other is an inverse weakly
positive relationship, possibly reflecting neuronal injury due to altered XOR activity, as
shown in previous studies [41–44]. Importantly, the thresholds for F-wave latency that we
used in this study were effective for discriminating DSP due to decreased XOR activity.
Interestingly, this study also revealed increases in both incretin and its mimetics, due to the
use of GLP1RAs or DPP4is, to be related to low XOR activity, an observation consistent with
accumulating evidence that incretins induce anti-inflammatory effects by downregulating
ROS production and NF-κB activation in vascular cells [48,49].

Since assessing NCS requires expensive equipment and specialized personnel, in
addition to being relatively invasive and time-consuming to perform, the recent position
statement from the American Diabetes Association has stressed that diabetic polyneu-
ropathy (DPN) can be clinically diagnosed without assessing NCS results and that NCS
is only required in patients with special situations [50]. Diabetologists have been making
efforts to establish simpler methods of detecting DPN, but none have been sufficiently
reliable to gain worldwide acceptance for diagnosing DPN [51–53]. As noted above,
the plasma XOR level may serve as a marker for evaluating the development of DPN.
Applying this technique to measure plasma XOR levels is rather complicated, based
on utilizing a combination of [13C2,15N2]-xanthine and measurement using LC/TQMS.
Improvements of this technique are thus needed before a routine clinical application can
be achieved.

This study has limitations. First, the collection of blood samples and various physio-
logical examinations were not consistently performed on the same day which might have
resulted in bias. Second, there might have been selection bias as our participants were
a group of patients willing to be examined for diabetic complications. Furthermore, in
order to study patients who had complete NCS data, we analyzed only a portion of the
participants in our database because our physiological laboratory incorporated F-wave
parameters into the NCS dataset after December 2018. The final study size was thus
determined by referring to previous reports, one with 26 [29] and the other with 71 [36]
subjects. In our view, reasonable confidence is achieved above a certain standard when a
statistically meaningful difference is demonstrated. Third, this study was cross-sectional
and observational such that the relationship between diabetic DSP and plasma XOR activity
cannot be assumed to be causal. An interventional study with a much larger sample size is
needed to further elucidate the association between DSP and plasma XOR activity.
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5. Conclusions

In this cross-sectional analysis, we showed that plasma XOR activity is a potential
predictor of diabetes disease status. XOR activity is upregulated in the early period of
diabetes and then appears to become exhausted with the development and progression
of diabetic vascular complications. As early DSP usually lacks typical symptoms and is
very difficult to detect when employing routine outpatient examinations, measurement
of plasma XOR activity might serve as a reliable evaluation tool for DSP prior to the
development of symptoms.
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Abbreviations

ABI Ankle-Brachial Index
AST Aspartate Aminotransferase
ALT Alanine Aminotransferase
AAR AST to ALT Ratio
APRI AST to Platelet Ratio Index
BNP B-Type Natriuretic Peptide
BMI Body Mass Index
CRP C-Reactive Protein
CVRR Coefficient of Variation of RR Intervals
DR Diabetic Retinopathy
DPN Diabetic Polyneuropathy
DSP Distal Symmetric Polyneuropathy
EPA/AA Eicosapentaenoic Acid to Arachidonic Acid Ratio
eGFR Estimated Glomerular Filtration Rate
FBG Fasting Blood Glucose
γ-GTP Gamma-Glutamyl Transferase
HDL-Cholesterol High Density Lipoprotein-Cholesterol
IMT Intima-Media Thickness
LC Liquid Chromatography
ln-XOR Logarithmically Transformed Plasma XOR Activity
LDL-Cholesterol Low Density Lipoprotein-Cholesterol
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NCS Nerve Conduction Study
NDR No Apparent Diabetic Retinopathy
PCA Principal Component Analysis
PDR Proliferative Diabetic Retinopathy
SDR Simple Diabetic Retinopathy
TQMS Triple Quadrupole Mass Spectrometry
T2DM Type 2 Diabetes Mellitus
TG Triglyceride
UA Uric Acid
VFA Visceral Fat Area
XOR Xanthine Oxidoreductase
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Abstract: Background: Diabetic retinopathy (DR) is the leading cause of legal blindness in the
working population in developed countries. Optical coherence tomography (OCT) angiography
(OCTA) has risen as an essential tool in the diagnosis and control of diabetic patients, with and
without DR, allowing visualisation of the retinal and choroidal microvasculature, their qualitative
and quantitative changes, the progression of vascular disease, quantification of ischaemic areas, and
the detection of preclinical changes. The aim of this article is to analyse the current applications of
OCTA and provide an updated overview of them in the evaluation of DR. Methods: A systematic
literature search was performed in PubMed and Embase, including the keywords “OCTA” OR “OCT
angiography” OR “optical coherence tomography angiography” AND “diabetes” OR “diabetes
mellitus” OR “diabetic retinopathy” OR “diabetic maculopathy” OR “diabetic macular oedema”
OR “diabetic macular ischaemia”. Of the 1456 studies initially identified, 107 studies were screened
after duplication, and those articles that did not meet the selection criteria were removed. Finally,
after looking for missing data, we included 135 studies in this review. Results: We present the
common and distinctive findings in the analysed papers after the literature search including the
diagnostic use of OCTA in diabetes mellitus (DM) patients. We describe previous findings in retinal
vascularization, including microaneurysms, foveal avascular zone (FAZ) changes in both size and
morphology, changes in vascular perfusion, the appearance of retinal microvascular abnormalities or
new vessels, and diabetic macular oedema (DME) and the use of deep learning technology applied
to this disease. Conclusion: OCTA findings enable the diagnosis and follow-up of DM patients,
including those with no detectable lesions with other devices. The evaluation of retinal and choroidal
plexuses using OCTA is a fundamental tool for the diagnosis and prognosis of DR.

Keywords: diabetes mellitus; diabetic retinopathy; foveal avascular zone; FAZ; optical coherence
tomography angiography; OCTA; diabetic macular oedema

1. Introduction

Diabetes mellitus (DM) is a metabolic disease caused by an increase in glucose levels
due to a diminution of insulin secretion or an increase in resistance to its activity. DM is
expected to increase worldwide in a rapid manner, increasing by 25% by 2030 and 51% by
2045 [1].
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Diabetic retinopathy (DR) is the most severe and frequent ophthalmic complication [1,2].
DR is the leading cause of legal blindness in the working population in developing countries.
Diabetic patients may primarily have a neurodegeneration process in the retina, followed by
well-known changes at the microvascular net, with pericyte loss and an increase in thickness
of the basal membrane, with a breakdown of the inner blood retinal barrier. Although there
is a trend towards a reduction in proliferative DR incidence due to improved control, the
prevalence of DR in DM patients is approximately 35% of that in other patients [3–6]. There
was a period with no DR signs but neuronal degeneration and microvascular changes,
which were not detectable by ordinary examination. Any method that could help to
find changes before these changes are evident would be a fundamental tool as a disease
biomarker [7].

The Early Treatment Diabetic Retinopathy Study (ETDRS) divided DR into groups:
nonproliferative DR (NPDR) and proliferative DR (PDR). NPDR can be divided into mild,
moderate, and severe DR [8]. At each level, patients present different changes in their
fundus related to either an increase in vessel permeability or a diminution of the vascular
supply, including microaneurysms (MAs), exudation or oedema, haemorrhages, intraretinal
microvascular abnormalities (IRMAs), vascular changes, and neovascularization (NV) [9].

Clinical examination of diabetic patients was based on ophthalmoscopy under mydriasis,
fundus photography, fluorescein angiography (FA), and optical coherence tomography (OCT).

FA has been considered the gold standard to evaluate retinal vascularization [10]. FA
can evaluate vascular integrity, the presence of MA, the loss of vascular perfusion, and the
increased permeability of the vessels generating oedema and NV. FA is an invasive test
that can generate severe adverse effects in a small percentage of patients [11]. Due to its
potential secondary effects, it is not usually performed as a screening method.

The development of OCT angiography (OCTA) has been an important tool in the
control of DM patients with and without microvascular lesions.

1.1. Morphology of the Retinal and Choroidal Blood Vessels

The central retinal artery, a terminal branch of the ophthalmic artery, divides and
forms the different retina plexuses covering the entire retina, excluding the central foveal
avascular zone (FAZ) and the most peripheral 1–1.5 mm [12–15]. The number of retinal
plexuses varies from one to four depending on the eccentricity [16]. These plexuses are
the radial peripapillary capillary network (RPCN), close to the optic nerve head, the
superficial capillary plexus (SCP), the intermediate capillary plexus (ICP), and the deep
capillary plexus (DCP) [17]. The rest of the central retina is formed by the SCP, ICP, and
DCP [17] (Figure 1). For more information about retinal morphology and vascularization,
see Supplementary File S1.

1.2. Optical Coherence Tomography Angiography (OCTA)

OCTA is a new non-invasive angiography technique based on OCT technology that
can be performed without pupillary dilation. It provides high-resolution images of the
retinal capillary plexuses and the choriocapillaris (CC) without using any contrast in a
rapid and easy way. Using more advanced hardware and acquisition software, OCTA
enables greyscale retinal vascular flow imaging. It can provide perfusion density maps
and average perfusion density. OCTA is able to visualise changes in the DR, such as MA,
nonperfusion areas, IRMA, or NV. OCTA can demonstrate noncapillary perfusion areas
even better than FA, and the image will not have interference from any leakage [18,19].
It is based on the detection of moving blood cells, such as red blood cells. Performing
consecutive B-scans in the same location on the retina shows the presence of movement
through the blood vessels. The change in contrast over time indicates the vessel location
and erythrocyte movement through them [20]. Changes are subsequently processed with
different computer algorithms. This technology allows en face images and reconstructions
of different retinal layers to be obtained. Image capture in OCTA requires great precision
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because it is based on differential analysis of the B-scan changes related to erythrocyte
micromovements and the high sequential image speeds of the devices [20].

Figure 1. Morphological changes in the vascular plexuses throughout the human retina. (A) Whole-
mount human retina immunostained with an antibody against collagen type IV showing the vascular
network from the optic nerve to Ora serrata. (B) Drawings of the different plexuses corresponding
to the insets in (A). Four plexuses can be observed in the peripapillary area (RPCN, SCP, ICP, and
DCP) close to the optic nerve. The central retina is composed of three plexuses (SCP, ICP, and DCP),
except in the fovea where the foveal avascular zone (FAZ) exists. Only two plexuses (SCP and DCP)
are present in the far-periphery area. RPCN, radial peripapillary capillary network; SCP, superficial
capillary plexus; ICP, intermediate capillary plexus; DCP, deep capillary plexus. Scale bar: 1 mm.

The maps generated by OCTA are a representation of retinal vascularization over
a particular area of interest, in this case the macular area, and according to different
anatomically interesting segmentation profiles. In OCTA, the introduction of projection
resolved OCTA algorithms and three-dimensional visualisation increased the depth quality
of the images. OCTA allows retinal segmentation into different vascular and nonvascular
layers: SCP, ICP, DCP, external retina, and CC. The introduction of wild field (WF) OCTA
allows better knowledge of the capillary plexuses in both the mid- and far periphery. The in-
depth resolution enables visualisation of aneurysmal dilatations in the plexuses, avascular
or low perfusion areas, retinal NV or intraretinal shunts, vascular structures in the choroid,
or loss of CC vessels.

OCTA provides a dye-free image useful to detect angiographic signs of DR and
changes in the capillary network at the macular level, even before onset of the disease.
In patients with DR, areas of nonperfusion and their location in the SCP and DCP, as
well as irregular capillaries, MA dilatations, and modifications in the CC layer, have been
clearly analysed [21,22]. In addition to these qualitative characteristics, OCTA can provide
a quantitative analysis of the density and flow of retinal blood vessels in each layer [23].

OCTA disadvantages include the loss of findings in which flow is slow, the inability to
see leakage or staining, and difficulty visualising the peripheral retina. OCTA is an effective
tool to evaluate DR, but the large amount of data and protocols can generate problems in
the most sensitive parameters [24].

In summary, OCTA data acquisition is faster than FA and is three-dimensional and
depth-resolved, allowing individual capillary plexuses automatically assessment based on
current software algorithm. OCTA allows the visualisation of all plexuses, including the
intermediate capillary, detecting pathological features that are not available in traditional
dye-based angiography. In addition, as a non-invasive and rapid test, it is adequate for
patients who require frequent follow-up exams. Nevertheless, FA is still the gold standard
for retinal vessel evaluation, providing some additional findings such as leakage.
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The purpose of this review was to provide an actual summary of the different findings
assessed by OCTA and the diagnostic value of OCTA in DR patients, which is a great future
challenge due to the prevalence of DM and the heavy burden caused by DR.

2. Methods

2.1. Literature Search

A systematic review was performed following the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) guidelines [25] using a PRISMA checklist.
It included a comprehensive search of different databases, including PubMed and EM-
BASE, last run-on 15 April 2021, for the following terms: OCTA OR OCT angiography
OR optical coherence tomography angiography AND diabetes OR diabetes mellitus OR
diabetic retinopathy OR diabetic maculopathy OR diabetic macular oedema OR diabetic
macular ischaemia including MeSH terms and synonyms.

2.2. Inclusion/Exclusion Criteria

The search was performed to identify those studies in which OCTA was used to image
diabetes patients with or without any type of DR. The included studies were limited to those
published in English and in peer-reviewed journals, excluding case reports, conference
proceedings and letters, and studies based on time-domain OCT. No restrictions existed for
age, diabetes type or control, or follow-up.

2.3. Literature Review

Using the search criteria described above, a total of 829 results in PubMed and 627
in Embase, a total of 1456 records were found. PRISMA search was performed by three
authors. After an initial review of abstracts by two independent reviewers, removal of
duplicate studies or those articles that did not meet the selection criteria, 107 articles were
selected for a full literature review. Other papers previously cited that were not selected,
which appeared to be important to our review, were added supported by a third author,
and at the end, a total of 135 studies were included in this qualitative systematic review.
OCTA has been used to evaluate any kind of change in DM patients with or without DR. We
described selected paper findings in the FAZ, MA, nonperfusion areas, ischaemia, IRMA,
NV, and diabetic macular oedema (DME) (Figure 2).

Each of these topics will be discussed in turn, followed by a discussion of OCTA’s
future directions in DR.
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Figure 2. Flow chart explaining the literature selection. A systematic review was performed following
PRISMA guidelines. A total of 1456 records were selected (829 in PubMed and 627 in Embase), and
after the removal of duplicate studies or articles that did not meet the selection criteria, 107 articles
were selected for a full literature review. Ultimately, a total of 135 studies were included after adding
important works that were not found in the databases.
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3. Results and Discussion

3.1. Foveal Avascular Zone

Different papers have analysed FAZ changes in either diabetes mellitus type 1 (DM1)
or diabetes mellitus type 2 (DM2) with or without DR. FAZ has previously been analysed
using FA, only evaluating changes at the SCP. FA showed that FAZ increased in DR
with retinopathy stage [26] due to loss of the surrounding capillary [27]. Studies have
demonstrated that compared with FA, OCTA allows better discrimination of the central
and parafoveal macular microvasculature, especially for FAZ disruption and capillary
dropout [28] (Figure 3A,B).

Figure 3. Swept source optical coherence tomography angiography (SS-OCTA) showing representa-
tive examples of OCTA findings in diabetic patients. OCTA was acquired using DRI-Triton SS-OCT
(Topcon, Tokyo, Japan). (A,B) Superficial (SCP) and deep capillary plexuses (DCP) in 3 × 3 mm scans.
Figure 3C shows SCP in a 6 × 6 scan. (D,E) The SCP in a 9 × 9 scan and 3F SCP in a 6 × 6 scan
protocol. (B) An irregular foveal avascular zone (red arrows) and microaneurysms (red arrowheads)
in the superficial and deep capillary plexuses. (C) Nonperfusion areas in the temporal area (green
arrows). (D,E) Areas of impaired perfusion associated with intraretinal microvascular abnormalities
(yellow arrows). (F) Retinal neovascularization elsewhere (yellow arrowhead). Scale bar represents
1 mm.

Nevertheless, not all OCTA studies in DM had the same results evaluating the FAZ,
and the methodology differed between them, evaluating the plexuses one by one or all
in total. Other discrepancies between studies were in the way they dealt with projection
artefacts or artefacts caused by vitreous opacities [29].

The first author who analysed OCTA changes in patients with no DR signs was De
Carlo [30], who demonstrated that DM without DR showed an increase in the FAZ and areas
of capillary nonperfusion (considering both DM1 and DM2 patients). Similarly, Dimitrova
and colleagues showed an increase in the FAZ of the SCP in DM patients without DR as
well as a decrease in vessel density (VD) in both plexuses [31] (Figure 4).
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Figure 4. Optical coherence tomography angiography (OCTA) of a diabetic patient without de-
tectable diabetic lesions. OCTA was acquired using DRI-Triton SS-OCT (Topcon, Tokyo, Japan) with
a 3 × 3 mm scan protocol. (A) Superficial capillary plexus, (B) deep capillary plexus, and (C) chorio-
capillaris (CC). Red arrow shows a disruption in the foveal avascular zone (FAZ), red arrowheads
correspond to microaneurysms, and green arrows correspond to non-perfusion areas in the CC. Scale
bar (in yellow) represents 500 microns.

Takase et al., found an increase in the en face FAZ in all DM patients with or without
DR signs [32], and Di et al., described an increase in FAZ in DM patients. They found that
patients with more severe retinal damage had a much larger FAZ, with changes in the area
and vertical and horizontal radius [33]. An enlarged FAZ associated with a reduction in the
VD of the SCP and DCP in the foveal and parafoveal areas has been observed in patients
with NPDR [34]. Comparing DM1 patients without DR or with mild NPDR with controls,
Simonett et al., suggested that parafoveal capillary nonperfusion in DM1 is an early marker
of retinal changes starting in the DCP [35]. Wang et al., as previously described, postulated
that FAZ metrics may have a prognostic value in DR progression, DME, and visual acuity
(VA), but highlighted that the high variation among normal individuals in FAZ area and
perimeter makes them less than ideal biomarkers for staging DR. None of their FAZ metrics
differed with the severity of DR, indicating that they may not play an important role in
advanced DR, but may have a prognostic role in predicting DR progression, DME, and
VA [36].

Parafoveal nonperfusion has been analysed using different strategies to identify a
better biomarker for DR severity [23,37–39] and ischaemic index [40]. When the DR
appeared, this density changed into a progressive loss of the capillary network. Xu and
You [29,41] indicated that FAZ and nonperfusion areas were both significantly larger in the
diabetic group, whereas the FAZ circularity was significantly smaller [41]. You et al. also
demonstrated that treatment requirements were related to the extrafoveal avascular areas
for the baseline DCP [29]. The nonperfusion ratio was studied by Wang et al., who found a
significantly lower parafoveal VD in DR patients compared with those without DR, with an
increase in VD loss related to DR severity [42]. VD diminished with age and higher HbA1c
levels, and patients with DME had a significantly lower average parafoveal VD according to
Xie and colleagues [43]. Other authors, such as Rosen, found an increased area of capillary
density in DM patients without DR after extracting the noncapillary structures, suggesting
an autoregulatory response to an increase in metabolic needs [44], highlighting that OCTA
may help identify early-stage DR before retinopathy is apparent. Rosen suggested that
perfused capillary density is a more sensitive marker to detect differences between healthy
individuals and DM patients than FAZ metrics [44].

In contrast, some studies deny OCTA as the most appropriate tool for detecting preclin-
ical changes in patients with diabetes, suggesting that clinical examinations and glycaemic
control should be kept on as the primary clinical parameter during DR screening [45].
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Differences in FAZ parameters between DM1 and DM2 patients have been studied.
Oliverio et al. found that changes in FAZ parameters were more pronounced in DM1, and
these modifications were correlated with the duration of the disease [46]. Vujosevic and Um
indicated that the increase in FAZ area, and a decrease in VD, are related to DR progression
and are more severe in the DCP than in the SCP in both DM types [47,48].

Changes in the FAZ can be related to visual impairment [49,50], as was demonstrated
in Samara’s study. They found a negative correlation between logMAR VA and VD in
both SCP and DCP, and a positive correlation between logMAR VA and FAZ area in both
plexuses [51].

FAZ morphology can be visualised in en face projections. The SCP is formed by large
and small capillaries that end at the FAZ as a terminate capillary ring with a centripetally
branching pattern. The DCP ends at the macula with lobular patterns with no direction [16].
The acircularity index provides information about the extent to which the FAZ differs from
a circle. Krawitz and colleagues found differences in the FAZ shape between controls and
all DR patients, but not DM patients with no lesions. The mean acircularity index was 1.32
in both the control and no DR groups, 1.57 in the NPDR group, and 1.78 in the PDR group.
There were no differences between NPDR and PDR [52]. They also considered the axis
ratio as an index of disease progression and therapeutic interventions. The average axis
ratios were 1.17, 1.12, 1.27, and 1.33 in the different stages. A higher acircularity index and
axis ratio were associated with a worse stage of DR.

Zahid and colleagues [53], using fractal dimension (FD) analysis, a mathematical
method to evaluate the complexity of tissues, found a reduction in the flow in DR, both in
SCP and DCP, in the absence of DME. Tang et al. also observed a lower FD associated with
DR severity and an increased FAZ area and decreased FAZ circularity [54]. The study per-
formed by Sun et al. evaluated the risk of DR progression and DME development beyond
traditional risk factors and related FAZ area, VD, and FD of DCP with DR progression,
whereas VD of SCP would predict DME development [55]. Other authors suggested FD-300
analysis (VD of a 300 μm width annulus surrounding the FAZ) was useful for detecting
preclinical microvascular alterations in DR screening [56].

In addition, the decrease in FAZ circularity and parafoveal vessel density are postu-
lated to be related to structural retinal neurodegeneration, because they would be highly
correlated with ganglion cell layer—inner plexiform layer (GCL-IPL) thinning, regardless
of the presence of DR, and would predict microvascular impairment in early DR [57,58].

3.1.1. Microaneurysms

Microaneurysms (MAs) were identified using OCTA (Figure 3A,B). We found saccular
dilatation or fusiform capillaries, as described by Ishibazawa et al. [18], in both the SCP
and DCP. According to Park and colleagues [59], it is also possible to identify MAs in the
ICP. OCTA is able to identify a smaller number of MAs than FA, but it has the ability to
detect MAs in both the SCP and DCP (Figure 5).

Salz and colleagues found that compared with FA, OCTA had a sensitivity of 85%
(95% CI, 53–97%) and a specificity of 75% (95% CI, 21–98%) in detecting MAs. [60]. These
results have been supported by other studies [19,61]. Soares and colleagues compared FA
and OCTA AngioVue and AngioPlex, with FA being superior to both for detecting MAs in
both the SCP and total retina slab [28]. As already described, MAs were more frequently
located in the DCP. MAs were related to ischaemic areas, and they found MAs surrounding
nonperfusion areas (NPAs) [19]. Parrulli et al. also found that FA is the best way to detect
MAs. OCTA devices can differentiate their detection depending on the number of B-scans,
with great variability between devices [62]. Hamada et al. also found discrepancies between
FA, OCT B-scan, and OCTA, with the latter being able to overlook MAs in patients with
diabetic macular oedema (DME) [63].
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Figure 5. Fluorescein angiography (FA) (A,C,D) vs. swept source optical coherence tomography
angiography (SS-OCTA) (B,E,F) showing microaneurysms (MAs) (red arrow and arrowhead) in
diabetic patients. (A,C,D) MAs in the superficial and deep capillary plexuses (SCP and DCP) and
nonperfusion areas (green and blue arrows) detected by (A,B,E,F) show the same MAs in SCP (E),
DCP (F), and nonperfusion areas (B), visualised by OCTA. FA was acquired using a Spectralis-HRA
(Heidelberg Engineering, Heidelberg, Germany). (A,C) Arterial time in the FA and (D) tissue times.
OCTA was acquired with DRI-Triton SS-OCT (Topcon, Tokyo, Japan). (B) 9 × 9 mm OCTA and
(E,F) 3 × 3 mm OCTA of both SCP and DCP, respectively. Scale bar (in yellow) represents 1 mm in
Figure 5A,B and 250 microns in Figure 5C,F.

