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Preface to ”Translational Aspects of Cardiovascular
Biology: From Bench to Bedside”

Cardiovascular disease remains the primary cause of death worldwide, and the search for novel

mechanisms and therapeutics is desperately needed. Therefore, basic and translational studies in

the cardiovascular field represent the best strategy to identify novel therapeutic targets and improve

the quality of life of patients with cardiovascular disorders. On these grounds, this book has the

main objective of gathering peer-reviewed scientific papers with a robust basic research setting

and/or translational potential, exploring novel molecular and cellular mechanisms underlying

cardiovascular disorders, as well as pre-clinical and clinical investigations testing new hypotheses

that can advance the biomedical field.

Gaetano Santulli

Editor
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Translational Aspects of Cardiovascular Biology: From Bench
to Bedside
Gaetano Santulli 1,2,3
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Education (ITME) Consortium, “Federico II” University, 80131 Naples, Italy
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Institute for Aging Research, Albert Einstein College of Medicine, New York, NY 10461, USA

Cardiovascular disease is the leading cause of death worldwide, and the search for
novel mechanisms and therapeutics is desperately needed. Therefore, basic and trans-
lational studies in the cardiovascular field represent the best strategy to identify novel
therapeutic targets, as well as to improve the quality of life of patients with cardiovascular
disorders (Figure 1). This Editorial introduces the Special Issue “Translational Aspects
of Cardiovascular Biology: From Bench to Bedside”, published in the Journal Biology.
This Special Issue gather peer-reviewed scientific papers, which deal with cardiovascular
medicine, from basic science to pre-clinical and clinical investigations, highlighting the cru-
cial importance of translational medicine in testing groundbreaking hypotheses to advance
the biomedical field.
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for new therapies to cure cardiovascular disease.
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The Special Issue opens with three basic research papers, which investigate endothe-
lial cells. The first article shows that a specific non-coding RNA, microRNA-4432, is able
to specifically target the gene encoding for fibroblast growth factor binding protein 1
(FGFBP1) in human brain microvascular endothelial cells, and this paper demonstrates
that this microRNA significantly reduces endothelial oxidative stress, a well-established
feature of hypertension [1]. The second study provides a demonstration of the extracellular
metabolism of nicotinamide adenine dinucleotide (NAD+) and nicotinamide mononu-
cleotide (NMN), multifunctional metabolites involved in a number of cellular processes,
and which is vastly different in its expression in the vascular endothelium obtained from
different species and locations [2]. The third paper, instead, deals with the functions and
intracellular mechanisms of endothelial cells in human liver grafts [3].

Subsequently, a couple of in vitro investigations provide new insights on how several
anticancer drugs, including Paclitaxel, Carboplatin, Doxorubicin, and Cyclophosphamide,
can alter the biophysical characteristics of red blood cells [4]. These studies also examine
why inhibiting isocitrate dehydrogenase 1 (IDH1) may help prevent foam cell formation by
reducing oxidized low-density lipoprotein-induced ferroptosis in macrophages [5]. The
following two papers harness two different animal models, mouse and swine, respectively,
to show that dextran sodium sulfate-induced chronic colitis has no significant impact
on femoral artery endothelial function or ischemic limb recovery [6]. Additionally, after
myocardial infarction, neuregulin (NRG-1β) exhibits pro-myogenic and anti-cachectic
actions in respiratory muscles [7]. In two elegant reviews, Bouhamida and colleagues
explained the main effects of the interplay between hypoxia signaling on mitochondrial
dysfunction and inflammation in cardiovascular diseases and cancer [8], while Nie and
collaborators summarized the therapeutic potential of long non-coding RNAs (lncRNAs)
in cardiac fibrosis [9].

The last section of the Special Issue includes a series of clinical studies, investigating
tissue and serum biomarkers in degenerative aortic stenosis [10], identifying reliable
biomarkers in obesity-related atrial fibrillation [11], establishing retinol-binding protein-4
as a predictor of insulin resistance in patients with coronary artery disease and type 2
diabetes mellitus [12], and verifying the correlation between carbonic anhydrase isozymes
and the evolution of myocardial infarction in diabetic patients [13].