Park et al. described MAs in all three plexuses [59]. Other authors found a higher
number of MAs in the DCP than in the SCP [18,19,64]. Byeon et al. described the deep
location of the MA [65] leaking in the outer plexiform layer (OPL). MAs can protrude
towards outer layers, such as the outer nuclear layer (ONL).

Some authors have correlated the MAs on structural OCT and OCTA. Parravano
studied the correlation between them and their evolution [64,66]. They described two MA
patterns based on OCT findings. Hyporeflective lesions on structural OCT were less vi-
sualised using OCTA than hyper-reflective or moderate lesions (66.7% vs. 88.9%). They
suggested that the hyporeactive lesions could have a lower flow that was not detected with
OCTA. Other authors have suggested the possibility of turbulent flow [18], or that MAs
are not perfused with luminal fibrosis and lipid infiltration in their histology [67]. Parra-
vano [64,66] also described the different behaviours depending on their OCT reflectivity.
MAs that developed over 12 months in extracellular fluid were hyper-reflective (66% vs.
18% of the hyporeactive MAs). The location was also related to fluid development: those
located in the DCP were those which leaked after one year. The relationship of DCP MAs
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with the development of DME has also been described by Hasegawa et al. [68]. In summary,
12 months after their description, MAs with a hyper-reflective pattern persisted on OCTA
and were mainly located in the DCP.

Schaal et al., studied the agreement in the detection of DR signs on colour fundus
photography (CFP) versus SS-OCTA. In patients with an ETDRS level ≥ CFP, MAs were
found in 90% of the cases, close to 91% of which were found with OCTA. They suggested
that MAs are more apparent on the 3 × 3 mm scan than on the 12 × 12 scan due to the
lower resolution [69]. Following their assessment of WF-OCTA, Tian and colleagues used
12 × 12 mm scanning with different slabs for MAs. They analysed 247 eyes of patients with
DM and detected MAs in 60.6% of the eyes using the retinal slab and 59.8% in the SCP slab,
with no significant differences between them. No MAs were evaluated in the deep slab
because of the poor details. This study provides similar results in relation to IRMAs [70].

Carnevalli and colleagues did not find MAs in their DM1 patients or other anatomical
changes. Their population was young (mean age 22 ± 2 years) and had a short disease
duration (11 ± 4 years) [71]. They only found rarefaction of the perifoveal capillary net-
work in the SCP in 28% of their series. Park and colleagues evaluated the microvascular
changes in the foveal and parafoveal areas in 64 patients with NDR and a mean age of
61.0 ± 9.34 years. They identified MAs in only 9.38% of the cases. They found no associ-
ation between changes in VD occurring in the different plexuses, disease duration, best
corrected visual acuity (BCVA), FAZs, or analytical parameters (HbA1c, serum creatinine
or e-GRF) [72].

In 2019, Thompson et al., found MAs in 60% of their patients, a small sample of DM2
with good glycaemic control and without DR signs [73].

3.1.2. Nonperfusion Areas

Loss of vascular perfusion is an indication of ischaemia. OCTA can evaluate both mac-
ular and peripheral retinas using WF strategies, including WF-OCTA. Macular ischaemia is
related to VA in DM patients. NPAs were evaluated using automated quantification of the
VD or the total area of vessel nonperfusion and with the FAZ diameter and changes.

FA shows NPA between the large retinal vessel. OCTA detected NPAs not only in
the SCP, but also in the ICP and DCP (Figure 3C–F). OCTA clearly visualised the border
between sparse capillary areas and dense capillary areas, with a sensitivity of 98% and
specificity of 82%. Therefore, OCTA is a better procedure to detect capillary density than
conventional FA [18,19,74]. This capillary density reduction is associated with remodelling
and enlargement of the FAZ even before MAs, which are currently believed to be the first
clinical sign of DR [75]. De Carlo et al. [30] reported changes in the FAZ (increased FAZ
area and the presence of FAZ remodelling) and capillary nonperfusion in patients with DM
with no signs of DR.

Loss of perfusion has been described in all plexuses, including the ICP [76]. Onishi
et al. suggested a significant increase in NPAs in all three plexuses in the NPDR group
compared with controls. Zhang et al., also identified a significant increase in superficial
NPAs in DM patients without DR compared with controls [74,76]. The authors emphasise
the importance of OCTA segmentation schemes that consider the ICP separately from
the SCP and DCP. Simonett et al. [35], studying patients with DM1 and without DR or
with mild NPDR, reported a decreased parafoveal VD (similar to parafoveal capillary
nonperfusion) only in the DCP, with no changes in the FAZ area in either the SCP or DCP.
Dimitrova et al. [31] documented a decreased parafoveal VD in the SCP and DCP and an
increased FAZ area in the SCP in patients with DM (mostly in DM2) and no DR compared
with control subjects. Choi et al. [77] documented retinal microvascular abnormalities
(including capillary dropout, dilated capillary loops, tortuous capillary branches, patches
of reduced capillary perfusion, irregular FAZ contours, and/or FAZ enlargement) in all
3 plexuses in 18 of the 51 eyes with DM and no clinical signs of DR (with no specification of
DM type). Moreover, these authors reported focal or diffuse CC flow impairment in almost
half of the evaluated patients without DR.
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DM patients showed a progressive diminution of the capillary density with the sever-
ity of the ocular manifestations [28]. Severe NPDRs showed an increase in NPAs [78],
enlarged spaces between the large and small vessels in the SCP and DCP with an increased
and irregular FAZ. IRMAs and NVCs were more frequently associated with NPAs [79].
Vujosevic et al. indicated that both SCP and DCP are prematurely altered in patients with
DM1 and without clinical signs of DR, whereas in patients with DM2, the DCP is the first
affected plexus [48].

Although there are different results, NPAs and capillary dilation have been described
as more prominent in the SCP, and MA is common in the DCP. Studies have revealed
that the severity of vascular changes in the SCP is closely related to abnormalities in the
SCP [78].

Nesper et al., described the percentage area of the retina and CC related to NPA. NPA
was significantly correlated with disease stage when considering retinal vascular changes,
but no significant correlation was found for CC [75,80].

Yasukura et al. studied differences between macular and extramacular NPAs related
to arterial distribution [81]. They did not find differences in extramacular NPAs between
severe NPDR and PDR. Eyes with PDR had significantly greater NPAs in the macular area
than those with severe NPDR. They suggested that the extramacular region between two
arteriolar branches is the most vulnerable to DM capillary loss [81].

OCTA demonstrated impaired perfusion within cotton-wool spots [21]. Extramacular
cotton-wool spots (or white spots) are mostly associated with NPAs encompassing all
retinal layers, in contrast to macular cotton-wool spots that are more associated with NPAs
in the superficial layer only [80].

WF-OCTA demonstrates preferential location of NPAs along the main retinal arteries in
all stages of DR. Tan et al., using 12 × 12 WF-OCTA, found an increase in capillary dropout
in the peripheral annulus that increases with the severity of DR. They suggested that the
capillary dropout density in the peripheral subfield is the best parameter to discriminate
between mild NPDR and DM patients without DR [82]. Diabetic microangiopathy is a
midperipheral disease and firstly affects the temporal quadrants. The midperiphery has a
smaller vascular supply (vascular plexuses merged from three to two plexuses), and the
nasal quadrants are supplied by the radial peripapillary capillary plexus [83]. Ishibazawa
et al. studied NPAs with OCT images and found that NPAs were more frequently adjacent
to arterial vessels. They hypothesised that diabetic microangiopathy started near the
arterial side, with no regard to the level of DR severity, and then progressed towards the
venous side [84].

In addition, more pronounced vascular involvement in the DCP has been described,
regardless of the stage of DR, which may be explained by the difference in the perfusion
pressure between the SCP and the DCP [85].

Thus, the advantage of OCTA lies in its ability to detect both peripheral retinal non-
perfusion and eventual peripheral active NV, which remains difficult to visualise clinically.

3.1.3. Ischaemia

DM patients exhibit a reduction in capillary density. Diabetic macular ischaemia (DMI)
is associated with an enlargement and disruption of the FAZ and with retinal capillary
dropout in noncontiguous areas of the macula, providing important clinical and prognostic
information regarding disease severity and predicting DR progression [52,86–88]. Similar
to FA, OCTA is capable of grading and quantifying DMI through several OCTA parameters,
such as the perifoveal intercapillary area, total avascular area, or extrafoveal avascular
area [89]. OCTA is better at detecting capillary density than conventional FA [18,19]. One
of the key advantages of OCTA over FA is the ability to noninvasively detect DMI [90].
OCTA could even identify DMI in eyes with relatively few symptoms. The FAZ area in
both the SCP and DCP increased with DR severity, and the FAZ area (at SCP) correlated
with retinal sensitivity at baseline [91]. However, it remains unclear whether eyes with DMI
detected by OCTA have higher risk of progressive visual loss the OCTA findings continue
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to deteriorate over time. Loss of perfusion has been described in all plexuses. Authors
agree that grading DMI in the three plexuses (SCP, ICP, and DCP) had a higher sensitivity
and specificity for determining DR stage and comparing DR versus healthy controls [59]
than full retinal angiograms [92]. Changes in the ICP are important to consider [76].

Significant deterioration in OCTA parameters over time in DR patients has been
described. Kim et al. [57] recently reported that microvascular impairment is progressive
even in early stages of DR. They observed SCP VD loss in 40 eyes with no DR or mild
NPDR over a period of two years. However, DCP VD was not studied in this report [57].
Tsai et al. [91] observed a significant deterioration in the DCP parafoveal VD and SCP FAZ
area in patients with various severities of DR at baseline over a one-year follow-up period.
A larger DCP FAZ area at baseline was associated with a significant worsening of BCVA
over one year. Similar to previous studies, Xie et al. [43] and Ragkousis et al. [56] observed a
decrease in parafoveal vascular density as the disease progressed. In this sense, in addition
to the density of the DCP, other parameters, such as the VD of the extrafoveal avascular
area and the vessel length fraction of the DCP, appear to decrease with the severity of the
disease [36]. Specifically, the vessel diameter index at the SCP and the VD in the DCP
showed the best correlations with the severity of DR [36]. This finding not only provided
evidence that OCTA parameters are able to predict visual outcomes in DR, but also suggests
the importance of the detection and monitoring of DCP parameters in ischaemic conditions
such as DR, as previously described.

Previous cross-sectional studies have correlated central visual loss in diabetic eyes
with the degree of parafoveal capillary loss [50,51]. Such relationships are more prominent
with alterations in the DCP than in the SCP [93,94]. Changes in the DCP have also been
found to correlate better with DR severity than changes in the SCP [76]. These observations
are supported by histologic studies that show higher vulnerability of the deep foveal
plexus to endothelial injury [95]. Furthermore, there have been many reports highlighting
DCP ischaemia, which is an important finding in DR. Scarinci et al. [96] suggested that
nonperfusion of the DCP is associated with photoreceptor disruption in DMI. The flow
density of CC in patients with severe DR seems to be associated with the severity of the
disease because the flow decreases as the disease worsens [97]. Lee et al. [98] showed that a
poor response to anti-VEGF agents in DME is associated with DCP damage but not SCP
damage. An increase in DCP destruction with DR progression was also reported [99]. Early
DCP vascular alterations were found, especially in DM1, which were evident even before
the diagnosis of clinically detectable DR [71,100]. Moreover, VD in the fovea, parafovea,
and peripapillary area and the flow area in the choroid was also reduced in DM2 patients
without signs of DR [101,102]. The FAZ area and VD change more rapidly as DR progresses
in the DCP than in the SCP during the progression of DR [47].

Tsai et al. [91] also demonstrated the predictive value of structural OCTA parameters
in relation to visual outcomes beyond current established systemic risk factors. Larger
baseline FAZ areas in the DPC were associated with worsening visual outcomes, and larger
decreases in SCP VD were associated with worsening retinal sensitivity over one year.
These associations support the use of OCTA in the early detection and monitoring of
DMI. Additionally, it has been demonstrated that OCTA parameters such as larger FAZ
areas and lower VD in DCP at baseline increase the likelihood of DR progression within
two years [55].

Cao et al. found that OCTA can be a useful way to identify preclinical lesions in
DM2 based on capillary perfusion. They found a decreased vessel density in the SCP,
DCP, and CC in DM2 patients before having any DR signs, without changes in the FAZ
area [103]. When analysing capillary perfusion in SCP, DCP, and CC in the 3 × 3 mm and
6 × 6 mm protocols, diabetic patients had significantly lower perfusion than the control
group. Normal subjects had higher capillary perfusion rates than patients diagnosed with
mild nonproliferative DR (NPDR) [104,105].

The identification of DCP by OCTA plays an important role in DMI. Minnella et al.
studied eyes with DMI and demonstrated significantly increased perifoveal “no flow” areas
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in both the SCP and DCP compared with controls, and Scarinci et al. found that these
areas of DCP nonperfusion corresponded precisely with areas of outer retinal disruption
on structural OCT imaging [96,106].

Furthermore, vascular complexity and morphology are evaluated by combining VD,
fractal dimension, and vessel diameter and allow to define the state of DR. VD, defined as
the ratio of blood vessel area to the total measured area, decreases in both SCP and DCP in
patients with DR and in diabetic patients without DR [78,107].

Taewoong et al. [47] showed a deterioration in the FAZ area and VD in the SCP and
DCP as DR progressed in both DM1 and DM2, similar to previous reports [23,108]. This
deterioration was more prominent in DCP than in SCP, regardless of the diabetic type.
However, in DM1, the deterioration of VD was delayed until the DR reached a severe
NPDR stage, whereas there was a gradual decline in VD in DM2. This finding may be
caused by differences in the pathophysiology of the two types of diabetes and may explain
the different clinical manifestations [47].

Compared with eyes with mild and moderate NPDR, eyes with severe NPDR and
PDR demonstrated a significant decrease in VD [86,109]. The superficial capillary network
supplies the ganglion cell complex and inner nuclear layer; thus, a decreased superficial
capillary network and loss of the ganglion cell complex have been detected [110].

Authors such as Wang et al. [111] and Agemy et al. [86] showed statistically significant
reductions in VD in diabetic patients compared with controls using different approaches to
calculate vascular density as a trend towards reducing vascular density with worsening
severity of diabetic disease. Thus, the analysis of vessel density is associated with the
degree of disease and risk of DR progression and may be a useful potential predictor of
proliferative DR.

On the other hand, FD represents vascular complexity and microvascular morphology
related to macular ischaemia in both SCP and DCP. Zahid et al. studied this entity and ob-
served, DR patients showed a decrease in vascular density and increased fractal dimension
with a greater average vascular calibre secondary to hypoxic conditions [7,53]. Ting et al.
studied the capillary density index and FD in DM2 patients and reported a decrease in
both SCP and DCP capillary density with DR progression and an increase in FD in both
plexuses [108]. Moreover, receiver operating characteristic (ROC) curve analysis defined
skeletonised FD, vessel length density, and vessel diameter index as the most effective
parameters to detect glycaemic changes in DM2 patients [105].

FA images use the ETDRS protocols to grade DMI as follows: absent (no FAZ dis-
ruption), questionable (FAZ not smooth/oval, but no clear pathology), mild (<half FAZ
circumference destroyed), moderate (>half FAZ circumference destroyed), severe (FAZ
outline destroyed), or ungradable [10].

Several studies have compared OCT to the FA grading of DMI. Bradley et al., studied
the reproducibility of the OCTA-based grading. SCP OCTA images were graded using
the ETDRS protocols [88] and compared with FA images, at the DCP, this grading was
absent (no disruption of FAZ), questionable (FAZ not smooth/oval, but no clear pathology),
mild/moderate (FAZ disrupted in ≤2 quadrants), severe (FAZ disrupted in ≥3 quadrants),
or ungradable (poor image quality, artefact). CC was graded as ischaemia present (loss of
speckled hyper-reflectance or dark defects), ischaemia absent, or ungradable, and obtained
substantial intergrader agreement in terms of the DMI grade acquired for the SCP, DCP,
and CC [86].

3.1.4. Intraretinal Microvascular Abnormalities

OCTA can detect IRMA as intraretinal looping vessels of capillary origin with a larger
calibre than the surrounding vessels with a flow that does not cross the internal limiting
membrane (ILM), and they are usually located in areas with little or no perfusion [21,112]
(Figure 3D,E). In contrast, NVE passes the ILM and protrudes into the vitreous cavity [85].
Matsunaga et al. described an increase in the calibre of the loops compared them to
surrounding capillaries [21], and they described one case whose origin was a vessel with a
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large diameter [21]. Their characteristics make it difficult to detect them in CFP [69]. Schaal
and colleagues found that OCTA had a higher detection rate than CFP. They analysed
two cohorts of diabetic eyes in a retrospective cross-sectional observational study, one
using SS-OCTA grading and the other comparing OCTA and CFP. In patients with ETDRS
severity levels over 43, OCTA was able to detect a significantly higher number of IRMAs
(85% of the sample) than CFP (detected in only 35%). The inter-device agreement was only
fair, with k = 0.2. They suggested that the presence of adjacent areas of capillary dropout
helps to identify IRMA detection with OCTA compared with CFP. These researchers also
compared three different slabs with 12 × 12 WF-OCTA to detect DR findings. IRMAs were
more frequently detected on the retinal slab but with no differences from the SCP slab [70].
Compared with FA, according to Arya et al. [113], OCTA achieved 99% specificity and 92%
sensitivity. It might even be more accurate pictures, as it has no dye leakage that appears
with FA and its ability to segment layers [112].

Furthermore, Cui et al. published a study [114] showing that ultra-widefield OCTA
(UW-OCTA) was superior in the number of IRMAs detected per ultra-widefield CFP
(UW-CFP) (p < 0.001) and had almost 100% agreement (k = 0.916) with ultra-widefield
FA (UW-FA).

Regarding their distribution, Tian et al. [70] found no significant differences between
the retinal and SCP slabs, detecting none in the SCP slab using the 12 × 12 mm swept
source OCTA (SS-OCTA) protocol.

The utility of OCTA in the follow-up of DR patients with IRMA before and after
different therapies has also been evaluated. Sorour et al. [115] used it to study the structural
changes in 45 IRMAs after anti-VEGF treatment compared with patients with similar DR
who did not receive treatment. At the baseline visit, they characterised different morpholo-
gies (dilated trunk, loop, pigtail, sea-fan-shaped, and net-shaped) with higher complexity
and more advanced pathology. However, they found no relationship between them, the
number of injections and their response to treatment. The quantity of IRMA detected with
OCTA has also been related to the severity of DM according to Kaoual et al. [116].

Shimouchi et al. [117] conducted a retrospective study in 46 eyes of 29 patients propos-
ing a classification to standardise the changes after panretinal photoagulation (PRP). They
established five groups: unchanged, tuft regression, repercussion, mixed, and worsen-
ing [118]. Those IRMAs that regressed were adjacent to areas of restored perfusion after
PRP [117]. Russell et al. [119] also focused on changes after PRP in a prospective study of
20 patients. They found how four IRMAs detected in two different patients by FA, OCTA,
and B-scan progressed to NV. The description of IRMAs as precursors of NV, although
controversial, has been proposed and described in other investigations [120–122].

3.1.5. Neovascularization

Retinal NV is one of the key signs of PDR responsible for vision loss. Thus, early
detection could improve visual prognosis [123]. Fundus eye exam, OCT, and FA have been
used to identify NV [121]. FA has always been the gold standard to analyse NV. However,
early leakage in FA prevents the exact assessment of NV areas, which can already be seen
with OCTA [19,30,124]. OCTA imaging has become a useful tool for NV diagnosis [121].
OCTA can identify NV arising at the optic nerve (NVD) or in other retinal places (NVE).
OCTA was also able to estimate NV activity (Figure 3F).

OCTA detects changes prior to the appearance of neovascularization and the presence
of NV and assesses its progression, either in active or fibrotic NV. Onishi et al. discussed how
the vascular changes “precursors of neovascularization” observed in the superficial plexus
(dilatation, telangiectasia with high flows) can lead to a “steal phenomenon” increasing
ischaemic phenomena in deeper plexuses [76].

Different authors have classified active NV by evaluating either the morphology
of the NV and its origin [121,125] or blood flow and density maps [126]. One of the first
descriptions of NV was given by Ishibazawa et al., characterising two different patterns both
at the optic nerve and in other retinal places: one included exuberant vascular proliferation
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with small and irregular new vessels, and the other was described as pruned NVs that did
not show leakage at the FA [125]. Elbendary et al. categorised active NVD according to
their morphology on OCT, OCTA, and B-scan [126]. Blood flow data and density maps
were the main features used to determine NV activity. They defined three different patterns
in disk NV depending on the blood flow observed in OCT (vascular, fibrovascular, or
fibrous component), and two in NV elsewhere, branching vascular tufts that turned into
pruned vessels after treatment, or a flow area associated with a smaller lesion, similar to
those that Hwang described similar to MA [127] or to type 1 NVE described by Pan [121].
In 2018, Pan and colleagues studied NVD origins and found that it could originate either
from the retinal artery or vein or from the choroid. They provided the most comprehensive
classification of NVE types: type 1, the most frequent type, which arises from veins of the
superficial plexus, and after reaching the posterior hyaloid, it branches forming a tree-like
shape; type 2 is born from capillaries of deep vascular layers and presents as an octopus-like
structure at the ILM; type 3 originates from veins located between the inner nuclear layer
(INL) and GCL and creates sea-fan-like IRMAs [121]. These NVE types arise from capillary
nonperfusion areas or close to them [121]. This venous origin contravenes previous studies
where arteries were considered the origin of NVEs using FA [128].

In diabetic patients, OCTA is an effective tool to recognise poorly perfused or ischaemic
areas at the margins of which NV is thought to arise both at the level of the optic disc,
which has been most studied to date and has been related to a larger area of nonperfused
retina, and other locations, despite being more frequent according to some studies [125].
Moreover, although the presence of NV is linked with diabetic retinopathy per se, several
demographic factors, such as male sex and black ethnicity, are related to larger areas of
NV [129].

OCTA imaging has shown clear advantages over traditional systems for NV. Neverthe-
less, recent studies have proven that WF-OCTA) detects more NV areas than conventional
OCTA [129]. In this sense, it is important to define the best protocol to detect most vas-
cular alterations in retinal areas. Most of these lesions are located at the posterior pole or
mid-periphery of the retina, and 12 × 12◦ scans centred at the fovea and optic nerve and
15 × 9 scans are the most useful scans to localise NVE [129]. Although no differences were
found between these scans, the 15 × 9 scan showed a greater number of artefacts [129].
Specifically, the detection rate of NV with 15 × 9 scans was 34.6%, compared with the
detection rate of 17.6% using a 6 × 6 scan [129].

Thus, WF-OCTA has been proposed to be the only test necessary for the diagnosis
and follow-up of NV because, taking FA as a reference, it has been demonstrated that
fovea-centred WF-OCTA is able to reveal between 99.4% and 99.7% of NV [125]. Hirano
and colleagues, using WF-OCTA with vitreoretinal interface segmentation, were able to
detect NV in 84% of cases after manual segmentation. Automated segmentation with their
devices had a 16% false-positive rate that diminished due to segmentation errors but was
able to find nine NVs undetected with FA because of their small size [130]. Papayannis
et al., using three new vitreo-retinal segmentation protocols with a Triton device, found a
sensitivity and specificity in detecting NVD and NVE of 100% and 96.6%, respectively [124].
They used these new protocols to assess the activity of the NV.