A double-blind, randomized, placebo-controlled clinical trial concludes the Special
Issue, showing that vaccination with the pneumococcal vaccine Prevenar-13 does not result
in IgM against oxidized low-density lipoproteins, in contrast with previous findings in
rodents [14].

Acknowledgments: We thank all the contributors to this Special Issue.

Conflicts of Interest: The author declares no conflict of interest.
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Simple Summary: The inner layer of blood vessels is formed by endothelial cells. When these cells
do not work properly, several issues ensue in the human body. One of these issues is elevated
blood pressure, also known as hypertension, which is an established risk factor for ischemic heart
disease, stroke, chronic kidney disease, and dementia. However, the exact mechanisms linking
dysfunctional endothelium and hypertension are not fully defined. In this work, we discovered that
a small nucleic acid (miR-4432) is able to target and inhibit a specific gene (fibroblast growth factor
binding protein 1, FGFBP1) in human brain microvascular endothelial cells, and we demonstrate for
the first time that this miR-4432 significantly reduces endothelial oxidative stress, a well-established
feature of hypertension. Taken together, our findings provide unprecedented mechanistic insights
and open the field to new studies aimed at ameliorating endothelial dysfunction by harnessing
miR-4432-based strategies.

Abstract: MicroRNAs (miRs) are small non-coding RNAs that modulate the expression of several tar-
get genes. Fibroblast growth factor binding protein 1 (FGFBP1) has been associated with endothelial
dysfunction at the level of the blood–brain barrier (BBB). However, the underlying mechanisms are
mostly unknown and there are no studies investigating the relationship between miRs and FGFBP1.
Thus, the overarching aim of the present study was to identify and validate which miR can specifi-
cally target FGFBP1 in human brain microvascular endothelial cells, which represent the best in vitro
model of the BBB. We were able to identify and validate miR-4432 as a fundamental modulator of
FGFBP1 and we demonstrated that miR-4432 significantly reduces mitochondrial oxidative stress, a
well-established pathophysiological hallmark of hypertension.

Keywords: blood–brain barrier; blood pressure; cerebrovascular disease; endothelial dysfunction;
hBMECs; hypertension; HUVEC; microRNA; miRNA; miR-4432-3p

1. Introduction

Hypertension is a leading risk factor for ischemic heart disease, stroke, chronic kidney
disease, and dementia [1]. It is a multifactorial disease involving interactions among genetic,
environmental, demographic, vascular, and neuroendocrine factors [2,3]. Endothelial

5



Biology 2023, 12, 459

dysfunction is an established hallmark of hypertension [4–6]; however, the exact molecular
mechanisms linking dysfunctional endothelial cells (ECs) and high blood pressure are
not fully understood. Several genome-wide association studies (GWAS) have identified a
number of genes associated with hypertension [7,8], but only a few of these genes have
been functionally validated. In 2019, the International Consortium of Antihypertensive
Pharmacogenomics Studies (ICAPS) recognized fibroblast growth factor binding protein
1 (FGFBP1) as one of the genes involved in the regulation of blood pressure [9]. FGFBP1
is a key promoter of the development of the blood–brain barrier (BBB) [10], an aspect
that is especially relevant considering that ECs are a major component of the BBB [11],
which is crucial for maintaining neuronal and glial function [12]. Specifically, FGFBP1
has been implied in refining and maintaining barrier characteristics in the mature BBB
endothelium [13].

MicroRNAs (miRs) are a relatively well conserved group of small (~21 nucleotides)
non-coding RNAs that modulate the expression of their target genes: miRNAs can bind the
3′ untranslated region (UTR) of specific genes, thereby inhibiting their expression. Thus,
miRNAs have been involved in numerous pathological and physiological processes [14,15].
Others and ourselves have, in the last decades, identified a variety of miRs involved in the
regulation of endothelial function [16,17].

Since FGFBP1 has been previously linked to the modulation of the BBB, and precisely
to endothelial function, the central scope of the present study is to detect which miR can
target FGFBP1 in hBMECs (human brain microvascular endothelial cells).

2. Results
2.1. miR-4432 Targets FGFBP1 in a Conservative Manner

We applied bioinformatic analyses and functional experiments which led, for the first
time to our knowledge, to the identification of hsa-miR-4432-3p (miR-4432) as a crucial
modulator of FGFBP1 transcription, in a manner that is highly conserved across different
species, including primates such as chimpanzee (Pan troglodytes), orangutan (Pongo abelii),
macaque (Macaca mulatta), and gorilla (Gorilla gorilla), although it is not detected in mouse
(Mus musculus) and rat (Rattus norvegicus), as shown in Figure 1.
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Figure 1. Identification of miR-4432 as a specific modulator of FGFBP1; the complementary nu-
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are conserved across a number of different species, including primates.
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Furthermore, we designed a mutant construct of FGFBP1 3′-UTR (“FGFBP1 MUT”)
that harbors nucleotide substitutions at the level of the miR-4432 binding sites of FGFBP1
3′-UTR, as illustrated in Figure 2.
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Figure 2. The designed mutant construct of FGFBP1 3′-UTR (FGFBP1 MUT) that harbors nucleotide
substitutions at the level of the miR-4432 binding sites (indicated in red) of FGFBP1 3′-UTR, proving
that miR-4432 specifically targets the 3′UTR of FGFBP1.

2.2. miR-4432 Regulates FGFBP1 Transcription in Endothelial Cells

We first verified that miR-4432 is actually expressed in two different types of endothe-
lial cells, namely hBMECs, which remain the best in vitro model of the BBB [18], and
human umbilical vascular endothelial cells (HUVECs), and that its expression is regulated
by miR-4432 mimic and miR-4432 inhibitor, as shown in Figure 3.
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Figure 3. RT-qPCR showing that miR-4432 is expressed in both hBMECs (A) and HUVECs (B). All
the assays were carried out in quadruplicate; the graphs indicate the median and the 5th to 95th
percentiles; *: p < 0.01 vs. miR-scramble.

Then, we performed a series of experiments in hBMECs to test whether miR-4432
is a regulator of FGFBP1 transcription. Through luciferase assays, we determined that
FGFBP1 is a target of miR-4432 (Figure 4); these findings were also endorsed in HUVECs
(Supplementary Figure S1).
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Figure 4. miR-4432 targets FGFBP1. Luciferase activity was quantified in hBMECs forty-eight hours
after the transfection, utilizing the vector without FGFBP1 3′-UTR (“Empty Vector”), the vector that
included the WT FGFBP1 3′-UTR (“FGFBP1 3′-UTR”), and the vector that included the mutated form
of the FGFBP1 3′-UTR (“FGFBP1 MUT 3′UTR”); a miR-scramble (non-targeting miR) was used as an
additional control. All the assays were carried out in quadruplicate; the graphs indicate the median
and the 5th to 95th percentiles; *: p < 0.01 vs. miR-scramble; #: p < 0.05 vs. FGFBP1 3′UTR.
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2.3. FGFBP1 Expression Is Controlled by miR-4432

As depicted in Figure 5, we experimentally proved that miR-4432 significantly dimin-
ishes the mRNA expression of FGFBP1 in hBMECs.
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Figure 5. In hBMECs, FGFBP1 transcription was diminished by miR-4432 and augmented by miR-
4432 inhibitor. FGFBP1 mRNA was quantified via RT-qPCR in hBMECs that had been transfected
for forty-eight hours with the miRs indicated in the figure; values were normalized to GAPDH
(glyceraldehyde-3-phosphate-dehydrogenase). All the assays were carried out at least in triplicate;
the graph shows the medians and the 5th to 95th percentiles; *: p < 0.01 vs. miR-scramble. Sequences
of the primers that have been used for the RT-qPCR are shown in Table 1.

These findings were then confirmed by immunoblot at the protein level (Figure 6),
as well.
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Figure 6. The observations detected by RT-qPCR in terms of mRNA were upheld by Western blots,
as shown in the representative blots, showing two biological replicates per condition (A) and their
quantification (B). All assays were carried out at least in triplicate; the graph represents the medians
and the 5th to 95th percentiles; *: p < 0.01 vs. miR-scramble.