On the other hand, Ishibazawa et al. observed and quantified the vascular changes
(vascular density, ischaemia in the different plexuses) in NV and possible changes in the
disc but did not confirm a correlated structural alteration [21,55,71]. Other changes in
patients with NV were FAZ enlargement in both the SCP and DCP and/or nonperfusion
areas [127].

3.1.6. Diabetic Macular Oedema

DME is the main cause of vision loss in patients with DR. Macular cysts are visu-
alised on OCTA as hyporeflective areas devoid of capillaries or flow signals with smooth
borders [60,131]. They are located in the deep layers of the neurosensorial retina [131].
Some concerns exist about the reliability of OCTA to visualise DCP in DME. The absence of
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capillaries in the cysts of both plexuses may be secondary to the displacement of capillaries
at the periphery of the cysts or to the preferential development of cysts in nonperfusion
areas [19,132]. There are other possible factors related to the vascular changes in DME,
such as the fluid attenuating the decorrelation signal from surrounding capillaries, the cyst
exerting mechanical pressure on the vessel, or the capillaries being incompetent, leading
to DME [23]. De Carlo et al., in 17 eyes, described the differences between cysts, with
an oblong shape and smooth borders, devoid of flow and capillary nonperfusion with
irregular borders and greyer hue [133].

Eyes with DR and DME are associated with reduced VD in OCTA compared with
those with DR without DME [55,57]. They also present lower VD in the SCP and decreased
perfusion of the DCP, revealing a more significant effect of oedema on macular perfusion
at the level of the DCP and greater macular ischaemia at the deep retinal layers [55,132].
Kim and colleagues found different data depending on the DR grade. Diabetic patients
with mild NPDR, with and without DME, showed that those with DME (8/32) had a
lower VD, skeletal density, and fractal dimension in both superficial and deep retinal layers
(60% of the inner retina vs. 40% of the outer retina) with a higher vessel density index
in the deep retina layers [23]. Severe NPDR with DME (13/16) showed only a greater
VD index in the deep retina layer, and patients with PDR with and without DME (24/36)
showed no differences in the studied parameters [23]. Ting et al. also found a diminution
in capillary density index in DM2 patients with DME in both the SCP (0.344 vs. 0.347) and
DCP (0.349 vs. 0.357), but these differences did not reach statistical significance [108]. Mane
and colleagues, studying 24 eyes with chronic diabetic cystoid macular oedema, described
that the cysts were surrounded by capillary dropout areas in 71% and 96% of the cases
in the SCP and DCP, respectively, with a diminished VD [134]. Sun et al. studied OCTA
biomarkers for the progression of DR or development of DME. Patients with lower VD
in the SCP were at higher risk of developing DME [55]. In DME, there is an imbalance
between the liquid entering and exiting the retina. The leakage could proceed from the SCP,
but the Müller cells and the DCP may be involved in removal. The DCP is the main venous
outflow system, and its damage could generate DME [135].

Samara et al. [51] determined a significant enlargement of the FAZ area in diabetic
eyes with DME at both the SCP and DCP, compared with the control group, and at the
SRL when compared with diabetic eyes without DME. As previous studies, such as that of
Balaratnasingam et al. [49], have observed, a significant correlation between FAZ area and
VA in diabetic eyes with macular oedema existed with decreased VA in the larger FAZ area
at both the superficial and deep retinal plexus [132]. Di et al. also described a larger FAZ in
patients with DME than in DM patients without DME [33].

Additionally, VD at the SRL could be a predictive tool for VA in diabetic eyes with
DME; a significant negative correlation is observed between VD at the SRL and LogMAR
VA [132].

Spaces are surrounded by capillary nonperfusion, which shows no evidence of reperfu-
sion after the resolution of DME [19], suggesting that DME might preferentially develop in
areas of ischaemia. Mane and colleagues also described that after DME resolution, capillary
density remained almost the same without reperfusion [134]. The same findings were re-
ported by Ghasemi Falavarjani et al., in 13 DME patients after a single intravitreal injection,
with no changes in capillary density or FAZ area [136]. Lee and colleagues described the
response to anti-VEGF treatment. DM patients who did not respond to anti-VEGF therapy
were those with damage to the integrity of the DCP but not the SCP, including lower flow
density, larger FAZ, and a higher number of MAs [98]. They discussed the mechanism
between the decrease in flow density in the DCP and the resistance to anti-VEGF treatment.

MAs in the DCP are thought to contribute to DME pathogenesis, with correlations
between macular volume and MA density of the DCP [68]. They may also contribute to
therapy, finding that the greater the MA proportion and the larger the FAZ area in the DCP,
the worse the response to anti-VEGF therapy [137].
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Some studies, such as Sun et al. [55], postulate that OCTA metrics provide independent
risk information on microvasculature and could improve predictive discrimination for both
DR progression and DME development compared with traditional, established risk. In
their 2-year follow-up study, although they found changes in the DCP VD and FAZ, DME
development was related to the VD of the SCP. However, OCTA metrics of the DCP were
related to DR progression. They pointed out some limitations in their study but highlighted
the role of OCTA metrics.

Further studies are needed to elucidate whether DME vascular changes are secondary
to oedema and other OCTA risk biomarkers for DME.

3.1.7. OCTA, DR and Deep Learning

There are significant differences between current multimodal devices and image pro-
cessing methods, and reference ranges have not been established. Thus, some authors use
artificial intelligence (AI), including deep learning (DL), to evaluate OCTA images; this is a
machine learning technique which learns representations of data based on computational
models with more efficient and precise results, and has already been applied to other ocular
conditions [138]. In fact, the combination of AI models using OCT, OCTA and multimodal
images appears to be more precise to detect changes in diabetic patients than the OCT AI
model [139].

Guo et al., used DL to detect the NPA [140] using a multi-scale feature extraction
capability to segment them from OCTA 6 × 6 m2 images, with great specificity and sensi-
tivity and excellent performance (F1-score > 80%). This model was valid for different DR
severities or image qualities (dice coefficient > 0.87) and was able to detect signal reduction
artefacts [141].

Different DL-models assess OCTA image quality assessment [142], object
segmentation [143], and quantification [144], with high accuracies. Ryu et al. developed
a convolutional neural network (CNN) model classification algorithm with a sensitivity
of 86–97%, a specificity of 94–99%, and an accuracy of 91–98% to diagnose DR through
OCTA [145]. Le et al.’s DL classifier differentiated among healthy, no DR, and DR eyes
with 83.76% sensitivity, 90.82% specificity, and an 87.27% accuracy [146] and Heisler et al.
achieved an accuracy of between 90% and 92% [147]. Other DL techniques have shown
an AUC of 0.91 to differentiate diabetic patients without DR from those with DR and an
AUC of 0.8 to diagnose DR from non-diabetic patients [139]. This AUC was increased up
to 92.33% in the DL model of Alam et al. to distinguish controls from DR [148].

Nazir et al.’s DL study was able to identify different severities of the DR based on local
tetragonal OCTA patterns [149]. Hwang et al., suggested that the automated quantification
of non-perfusion areas using projection-resolved OCTA is able to distinguish levels of
DR [87]. Nagasawa and colleagues used a combination of UW fundus ophthalmoscopy
and OCTA to stage DR [150]. They obtained a DL algorithm with sensitivities of 78.6% and
80.4% and specificities of 69.8% and 96.8% to distinguish NDR and DR and NPDR from
PDR, respectively. These high percentages were, in part, related to Optos accuracy.

Xiong et al. compared commercial software measuring extrafoveal vessel density
(EVD) with a DL-based macular extrafoveal avascular area (EAA) on 6×6 mm OCTA
and demonstrated a better DR severity diagnostic accuracy; the results seem to be less
conditioned by the signal strength and shadow artefacts [151]. Moreover, AI enabled the
obtaining of OCTA images with less noise in order to analyse different vascular parameters
more correctly, such as vessel density or fractal dimension [152]. Alam et al. also analysed
several vascular parameters, and the algorithm that combined all of them reached 94.45%
sensitivity, 92.29% specificity, and 92.96% accuracy in identifying mild NPDR with respect
to the controls [38]. Among them, the vessel density obtained the best sensitivity to detect
DR (with an accuracy of 93.89%) [38]. Otherwise, Detectron2, a new DL model, accurately
measured the FAZ in diabetic eyes in a similar way to manual measurements [18].

Classifications of different stages of DR with OCTA DL models have obtained values
of AUC of 0.865. Nevertheless, the combination of both OCT and OCTA images, and
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clinical and demographic data, reached the best AUC (0.96) [148]. The use of this new
technique provides the possibility of early detection and may help in DR progression
assessments with great accuracy and reliability, evaluating large amounts of data in a
short time and reducing human labour, playing a key role in OCTA image analysis of this
developing pathology. Multi-ethnic individuals with millions of samples are required to
train DL-OCTA devices.

4. Summary and Conclusions

OCTA can provide a large number of findings about the retinal capillary layers and
CC in DM patients even without signs of DR. OCTA offers advantages over FA, because it
is a non-invasive and faster assessment that can be used as a routine exploration. A variety
of metrics can be obtained, including FAZ, acircularity index, axis ratio, VD, NV, and other
vascular parameters, such as fractal dimension, vessel tortuosity, or skeleton density, that
can be considered markers of the disease and progression. Due to variability between
subjects, OCTA results differ from one study to another.

We performed a systematic review of the studies published in this field. We checked
for other papers missing after the review process, but some information could have
been missed.

Development and improvements in OCTA devices, such as the protocols, the stud-
ied field, acquisition speed, and automatically performed measurements including FAZ
measurements and irregularity, density, and flow index, and other quantitative features
including blood vessel calibre, tortuosity, vessel branching coefficient, and angle, etc., are
important clinical benefits in the diagnosis and control of both preclinical and clinical DR.
It will offer great advantages in detecting vascular changes, NPA, or NV, not only at the
macula, but also at the periphery with WF-OCTA, which could change the diagnosis and
disease management.

Several studies have detected potential OCTA biomarkers for DR development or for
treatment response. OCTA with multimodal images and systemic biomarkers may guide
follow-up and treatment options as well as vascular changes after treatment response. More
studies are needed to address the importance of all these factors.
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Abstract: Type-2 diabetes mellitus (T2DM) is a chronic metabolic disorder. The incidence and
prevalence of patients with T2DM are increasing worldwide, even reaching epidemic values in most
high- and middle-income countries. T2DM could be a risk factor of developing complications in other
diseases. Indeed, some studies suggest a bidirectional interaction between T2DM and COVID-19.
A growing body of evidence shows that COVID-19 prognosis in individuals with T2DM is worse
compared with those without. Moreover, various studies have reported the emergence of newly
diagnosed patients with T2DM after SARS-CoV-2 infection. The most common treatments for T2DM
may influence SARS-CoV-2 and their implication in infection is briefly discussed in this review. A
better understanding of the link between TD2M and COVID-19 could proactively identify risk factors
and, as a result, develop strategies to improve the prognosis for these patients.

Keywords: type-2 diabetes mellitus; epidemiology; COVID-19; bidirectional link; antidiabetic treatment

1. Introduction

In the last decades, type-2 diabetes mellitus (T2DM) has become a chronic metabolic
disorder caused by the interaction of different genetic and environmental factors. The
incidence and prevalence of patients with T2DM are increasing worldwide, even reach-
ing epidemic values in most high- and middle-income countries [1]. The World Health
Organization (WHO) estimates that T2DM will be the seventh leading cause of death by
2030 worldwide (Figure 1) [2]. The main reasons for this increase seem the high prevalence
of obesity and the unhealthy lifestyles. Uncontrolled and prolonged T2DM can lead to
serious complications, some of them being life-threatening [3]. As a result, the healthcare
cost of T2DM and the related diseases is growing every year [4]. Strategies to control T2DM
include appropriate life-style changes as well as medication intake when necessary [5].

T2DM could be a risk factor for developing complications in other diseases. At
the onset of the pandemics, the USA Centers for Disease Control and Prevention (CDC)
described that one third of patients infected with COVID-19 had comorbidities. Thus,
people with at least one underlying condition account for 78% of admissions to the intensive
care unit (ICU) and 94% of deaths. T2DM was the most frequently reported, being the
10.9% of the cases [6]. In addition, a fast-growing evidence reports a bidirectional interplay
between T2DM and COVID-19. Clinical data so far suggest that the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection may result in metabolic dysregulation and
in impaired glucose homeostasis [7].
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The objective of this review is to provide an overview of the most recent studies that
point to T2DM as a risk factor and poor prognosis of COVID-19, as well as, to summarize
the potential mechanisms involved in this relationship.

Figure 1. Estimated number of adults with diabetes (20–79 years) in the top 10 countries worldwide
in (A) 2019, (B) 2030 and (C) 2045. Data for this figure is obtained from Mathers et al. [2].

2. T2DM as a Risk Factor for the Development and Prognosis of COVID-19

Several risk factors have been associated with an increased risk of SARS-CoV-2 infec-
tion and complication. For instance, male sex, older age, deprivation and comorbidities
such as cardiopathy, hypertension, chronic obstructive pulmonary disease, immunosup-
pression or T2DM [8,9]. Thus, 33.8% of 5700 of patients with COVID-19 admitted to
12 hospitals within the Northwell Health system in New York had T2DM [10]. In addition,
a random meta-analysis of 18 different studies determined that the risk of severe disease
was 2.4-fold higher in patients with T2DM compared with those without [11], whereas
another one showed a 2.6-fold higher severity risk by increased fasting blood glucose at
admission [12].

2.1. Risk of Death and Complications in T2DM Patients with COVID-19

So far, different studies have shown that people with T2DM have higher risk of
COVID-19 mortality compared with non-diabetic individuals [11–19]. Nevertheless, Al-
Salameh et al., reported that COVID-19-related death in patients with T2DM was lower than
in general population, but the rate of intensive care unit (ICU) admission was increased [20].
As highlighted by Diedisheim et al., the age may play a key role because after age 50 years,
diabetes-related risk might be weakened by all other comorbidities or conditions associated
with aging [15] (Table 1).

In addition to the increased mortality associated with COVID-19, patients with T2DM
also present with more complications from such infection, even requiring admission to the
ICU or dying [10,20]. Moreover, uncontrolled hyperglycemia can also be a risk factor for an
adverse COVID-19 prognosis. An observational study including more than 1000 patients
hospitalized with COVID-19 in USA showed that 40% of patients had diabetes or uncon-
trolled hyperglycemia at admission, and hospital mortality was four times higher for DM
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patients. The same study showed that mortality was seven times higher for those without
pre-existing T2DM who developed in-hospital hyperglycemia [14]. Similarly, a recent
meta-analysis that included 14,502 patients confirmed these findings and showed a nonlin-
ear relationship between fasting blood glucose at admission and severity: every mmol/L
enhancement in glucose levels increased the risk of COVID-19 severity by 33% [12].

Table 1. COVID-19 Death in T2DM: Summary of the main results.

Country n Mortality (%) COVID-19 Death in T2DM
No T2DM T2DM HR (95% CI)

Al-Salameh [20] France 433 21.5 17.4 0.77 (0.44–1.32)
Barron [13] UK 61,414,470 0.03 0.26 2.03 (1.97–2.09)
Bode [14] USA 1122 6.2 28.8 –

De Almeida-Pititto [11] Meta-analysis 4,305 12.4 29.9 2.50 (1.74–3.59)
Diedisheim [15] France 6314 22 26 1.81 (1.14–2.87)

Espiritu [16] Philippines 10,881 12.9 26.4 1.46 (1.28–1.68)
Kim [17] USA 10,861 – – 1.20 (1.08–1.32)

Lazarus [12] Meta-analysis 14,502 – – 1.81 (1.41–2.33)
Williamson [18] UK 17,278,392 0.06 0.26 1.95 (1.83–2.08)

Wu [19] China 44,672 2.3 7.3 –

CI, confidence interval. HR, Hazard Ratio. T2DM, type 2 diabetes mellitus.

2.2. Potential Mechanisms Underlying Unfaborable Clinical Outcomes of COVID-19 in People
with Diabetes

Epidemiological studies have determined the severity of COVID-19 due to a number
of complications or comorbidities associated with T2DM. Co-occurrence of microvascular
and macrovascular T2DM complications, including cardiovascular disease, renal failure,
retinopathy and reduced renal function, could be responsible for the increased poor COVID-
19 outcomes and mortality after infection [21–23].

T2DM, even in the stages of prediabetes, is characterized by a dysregulation of glu-
cose homeostasis, chronic inflammatory and prothrombotic state accompanied with other
affectations, such as metabolic, vascular, immune and hematological abnormalities, which
could explain the negative response to infections [24]. Some of these alterations have
been proposed to explain T2DM impact on COVID-19 prognosis, including glucotoxicity,
endothelial damage, chronic inflammatory state, oxidative stress and abnormal cytokine
production [25,26].

Hyperglycemia could directly exacerbate SARS-CoV-2 infection, promoting the ex-
pression and activation of, angiotensin-converting enzyme 2 (ACE2) cellular receptor, the
main receptor of the SARS-CoV-2, and increasing the expression of the serine protease
TMPRSS2, which mediates the cleavage of the viral spike protein [27]. Of note, high glu-
cose levels increase the production of inflammatory cytokines and cellular mediators and
pro-thrombotic processes, promoting the development of acute cardiovascular complica-
tions [28]. Moreover, chronic hyperglycemia could compromise the innate and humoral
immune response inhibiting lymphocyte proliferation, reducing the activity of natural
killer cells and affecting the function of monocyte/macrophage and neutrophils [24,29].
According to this, different reports demonstrated that elevated glucose levels in admission
is an independent risk factor for critical progression and in-hospital mortality in COVID-19
patients [30–33]. Therefore, uncontrolled hyperglycemia takes part to other COVID-19
complications, such as atherosclerosis, diabetic nephropathy, peripheral arteriosclerosis,
and diabetic ketoacidosis [30]. Thus, hyperglycemia management has been proposed to
improve clinical COVID-19 outcomes.

Other evidences suggested that chronic endothelial dysfunction predisposes to severe
COVID-19 disease. In this regard, hyperglycemia and insulin resistance leads to endothelial
dysfunction and glycocalyx damage in patients with T2DM, leading to leucocyte adhesion
and promoting procoagulant and antifibrinolytic state [34,35]. A recent study of in-hospital
COVID-19 patients from China reported that the COVID-19 severity was correlated with
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increased blood levels of IL-6 and lactate dehydrogenase (LDH) [36]. Of note, patients with
T2DM have a higher inflammatory response, mainly characterized by increased levels of
interleukin-6 (IL-6), interleukin-2 (IL-2) and the tumor necrosis factor α (TNF-α) [37]. This
fact could explain the rapid COVID-19 progression and severity in patients with T2DM.

Altogether, these alterations could explain why patients with T2DM have a worse
prognosis of COVID-19 (Figure 2).

Figure 2. Possible mechanisms behind adverse clinical outcomes of COVID-19 in people with type
2 diabetes mellitus. Adapted from Lim et al. [25].

3. SARS-CoV-2 Infection as a Risk Factor of Morbidity and Mortality: Metabolic
Deregulation and Homeostasis Alteration

Infection affects several pathophysiological pathways, during the course of the disease,
which eventually leads to late complications. So far, clinical data suggest that SARS-CoV-2
may cause metabolic dysregulation and impairment of glucose homeostasis. A study
suggests that infection may be a precipitating factor for acute hyperglycemia, worsening
prognosis in poorly controlled T2DM patients [38]. Moreover, some studies focus on the
role of glycemic control as a critical factor to reduce complications, severe outcomes and
mortality during SARS-CoV-2 infection [39,40].

Other studies identified the endothelium, which expressed both the ACE2 receptor
and the serine protease TMPRSS2, as a first key player on the homeostasis alteration.
In healthy individuals, endothelium is considered to be major contributor to various
physiological processes supporting homeostasis. Lambadiari et al. showed that SARS-CoV-
2 can cause endothelial and vascular dysfunction, which was associated with impaired
cardiac performance for four months after SARS-CoV-2 infection [41]. After infection, there
is an increase of cytokine levels and immune cells, which could induce insulin resistance and
hyperglycemia [42]. Similarly, studies about Severe Acute Respiratory Syndrome (SARS)
and Middle Eastern Respiratory Syndrome (MERS) point out how inflammatory cells may
affect the liver, altering insulin-mediated glucose uptake, resulting in hyperinsulinemia
and hyperglycemia [43].

Other studies suggest that there are possible underlying mechanisms that could ex-
plain the acute damage of pancreatic islets by SARS-CoV-2 and the consequent loss of
insulin secretory capacity [40,44]. The exacerbated immune response through the virus-
mediated release of chemokines and cytokines could also damage pancreatic cells and im-
pair their ability to detect glucose and release insulin. Moreover, the immune response of the
virus can further affect the ability of the liver and muscles to identify alterations [40,44]. Con-
sidering previous experience with inflammatory responses, COVID-19 inflammatory and
viral immune responses can affect insulin sensitivity and deregulate glucose metabolism,
leading to a vicious cycle of hyperglycemia and inflammatory response that destroys tissue
integrity and physiological function during critical stages of infection. Thus, frequently
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used drugs in the treatment of COVID-19, such as corticosteroids or antiviral agents, can
aggravate hyperglycemia and result in lipodystrophy and insulin resistance [45,46].

Regarding glucose homeostasis, severe SARS-CoV-2 infection contributes to insulin
resistance and hyperglycemia by increased cytokines and unregulated compensatory hor-
monal response [21,47]. Moreover, glucotoxicity and the associated consequences, added
to the increase of inflammatory cytokines by SARS-CoV-2 infection, oxidative stress, im-
mune dysfunction and endothelial damage, predict an increase in metabolic complica-
tions, an increased risk of thromboembolism and multiorgan damage in individuals with
T2DM [25,48].

4. Newly Emerging Patients with T2DM Infected with SARS-CoV-2

SARS-CoV-2 infection would have a direct effect of on glucose metabolism. A re-
cent metanalysis have shown 492 cases of newly diagnosed diabetes from eight studies
that included 3711 COVID-19 patients with a pooled proportion of 14.4% (95% confi-
dence interval [5.9–25.8%]) [49]. Recent findings suggest a direct effect of SARS-CoV-2
on glucose metabolism resulting in new presentations of T2DM characterized by diabetic
ketoacidosis, hyperosmolarity and unusually high insulin requirements to achieve glycemic
control [49,50]. Although the evidence of a direct relationship between how SARS-CoV-2
is still sparse, Kazakou et al. described to possible links. First, the SARS-CoV-2 infection
could damage B cells in the pancreas through the direct cytolytic effect of the virus. Sec-
ond, the direct damage to the endocrine system during infection, which could contribute
to the development of glucose and metabolic abnormalities in people previous infected
(Figure 3) [42]. Understanding the effects of COVID-19 on glucose metabolism and home-
ostasis is essential to prevent and control complications associated with this infection and
to help patients recovery [7].

 
Figure 3. Potential pathogenic mechanisms of SARS-CoV-2 infection underlying metabolic deregula-
tion and homeostasis alteration. Adapted from Apicella et al. [51].

5. How Antidiabetic Treatment Influences SARS-CoV-2 Infection

Blood glucose control may be crucial as a preventive measure for adverse outcomes
related to COVID-19 [7]. Table 2 shows the influence of the most common treatments for
T2DM on SARS-CoV-2 infection.