2.4. miR-4432 Regulates Mitochondrial Oxidative Stress in Human ECs

The next logical step was to gain more insights into the physiological and disease-
related consequences of the interaction between miR-4432 and FGFBP1. The generation
of mitochondrial reactive oxygen species (ROS) induced by the known vasoconstrictor
angiotensin II (Ang II) in ECs [19] has been mechanistically implied in the pathogenesis of
hypertension [20–22] and previous investigations have evidenced that the upregulation of
FGFBP1 can increase oxidative stress signaling, leading to pro-hypertensive effects [23].

On these grounds, we quantified, by MitoSOX, the ROS production induced by Ang
II in hBMECs transfected with miR-4432 mimic, miR-4432 inhibitor, or, as control, miR-
scramble. Strikingly, we observed that mitochondrial oxidative stress was significantly
reduced by miR-4432 mimic and increased by miR-4432 inhibitor (Figure 7).
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Figure 7. In hBMECs, the production of mitochondrial ROS (reactive oxygen species) was significantly
diminished by miR-4432 mimic and increased by miR-4432 inhibitor. Mitochondrial ROS generation
induced by Ang II (200 nMol, 4 h) was quantified using MitoSOX Red in hBMECs that had been
transfected for forty-eight hours with the miRs indicated in the figure. All the assays were carried out
at least in triplicate; the violin plots show the median (dashed line) and the quartiles (dotted lines);
*: p < 0.01 vs. miR-scramble.

To mechanistically prove the functional role of FGFBP1, we repeated the ROS quantifi-
cation after the knock-down of FGFBP1, showing that in the absence of FGFBP1 there is no
significant effect of miR-4432 (Figure 8).
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Figure 8. Mitochondrial ROS generation induced by Ang II in hBMECs was not affected when
measured after having silenced FGFBP1 (top), whereas it was significantly blunted by miR-4432
mimic and increased by miR-4432 inhibitor when the cells had been treated with a shRNA scramble.
All the assays were carried out at least in triplicate; the violin plots show the median (dashed line)
and the quartiles (dotted lines); *: p < 0.01 vs. miR-scramble.

3. Discussion

The experimental observation herein reported indicates that miR-4432 targets FGFBP1
in human ECs, representing a novel potential strategy against numerous diseases charac-
terized by endothelial dysfunction, including hypertension [24–29].

Consistent with our results, hypertensive patients have been shown to have approx-
imately 1.5- and 1.4-fold higher expression of FGFBP1 mRNA and protein compared to
normotensive subjects [30], further corroborating the crucial role of FGFBP1 in the patho-
physiology of hypertension.
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A genetic polymorphism in the human FGFBP1 gene has been associated with a
higher gene expression and an increased risk of familial hypertension [30]. Preclinical
studies in spontaneously hypertensive rats substantiated a contribution of the FGFBP1
genomic locus to hypertension and to glomerular damage [31]. In addition, the induction
of FGFBP1 in a transgenic mouse model resulted in sustained hypertension and increased
vascular sensitivity to the vasoconstrictor angiotensin II (Ang II) via ROS and MAP kinase
pathway signaling [23,32]. Taken together, these pieces of evidence indicate that FGFBP1
can finely control steady-state blood pressure, most likely by regulating vascular sensitivity
to endogenous Ang II.

Another study explored the indirect relationship between FGFBP1 and miRs in human
umbilical vein ECs, showing that miR-146a promotes angiogenesis by increasing FGFBP1
expression via targeting CREB3L1 (Cyclic AMP Responsive-Element-Binding Protein-3-
Like 1) [33]. In agreement with these data, FGFBP1 has been shown to be significantly
upregulated in the hemolytic uremic syndrome associated with human immunodeficiency
virus (HIV-HUS), which is characterized by endothelial damage and microcystic tubular
dilation [34,35]; furthermore, the inhibition of FGFBP1 was shown to be beneficial in
preventing brain vessel damage triggered by acute kidney injury [32].

Intriguingly, FGFBP1 is also expressed in keratinocytes, infiltrating mononuclear cells,
and Kaposi’s Sarcoma spindle cells [36,37]; its activation during the process of wound heal-
ing in the skin can induce angiogenic lesions that closely resemble Kaposi’s Sarcoma [36].
Equally importantly, FGFBP1 can promote hepatocellular carcinoma metastasis [38], and
patients with pancreatic cancer who express higher FGFBP1 levels have been shown to
have a worse prognosis [39].