5.1. Metformin

As discussed above, inflammatory exacerbation due to increased cytokines levels
has been recognized as one of the main keys to poor prognosis in COVID-19. The anti-
inflammatory properties of metformin are already known, suggesting a beneficial effect
for COVID-19 disease [52]. Despite this, immunomodulatory actions of metformin in the
context of COVID-19 remain unclear. Some evidence point out the positive implications
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of metformin in COVID-19 as reduced insulin resistance and inhibition of virus entry
through AMPK activation and phosphorylation of ACE2 [7]. Crouse et al., affirmed that
although T2DM is a factor risk for COVID-19-related mortality, the risk is drastically
reduced in subjects treated with metformin before the diagnosis of COVID-19, considering
that metformin can provide a protective effect in this high-risk population [53]. In addition,
a meta-analysis estimated a risk reduction associated with this treatment in individuals with
T2DM and SARS-CoV-2 infection (Odds ratio (OR) = −0.37; 95% CI [−0.59; −0.16]) [54].

Table 2. Beneficial and adverse effects and clinical recommendations of antidiabetic treatment for
COVID-19.

Anti-Diabetic
Treatment

Beneficial Effect Adverse Effect Recommendations

Metformin
Anti-inflammatory effect

Reduction insulin resistance
Inhibition virus entry

Lactic acidosis (kidney
damage) Avoid in dehydrated patients

Insulin Continuous glycemic control First treatment

SGLT2 inhibitors Anti-inflammatory effects
Avoid in severely affected

patients with COVID-19 and
at risk of dehydration

Sulfonylureas Anti-inflammatory effects Risk of hypoglycemia

Avoid in severe COVID-19
disease and combination with

chloroquine or
hydroxychloroquine

treatments

Thiazolidinediones

Insulin resistance
improvement

Anti-inflammatory and
anti-atherosclerotic effects

and effects

Weight gain and swelling
Heart failure

Not recommended in patients
with COVID-19

DPP4 inhibitors Anti-inflammatory and
antifibrotic effects

Mild and severe cases of
COVID-19

GLP-1 receptor
agonists

Anti-inflammatory effect
Reduction cardiac events

Control glucose homeostasis
Gastrointestinal side effects

Control of blood glucose
levels in ICU hospitalized

patients

According to the practical recommendations for the management of T2DM in patients
with COVID-19 a treatment cessation with metformin is recommended in dehydrated
patients and follow the guidelines according to the infection, because lactic acidosis is
likely to appear [55]. The same guide recommends careful surveillance of kidney function
because of the high risk of chronic kidney disease or acute kidney damage [27].

5.2. Insulin

Insulin treatment is the first treatment option for controlling hyperglycemia in critical
patients. Available evidence suggests that it is also the most appropriate hypoglycemic
agent in hospitalized patients with severe T2DM and COVID-19 [56]. Recent studies have
shown that severe cases of newly onset or pre-existing T2DM patients with COVID-19,
high doses of intravenous insulin infusion are needed to control glycemic levels [42].
According to this, continuous glucose monitoring during hospitalization helps to ensure
good control and minimize the risk of hypoglycemia in people on insulin therapy. Thus,
insulin treatment results in an improvement in glycemic control in patients hospitalized in
the ICU and offers the advantage of remote monitoring [57,58].

Some evidences indicate that patients with T2DM under insulin treatment for COVID-
19 present worse clinical outcomes when compared with other antidiabetic drugs in early-
stage of the disease. In fact, insulin treatment was associated with increased systemic
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inflammation and increased damage to vital organs, suggesting that insulin therapy for
patients with COVID-19 and T2DM needs to be used with caution (27.2% versus 3.5%;
adjusted Hazard Ratio = 5.38; 95% CI [2.75–10.54]) [59]. Thus, insulin treatment reflects a
more advanced stage of the disease with associated co-morbidities, indicating the need
of studies in this regard [60]. However, insulin remains the star treatment in serious
hospitalized patients [27,48].

5.3. SGLT2 (Sodium-Glucose Cotransporter-2) Inhibitors

SGLT2 inhibitors are a type of oral medication indicated to reduce blood glucose
in adults with T2DM. Patients treated with SGLT2 inhibitors have an increased risk of
dehydration and euglycemic diabetic ketoacidosis in case of acute illness, especially if
the disease accompanies anorexia and vomiting [61]. Some studies suggest that SGLT2
inhibitors may reduce viral load due to increased lactate concentrations and decreased
intracellular pH. In addition to the already known anti-inflammatory properties, primarily
on endothelial function, SGLT2 inhibitors therapy could play a protective role in COVID-
19-related organ failure [25]. The meta-analysis performed by Nguyen et al. showed a
significant mortality reduction in individuals with T2DM treated with SGLT2 inhibitors
previous to hospital admission (OR = 0.60 [0.40–0.88]) [62]. Nevertheless, a double-blind,
placebo-controlled clinical trial with dapagliflozin in COVID-19 hospitalized patients with
one or more cardiometabolic risk factors did not show a significant reduction in organ
dysfunction or death, or in clinical recovery [63]. The recommendations for the practice
in the management of T2DM in patients with COVID-19 suggest the discontinuation of
treatment with SGLT2 inhibitors in severely affected patients with COVID-19 and at risk of
dehydration [27].

5.4. Sulfonylureas

Sulfonylureas are the oldest oral type of antidiabetic drugs. Sulfonylureas bind to the
ATP-sensitive potassium channels on the pancreatic β-cells, resulting in membrane depo-
larization and, therefore, stimulating insulin secretion [64]. On the one side, a systematic
review and meta-analysis highlight the potential for sulfonylurea treatment to reduce the
risk of mortality in T2DM patients with COVID-19 (OR = 0.80; 95% CI [0.66; 0.96]) [54]. On
the other side, as Drucker’s review points out, patients with T2DM and severe COVID-19
disease should avoid treatment with sulfonylureas and discontinue treatment in case of
hospitalization due to the risk of hypoglycemia, especially in situations of low oral food
intake or in combination with chloroquine or hydroxychloroquine treatments [48].

5.5. Thiazolidinediones

These drugs act as partial or selective agonists of the peroxisome activated by proliferator-γ
(PPAR-γ) receptor, a nuclear receptor that regulates the transcription of several genes
involved in glucose and lipid metabolism. Thiazolidinediones have shown to improve
insulin resistance and have anti-inflammatory properties and anti-atherosclerotic effects,
having the potential to mediate the protective effects of the cardiovascular system [25].
This treatment has been associated with weight gain and swelling, which has also led
to an increase in heart failure. Therefore, its use is not recommended in patients with
COVID-19, although the literature suggests that more clinical trials are needed to maximize
the risk-benefit relationship of thiazolidinediones use in patients with COVID-19 [65].

5.6. Dipeptidyl Peptidase-4 (DPP4) Inhibitors

DPP4 is a transmembrane glycoprotein expressed in the spleen, lung, liver, kidneys,
and immune cells or soluble circulating in the bloodstream. DPP4 has a crucial role in
glucose homeostasis. DPP4 inhibitors in patients with DM2 have been used for a long
time since 2006, with good tolerance and few adverse reactions reported [66]. The role of
DPP-4 inhibition as an inflammation mitigator and potent antifibrotic agent is supported
by several experimental studies [67].

189



Biomedicines 2022, 10, 2089

Recent studies suggest that DPP4 inhibitors could benefit the treatment of mild or
even severe cases of COVID-19. A metanalysis including 10 observational studies found
that DDP-4 inhibitors reduce the risk for COVID-19-related mortality by 50% [67]. Other
metanalysis also support the hypothesis that DDP-4 inhibitors could have a protective
effect on COVID-19 (OR = 0.58; 95% CI [0.34–0.99]) [68]. Finally, the reduction in mortality
was marginally significant in the metanalysis performed by Kan et al. (OR = 0.72; 95% CI
[0.51–1.01]) [54]. Thus, further research is necessary to evaluate the role of DPP4 inhibitors
in patients with T2DM and COVID-19 [69].

5.7. Glucagon-Like Peptide 1 (GLP-1) Receptor Agonist

GLP-1 is an incretine hormone responsible of blood glucose reduction through its
receptor that reduce blood. Beyond controlling glycemia, GLP-1 receptor agonist has great
potential for treating hyperglycemia [70]. Indeed, a review concluded that GLP-1 receptor
agonist was able to reduce blood glucose levels and in turn, the administration of insulin
without increasing the incidence of hypoglycemia. A recent Bayesian Network Metanalysis
GLP-1 receptor agonist treatment was liked to a decrease in COVID-19-related mortality in
T2DM individuals compared to non-users (OR = 0.91; 95% CI [0.84; 0.98]) [71]. However,
there is not sufficient evidence to recommend GLP-1 receptor agonist for critical patients
with T2DM and COVID-19 [72]. Regarding the adverse effects, this treatment can trigger
gastrointestinal side effects such as nausea and vomiting, and consequently, aspiration in
this type of patients. For this reason, GLP-1 receptor agonists are not recommended for
patients with mild or moderate COVID-19 [27]. Among the most outstanding findings
about GLP-1 receptor agonists is the reduction of major cardiac events in patients with
T2DM, and its anti-inflammatory action under conditions of low-grade inflammation such
as atherosclerosis and non-alcoholic fatty liver disease [73,74].

6. Summary

This review provides the latest insights into the interaction between COVID-19 and
T2DM, which is considered a major risk factor for COVID-19 disease. Furthermore, new
data have identified hyperglycemia and insulin resistance in patients after SARS-CoV-2
infection, leading to an emerging form of T2DM. The pathophysiological effects of both
diseases (e.g. inflammation, immune response, endothelial damage and glucotoxicity)
have been proposed as the main potential mechanisms behind this bidirectional interplay.
Moreover, research works have identified the interaction between several T2DM treatments
and the prognosis of COVID-19, leading to more specific recommendations for the treatment
of hyperglycemia during COVID-19. A better understanding of the link between TD2M
and COVID-19 could proactively identify risk factors and, as a result, develop strategies to
improve the prognosis for these patients.
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Abstract: In patients with non-alcoholic fatty liver disease (NAFLD) with or without type 2 diabetes
mellitus (T2DM), alpha-2 macroglobulin (A2M), apolipoprotein A1 (ApoA1), and haptoglobin are
associated with the risk of liver fibrosis, inflammation (NASH), and COVID-19. We assessed if these
associations were worsened by T2DM after adjustment by age, sex, obesity, and COVID-19. Three
datasets were used: the “Control Population”, which enabled standardization of protein serum
levels according to age and sex (N = 27,382); the “NAFLD-Biopsy” cohort for associations with liver
features (N = 926); and the USA “NAFLD-Serum” cohort for protein kinetics before and during
COVID-19 (N = 421,021). The impact of T2DM was assessed by comparing regression curves adjusted
by age, sex, and obesity for the liver features in “NAFLD-Biopsy”, and before and during COVID-19
pandemic peaks in “NAFLD-Serum”. Patients with NAFLD without T2DM, compared with the
values of controls, had increased A2M, decreased ApoA1, and increased haptoglobin serum levels.
In patients with both NAFLD and T2DM, these significant mean differences were magnified, and
even more during the COVID-19 pandemic in comparison with the year 2019 (all p < 0.001), with a
maximum ApoA1 decrease of 0.21 g/L in women, and a maximum haptoglobin increase of 0.17 g/L
in men. In conclusion, T2DM is associated with abnormal levels of A2M, ApoA1, and haptoglobin
independently of NAFLD, age, sex, obesity, and COVID-19.
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1. Introduction

For more than a century, diabetes has been associated with liver disease and severe
pneumonia [1]. Recently, the COVID-19 pandemic revealed that patients with type 2
diabetes (T2DM), non-alcoholic fatty liver disease (NAFLD), or metabolic liver disease
were at higher risk of being infected with and hospitalized for moderate-to-severe COVID-
19 complications than control patients without T2DM or NAFLD [2–6]. However, the
causal relationship between COVID-19 susceptibility/severity and NAFLD remains unclear
because of confounders such as age, sex, obesity, T2DM, stage of fibrosis, and grade of
inflammation, also called non-alcoholic steatohepatitis (NASH) [6–8].

Three ubiquitous serum proteins that are involved in cell repair and immunity,
alpha-2 macroglobulin (A2M) [9–12], apolipoprotein A1 (ApoA1) [9,10,13,14], and hap-
toglobin [9,10,15–18], which are mainly synthetized by the liver, are associated with the
risk of being infected with COVID-19 and are associated with the severity of its complica-
tions compared with controls without diabetes nor NAFLD [9–18]. These proteins are also
associated with liver fibrosis and inflammatory activity in the most frequent liver diseases,
including NAFLD [19–61].

These serum proteins are easy to assess and could be used as biomarkers of the risk of
SARS-CoV-2 infection, particularly in patients with T2DM and NAFLD, a large part of the
global population that has a higher risk of SARS-CoV-2 infection [9,10].

The epidemiological purpose of this work was to assess the impact of T2DM on the
concentrations of these proteins in the blood according to the main confounders of age, sex,
and obesity, and the severity of three liver features, fibrosis, NASH inflammatory activity,
and steatosis.

The clinical purpose of this work was to prevent misinterpretation and false positives
and negatives of the serum levels of such major proteins observed in patients with metabolic
liver disease who express T2DM with or without SARS-CoV-2 infection. Increasing num-
bers of new or known proteins were included in multivariate diagnostic/prognostic tests
and analyzed. In simple terms, a serum level of 3.8 g/L A2M can be observed in an asymp-
tomatic 18-year-old girl or in an obese 60-year-old man with cirrhosis, but should not be
interpreted similarly.

Because of their highly conserved evolutionary ubiquitous properties, it is logical that
these three proteins are associated with three global human diseases, T2DM, COVID-19,
and liver fibrosis [20–23].

A2M, a glycoprotein of 720 kDa mass, is a major component in the circulation of
vertebrates. It belongs to a family of extracellular matrix regulators. As well as the rapid
inhibition of proteinases released during inflammation, A2M has many functions [19,23].
As stated by Rehman et al.: “This multipurpose antiproteinase is not “fail safe” and
could be damaged by reactive species generated endogenously or exogenously, leading
to various pathophysiological conditions” [19]. Indeed, in children and adults younger
than 25 years old, A2M expression is significantly higher than in older healthy adults [24]
and is associated with a lower risk of several severe diseases such as severe COVID-19,
Trypanosoma cruzi infection (Chagas disease) [25], and intervertebral disc degeneration [26].

In COVID-19, a possible protective role of elevated native A2M in children was recently
identified and deserves more in-depth scientific exploration [12].

In T2DM, increased A2M was first described in 1967 [27], both in adults and children
with very early T2DM [27,28], suggesting very early damage by the protein [19,27].

In chronic liver disease, increased A2M has been described since 1963 and is associated
with liver fibrosis, [29,30]. A2M has been successfully included in multivariate analyses of
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fibrosis biomarkers, mostly combined with ApoA1 and haptoglobin, for the surveillance of
chronic viral hepatitis C and B, alcoholic liver disease, and various metabolic liver diseases
including dyslipidemia, NAFLD with and without T2DM [31,32], sole T2DM [27,28,32–37],
steatosis [33], and non-alcoholic steatohepatitis (NASH) [34–37], and has been associated
with severe obesity [39], patients with bariatric surgery [39], obstructive sleep apnea [40],
and the general population [31].

ApoA1, a 45.4 kDa mass protein, is mostly found in association with the high-density
cholesterol (HDL) moiety. In addition to its role in regulating cholesterol and protecting
against cardiovascular disease, ApoA1 has many functions in inflammatory and immune
responses. ApoA1 inhibits apoptosis and pro-oxidative and proinflammatory processes in
endothelial cells, induces vasodilation, inhibits the activation of platelets, and contributes
to innate immunity [41].

In severe pneumonia, the association between low HDL and severe pneumonia
has been well established for more than a century [9], and the lowest levels have been
observed in patients with moderate and severe COVID-19 with significant prognostic
value [9,10,42–49]. There is a causal association for subjects with low ApoA1 and, 10 years
later, low levels were correlated with the risk of COVID-19 [13].

In T2DM, decreased ApoA1 was first described in 1982 [46]. Downregulated ApoA1 in
T2DM could be related to damage of the protein and loss of the protective functions of the
native protein including three post translational modifications: oxidation, carbamylation,
and glycation [46–49].

In chronic liver disease, the decrease in ApoA1 according to the progression of liver fi-
brosis was first described in 1986 [50,51], and has been successively included in multivariate
biomarkers, mostly combined with A2M and haptoglobin, for the surveillance of chronic
liver diseases including NAFLD and NASH with or without T2DM [32–38,52]. In a large
cohort of patients at risk of NAFLD in the USA, the “NAFLD-Serum” cohort, there was a
significant decrease in ApoA1 during the first wave of the 2020 pandemic compared with
the respective months in 2019 [9]. ApoA1 is mainly synthetized in the liver and intestine.
In liver fibrosis, decreased serum ApoA1 is observed without hepatic insufficiency, the
ApoA1 being trapped by the collagenization of the endothelial cells [51] before advanced
fibrosis and before the hepatic insufficiency. In patients with cirrhosis, ApoA1 and HDL3
levels were significantly lower in patients who developed severe infection [53]. This sensi-
tivity of ApoA1 is an advantage for its inclusion in multivariate biomarkers because of its
prognostic value.

Another possible source of major ApoA1 variability is that enterically derived HDL re-
strains liver injury through the portal vein, with ApoA1 inhibiting the bacterial lipopolysac-
charide (LPS) source of inflammation [53]. The biogenesis of HDL requires ApoA1 and the
cholesterol transporter ABCA1. Although the liver generates most of the HDL in the blood,
HDL synthesis also occurs in the small intestine. The intestine produces the small form of
HDL called HDL3 that it is enriched in lipopolysaccharide (LPS)-binding protein (LBP).
In complexes with LBP, HDL3 prevented LPS-binding and the inflammatory activation of
liver macrophages [53]. Indeed, ApoA1 and HDL3 have strong translational potential in
the understanding of T2DM, NASH, and severe infection.

Haptoglobin is synthesized predominantly in hepatocytes as a single 45 kDa polypep-
tide that rapidly forms dimers through disulfide bond formation [54]. The α-chain of
haptoglobin is then proteolytically cleaved, resulting in the final tetrameric form, Hp 1-1.
One of the most striking effects of the haptoglobin polymorphism resides in its structural
heterogeneity, with the existence of haptoglobin in different oligomeric states depending
on its genotype: Hp1-1, Hp2-1, or Hp2-2. Haptoglobin has a significant role in clear-
ing toxic hemoglobin (Hb) through high-affinity binding to the macrophage scavenger
receptor CD163. In addition to this antioxidant function, haptoglobin has a role in the
immune response and during the acute phase response. In healthy subjects, haptoglobin
concentrations in the circulation are very low. Haptoglobin reduces the loss of free Hb
through glomerular filtration, controlling heme detoxification and promoting iron recycling.
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Haptoglobin can act either as an anti-inflammatory modulator or as a pro-inflammatory
activator suppressing T cell proliferation and regulating the balance between T helper cells
Th1 and Th2. Hp1-1:Hb complexes induce Th2 cell-dependent pathways that allow healing
and repair. Conversely, macrophages activated by Hp2-2:Hb stimulate the Th1 response
that promotes pro-inflammatory cytokines. Haptoglobin is a marker of inflammation, its
level increasing during infections, injuries, and malignancies. The functional properties of
haptoglobin reflect the different phenotypes Hp1-1, Hp2-1, and Hp2-2. Hp2-2 is the less
active form of haptoglobin, and patients with this phenotype show a significantly higher
risk of cardiovascular, neurological, and infectious complications compared with Hp1-1
and Hp2-1 individuals [15,55].

In patients with COVID-19, haptoglobin phenotypes (Hp1 and Hp2 alleles) were not
associated with mortality [56]. Regardless of the phenotype, serum haptoglobin in humans
and non-human primates is elevated very early, at 2 days after SARS-CoV-2 infection, and
for a longer time than C-reactive protein (CRP) [9,10].

Patients with T2DM and Hp2-2 phenotypes are at a significantly higher risk of mi-
crovascular and macrovascular complications via obesity effects in the Mexican popula-
tion [56,57]. To date, a direct causal association between haptoglobin phenotypes and the
occurrence of T2DM has not been established [56–58]. In the progression of asymptomatic
obesity to a T2DM status, the increased influx of immune cells, especially macrophages,
into visceral adipose tissue is mediated by adipocyte-derived chemokines, and this influx
is accompanied by inflammatory cytokines such as tumor necrosis factor α (TNFα) and
interleukin 6 (IL6) [59,60]. Haptoglobin related protein (HPR) mRNA expression is signifi-
cantly increased when comparing healthy obese individuals with impaired glucose fasting
obese patients and obese patients with T2DM [15].

In patients at risk of NAFLD, haptoglobin is increased in obese patients with T2DM but
decreased in patients who progress to advanced fibrosis [61]. No study thus far has assessed
the respective impacts of elementary histological features (steatosis, NASH inflammatory
activity, and fibrosis) adjusted according to T2DM and obesity on serum haptoglobin.

Here, the aim was first to standardize the three protein values according to age and
sex, two major confounding factors, using published normal values from a healthy general
population in the USA, called here the “Control Population” cohort.

Second, we assessed the impact of T2DM on these proteins according to the main
metabolic liver features of fibrosis and inflammation (NASH) and steatosis without in-
flammation, stratified by obesity. We used NAFLD patients with liver biopsies who were
centralized and analyzed using the validated scoring systems (SAF), called the “NAFLD-
Biopsy” cohort.

Third, we assessed the impact of T2DM on these proteins in “NAFLD-Serum” patients
followed before and during the COVID-19 pandemic, adjusted according to the confounders
of age, sex, and obesity.

We found that in patients at risk of NAFLD, the impact of T2DM on these three
proteins should be studied not only after standardization according to age and sex, but also
after stratification by obesity. In the two cohorts, the three proteins levels were significantly
different than the normal values. In patients at risk of NAFLD without T2DM, A2M
was increased, ApoA1 was decreased, and haptoglobin was increased. In patients with
both NAFLD and T2DM, these significant differences were magnified. During SARS-
CoV-2 infection, this population acquire a third factor of decreasedApoA1 and increased
haptoglobin. These results were in line with the independent diagnostic and prognostic
values of ApoA1 in COVID-19.

2. Materials and Methods

2.1. Study Participants and Design

This retrospective non-interventional epidemiological study had three co-primary
aims (Figure 1).

198



Biomedicines 2022, 10, 699

 

Figure 1. Study design.

2.2. Standardization of Protein Values

To standardize the three protein values, we used the reference values of studies based
on the “Control Population” cohort of 40,420 Caucasian individuals from northern New
England. Sera were assessed between 1994 and 2000. Measurements were standardized
against Certified Reference Material for Proteins in Human Serum (RPPHS), and the
results were analyzed using a previously described statistical approach. Individuals with
unequivocal laboratory evidence of inflammation, CRP > 10 mg/L defining significant
acute phase reactant (APR), were excluded in one leg of the study and included in the other,
confirming that A2M does not respond to acute phase drive in humans [24]. Most samples
were sent for study by physicians because of a suspected diagnosis or symptom. Computer
processing of over 28,000 unique diagnostic strings required that they be classified into 93
categories representing related conditions. Diagnostic codes containing individuals with
conditions expected to have a direct effect on serum protein levels, for example multiple
myeloma, cirrhosis, hepatitis, infection, lung disease, leukemia, renal failure, rheumatic
disease, and immunodeficiency, were excluded. Outliers were identified in this way among
the diagnostic group parameters associated with codes not expected to alter serum protein
values. A logarithmic transformation of the variance was corrected for skewness. The
resulting trimmed mean value, ±1.96 standard deviation for both the multiples of the
median (MoM) and the log variance, defined the limits of acceptability. Measurements
from any diagnostic group falling within the limits were considered reference values, and
those falling outside were not.

Statistical Analysis

Here, we applied the methodology previously published by Ritchie et al. [24,62–64].
For studying proteins, 28,239, 28,919, and 27,382 cases were available without significant
APR for A2M [24], ApoA1 [63], and haptoglobin [64], respectively. In this “Control Pop-
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ulation”, there were 225 cases with a diagnosis of T2DM and no APR, and 95 with APR,
and both were outside the reference range for log MoM and log variance. The proposed
method of converting laboratory results to multiples of the age- and sex-specific MoMs
has several advantages. Conversion permits each analyte to fit a logarithmic Gaussian
distribution reasonably well, allowing each MoM level to be assigned a centile. Thus, a lab-
oratory measurement can not only be reported in mass units but also through conversion to
MoM, the associated centile based on that individual’s age and sex. The regression models
and coefficients for median proteins measurements by age and sex have been described
previously [24,63,64].

2.3. Impact of T2DM on Proteins According to Histological Metabolic Liver Features
2.3.1. Patients

Two previously published datasets that validated the diagnostic performances of blood
biomarkers were retrospectively integrated in the present “NAFLD-Biopsy” cohort [37,52]
(Figure 1). One was the construction and internal validation performed in the fatty liver
inhibition of progression (FLIP) and FibroFrance cohorts [52], and the other was the external
validation in the QUIDNASH prospective cohort [37]. Details were provided in each
publication and summarized in Supplementary File S1 with the list of participants and
the projects’ summaries. All these clinical non-interventional studies were approved by
the ethics committee at each participating institution and were performed according to
good clinical practice and the Declaration of Helsinki, and all patients provided written
informed consent.

The FLIP project is supported by the European Community’s Seventh Framework
Program (FP7/2007-2013) under grant agreement number HEALTH-F2-2009-241762. Fi-
broFrance is supported by the National Clinical Research (CPP-IDF-VI, 10-1996-DR-964,
DR-2012-222) and declared in the Clinical Registry (number: NCT01927133).

The QUIDNASH study, NCT03634098, was approved by the Research Ethics Commit-
tee (#18.021-2018-A00311-54). In patients with T2DM, the diagnostic accuracy of FibroTest,
NashTest-2, and SteatoTest-2 was assessed using liver histology as the reference to evaluate
liver fibrosis, NASH, and steatosis, and is detailed elsewhere [39]. Briefly, NAFLD was
suspected on the basis of the presence of abnormal liver enzymes as well as an ultra-
sound scan showing a bright liver echo pattern in patients with T2DM diagnosed at a
diabetology outpatient clinic. Consecutive patients were prospectively recruited between
October 2018 and 2020 at four outpatient diabetology clinics in the Assistance-Publique-
Hopitaux-de-Paris. All patients gave written informed consent. The study was performed
in accordance with the Declaration of Helsinki. All authors had access to the study data
and reviewed and approved the final manuscript. The chosen same sample size of n = 300
for the primary aim of the study was the same as that used for the internal validation of
SteatoTest-2 and for validation of the original SteatoTest. To increase the power of the
present study, we added 57 T2DM cases who shared the same inclusion criteria as the
QUIDNASH non-interventional cohort after the end of the validation study to the original
272 cases [39].

2.3.2. Blood Tests

A2M, ApoA1, haptoglobin, and fasting glucose were assessed in fresh samples from
FibroFrance and QUIDNASH patients. For FLIP patients, serum stored at −80 ◦C was
sent to the reference center, the Biochemistry Department at Pitié-Salpêtrière Hospital,
Paris, France.

2.3.3. Histological Reference

The SAF activity scoring system was considered as the simplified histological refer-
ence for NASH without the requirements used for NASH-CRN and the FLIP algorithm
definition [65–67]. The histological references for significant metabolic liver disease (NAFLD)
were those defined by the SAF scoring system, fibrosis stage ≥ 2 and activity grade ≥ 2 [66,67].
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The goal of the SAF score was to identify a compromise between the development of a
simple, easily applied system to make a firm diagnosis in individual patients, even when
applied by non-specialists, and of a more reliable and discriminating system for therapeutic
trials or for the assessment of biomarker diagnostic performance. A FLIP Histopathology
Consortium of eight members developed the FLIP algorithm, a diagnostic tool for the
diagnosis and staging of severe forms of NAFLD according to the combination of each
semi-quantification of the three elementary features of NAFLD using the SAF score for
steatosis SAF-S, inflammatory activity SAF-A, and fibrosis SAF-F. The use of the SAF-A
score leads to the selection of patients with more severe disease activity and fibrosis, as
observed in a recent trial in NASH [68] in which 76% of patients had significant (F2) or
advanced (F3) fibrosis even though no inclusion criterion, with respect to fibrosis stage,
was set except for the exclusion of patients with cirrhosis. The use of the SAF-A score
enriched the trial, with patients more likely to benefit from pharmacological treatment. As
for the other histological end points, the validity of the SAF-A score to define the primary
end point as a surrogate for long term outcomes warrants further study [67]. The steatosis
score (S) assesses the quantities of large-sized or medium-sized lipid droplets, with the
exception of foamy microvesicles, and rates them from 0 to 3 (S0: <5%; S1: 5–33%, mild;
S2: 34–66%, moderate; S3: and >66%, marked). Activity (NASH) grade (A, from 0 to 4) is
the unweighted addition of hepatocyte ballooning (0–2) and lobular inflammation (0–2).
Patients with A0 (A = 0) had no activity; patients with A1 (A = 1) had mild activity; patients
with A2 (A = 2) had moderate activity; patients with A3 (A = 3) had severe activity; and
patients with A4 (A = 4) had very severe activity. Fibrosis stage (F) was assessed using the
following scoring system: stage 0 (F0), none; stage 1 (F1), 1a or 1b perisinusoidal zone 3
or 1c portal fibrosis; stage 2 (F2), perisinusoidal and periportal fibrosis without bridging;
stage 3 (F3), bridging fibrosis; and stage 4 (F4), cirrhosis. To reduce interobserver variability
and homogenize the reading using the SAF-FLIP histological classification, we used only
reports reviewed by members of the FLIP Pathology Consortium (DT and PB for FLIP and
FC for the FibroFrance subset), and VP, PB, and BT for the QUIDNASH subset.

2.3.4. Statistical Analysis

We compared the levels of each protein in patients with or without T2DM, defined
as fasting glucose ≥ 7 mmol/L [69], versus their expected values in the general popula-
tion [24,62–64] to test the hypothesis that early low levels of A2M and ApoA1 before the
onset of T2DM and NAFLD could explain an intrinsic fragility. To account for obesity,
these curves were also compared in patients with or without obesity (Figure 1) according
to the possible histological confounders, each of them grouped into three classes, fibrosis
F2F3F4, NASH A2A3, and steatosis S2S3. For each protein, the curves were assessed by
regression according to age separately for women and men, one in patients and one in their
expected normal controls. The Loess method was used with 95% confidence intervals and
comparisons between curves used the unpaired t-test.

Univariate correlation matrices were used to assess the correlation between the three
proteins and the four confounders in four subsets, with and without obesity, in women and
men, called here “sex/obesity” (female/non-obese, male/non-obese, female/obese, and
male/obese). A significant association was defined as p < 0.05 adjusted by the number of
covariables according to the Holm method [70].

Independent associations between the presence of T2DM and the three proteins were
assessed by logistic regression analysis in the four subsets, including the three histological
features of the SAF scoring system, the five stages of fibrosis (F0 to F4), the four grades
of NASH (A0 to A3), and the four grades of steatosis (S0 to S3). This analysis allowed
adjustment of the association between T2DM and each protein, independently of the two
other proteins of interest after taking into account age and the SAF classes of each feature
in each of the four sex/obesity subsets. According to significant correlations between the
three features, it seemed fair to perform these regressions separately for each feature. R
software was used for the analyses.
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2.4. Impact of T2DM on the Serum Proteins Levels According to Obesity
2.4.1. Patients

We used both the “NAFLD-Biopsy” cohort and the “NAFLD-Serum” cohort, a large
laboratory US cohort from anonymous subjects at risk of liver fibrosis, followed by FibroTest
(also known as FibroSure in USA) [9,71].

2.4.2. Blood Tests

A2M, ApoA1, haptoglobin, and fasting glucose were assessed in fresh samples, and
all laboratories used the methods of the manufacturer of FibroTest [31].

2.4.3. Statistical Analysis

The same statistical methods were used as those assessing the impact of T2DM on
histological features. Thanks to the sample size, we focused on the impact of T2DM on the
three proteins in the four confounder subsets of sex/obesity.

First, we analyzed the impact of T2DM on proteins stratified by obesity and sex in the
“NAFLD-Serum” cohort. Second, we analyzed the univariate correlations between proteins
and histological features inside the four sex/obesity subsets. Third, we analyzed the
multivariate correlations by logistic regression between proteins and histological features
inside the four sex/obesity subsets. Fourth, we analyzed to correlation between the serum
level for each protein with BMI, using 5 groups according to WHO definition (18.5, 25, 30,
35 and above 40 kg/m2) in all patients and stratified by age in 2 groups (below and equal
or above 50 years old).

2.5. Impact of T2DM on the Three Proteins According to SARS-CoV-2 Infection
2.5.1. Patients

The “NAFLD-Serum” cohort [9,71] was used.

2.5.2. Blood Tests

A2M, ApoA1, haptoglobin, and fasting glucose were assessed in fresh samples accord-
ing to the recommendations of the manufacturer of FibroTest [31].

2.5.3. Statistical Analysis

Three methods were used. First, the comparison of proteins levels was performed
before and during the COVID-19 pandemic according to T2DM, standardized by age and
sex and stratified by obesity. Second, for each patient, the difference between the observed
value of the three proteins and the expected normal value adjusted for age and sex were
observed. The observed 7-day rolling mean of these differences were compared between
2019 (before the pandemic) and the pandemic period from January 2020 to February 2022.

A figure was built using both the “NAFLD-Serum” dataset and the public data from
John Hopkins University (JHU) [72]. The curves of the protein values from January 2019
to 30 January 2022 of the “NAFLD-Serum” dataset, stratified by sex, were graphically
compared with those of the JHU dataset regarding mortality and the hospitalization rate,
which were only available since March 2020 and August 2020, respectively, and without
sex stratification available.

3. Results

3.1. Standardization of Proteins Values in the Studied Cohorts Using the “Control Population”

For each age group, the mean difference (%95CI) between the patient protein value
and the expected normal value (for the respective age and sex), with its significant p-value
is displayed at top of each figure. The significance between non-T2DM vs. T2DM patients
is displayed in color between the two panels. Characteristics of all “NAFLD-Biopsy” and
“NAFLD-Serum” are shown in Table 1, and the subsets according to T2DM, obesity, sex,
and age <50 years or ≥50 years are shown in Tables 2–5.
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Table 1. Characteristics of “NAFLD-Biopsy” and NAFLD subsets according to diabetes and obesity.
* = Significant vs. No-T2DM and Non-Obese subset.

No-T2DM and
Non-Obese

T2DM and
Non-Obese

No-T2DM and
Obese

T2DM and Obese All

NAFLD-Biopsy

N 270 161 194 301 926

Male % 187 (69.3%) 72 (44.7%) * 119 (61.3%) 123 (40.9%) * 501 (54.1%)

Age year (IQR) 49.9 (39.8–58.9) 60.0 (52.5–67.0) * 51.5 (40.7–60.8) 59.0 (51.0–64.0) * 55 (46–63) *

A2M g/L 1.67 (1.29–2.13) 2.16 (1.53–2.83) * 1.79 (1.34–3.07) 2.03 (1.56–2.74) * 1.86 (1.39–2.57)

ApoA1 g/L 1.41 (1.23–1.61) 1.33 (1.17–1.50) * 1.37 (1.21–1.55) 1.34 (1.22–1.49) 1.37 (1.21–1.55)

Hapto g/L 1.13 (0.80–1.46) 1.35 (1.00–1.76) * 1.30 (0.86–1.68) * 1.49 (1.11–1.92) * 1.31 (0.92–2.12)

Advanced fibrosis 98 (36.3%) 85 (52.8%) * 116 (59.8%) * 173 (57.5%) * 472 (51.0%)

Advanced NASH 184 (68.2%) 93 (57.8%) 157 (80.9%) * 205 (68.1%) 639 (69.0%)

Advanced steatosis 153 (56.7%) 130 (90.8%) * 134 (69.1%) * 276 (91.7%) * 693 (74.8%)

NAFLD-Serum

N 160,136 29,439 178,652 59,621 427,848

Male % 75,519 (47.2) 14,779 (50.2) 78,302 (43.8) 26,363 (44.2) 194,963 (45.6)

Age year (IQR) 57.4 (46.2–66.4) 62.8 (54.7–70.3) 54.3 (43.4–63.3) 58.9 (50.5–66.9) 56.8 (46.2–65.6)

A2M g/L 1.91 (1.52–2.53) 2.29 (1.69–3.02) 1.83 (1.44–2.42) 2.17 (1.63–2.81) 1.93 (1.50–2.57)

ApoA1 g/L 1.44 (1.25–1.68) 1.37 (1.19–1.58) 1.37 (1.21–1.57) 1.34 (1.18–1.52) 1.39 (1.22–1.60)

Hapto g/L 1.19 (0.82–1.59) 1.31 (0.87–1.76) 1.42 (1.01–1.85) 1.51 (1.06–1.99) 1.34 (0.92–1.78)

Table 2. Characteristics and median protein levels in women <50 years of age according to T2DM
and obese status.

No-T2DM and
Non-Obese

T2DM and
Non-Obese

No-T2DM and
Obese

T2DM and
Obese

N 23,007 1983 35,303 7891

Age year (IQR) 40.1 (32.6–45.8) 43.7 (37.9–47.4) 40.3 (33.1–45.8) 43.11 (37.3–47.2)

A2M g/L 1.89 (1.57–2.29) 1.95 (1.55–2.42) 1.76 (1.46–2.16) 1.92 (1.53–2.37)

ApoA1 g/L 1.47 (1.29–1.69) 1.39 (1.21–1.60) 1.38 (1.23–1.57) 1.35 (1.20–1.53)

Hapto g/L 1.21 (0.86–1.58) 1.43 (0.99–1.86) 1.61 (1.22–2.03) 1.74 (1.31–2.22)

Table 3. Characteristics and median protein levels in women ≥50 years of age according to T2DM
and obese status.

No-T2DM and
Non-Obese

T2DM and
Non-Obese

No-T2DM and
Obese

T2DM and
Obese

N 61,610 12,677 65,047 25,367

Age year (IQR) 63.0 (57.0–69.9) 65.3 (58.9–71.8) 61.3 (55.8–67.6) 62.5 (56.7–68.9)

A2M g/L 2.02 (1.65–2.63) 2.32 (1.76–3.01) 1.95 (1.57–2.54) 2.20 (1.70–2.81)

ApoA1 g/L 1.57 (1.37–1.80) 1.45 (1.27–1.65) 1.49 (1.32–1.68) 1.43 (1.26–1.61)

Hapto g/L 1.27 (0.89–1.66) 1.35 (0.93–1.80) 1.49 (1.08–1.92) 1.57 (1.11–2.05)
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Table 4. Characteristics and median protein levels in men <50 years of age according to T2DM and
obese status.

No-T2DM and
Non-Obese

T2DM and
Non-Obese

No-T2DM and
Obese

T2DM and
Obese

N 27,744 2467 33,759 6303

Age year (IQR) 39.3 (32.4–45.0) 43.5 (38.1–47.1) 39.7 (32.7–45.3) 43.3 (37.9–47.2)

A2M g/L 1.53 (1.26–1.96) 1.69 (1.29–2.35) 1.47 (1.20–1.92) 1.70 (1.28–2.29)

ApoA1 g/L 1.31 (1.16–1.48) 1.27 (1.12–1.46) 1.25 (1.12–1.40) 1.25 (1.11–1.40)

Hapto g/L 1.06 (0.72–1.44) 1.22 (0.80–1.65) 1.28 (0.91–1.68) 1.40 (0.98–1.87)

Table 5. Characteristics and median protein levels in men ≥50 years of age according to T2DM and
obese status.

No-T2DM and
Non-Obese

T2DM and
Non-Obese

No-T2DM and
Obese

T2DM and
Obese

N 47,775 12,312 44,543 20,006

Age year (IQR) 62.9 (56.9–69.5) 64.8 (58.4–71.2) 60.9 (55.5–67.3) 62.5 (56.8–68.6)

A2M g/L 2.04 (1.52–2.88) 2.48 (1.77–3.20) 2.07 (1.49–2.82) 2.44 (1.76–3.09)

ApoA1 g/L 1.36 (1.19–1.57) 1.30 (1.13–1.49) 1.30 (1.15–1.47) 1.27 (1.13–1.43)

Hapto g/L 1.16 (0.77–1.59) 1.26 (0.81–1.73) 1.29 (0.88–1.71) 1.38 (0.95–1.85)

For haptoglobin, in the “NAFLD-Serum” cohort, there was a cut-off effect for the
lower values due to the lowest value being adjusted to 0.06 g/L.

In the NAFLD-Biopsy subset, for subjects with T2DM, with or without obesity, all
characteristics were different vs. subjects without T2DM and non-obese (controls), except
for ApoA1 level and NASH prevalence. In subject with T2DM and non-obesity ApoA1 was
lower. In subjects with no-T2DM and obese the advanced NASH prevalence was higher. In
the NAFLD-Serum subset, all comparisons showed p-value < 0.001.

3.1.1. A2M Normal Values

Variations of A2M were wider in men than in women, normal values of A2M were
much higher before 40 years of age, and normal values of A2M increased slowly after 50
years of age.

3.1.2. ApoA1 Normal Values

ApoA1 in men was very stable from 10 to 70 years of age and was much lower than in
women. ApoA1 in women increased from birth to 60 years of age, with a slow decrease
thereafter.

3.1.3. Hapto Normal Values

Haptoglobin decreased from birth to 10 years of age, and then re-increased slowly up
to 70 years of age in women and up to 50 years of age in men.

3.2. Impact of T2DM on Proteins According to Histological Metabolic Liver
3.2.1. A2M Values

Type 2 diabetes was associated with a significant and earlier increase in A2M (Figure 2).
In male patients with T2DM, the mean levels of A2M were significantly higher than in
patients without T2DM (all p-values ≤ 0.05), whatever the histological confounder subset.
In females with T2DM, A2M was higher than in non-T2DM but only in subsets with
significant NASH or significant steatosis grades and in subsets stratified by obesity. A2M
was higher than the normal values in all subsets except for women without T2DM and

204



Biomedicines 2022, 10, 699

with stage F0F1 (n = 85), with an unexpected significant decrease in A2M versus normal
values up to 65 of age, by −0.14 g/L. A2M was associated with clinically significant fibrosis
(Figure 3) and NASH (Supplementary Figure S1). As expected, the increase in A2M after
50 years of age was the highest in patients with significant fibrosis stage F2F3F4 (more than
0.70 g/L in men and more than 0.45 g/L in women) and significant NASH grade A2A3
(more than 0.68 g/L in men and more than 0.46 g/L in women) versus non-significant
features. A2M levels were decreased in comparison with normal values in patients with
significant steatosis, S2S3, before the age of 50 years and with no T2DM (Figure 4).

Figure 2. A2M levels in all “NAFLD-Biopsy” patients. Impact of T2DM on A2M concentration
in all “NAFLD-Biopsy” patients (n = 926). Normal serum mean values according to age and sex
(dashed–orange lines), with 95% confidence intervals (light-gray ribbon). Three vertical dotted lines
mark the four age groups (before 25 years, between 25 and 50 years, between 50 and 75 years, and
above 75 years old). Each point is a patient’s protein value. The red curve is a Loess regression of the
median A2M value, along with its 95% confidence interval (darker gray). For each age group, the
mean difference (%95CI) between the patient protein value and the expected normal value (for age
and sex) with its significant p-value is displayed at the top of the figure. The significance between the
non-T2DM and T2DM patients is displayed in red between the two panels.
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Figure 3. A2M levels in “NAFLD-Biopsy” patients with significant fibrosis stages F2F3F4. Impact of
T2DM on A2M concentration in NAFLD-biopsied patients with clinically significant fibrosis F2F3F4
(n = 472). Normal serum means values according to age and sex (dashed–orange lines), with 95%
confidence intervals (light-gray ribbon). Three vertical–dotted lines mark the four age groups (before
25, between 25 and 50, between 50 and 75, and above 75 years old). Each point is a patient’s protein
value. The red curve is a Loess regression of the median A2M values, along with its 95% confidence
interval (darker gray). For each age group, the mean difference (%95CI) between the patient protein
value and the expected normal value (for age and sex) with its significance p-value is displayed at the
top of the figure. The significance between the non-T2DM and T2DM patients is displayed in red
between the 2 panels.

Regarding A2M versus normal values in women, patients with significant steatosis
S2S3 started with T2DM at 50 years of age, 10 years earlier than in non-T2DM, and in men
at 40 years of age. Interestingly, A2M levels were lower than normal in women before
the age of 50 years, both without T2DM (−0.07 g/L) and with T2DM (−0.19 g/L). The
significant increases above the normal levels started after 50 years of age, ranging from
−019 to +0.38 in T2DM, and from −0.07 to +0.16 g/L in non T2DM (Figure 4).
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Figure 4. A2M levels in “NAFLD-Biopsy” patients with significant steatosis stages S2S3. Impact of
T2DM on A2M concentration in NAFD-biopsied patients with significant steatosis S2S3 (n = 693).
Normal serum means values according to age and sex (dashed–orange lines), with 95% confidence
intervals (light-gray ribbon). Three vertical–dotted lines mark the four age groups (before 25, between
25 and 50, between 50 and 75, and above 75 years old). Each point is a patient’s protein value. The
red curve is a Loess regression of the median of A2M values, along with its 95% confidence interval
(darker gray). For each age group, the mean difference (%95CI) between patient protein value and
the expected normal value (for age and sex) with its significance p-value is displayed at the top of the
figure. The significance between the non-T2DM and T2DM patients is displayed in red between the
2 panels.

3.2.2. ApoA1 Values

ApoA1 levels were significantly decreased in women with T2DM compared with
those without T2DM from the age of 30 years, whatever the confounders. In women
and men with T2DM, ApoA1 values before the age of 50 years were already significantly
lower than in patients without T2DM, at −0.25 g/L and −0.09 g/L, respectively (Figure 5).
T2DM was associated with lower ApoA1 (p < 0.001) in women with significant NASH A2A3
(Supplementary Figure S2). T2DM was also associated with lower ApoA1 (p = 0.002) in men
and women with significant steatosis S2S3 (Supplementary Figure S3). Furthermore, T2DM
was associated with lower ApoA1 (p = 0.04) in obese men (Supplementary Figure S4).
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Figure 5. ApoA1 levels in all “NAFLD-Biopsy” patients. Impact of T2DM on ApoA1 concentration
in all NAFD-biopsied patients (n = 926). Normal serum means according to age and sex (dashed–
orange lines), with 95% confidence intervals (light-gray ribbon). Three vertical–dotted lines mark the
four age groups (before 25, between 25 and 50, between 50 and 75, and above 75 years old). Each
point is a patient’s protein value. The green curve is a Loess regression of the median of ApoA1
values, along with its 95% confidence interval (darker gray). For each age group, the mean difference
(%95CI) between the patient protein value and the expected normal value (for age and sex) with its
significance p–value is displayed at the top of the figure. The significance between the non-T2DM
and T2DM patients is displayed in green between the 2 panels.

3.2.3. Hapto Values

T2DM was associated with a significant increase in haptoglobin levels (+0.23 g/L) ver-
sus non-T2DM (−0.11 g/L) in men (Figure 6). This association persisted in men whatever
the confounders. In women, the only significant variability was an increase in haptoglobin
in patients without T2DM 0.26 g/L; p = 0.01 (Figure 6).
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Figure 6. Haptoglobin levels in all “NAFD-Biopsy” patients. Impact of T2DM on Hapto concentration
in all NAFD-biopsied patients (n = 926). Normal serum means values according to age and sex
(dashed–orange lines), with 95% confidence intervals (light-gray ribbon). Three vertical–dotted lines
mark the four age groups (before 25, between 25 and 50, between 50 and 75, and above 75 years old).
Each point is a patient’s protein value. The green curve is a Loess regression of the median of Hapto
values, along with its 95% confidence interval (darker gray). For each age group, the mean difference
(%95CI) between the patient protein value and the expected normal value (for age and sex) with its
significance p-value is displayed at the top of the figure. The significance between the non-T2DM and
T2DM patients is displayed in blue between the 2 panels.

3.3. Impact of T2DM on Serum Protein Levels According to Obesity
3.3.1. A2M

A2M levels were higher in patients with T2DM versus non T2DM regardless of the
presence of obesity (all p = 0.04). In obese women with T2DM, A2M was decreased
before the age of 50 years (−0.15 g/L) and increased after 50 years of age (+0.30 g/L)
compared with normal values (Figure 7). In non-obese females without T2DM, A2M
was also increased after the age of 50 years, (0.25 g/L) compared with normal values. In
non-obese individuals, A2M differences versus normal value ranged from 0.15 g/L in
women without T2DM (Supplementary Figure S5) to 0.48 g/L in obese men with T2DM
(Supplementary Figure S6).
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Figure 7. A2M levels in “NAFLD-Biopsy” patients with obesity. Impact of T2DM on A2M con-
centration in NAFD-biopsied patients according to obesity (n = 495). Normal serum means values
according to age and sex (dashed–orange lines), with 95% confidence intervals (light-gray ribbon).
Three vertical–dotted lines mark the four age groups (before 25, between 25 and 50, between 50 and
75, and above 75 years old). Each point is a patient’s protein value. The red curve is a Loess regression
of the median of A2M values, along with its 95% confidence interval (darker gray). For each age
group, the mean difference (%95CI) between the patient protein value and the expected normal value
(for age and sex) with its significance p-value is displayed at the top of the figure. The significance
between the non-T2DM and T2DM patients is displayed in red between the 2 panels.

3.3.2. ApoA1

In non-obese (Supplementary Figure S7) and obese (Supplementary Figure S4) indi-
viduals, decreased ApoA1 levels were associated with T2DM in women but not in men.

3.3.3. Hapto

In non-obese (Supplementary Figure S8) and obese (Supplementary Figure S9) indi-
viduals, reduced haptoglobin levels were associated with T2DM (p = 0.003) in men but not
in women. Haptoglobin levels in men, in comparison with normal values, ranged from
−0.18 g/L in non-obese individuals without T2DM to +0.26 g/L in obese men with T2DM.

3.3.4. Univariate Correlations between Proteins and between Histological Features

There was no significant association between the three proteins within the four
sex/obesity subsets (Supplementary Figures S10 and S11). Among the three histologi-
cal features, fibrosis stage was associated positively, as expected, with NASH grades in the
four sex/obesity subsets. There was an unexpected association with steatosis grades in
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non-obese men. Fibrosis stage was associated with age in the four sex/obesity subsets with
the exception of non-obese women (Supplementary Figure S11). Both NASH and steatosis
grades were not significantly associated with age. Steatosis grade was significantly and
positively associated with NASH and fibrosis only in non-obese women (Supplementary
Figure S10). A2M level, as expected, was significantly (p < 0.05) and positively associated
with age, fibrosis stage, and NASH grade in the four sex/obesity subsets. ApoA1 level was
only associated positively with age in obese men (Supplementary Figure S10). Haptoglobin
was associated positively with age only in non-obese men and surprisingly positively
associated with the grade of steatosis both in obese and non-obese men (Supplementary
Figure S10).

3.3.5. Multivariate Regression

This analysis permitted adjustment of the association between T2DM and each protein,
independently of the two other proteins of interest after taking into account age and the
SAF class of each feature in each of the four sex/obesity subsets.

T2DM Multivariate Association with Proteins and Fibrosis (Supplementary Table S1).
A2M was not associated with the presence of T2DM in the four sex/obesity subsets.

ApoA1 was significantly and negatively associated with T2DM in women with or without
obesity. Haptoglobin was significantly and positively associated with T2DM in men with
or without obesity.

T2DM Multivariate Association with Proteins and NASH (Supplementary Table S2).
A2M was only associated with the presence of T2DM in non-obese men. ApoA1

was significantly and negatively associated with T2DM in women with or without obe-
sity. Haptoglobin was significantly and positively associated with T2DM in men with or
without obesity.

T2DM Multivariate Association with Proteins and Steatosis (Supplementary Table S3)
A2M was not associated with the presence of T2DM in the four sex/obesity subsets.

ApoA1 was significantly and negatively associated with T2DM in women without obesity.
Haptoglobin was significantly and positively associated with T2DM in men without obesity.

3.3.6. Impact of BMI on Serum Level Proteins
Impact of BMI on A2M Serum Level in the “NAFLD-Serum” Cohort

In diabetic patients, there was a higher level of A2M according to BMI vs non-diabetic
patients, both in males and females, in patients above 25 kg/m2 (Figure 8).
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Figure 8. Impact of BMI on the A2M concentrations in “NAFD–Serum” cohort. Median value is the
horizontal orange–dashed line. Five vertical zones mark the 5 BMI groups (WHO definition cut-offs:
18.5, 25, 30, 35 and above 40 kg/m2). Each blue point is a protein patient value with its BMI. The red
curve is a Loess regression of the median of A2M values.

Impact of BMI on ApoA1 Serum Level in the “NAFLD-Serum” Cohort

In all patients, there was a negative correlation between ApoA1 and BMI (Figure 9).
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Figure 9. Impact of BMI on the ApoA1 concentrations in “NAFD–Serum” cohort. Median value
is the horizontal orange–dashed line. Five vertical zones mark the 5 BMI groups (WHO definition
cut-offs: 18.5, 25, 30, 35 and above 40 kg/m2). Each blue point is a protein patient value with its BMI.
The green curve is a Loess regression of the median of ApoA1 values.

Impact of BMI on Haptoglobin Serum Level in the “NAFLD-Serum” Cohort

There was a strong positive correlation between Haptoglobin serum level and BMI,
particularly in females (Figure 10).
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Figure 10. Impact of BMI on the Haptoglobin concentrations in “NAFD–Serum” cohort. Median
value is the horizontal orange–dashed line. Five vertical zones mark the 5 BMI groups (WHO
definition cut-offs: 18.5, 25, 30, 35 and above 40 kg/m2). Each blue point is a protein patient value
with its BMI. The blue curve is a Loess regression of the median of Haptoglobin values.

3.4. Impact of T2DM on the Three Proteins According to SARS-CoV-2 Infection

Before COVID-19, the means of A2M were higher and ApoA1 lower than normal
expected values. The means of haptoglobin were higher than normal expected values only
in obese patients (Figure 11).

During COVID-19, the means of ApoA1 were even lower than before COVID-19. The
means of haptoglobin were higher than the normal expected value only in obese patients.
The means of haptoglobin were even higher than before COVID-19 only in obese patients
(Figure 11).
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Figure 11. A2M, ApoA1, and haptoglobin levels before and during the COVID-19 pandemic. Impact
of COVID-19 waves on A2M, ApoA1 and haptoglobin level differences with normal values before and
during COVID-19 pandemic in obese and non-obese “NAFLD-Serum” subjects followed for metabolic
liver risk (n = 135,911). X-axis is time, between January 2019 and February 2022. Dashed–vertical
black lines show the different COVID-19 waves. In light gray and dark gray are the standardized
COVID-19-related death and hospitalization rates, respectively, in the USA. The red line, blue line,
and dashed–green line are the 7-day rolling mean difference and %95CI between the observed A2M,
haptoglobin, and negative Apoa1 concentration, respectively, and the expected normal values for
these subjects adjusted by their age and gender.

3.4.1. A2M

Before COVID-19, T2DM was associated with a significant and very early increase in
A2M before 30 years of age compared with non-T2DM, both in men and women (Figure 12).
In women with T2DM, A2M levels were increased by 0.38 g/L compared with 0.19 g/L
without T2DM, and in men by 0.76 g/L compared with 0.42 g/L without T2DM (all
p < 0.001). During COVID-19, T2DM was associated with different A2M kinetics compared
with those prior to COVID-19. The levels decreased below the normal values under the age
of 20 years and increased 15 years later (45 years of age) compared with 30 years before
COVID-19 (Figure 13). A2M increases were also lower during COVID-19 than before. In
women with T2DM, A2M levels were increased by 28 g/L compared with 6 g/L without
T2DM, and in men by 0.61 g/L compared with 0.26 g/L without T2DM (all p < 0.001).
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Figure 12. A2M levels before the COVID-19 pandemic. Impact of T2DM on A2M concentration before
SARS-CoV-2 pandemic in “NAFLD-Serum” patients followed for metabolic liver risk (n = 254,602).
Normal serum mean values according to age and sex (dashed–orange lines), with 95% confidence
intervals (gray ribbon). Three vertical–dotted lines mark the four age groups (before 25, between
25 and 50, between 50 and 75, and above 75 years old). The red curve is a Loess regression of the
median of A2M values. For each age group, the mean difference (%95CI) between the patient protein
value and the expected normal value (for age and sex) with its significance p-value is displayed at the
top of the figure. The significance between the non-T2DM and T2DM patients is displayed in red
between the 2 panels.
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Figure 13. A2M levels during the COVID-19 pandemic. Impact of T2DM on A2M concentration dur-
ing SARS-CoV-2 pandemic in “NAFLD-Serum” patients followed for metabolic liver risk (n = 173,246).
Normal serum means values according to age and sex (dashed–orange lines), with 95% confidence
intervals (gray ribbon). Three vertical–dotted lines mark the four age groups (before 25, between 25
and 50, between 50 and 75, and above 75 years old). The red curve is a Loess regression of the median
of A2M values. For each age group, the mean difference (%95CI) between the patient protein value
and the expected normal (for age and sex) with its significance p-value is displayed at the top of the
figure. The significance between the non-T2DM and T2DM patients is displayed in red between the
2 panels.

3.4.2. ApoA1

Before COVID-19, T2DM was associated with a significant and very early decrease
in ApoA1 in patients younger than 20 years of age compared with non-T2DM patients, in
both in men and women (Figure 14). In women with T2DM, ApoA1 levels were decreased
by −0.18 g/L compared with −0.09 g/L in those without T2DM, and in men by −0.10 g/L
compared with −0.06 g/L without T2DM (all p < 0.001). During COVID-19, T2DM was
associated with a significant and very early decrease in ApoA1 in patients younger than
20 years of age compared with non-T2DM patients, both in men and women (Figure 15).
In women with T2DM, ApoA1 levels were −0.22 g/L compared with −0.12 g/L without
T2DM, and in men by −0.13 g/L compared with −0.08 g/L without T2DM (all p < 0.001).
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Figure 14. ApoA1 levels before the COVID-19 pandemic. Impact of T2DM on ApoA1 concentra-
tion before SARS-CoV-2 pandemic in “NAFLD-Serum” patients followed for metabolic liver risk
(n = 254,602). Normal serum means values according to age and sex (dashed–orange lines), with
95% confidence intervals (gray ribbon). Three vertical–dotted lines mark the four age groups (before
25, between 25 and 50, between 50 and 75 and above 75 years old). The green curve is a Loess
regression of the median of ApoA1 values. For each age group, the mean difference (%95CI) between
the patient protein value and the expected normal value (for age and sex) with its significance p-value
is displayed at the top of the figure. The significance between the non-T2DM and T2DM patients is
displayed in green between the 2 panels.
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Figure 15. ApoA1 levels during the COVID-19 pandemic. Impact of T2DM on ApoA1 concentra-
tion during SARS-CoV-2 pandemic in “NAFLD-Serum” patients followed for metabolic liver risk
(n = 173,246). Normal serum means values according to age and sex (dashed–orange lines), with 95%
confidence intervals (gray ribbon). Three vertical–dotted lines mark the four age groups (before 25,
between 25 and 50, between 50 and 75, and above 75 years old). The green curve is a Loess regression
of the median of ApoA1 values. For each age group, the mean difference (%95CI) between the
patient protein value and the expected normal value (for age and sex) with its significance p-value is
displayed on top of figure. The significance between the non-T2DM and T2DM patients is displayed
in green between the 2 panels.

3.4.3. Haptoglobin

Before COVID-19, T2DM was associated with a significant and very early increase in
haptoglobin in patients younger than 20 years of age compared with non-T2DM patients,
both in men and women (Figure 16). In women with T2DM, ApoA1 levels were increased
by 0.16 g/L compared with 0.06 g/L without T2DM, and in men by 0.05 g/L compared
with 0.06 g/L without T2DM (all p < 0.001). During COVID-19, T2DM was associated with
a significant and very early increase in haptoglobin in patients younger than 20 years of
age compared with non-T2DM patients, both in women (0.25 g/L vs 0.12 g/L) and men
(0.14 g/L vs 0.02 g/L) (Figure 17).
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Figure 16. Haptoglobin levels before the COVID-19 pandemic. Impact of T2DM on Hapto con-
centration before SARS-CoV-2 pandemic in “NAFLD-Serum” patients followed for metabolic liver
risk (n = 254,602). Normal serum means values according to age and sex (dashed–orange lines),
with 95% confidence intervals (gray ribbon). Three vertical–dotted lines mark the four age groups
(before 25, between 25 and 50, between 50 and 75, and above 75 years old). The blue curve is a Loess
regression of the median of Hapto values. For each age group, the mean difference (%95CI) between
the patient protein value and the expected normal value (for age and sex) with its significance p-value
is displayed at the top of the figure. The significance between the non-T2DM and T2DM patients is
displayed in blue between the 2 panels.
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Figure 17. Haptoglobin levels during the COVID-19 pandemic. Impact of T2DM on Hapto con-
centration during SARS-CoV-2 pandemic in “NAFLD-Serum” patients followed for metabolic liver
risk (n = 173,246). Normal serum means values according to age and sex (dashed–orange lines),
with 95% confidence intervals (gray ribbon). Three vertical–dotted lines mark the four age groups
(before 25, between 25 and 50, between 50 and 75, and above 75 years old). The blue curve is a Loess
regression of the median of Hapto values. For each age group, the mean difference (%95CI) between
the patient protein value and the expected normal value (for age and sex) with its significance p-value
is displayed at the top of the figure. The significance between the non-T2DM and T2DM patients is
displayed in blue between the 2 panels.

4. Discussion

Here, the impact of T2DM on the serum levels of three proteins in patients at risk
of NAFLD was assessed according to eight major confounding factors: age, sex, obesity,
NAFLD histological liver features (fibrosis, NASH steatosis), and SARS-CoV-2 infection.
Such a study has never been performed before, despite the rationale and evidence base of
such correlations [1–61].

Overall, we found that the levels of the three proteins were significantly different
than normal values in patients at risk of NAFLD without T2DM, with increased A2M,
decreased ApoA1, and increased haptoglobin. In patients with both NAFLD and T2DM,
these significant differences were magnified. Furthermore, in cases of SARS-CoV-2 infection,
this population had a third factor of decreased ApoA1 and increased haptoglobin. These
results are in line with the independent diagnostic and prognostic values of ApoA1 and
haptoglobin combined with A2M in COVID-19 [9,10].
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In patients at risk of NAFLD, several multivariate tests used at least one of these three
proteins for the non-invasive diagnosis or prognosis of liver features [73,74], as follows:
A2M (FibroTest/FibroSure [35,37,75], FibroMeter V2G and V3G [73,74], Hepascore [73,74],
and NIS4 [76]), ApoA1 (FibroTest/FibroSure, Chunming score, Shukla score) [35,37,77,78],
and haptoglobin (FibroTest/FibroSure Fuc–Hpt–Mac2bp) [35,37,79].

The recent increase in the knowledge of these proteins, as well as their inclusion in mul-
tivariate biomarkers, deserves discussion regarding their clinical interest and limitations,
including their respective risks of false positives and false negatives.

4.1. A2M Variability in Patients at Risk of NAFLD
4.1.1. Strengths

The variability of A2M according to age, in comparison with expected USA normal
values, was retrieved in both the “NAFLD-Biopsy” and “NAFLD-Serum” cohorts.

The normal values were highly different according to the four age periods, decreasing
rapidly between 5 to 25 years of age, almost stable between 25 to 50, and re-increasing
slowly up to more than 75 years of age. These results support both the hypothesis of a
preventive role of A2M in SARS-CoV-2 infection in children up to the age of 25 years, and
also the aging damage role of A2M after the age of 50 years.

Here, A2M in T2DM was significantly increased at an earlier time point (Figures 2
and 9) than in non-T2DM. This is in line not only with the role of A2M as a regulator of
the extracellular matrix [19,23,26] and the well-known positive association of A2M in the
extracellular matrix of liver fibrosis (Supplementary Table S1) [19,23,30,32–38], but also with
the early damage of proteins associated with the very early presence of T2DM [19,27–29,80].
In men with T2DM of the “NAFLD-Serum” cohort, A2M increased as soon as the age of
40 years, reaching a mean increase of 0.88 g/L between 50 to 75 years of age (Figure 9).

4.1.2. Limitations

In the “NAFLD-Biopsy” cohort, the sample size was too small to assess the kinetics
before the age of 25 years, and therefore to assess the association with liver features.
However, thanks to the large sample size of the “NAFLD-Serum” cohort, the sample size
of patients at risk before the age of 25 years was sufficient to compare curves of A2M
in patients with T2DM2 vs. normal expected values, at least in USA NAFLD patients.
Here, thanks to the large sample size, we observed a decrease in the mean A2M in obese
patients at risk of NAFLD, with or without T2DM, when compared with normal USA
values adjusted for age and sex, as described in other contexts of use.

A2M is a candidate biomarker mirroring key metabolic steps for health and disease. It
gains insight into the interaction of anabolism with catabolism [81]. The results of several
studies in Thai adults in Bangkok showed different associations between A2M serum
levels compared with normal Thai individuals, with lower levels than in the USA. In hard-
working male construction laborers, a negative correlation was found for the variables
age, weight, height, BMI, and HDL, with A2M as the dependent variable [82]. A2M of
female construction workers did relate to any of the variables investigated. A dietary
survey conducted with apparently health Thai farmers found a statistically significant
negative correlation of A2M with energy, protein, fat, and carbohydrate intake [83]. Tobacco
smoking could be a confounding factor [84,85]. All these results obtained from the variety
of different studies seem indeed to be in accordance with the assumption that A2M supports
homeostasis in situations of a “challenged” nutritional status [83].

In the “NAFLD-Biopsy” cohort, A2M levels were decreased in comparison with
normal values in patients with significant steatosis S2S3 before the age of 50 years and
without T2DM (Figure 4). Such an unexpected result requires confirmation and further
physio–pathological evidence. Degradations of the proteins could be an explanation [86].

During SARS-CoV-2 studies in non-human primates, we recently observed an unex-
pected very early decrease in serum A2M 2 days post-infection at the peak of nasopharyn-
geal viral loads, with a return to baseline values at the seventh day [10]. Similar kinetics
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of A2M were observed in hospitalized patients with COVID-19 not requiring intensive
care [9,10]. If confirmed, this kinetic could be associated with the rapid consumption or
degradation of native A2M during the peak of the acute phase response. Similar early
kinetics of A2M levels were observed in hemodialysis patients, with lower levels during
COVID-19 vs. healthy controls, and vs. hemodialysis patients without COVID-19 [11].

4.1.3. Causal Relationships with Clinical Endpoints

In patients with T2DM, the predominant circulating form of A2M is degraded [86].
In nephrotic syndrome, serum A2M levels start to rise when a trace amount of albumin is
excreted. Hepatic synthesis of A2M is enhanced significantly to replace lost liver-derived
proteins in experimental animals and humans, resulting in a net increase in its serum
levels [87–89]. Because of this risk of the confounding factors, we checked the absence of
correlations (logistic regression) between the presence of obesity and kidney function as-
sessed by CKD index and A2M levels adjusted by age and sex in the T2DM cohort post–hoc.
There was no significant association between A2M and kidney function (Supplementary
Table S2).

In the plasma proteomic profile of T2DM patients submitted to bariatric surgery, A2M
significantly increased in individuals whose diabetes persisted or remitted after weight loss,
using non-diabetic but similarly obese persons as controls [90]. Therefore, in this context,
A2M could be a prognostic marker.

4.2. ApoA1
4.2.1. Strengths

Our epidemiological results support the causal relationship between low ApoA1 as an
independent risk factor of infection by SARS-CoV-2 in NAFLD patients with additive risks
of T2DM and obesity [2–10,13,91].

In the “NAFLD-Biopsy” cohort, ApoA1 levels were already significantly decreased
(−0.30 g/L) in women with T2DM compared with non-T2DM patients from the age of
30 years (Figure 5), whatever the confounders (Supplementary Figures S2–S4). This early
decrease in patients with biopsy was retrieved in the “NAFLD-Serum” cohort with a mean
decrease of 0.20 g/L (Figure 5). In men, the ApoA1 decrease compared with normal values
was also significant, but much less than in women where the levels increased significantly
from birth to 60 years of age.

The association of T2DM with lower ApoA1 (p < 0.001) in women with histologically
significant NASH, grades A2A3, is original and in line with other more severe liver diseases
with high grades of necro-inflammatory inflammation, such as severe alcoholic hepatitis,
which was described in previous studies.

We used the “NAFLD-Serum” cohort to confirm the previous findings [9]: that before
(Figure 14) and during (Figure 15) COVID-19, T2DM was associated with a decrease in
ApoA1 compared with non-T2DM patients, in both in men and women. For the first time,
to the best of our knowledge, we observed that this decrease in ApoA1 was lower in obese
vs. non-obese, both before and during COVID-19 (Figure 11).

4.2.2. Limitations

The present results were limited by the absence of adjustments on confounding factors
associated with serum ApoA1 levels, such as dietary folate, physical exercise, and vitamin
C [92] and alcohol intake both before [93] and during [94] COVID-19.

4.2.3. Causal Relationships with Clinical Endpoints

Recent phase 2 randomized trials in patients with NAFLD used serum ApoA1 as
secondary endpoints for assessing the drug’s benefit [68,95].

Lanifibranor is a pan-PPAR (peroxisome proliferator-activated receptor) agonist that
modulates key metabolic, inflammatory, and fibrogenic pathways in the pathogenesis of
NASH [68].

223



Biomedicines 2022, 10, 699

Pegbelfermin (PGBF) is a hormone that can reduce bile acids (BA) that have previ-
ously been shown to have toxic effects on the liver. 7a-hydroxy-4-cholesten-3-one (C4), a
biomarker of primary BA synthesis in the liver, was measured in plasma of the patients
with NASH together with ApoA1. After PGBF treatment, C4 and ApoA1 were increased
vs. control, and associated with decreases in the LDL/HDL ratio, suggesting that PGBF-
associated changes in BA metabolism may contribute to an improvement in lipoprotein
profiles that could possibly lead to a reduction in cardiovascular risk in patients with
NASH [96,97].

Numerous experimental results explained how ApoA1 may lose its functionality in
many inflammatory and pathological conditions, including T2DM, liver diseases, obesity
and COVID-19 [41]. ApoA1 is secreted by the liver (about 70%) and the intestine (about
30%). This lipid free ApoA1 interacts with the ATP-binding cassette transporter A1 (ABCA1)
on peripheral cells, leading to the transfer of cholesterol and cellular phospholipids from
the cell membrane to ApoA1. T2DM, liver diseases, obesity and COVID-19 can impair the
biogenesis of ApoA1, as well as its post-translational modifications, including oxidation,
carbamylating, and glycation.

Several recent studies separating the roles of the main HDL components, such as
HDL2, HDL3, and ApoA1 (or according to the HDL size), have suggested that the causal
relationships between serum levels of ApoA1 with clinical endpoints such as cardiovascular
events [13], risk of severe COVID-19 [14], or glycosylated hemoglobin [96] were easier to
prove than using the HDL overall levels.

Finally, a recent work demonstrating a new source of ApoA1 for the liver through the
portal vein directly from the intestine opens up many possible causal mechanisms with the
risks of T2DM, liver diseases, obesity, and COVID-19 [53]. HDL3 produced by the intestine
protects the liver from the inflammation and fibrosis observed in a variety of mouse models
of liver injury that parallel clinically relevant conditions in humans, including surgical
resection of the small bowel, alcohol consumption, or high-fat diets.

4.3. Haptoglobin
4.3.1. Strengths

The present results underline the performance of haptoglobin as a sensitive biomarker
of inflammation in chronic liver disease. Thus far, the clinical utility of serum haptoglobin
is its prognostic value in multivariate blood tests when its level is decreased, which has
been observed mostly in advanced fibrosis stages.

Here, in patients at risk of NAFLD, haptoglobin levels were positively associated with
male sex, T2DM, and obesity, and surprisingly with the grade of steatosis in non–obese
men, in univariate and multivariate analyses. These associations are in line with a chronic
inflammation profile in these patients before the onset of histological NASH [54–61].

During SARS-CoV-2 studies in non-human primates, we recently observed that hap-
toglobin levels, in comparison with CRP, had the same early increase 2 days after infection,
but remained more consistently elevated for at least 10 days post-infection [10]. Recent hu-
man studies underlined the clinical interest in haptoglobin in SARS-CoV-2 infection [16–18],
including one that described the normal distribution of haptoglobin versus the bimodal
distribution of CRP [16].

Finally, for the first time, in patients at risk of NAFLD, the correlation between hap-
toglobin serum level and BMI was demonstrated, probably due to a chronic inflammation.

4.3.2. Limitations

The present results were limited by the absence of adjustments on confounding factors
associated with serum haptoglobin levels, such as haptoglobin polymorphism, inflam-
matory bowel disease, hemolysis, iron deficiency, and exercise [98–100]. Several studies
found associations between haptoglobin 2-2 and liver fibrosis, but the causality has not
been validated thus far [16].
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4.3.3. Causal Relationships with Clinical Endpoints

Haptoglobin increase is a validated direct early consequence of the acute phase reac-
tion. However, as for ApoA1, serum haptoglobin variability observed in T2DM, obesity,
and COVID-19 could also be directly due to the intestine, such as changes in endothelial
permeability. Higher serum levels of haptoglobin were observed in obese patients with
increased jejunal permeability revealed by lipid challenge and linked to inflammation
and T2DM [101]. After a lipid load, haptoglobin was two-fold higher in obese patients
compared to non-obese controls and correlated with systemic and intestinal inflammation.
Lipid-induced permeability was associated with the presence of T2DM and obesity. In
such correlations, the mechanisms explaining the variability of serum haptoglobin could be
both genetic defects (such as Gata6 gene and a decrease in zonulin—the pre-haptoglobin
protein), and specific environmental factors (such as high-fat diet, alcohol, fiber-deprived
diet, bacterial or viral infection, and medication exposure) known to contribute to break
the intestinal barrier balance and promote gut dysbiosis [102].

In mice, exercise before a polyunsaturated fatty acid-based (PUFA) diets upregulates
haptoglobin fourfold and eightfold according to isocaloric or ad libitum diets, respec-
tively [103]. In both humans and mice, haptoglobin has been shown to increase in plasma
because of increased secretion both by the liver and adipose tissue, and is increased by
many factors including tumor necrosis factor–alpha and interleukin–6. These cytokines
are known to be increased in their abundance when animals are placed on a high PUFA
diet [104]. A consequence of a haptoglobin increase is increased plasma abundance on an
HFD, which may include increased risk for cardiovascular disease [105].

4.4. Methodological Limitations

The main limitations of the present study are those of the epidemiological study in the
non-interventional cohort, which identified significant associations but with multiple tests,
many confounding factors, several risks of collinearity, and few direct proofs of causality.

Furthermore, the impact of T2DM on the three proteins according to SARS-CoV-2
infection was indirectly estimated in a large population at risk of NAFLD, but without
direct virological markers. We retrieved the same kinetics of decreased ApoA1 during
the successive waves of SARS-CoV-2 infection in comparison with those in 2019, but
new confounders appeared such as decreased physical exercise and increased tobacco
and/or alcohol consumption [93,94]. However, concerning ApoA1, an increase in alcohol
consumption would have been associated with an increase in ApoA1 [50,51] in the “NAFLD-
Serum” cohort, which included 78% of subjects without advanced fibrosis [9]. The body
weight means were also similar (88.5 kg) in 2019 and 2020 [9].

In epidemiological studies of patients with T2DM, several variable and bias factors
remained possible candidates, such as the definition of T2DM (clinical definition by dia-
betologists or fasting glucose) and the number of treatments of protein levels [69]. In the
meantime, these variable factors should be discussed in the context of the use of such blood
test components. Here, the results of the “Control Population” were derived from a rela-
tively homogeneous Caucasian population, and the findings may not be applicable to other
ethnic groups. The “NAFLD-Biopsy” cohort was limited by the selection of patients who
accepted a liver biopsy in tertiary centers and their enrollment according to abnormal ALT
or the presence of steatosis at ultrasonography. The “NAFLD-Serum” cohort was limited
by the absence of ethnic origin information and the few available clinical characteristics,
including age, sex, BMI, ApoA1, A2M, haptoglobin, liver function tests, fasting glucose,
total cholesterol, and triglycerides.

Finally, forty years ago, clinicians were not using A2M, ApoA1 was interesting for
predicting cardiovascular diseases, and haptoglobin was mostly used for the diagnosis of
hemolysis. Nowadays, these proteins are widely prescribed in multivariate noninvasive
tests for the diagnosis of liver diseases. However, these three proteins—without collinearity
between them but with ubiquitous functions now better understood—should permit the
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construction of better multivariate tests in metabolic diseases for cumulating the risk of
liver diseases and the risk of severe infections such as T2DM, NAFLD, and COVID-19.
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Abstract: Hyperlipidemia is a common metabolic disorder in modern society and may precede
hyperglycemia and diabetes by several years. Exactly how disorders of lipid and glucose metabolism
are related is still a mystery in many respects. We analyze the effects of hyperlipidemia, particularly
free fatty acids, on pancreatic beta cells and insulin secretion. We have developed a computational
model to quantitatively estimate the effects of specific metabolic pathways on insulin secretion and
to assess the effects of short- and long-term exposure of beta cells to elevated concentrations of
free fatty acids. We show that the major trigger for insulin secretion is the anaplerotic pathway via
the phosphoenolpyruvate cycle, which is affected by free fatty acids via uncoupling protein 2 and
proton leak and is particularly destructive in long-term chronic exposure to free fatty acids, leading
to increased insulin secretion at low blood glucose and inadequate insulin secretion at high blood
glucose. This results in beta cells remaining highly active in the “resting” state at low glucose and
being unable to respond to anaplerotic signals at high pyruvate levels, as is the case with high blood
glucose. The observed fatty-acid-induced disruption of anaplerotic pathways makes sense in the
context of the physiological role of insulin as one of the major anabolic hormones.

Keywords: diabetes; insulin secretion; lipids; PEP cycle; uncoupling proteins; mitochondrial dysfunction

1. Introduction

Metabolic syndrome is a burdensome public health problem in modern society and
is closely related to type 2 diabetes mellitus (T2DM). Obesity and physical inactivity are
the two most important risk factors for the development of metabolic syndrome, which
is composed of a set of conditions that include high fasting blood glucose and abnormal
cholesterol and triglyceride levels, in addition to hypertension and central obesity [1].
Dyslipidemias involving hypertriglyceridemia and low high-density lipoprotein levels
are the major phenotypes associated with T2DM [2]. The influence of lipids on glucose
metabolism, particularly the role of ectopic lipid accumulation, requires a systemic ap-
proach in a complex circuit of the endocrine pancreas and its hormone-targeted tissues,
especially the liver and muscle [3,4]. We and others have shown that hyperlipidemia may
statistically precede hyperglycemia by several years [5,6], indicating that it is predictive
of reduced glucose tolerance in certain individuals. In addition, insulin resistance and
prediabetes, conditions closely associated with metabolic syndrome, are thought to be
caused by disturbances in energy utilization and storage, which certainly include impaired
lipid utilization. While fasting hyperinsulinemia predates hyperglycemia in most cases,
suggesting that insulin resistance likely precedes beta cell dysfunction, it is unclear whether
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fasting insulin hypersecretion is a primary driver of insulin resistance or a consequence
in the form of a compensatory whole-body response to insulin resistance [7]. It was also
shown that primary insensitivity to insulin does not appear to be fundamental to the
pathogenesis of hyperlipidemia in familial dysbetalipoproteinemia [8]. Therefore, it is
of great research interest to clarify whether high blood lipids contribute to dysfunctional
glucose-stimulated insulin secretion (GSIS).

Several studies have revealed the mechanisms of lipotoxicity on beta cell function in
association with T2DM [9–11]. Besides their involvement in tissue inflammation and the
development of insulin resistance in peripheral tissues, free fatty acids (FFAs), particularly
long-chain (Lc-FFAs) and saturated FFAs, might contribute to abnormal insulin response
at several stages of their metabolism. These stages include FFA entry, mitochondrial
metabolism, degradation [12], or even the triggering of ER stress-induced apoptosis [13].
Palmitate, the most common saturated FFA found in the human body, plays an important
role in the lipotoxicity. It represents 20–30% of total FFAs in membrane phospholipids
and adipose tissue triacylglycerols (TAGs) [14], and can be obtained in the diet [15] or syn-
thesized endogenously [11]. In contrast, unsaturated FFAs have been assigned protective
roles against the lipotoxic effects of saturated FFAs, such as preventing beta-cell apoptosis,
regulating plasma glucose concentrations, and enhancing insulin sensitivity [11,16]. Oleic
acid is the most abundant unsaturated FFA in human adipose tissue [17], promoting neutral
lipid accumulation and insulin secretion. On the other hand, palmitic acid is poorly incor-
porated into triglycerides and, at physiological glucose concentrations, does not promote
insulin secretion from human pancreatic islets [18].

Beta cells express the FFA transporter cluster of differentiation 36 (CD36), also known
as fatty acid translocase (FAT) [19], and FFA receptors (FFAR1, FFAR2, and FFAR3). Short-
chain FFAs (Sc-FFAs), produced by gut microbiota, target FFAR2 and FFAR3, but their role
in beta cell function is unclear [20]. On the other hand, Lc-FFAs primarily stimulate CD36
and FFAR1 transporters. The latter induce basal hypersecretion of insulin secretion [9]
by the activation of inositol triphosphate (IP3) and diacylglycerol (DAG) pathways and
increasing cytosolic calcium concentration. At the mitochondrial level, FFAs decrease glu-
tamine levels by the deterioration of anaplerosis (by promoting the formation of glutamate
from glutamine). Chronic elevation of FFAs contributes to mitochondrial dysfunction
and cellular senescence via signaling pathways and increased oxidative stress levels [12].
Moreover, several studies have linked chronically elevated FFAs levels to increased un-
coupling protein 2 (UCP2) expression [21–24], typically observed in T2DM patients. The
role of UCP2 in insulin secretion has also been recently reviewed [25], describing studies
linking UCP2 to obesity that focus on the inflammatory process associated with ROS. The
physiological significance of high UCP2 expression is unclear, but it might represent a
signal for beta cells to prefer FFA and amino acid oxidation instead of glucose [24,26–30].
Lastly, the degradation of FFAs leads to ceramide accumulation and ceramide-associated
beta-cell dysfunction [31].

In general, acute exposure of beta cells to FFAs has been recognized as beneficial
for GSIS. In contrast, chronic increases in plasma FFA concentrations led to disruptions
in the regulation of lipid metabolism and impaired beta-cell function due to lipotoxic
effects [10]. Moreover, the adaptive signaling pathways induced to counteract lipotoxic
stress have secondary adverse effects, as antilipotoxic signaling cascades may contribute
to beta cell failure [32]. Experimental results from a recent study suggest a novel non-
esterified FFA–stimulated pathway that selectively drives pancreatic islet non-glucose-
stimulated insulin secretion (NGSIS) [7]. At low glucose levels reflecting a fasting state,
FFAs affect NGSIS by inducing an H+ leak at the inner mitochondrial membrane that drives
tricarboxylic acid (TCA) flux to maintain mitochondrial membrane potential. Combining
this knowledge with the recent discovery about the role of the phosphoenolpyruvate (PEP)
cycle in beta cells and insulin secretion [33], the increased TCA cycle flux corresponds to the
increased PEP cycle and NGSIS. The effect of the PEP cycle on insulin secretion has been
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recently reviewed [34], summarizing advances in understanding the metabolic mechanisms
involved in insulin secretion.

Here we present a computational model including the anaplerotic and cataplerotic
pathways of GSIS, which aims to explain the effects of acutely and chronically elevated
FFAs on GSIS. Anaplerosis has been recognized as an essential pathway implicated in
beta-cell activation by glucose already in early studies employing NMR carbon isotope trac-
ing [35], which was later recognized as one of the significant pathways promoting insulin
secretion [36]. Recently, a new conceptual framework for GSIS has been proposed based
on the specific role of mitochondrial metabolism and the PEP cycle [33], disrupting the
established “consensus model” [37]. The PEP cycle assumes the upregulation of anaplerotic
pathways induced by the high expression of the pyruvate carboxylase (PC) enzyme in beta
cells [38]. Instead of entering the oxidative metabolism by conversion to acetyl-CoA via
pyruvate dehydrogenase (PDH), pyruvate flux is diverted to the production of oxaloacetate
(OAA), an intermediate of the TCA cycle. OAA is converted to PEP, which leaves the
mitochondria, diffuses, and accumulates locally at the plasma membrane. The conversion
of PEP to pyruvate catalyzed by membrane-bound pyruvate kinase (PK) increases the
cytosolic ATP/ADP ratio to the level required to inhibit the KATP channel [33,39]. The vital
signaling role of anaplerosis and the PEP cycle for glucose sensing and insulin secretion
is confirmed by several experimental studies. PC expression in beta cells is higher than
in other tissues [35], and the anaplerotic flux from pyruvate to OAA via PC is strongly
responsive to changes in extracellular glucose [40]. In fact, a study on the rat INS-1 insuli-
noma cell line showed a stronger correlation of GSIS with anaplerotic than with oxidative
metabolism of pyruvate [41]. In this context, we also discuss the role of UCP2, which blocks
the oxidation of pyruvate and paves the way for its anaplerotic fate [42]. The importance
of the PEP-cycle in GSIS is further supported by the results showing that an enhanced
TCA-cycle-derived mitochondrial GTP (mGTP) turnover amplifies insulin secretion by
increasing insulin content, granule docking, and mitochondrial mass [43,44]. In addition,
pyruvate kinase activators (PKa) amplify insulin release via the PEP cycle in preclinical
T2DM models [45].

In the following sections, we first present a model of beta cell function, followed by
the results in terms of model predictions for insulin secretion at low and high glucose levels.
The model predictions agree well with the known mechanisms of dysregulations of insulin
secretion, i.e., excessively high fasting levels and inadequate postprandial insulin secretion
caused by the pathophysiological conditions of hyperlipidemia, and contribute to a better
understanding of the general dysregulations of insulin signaling in obesity and T2DM.

2. Materials and Methods

The model considers the major metabolic pathways of glucose and FFAs that trigger
insulin exocytosis. The metabolic pathways of glucose, the metabolism of FFA, and the
mechanism of insulin secretion are shown schematically in Figure 1. The importance of
the TCA and PEP cycles in mitochondria is particularly emphasized. The PEP cycle and
transport of metabolites to microdomains at the plasma membrane cause an increase in
ATP concentration near KATP channels, triggering insulin secretion. Glucose and FFAs enter
the cell via glucose transporters (GLUTs) and FFA transporters (e.g., CD36), where they are
first metabolized by glycolytic and beta-oxidation pathways, respectively. Glucose-derived
pyruvate enters either the cataplerotic direction of the TCA cycle (by conversion to acetyl-
CoA) or the anaplerotic direction (by conversion to OAA). Beta-oxidation-derived acetyl-
CoA can only enter the cataplerotic metabolism and accelerate the TCA cycle. The increased
citrate concentrations induce the formation of malonyl-CoA (MaCoA) in the cytosol and
inhibit the entry of fatty acyl-coenzyme A (FA-CoA) via carnitine palmitoyltransferase 1
(CPT1). The mGTP and PEP cycles, which occur concurrently with the TCA cycle, convert
OAA to PEP, which is exported from mitochondria and converted back to pyruvate in
the cytosol, resulting in ATP production in the KATP channel microdomains (indicated
by the red dashed line in Figure 1). This microdomain ATP concentration also depends
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on the “classical” energy generation pathway, which consists of the glucose and FFA
oxidation pathways. NAD(P)H and FADH2 are oxidized by the electron transport chain
(ETC), generating ATP molecules and increasing the global cytosolic ATP concentration
(ATPcyt) that can diffuse into/from microdomains. The ATP-dependent closure of KATP
channels leads to membrane potential oscillations and the influx of Ca2+ ions through
voltage-gated calcium channels (VGCC). Increased Ca2+ concentrations induce the Ca2+-
dependent exocytosis of insulin granules. The mathematical modeling of the processes is
described in detail in the following subsections.

Figure 1. Schematic representation of a mathematical model. ATP—ATP concentration near KATP

channels, ATPcyt—cytosolic ATP concentration, ATPgly—net glycolytic ATP production, ATPFFAO—
total ATP production by FFA metabolism, ATPGO—ATP production by oxidation of pyruvate and
reducing equivalents from glycolysis, AcCoA—acetyl-coenzyme A, CD36—transmembrane FFA
transport protein (FFA translocase), CPT1—carnitine palmitoyltransferase 1, ETC—electron transfer
chain, FA-CoA—fatty-acyl-coenzyme A, GLUT—glucose transporter, G6P—glucose 6-phosphatase,
MaCoA—malonyl-coenzyme A, OAA—oxaloacetate, PC—pyruvate carboxylase, PDH—pyruvate
dehydrogenase, PEP—phosphoenolpyruvate, PEPCK—phosphoenolpyruvate carboxykinase, PK—
pyruvate kinase, SCS-GTP—GTP-specific succinyl-CoA synthetase.

2.1. Glucose Metabolism

Glucose is first transported into the intracellular space and phosphorylated to glucose-
6-phosphate (G6P) during the first priming reaction of glycolysis. This process is considered
the rate-limiting step of glycolysis and regulates the glycolytic flux. The uptake of glucose
and its phosphorylation are modeled by Michaelis-Menten kinetics (see [46]):

JG6P = Jmax(1 − kFFA fFFA)
G2

K2
m + G2 (1)

The parameters Jmax = 8 μM/s and Km = 3.8 mM were chosen based on experimental
data for glucose concentrations G at 1 mM and 10 mM [35]. Equation (1) also considers
the inhibition of glycolytic flux caused by FFAs, where the parameter fFFA represents the
exposure to FFA. Based on the experimental results of Roden [47], it is assumed that acyl-
CoA blocks glucose phosphorylation. The value of kFFA = 0.08 is chosen such that JG6P
decreases by about 20% when fFFA is increased from 0 to 2.5. This is consistent with the
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results of Roden, who found that glycolytic flux can be decreased by more than 20% when
the plasma concentration of FFA is doubled [47].

In the fourth step of glycolysis, the 6-carbon molecule splits into two 3-carbon molecules,
so the glycolytic flux is doubled, which is modeled as follows:

Jgly = 2 JG6P. (2)

The final products of glycolysis are two molecules of pyruvate. Considering the
preparatory and final phases, glycolysis yields a net total of 2 molecules of ATP:

JATP,gly = 2 JG6P, (3)

where JATP,gly is the net glycolytic ATP production flux. Glycolysis also yields 2 molecules
of NADH. Depending on the amount of LDH expressed in the cell, a portion of pyruvate
is reduced to lactate in the reaction in which 1 NADH molecule is oxidized to NAD+. We
model this effect by introducing a parameter pL:

Jlac = pL Jgly. (4)

Considering that beta cells express very low levels of LDH, we set the parameter to
pL = 0.05 [46]. Thus, the NADH flux generated by glycolysis is:

JNADH,gly = (1 − pL) Jgly. (5)

To the same extent, a fraction of pyruvate generated by glycolysis that is not reduced
to lactate enters the mitochondria:

Jpyr = (1 − pL) Jgly. (6)

The transport of pyruvate into the mitochondria (Jpyr), the oxidation of pyruvate to
acetyl-CoA, and the production of reducing equivalents in the TCA cycle are modeled by
the following equation:

Jpyr,TCA = (1 − fANA)Jpyr. (7)

A portion of pyruvate ( fANA) is used for anaplerotic reactions, which represents an
important part of beta cell metabolism related to insulin secretion. In this process, FFAs play
an important role by additionally diverting pyruvate flux to anaplerosis. This is particularly
important in long-term and chronic hyperlipidemia and may be related, at least in part, to
the increase in UCP2, which serves as a metabolic switch that prevents pyruvate oxidation
and saves it for anabolic purposes [24,26–30]. This effect of FFAs is modeled by:

fANA = kANA,0 + kANA fFFA. (8)

Previous experimental data suggest that anaplerosis in beta cells is relatively impor-
tant, but there is a large discrepancy between the quantitative results of experimental
studies [35,48,49]. We set the basal rate of anaplerosis (in the absence of FFAs) to 40%
(kANA,0 = 0.4), which is consistent with the above studies, indicating that approximately
60% of pyruvate is directly oxidized via PDH, while the remaining 40% is carboxylated
by PC. The value of kANA = 0.08, which corresponds to the FFA-dependent increase of
anaplerosis that is set to mirror a 20% elevation of anaplerosis during full exposure to FFAs
(at fFFA = 2.5). The maximal anaplerotic flux of 60% was used in a previous study which
did not consider variation in FFA exposure [46].

The combined PDH and TCA cycle reactions yield 4 NADH (JNADH,pyr,TCA = 4Jpyr,TCA),
1 FADH2 (JFADH2,pyr,TCA = Jpyr,TCA), and 1 GTP (JGTP,pyr,TCA = Jpyr,TCA) molecule. As
described, mitochondrial PEPCK hydrolyzes GTP to produce PEP (see Figure 1). Con-
sequently, the GTP produced by TCA cycle does not contribute to the overall energy
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production, since it is coupled to the PEP cycle. The coupling of GTP and PEP cycles is
modeled in the continuation.

It is generally accepted that oxidation of 1 FADH2 by the ETC yields 1.5 ATP, while
oxidation of 1 NADH yields 2.5 ATP, commonly referred to as the P/O ratio:

JATP,pyr,ox =
(
2.5 JNADH, pyr,TCA + 1.5 JFADH2, pyr,TCA

)(
1 − fp,leak

)
(1 − kmd). (9)

Similarly, the glycolysis-produced NADH molecules (Equation (5)) enter mitochondria
and the ETC via glycerol-phosphate and malate-aspartate shuttles [50,51], contributing to
aerobic ATP production. While the malate-aspartate shuttle transfers NADH molecules
directly, the glycerol-phosphate shuttle transports electrons from NADH (by regenerating
NAD+) to glycerol-3-phosphate dehydrogenase 2, reducing enzyme-bound FAD to FADH2.
Since beta cells’ GSIS depends on the glycerol-phosphate shuttle [52], we assume the P/O
ratio of 1.5. Accordingly, the rate of ATP production from the glycolysis-produced NADH
molecules is given by:

JATP,NADH,gly,ox = 1.5 JNADH,gly

(
1 − fp,leak

)
(1 − kmd). (10)

Thus, the total production of ATP by glucose metabolism is:

JATP,G = JATP,gly + JATP,GO = JATP,gly + JATP,pyr,ox + JATP,NADH,gly,ox. (11)

ln Equations (9) and (10), we also consider decreasing ATP production due to increased
mitochondrial proton leak ( fp,leak) and mitochondrial dysfunction (kmd). Insulin secretion
has been shown to be associated with increased UCP2 expression and decreased glucose-
stimulated ATP/ADP ratio due to increased mitochondrial proton leak [53,54]. Several
studies have linked chronic hyperlipidemia to increased UCP2 levels [23,24], which are
typically observed in T2DM patients. Mathematical models have also been created to
account for an increase in proton leak due to uncoupling protein (UCP) activation by
ROS [55]. In response to FFAs, proton leak may also be enhanced by mitochondrial
permeability transition pores (mPTP) [7]. In view of these observations, mitochondrial
proton leak is modeled as follows:

fp,leak = kp,leak
(

Jpyr,TCA + JFFA,TCA
)
. (12)

UCP expression has been shown to alter the ratio of proton leak and proton efflux,
leading to a reduction in ATP production of approximately 20% at high glucose concentra-
tions (higher mitochondrial membrane potential) [55]. In Equation (12), this corresponds to
the value of the parameter kp,leak = 0.1 s/μM.

Mitochondrial dysfunction, commonly observed in T2DM and insulin-resistant in-
dividuals [56], is taken into account in the model by changing the kmd parameter in
Equations (9) and (10), as has been modeled previously [57,58]. In pancreatic tissue, mito-
chondrial dysfunction has been identified as one of the major causes for impaired secretory
response of β-cells to glucose [59,60]. In T2DM, β-cells contain swollen mitochondria
with disrupted cristae [53,54,61] and impaired stimulus-secretion coupling. Mitochondrial
oxidative phosphorylation has been shown to decrease by 20–40% in insulin-resistant
individuals [56,62].

2.2. FFA Metabolism

In the model we focus on Lc-FFAs, which serve as an energy source via beta-oxidation.
Food is the major source of lipids and more specifically of poly-unsaturated FFAs. TAGs are
split to Lc-FFAs by lipases of the digestive juices releasing, among others, palmitate (C16:0,
saturated), oleate (C18:1, mono-unsaturated), and linoleate (C18:2, poly-unsaturated) [20].
Beta cell exposure to Lc-FFAs activates CD36 FFA receptors in the cell membrane which
play an important role in the uptake of FFAs and have multiple biological functions that
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may be important in inflammation and in the development of metabolic diseases, including
diabetes [19]. The upregulation of the CD36 transporter in beta-cells increases the uptake
of FFAs, resulting in enhanced GSIS and impaired oxidative metabolism [63–65]. We model
FFA exposure by introducing a parameter fFFA in Equation (13). It should be noted that
an increase in blood glucose level blocks beta oxidation. A rise in blood glucose levels
increases glucose-derived pyruvate and the activity of the TCA cycle (Jpyr,TCA). This results
in the production of citrate that escapes the mitochondria and activates the acetyl-CoA
carboxylase to generate cytosolic malonyl-CoA. In turn, malonyl-CoA inhibits the CPT1,
blocking the entry of acyl-CoA into mitochondria and disabling beta-oxidation [20]. We
model this effect with

JFFA, β = JFFA,TCA,0

(
1 − Jpyr,TCA

km,CPT + Jpyr,TCA

)
fFFA,p,leak fFFA. (13)

Experimental results from a recent study also suggest that elevated circulating FFAs
increase proton leak in the mitochondria of beta cells, which drives TCA cycle flux to main-
tain mitochondrial membrane potential [7,46]. To model this effect, the parameter fFFA,p,leak
in Equation (13) accounts for the increase in JFFA, β due to the increased mitochondrial
proton leak:

fFFA,p,leak =
(

1 + kI,FFAkp,leak

)
. (14)

The constants JFFA,TCA,0 = 0.25 μM/s, km,CPT = 8 μM/s, and kI,FFA = 4 μM/s are
determined by qualitatively obtaining the same ATP production at fFFA = 1 as in the
previous study in which FFA oxidation was determined from oxygen consumption [46].

Once FFAs enter the mitochondrial matrix, they are repeatedly cleaved during the
beta-oxidation pathway, producing acetyl-CoA molecules. Calculations of fluxes in the
continuation are performed for 18-carbon oleic acid, the most abundant FFA in human
adipose tissue [17]. Beta oxidation of oleic acid requires eight consecutive reactions, yielding
nine molecules of acetyl-CoA. Each acetyl-CoA is then converted to succinyl-CoA by
carboxylation reaction, yielding four net ATP molecules (due to oxidation of 1 NADH and
1 FADH2), yielding a net total of 32 ATP molecules. However, two ATP molecules are lost
during the activation of each FFA. Therefore, the ATP yield during beta-oxidation can be
given as follows:

JATP,FFA,β,ox = 30 JFFA,β

(
1 − fp,leak

)
(1 − kmd). (15)

Due to the breakdown of oleic acid into nine molecules of acetyl-CoA during the
beta-oxidation pathway, the acetyl-CoA flux into mitochondria is multiplied:

JFFA,TCA = 9 JFFA,β. (16)

The TCA cycle yields three molecules of NADH ( JNADH,FFA,TCA = 3JFFA,TCA),
one molecule of FADH2 ( JFADH2,FFA,TCA = JFFA,TCA), and one molecule of GTP
(JGTP,FFA,TCA = JFFA,TCA). The latter is in turn directly consumed (as in Equation (10)) by
the PEP cycle, yielding the following:

JATP,FFA,TCA,ox =
(
2.5 JNADH, FFA,TCA + 1.5 JFADH2, FFA,TCA

)(
1 − fp,leak

)
(1 − kmd) (17)

Thus, the total production of ATP by FFA metabolism is:

JATP,FFAO = JATP,FFA,β,ox + JATP,FFA,TCA,ox. (18)

The decrease in ATP production due to increase in proton leak ( fp,leak) and mito-
chondrial dysfunction (kmd) in Equations (15) and (17) are modeled identically as in
Equation (10).
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2.3. Anaplerotic Pathway and PEP Cycle

The PEP cycle with the net flux of PEP (JPEP) is coupled to the mitochondrial GTP
cycle, which is modeled as follows:

JPEP =
fANA

fANA,0

(
JGTP,pyr,TCA + JGTP, FFA,TCA

)
(1 − kmd). (19)

The ratio fANA
fANA,0

determines the FFA-dependent increase in JPEP (see Equation (8)).
Since 1 GTP is consumed during the formation of 1 PEP, the consumption of GTP in
mitochondria is also increased by this ratio. This is possible if we have a sufficient con-
centration of GTP molecules in the mitochondria. Because mammalian mitochondria lack
a GTP transporter, GTP is effectively trapped in the mitochondrial matrix [66,67]. PEP
diffuses to the plasma membrane, where it is converted to pyruvate by PK. This reaction is
coupled by the non-oxidative phosphorylation of ATP that accumulates near KATP chan-
nels [33,39,46,68]. Consequently, the flux of PEP is equal to PEP-cycle-dependent ATP
generation (JATP,PEP = JPEP).

2.4. Mechanisms of Insulin Secretion

KATP channels play a central role in the regulation of insulin secretion. ATP directly
inhibits the KATP channels by binding to Kir6.2 subunits, while ATP and ADP activate the
channel by interacting with the NBFs of SUR [68]. A higher ATP/ADP ratio decreases
KATP channel activity, resulting in increased Ca2+ concentration and exocytosis of insulin.
Previously, we described in detail the role of KATP channels as a coupling step between
the metabolic and electrical activities of beta cells [46]. The phenomenological relationship
between KATP-channel conductance and hormone secretion was modeled by fitting the
results of the electrophysiological model of Pedersen et al. [69]. The same equations linking
KATP channel conductance to the insulin secretion rate are also used in this model. The
KATP-channel conductance is modeled according to the proposal of Magnus & Keizer [70].

The concentration of cytosolic ATP, which affects KATP channel conductance, is de-
termined by the balance between ATP production and consumption. ATP is produced by
glucose metabolism and by FFA metabolism. The rate of the ATP production is given by:

JATP,cyt = JATP,G + JATP,FFA (20)

In general, ATP hydrolysis is assumed to increase with the energy state of the cell, and
the kinetics is often modeled according to Michaelis-Menten kinetics (e.g., [71]). The rate of
ATP hydrolysis is described by:

JATPase = kATPase
ATP2

cyt

K2
m,ATPase+ATP2

cyt
.# (21)

where kATPase = 350 μM/s and Km,ATPase = 2000 μM/s. The concentration of ATPcyt in
the steady-state approximation when the ATP production rate, JATP,cyt, is in equilibrium
with the ATP hydrolysis rate JATPase is given by:

ATPcyt = km,ATPase

(
JATP,cyt

kATPase − JATP,cyt

) 1
2

. (22)

Considering the accumulation of ATP near the cell membrane due to the PEP cycle,
the ATP concentration is modeled by:

dATP
dt

= kATP,1 JPEP − kATP,2
(

ATP − ATPcyt
)
. (23)
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Consequently, the ATP concentration at steady state is given by:

ATP = ATPcyt +
kATP,1

kATP,2
JPEP. (24)

The ratio kATP,1
kATP,2

= 200 is chosen so that the ATP concentration range coupled to the
KATP conductance [70] is consistent with experimental data [72].

3. Results

Using the mathematical model presented in Section 2, we investigate the mechanisms
of GSIS and the role of FFA exposure in modulating the physiological beta cell response to
plasma glucose. Although it is clear that acute and chronic exposure to FFAs is involved
in both altered metabolic and signaling pathways, we are mainly interested in the effects
of FFAs from a bioenergetic perspective. In particular, model results reveal the extent
to which high lipid levels induce changes in energy production (ATP), which allows us
to understand changes in insulin secretion due to cell exposure to FFAs. Furthermore,
independent of the analysis of the oxidative pathways of glucose and FFAs, we highlight the
essential role of anaplerotic pathways in GSIS. We focus on the PEP cycle as an important
anaplerotic pathway in the beta cell that provides an additional mechanism to influence
the conductance of KATP channels and the resulting insulin secretion.

Figure 2 shows the metabolic fluxes that contribute to ATP production. The increase
in plasma lipids and the resulting higher exposure of beta cells to FFA is modeled by in-
creasing the parameter fFFA. Figure 2A shows the effects related to the oxidative metabolic
pathways. An increase in plasma glucose concentration (G) increases the glucose oxidation
pathway (JATP,GO), whereas the FFA oxidation pathway (JATP, FFAO) decreases. High glu-
cose levels inhibit FFA oxidation by blocking the uptake of acyl-CoA into mitochondria (see
Equation (13)). Increasing the parameter fFFA has the opposite effect on the glucose and
FFA oxidation pathways—as FFAs become the preferred metabolic fuel, glucose oxidation
decreases at all glucose concentrations. The FFA-mediated decrease in glucose oxidation
results from the reduced glycolytic flux JATP, gly (see Equation (1)), as shown in Figure 2B.
In addition, pyruvate is diverted to the anaplerotic pathway (see Equation (8)), resulting
in increased ATP production via the PEP cycle (JATP,PEP), as shown in Figure 2B. The in-
crease in JATP,PEP (Equation (19)) results from the acceleration of the mGTP cycle due to the
increased entry of FFA into the TCA cycle. In addition, the availability of OAA increases
with higher PC-catalyzed flux (see Figure 1).

Figure 2. Glucose-dependent metabolic fluxes of ATP production and the effects of beta cell exposure
to FFA ( fFFA). The parameter fFFA is varied between 0 and 2.5 with a step size of 0.5. (A) ATP
production due to glucose oxidation (JATP,GO) and ATP production due to FFA oxidation (JATP,FFAO).
(B) ATP production due to the PEP cycle (JATP,PEP) and due to glycolysis (JATP,gly).
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Changes in ATP fluxes, as shown in Figure 2, result in changes in subplasmalemmal
ATP concentration near KATP channels (see Equation (24)). Acute exposure of a healthy
beta cell to FFAs results in increased intracellular ATP concentrations which are more
pronounced at low plasma glucose concentrations, as shown in Figure 3A. Higher ATP
levels at low glucose concentrations result from increased basal FFA oxidation and increased
accelerated PEP cycles, as shown in Figure 2. The PEP cycle essentially produces a flux of
TCA-cycle-derived GTP to energetically equivalent subplasmalemmal ATP. Both effects
contribute to altered insulin secretion, as shown in Figure 3B. Basal relative insulin secretion
(RIS) increases as a result of both plasma glucose concentration and increased FFA exposure.

Figure 3. Effect of FFAs ( fFFA) on ATP concentration near KATP channels. The value of parameter fFFA

increases from 0 to 2.5 with a step size of 0.5. (A) Glucose-dependent ATP concentration. Exposure
to FFA increases basal ATP concentration, especially at low glucose levels, which consequently
decreases glucose dependence. (B) Glucose-dependent relative insulin secretion (RIS). The FFA
exposure increases basal RIS.

We further address the changes in insulin secretion that result from chronic expo-
sure of beta cells to FFAs (see Figure 4). First, we note that the increase in mitochondrial
proton leak (kp,leak) through the inner mitochondrial membrane reduces glucose oxida-
tion (Equations (9) and (10)) and FFA oxidation (Equations (15) and (17)), as shown in
Figure 4A. However, increased proton flux promotes the entry of FFA into the TCA cycle
(Equations (13) and (14)), which accelerates mGTP and PEP cycles (Equation (19)). As
shown in Figure 4B, increased proton leak increases ATP production derived from the
PEP cycle.

Figure 4. The effects of increased mitochondrial proton leak (kp,leak) on energy metabolism ( fFFA = 2.5
(see Figure 1)). The value of parameter kp,leak increases with a step size of 0.02. (A) Glucose-dependent
ATP production due to glucose oxidation (JATP,GO) and FFA oxidation (JATP,FFAO). Increased mito-
chondrial proton leak reduces glucose and FFA oxidation. (B) Glucose-dependent PEP-cycle-derived
ATP production. Increased mitochondrial leak increases ATP production.
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Changes in ATP production due to increased mitochondrial proton leak (kp,leak), as
shown in Figure 4, lead to changes in insulin secretion (Figure 5). As shown in Figure 5A,
mitochondrial proton leak leads to a slight increase in basal insulin secretion, whereas
insulin secretion is significantly reduced at high glucose levels. The increase in basal insulin
secretion results from the increased subplasmalemmal ATP levels near the KATP channels.
Whereas ATP production decreases due to decreased glucose (JATP,GO) and FFA (JATP,FFAO)
oxidation, acceleration of the PEP cycle (JATP,PEP) leads to an increase in ATP flux into the
subplasmalemmal space. However, at high glucose concentrations, the increase in JATP,PEP
cannot compensate for the loss that results from reduced metabolite oxidation, leading to
decreased insulin secretion.

For long-term exposure of beta cells to FFAs, we also consider mitochondrial dys-
function, modeled by the parameter kmd. Figure 5B shows the effects of mitochondrial
dysfunction on insulin secretion. Because of a decrease in all fluxes (JATP,GO, JATP,FFAO,
JATP,PEP), which are conditioned by mitochondrial function, RIS decreases.

The combination of each effect on RIS is shown in Figure 6. Short-term exposure of beta
cells to FFAs, when the decrease in mitochondrial function is not yet present, increases both
basal insulin secretion and GSIS (curve b). When mitochondrial proton leak is enhanced,
basal insulin secretion increases slightly, whereas it decreases at high glucose (curve c).
Because to mitochondrial dysfunction, insulin secretion is further reduced at all glucose
concentrations (curve d), and the cell secretes approximately the same amount of insulin
regardless of plasma glucose concentration, which is physiologically undesirable and can
be observed in T2DM patients.

Figure 5. Effects of chronic lipid exposure on relative insulin secretion (RIS). (A) Effects of proton leak
on glucose-dependent RIS. Increased proton leak flattens the glucose-dependent RIS curve, increases
RIS at low glucose concentrations, and decreases RIS at high glucose concentrations. The value of
parameter kp,leak increases from 0 to 0.1 with a step size of 0.02. (B) The effects of mitochondrial
dysfunction on glucose-dependent RIS. Increased mitochondrial dysfunction reduces RIS at all
glucose concentrations. The value of parameter kmd increases from 0 to 0.25 with a step size of 0.05.

Figure 6. Influence of individual factors on glucose-dependent relative insulin secretion (RIS).
(a) Absence of FFAs ( fFFA = 0, kp,leak = 0, kmd = 0). A response of a healthy beta cell under physiological
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conditions. (b) The presence of FFAs, without increase in mitochondrial proton leak and mitochon-
drial dysfunction ( fFFA = 2.5, kp,leak = 0, kmd = 0). RIS is increased at all glucose concentrations.
(c) Presence of FFAs and increased proton flux, without mitochondrial dysfunction ( fFFA = 2.5,
kp,leak = 0.1, kmd = 0). The RIS curve is flattened. (d) Presence of FFAs with increased mitochondrial
proton leak and mitochondrial dysfunction ( fFFA = 2.5, kp,leak = 0.1, kmd = 0.25). RIS is reduced at
all glucose concentrations.

4. Discussion

This study provides insight into the major cellular mechanisms involved in insulin
secretion. It devotes the simplistic understanding of the beta cell as the sole glucose
sensor to the notion of much broader machinery for sensing glucose and other metabolites,
particularly FFAs. In the model, the acute exposure of beta cells to FFAs increases insulin
secretion due to increased FFA oxidation and an accelerated PEP cycle. This is consistent
with experiments showing that after only 4 h, an increase in CPT 1 activity measured
in isolated mitochondria leads to increased FFA oxidation, resulting in two-to-three-fold
higher FFA oxidation in cells exposed to FFAs measured at low glucose compared to
control [73]. Moreover, the interplay of FFA metabolism and its role in modulating the
PEP cycle is consistent with a 30% increase in PC mRNA expression and thus a 2.5-fold
increase in insulin secretion at 3.3 mM and a 40% increase at 27 mM during an 8-h exposure
to 250 μM palmitate [74]. The same study showed that GLUT-2 mRNA expression was
reduced by approximately 30% in 48 h in islet cultures with 250 μM palmitate. Furthermore,
GK mRNA expression was also reduced by approximately 30%. Other studies have
also shown that a high-fat diet (HFD) reduces mRNA expression of GLUT-2 and GK,
diminishing glucose oxidation [75,76]. These experimental findings are consistent with
our model predictions, showing reduced glycolytic flux and consequently reduced glucose
oxidation during exposure to FFAs.

In contrast to acute FFA administration, chronic exposure to FFAs inhibits insulin
release under glucotoxic conditions [10]. This is supported by studies showing that glucose-
induced insulin release was increased in islets cultured with palmitate for 8 h, whereas
glucose-induced insulin release was significantly impaired by the simultaneous presence of
palmitate when the culture time was extended to 48 h [74]. There are several reasons for this.
The effect of FFAs on insulin release has been associated with FFA metabolism [10,77,78]
and signaling via the G protein-coupled receptor FFAR1/GPR40 [10,79–81]. While we are
aware of their importance and impact on insulin secretion, the latter were not included in
our model since they would not qualitatively influence our results but would rather amplify
the individual effects. It has been shown that FFAR1 in the pancreatic beta cell plays an
essential role not only in the acute potentiation of GSIS by palmitate but also in the negative
long-term effects of palmitate on GSIS and insulin content [81]. Recently published research
has also focused on the glycerolipid/NEFA cycle, which provides lipid signals through
its lipolysis arm [20,82]. Moreover, mitochondrial dysfunction in the beta cells included
in our model has been recognized as one of the most critical consequences of the chronic
elevation of FFA, caused mainly by impaired peroxisome proliferator-activated receptor
signaling, increased oxidative stress levels, and lipotoxic modulation of the PI3K/Akt and
MAPK/ERK pathways [12].

Chronic exposure to FFAs is one of the main problems in beta cell reprogramming.
In particular, the detour of oxidative processes from glucose to FFA, sparing pyruvate
for anaplerotic purposes, may be one of the leading pathophysiological pathways to
inappropriate energy metabolism and beta cell dysfunction, often resulting in beta cell death.
The increased basal anaplerosis via the PEP cycle leads to increased basal insulin secretion
and beta cell exhaustion with an inappropriate response to high glucose concentrations.
The increased basal insulin secretion under lipotoxic conditions shown by our results is
consistent with research showing that FFAs increase insulin secretion at fasting glucose
concentrations and that improved mitochondrial metabolism is critical for this effect, which
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is further enhanced by FFAR1 [9]. Research has shown that insulin secretion increases
approximately two-fold and continues to increase after a few days. Some studies have
demonstrated increased insulin secretion at low glucose levels [83–85], while others have
also shown a decreased insulin secretion at higher glucose concentrations [84,85], which
is consistent with our findings. In particular, clonal beta cells exposed to oleate for 72 h
exhibited impaired GSIS and decreased cellular ATP [84], which is consistent with our
results, suggesting that the decreased insulin secretion results from lower ATP concentration
due to decreased glucose oxidation and mitochondrial dysfunction. The same study
also showed that mitochondria of oleate-exposed cells exhibit increased depolarization
caused by acute oleate treatment, which is due to the increase in FFA transport function of
UCP2. According to our results, the increased proton leak indeed increases basal insulin
secretion and, most importantly, decreases GSI, indicating that chronic exposure to FFA
with excessive oxidation of FFAs is a pathway to beta cell exhaustion with too high NGSIS
and too low GSIS. The elevated FFAs also block the glucose entry [47], and in a vicious cycle
with glucolipotoxicity, beta cells cannot efficiently sense glucose [86,87]. This is one of the
most prominent pathways to the pathologies of metabolic syndrome and T2DM associated
with obesity and hyperlipidemia, which are statistically observable [6] and represent an
even greater problem in modern societies.

In conclusion, the computational model presented here, which incorporates all the
basic anaplerotic and cataplerotic mechanisms in beta cells responsible for insulin secretion,
provides quantitative estimates of the effects of short- and long-term exposure of beta cells
to elevated concentrations of FFA. The results indicate that the major trigger for insulin
secretion is the anaplerotic pathway via the phosphoenolpyruvate cycle, which is impaired
by FFA and is particularly destructive during long-term chronic exposure to FFA, resulting
in increased insulin secretion at low blood glucose and inadequate insulin secretion at high
blood glucose. The observed FFA-induced disruption of anaplerotic pathways is consistent
with the physiological role of insulin as one of the major anabolic hormones. Future studies
could extend the model to include additional signaling pathways and the role of amino
acids as metabolites and signaling molecules in the mechanisms of beta cell function and
insulin secretion.
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