So, FGFBP1 is generally considered an indicator of early stages of pancreatic and
colorectal adenocarcinoma [40], and as a biomarker it is very useful in predicting bacil-
lus Calmette–Guérin response in bladder cancer [41]. It has been shown to be signif-
icantly upregulated in early dysplastic lesions of the human colon as well as in pri-
mary and metastatic colorectal cancers, whereas its knock-down led to anti-proliferative
effects [42–44]. Therefore, its targeting using miR-based approaches could also lead to
novel strategies in oncology.

Last but not least, the FGF signaling pathway has been shown to be intimately involved
in the regulation of the vascular tone, with important roles in a number of homeostatic pro-
cesses including blood pressure regulation, inflammation, shock, and ischemia-reperfusion,
as well as injury/repair situations involving the vasculature, nervous system and dermal
wound healing [45,46], and it also affects vascular morphogenesis of pre-endothelial cells
of the embryo [47]. One of the main limitations of our study is having performed just
in vitro assays; however, the FGFBP1 targeting by miR-4432 was confirmed in two different
cell types (i.e., hBMECs and HUVECs). Additional studies are necessary to confirm the
effects of miR-4432 in the pathobiology of hypertension and other cardiovascular and
cerebrovascular disorders.

In summary, we established that FGFBP1 is expressed in ECs and that miR-4432 finely
controls its expression levels both at the mRNA and protein level.

4. Methods
4.1. Cells and Other Reagents

hBMECs were purchased from Neuromics (Catalog code number: HEC02; Minneapo-
lis, MN, USA). HUVECs were purchased from ThermoFisher Scientific (Catalog code
number: C0035C; Waltham, MA, USA). Cells were cultured at early passages (3–7) under
standard conditions (37 ◦C, 5% CO2), as previously described [48]. In some assays, the cells
were transfected with pcDNA3.1-FGFBP1 plasmids obtained from GenScript (Piscataway,
NJ, USA). All other reagents were obtained from Merck (Darmstadt, Germany).
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4.2. Identification of miR-4432 as a Modulator of FGFBP1

To ascertain which miRs could specifically target the 3′-UTR of FGFBP1, we harnessed
Target Scan Human 8.0, as reported previously [48]. The effects of miR-4432 on FGFBP1
gene transcription were assessed in hBMECs cells through a luciferase-reporter that con-
tained the 3′-UTR of the predicted miR interaction site, in both the WT and mutated forms.
The mutant of FGFBP1 3′-UTR (FGFBP1-MUT, see Figures 1 and 2), which contained
substituted nucleotides in the region of the predicted miR-4432 binding-site of FGFBP1
3′-UTR, was designed via the NEBase Changer and Q5-site-directed mutagenesis kit (New
England-Biolabs, Ipswich, MA, USA) as previously reported [48].

Using Lipofectamine-RNAiMAX (Thermo Fisher Scientific), hBMECs were transfected
(66% transfection efficiency) with 0.05 µg of the 3′-UTR plasmid as well as miR-4432
mimic (a chemically synthesized double-stranded RNA that mimics endogenous miR-
4432, MedChemExpress, Monmouth Junction, NJ, USA) or miR-4432 inhibitor (a steric
blocking oligonucleotide that hybridizes with mature miR-4432 and inhibits its function,
IDT, Coralville, IA, USA), or a negative control (non-targeting scramble, IDT), reaching
a final concentration of 50 nMol/L [48]. Utilizing the Luciferase-Reporter Assay System
(Promega, Madison, WI, USA), we quantified Firefly-and-Renilla luciferase activities forty-
eight hours after the transfection, as previously described [48]. In some experiments,
endothelial cells were transfected with shRNA-FGFBP1 or shRNA-scramble (Origene,
Rockville, MD, USA), following the manufacturer’s instructions. TaqMan microRNA
Assays (Thermo Fisher Scientific) were used to quantify mature miR-4432 using U18 as
endogenous control, as described in the literature [16]. FGFBP1 expression was assessed
via RT-qPCR as previously reported [48], normalizing to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). The sequences of oligonucleotide primers (Merck, Darmstadt,
Germany) are shown in Table 1.

Table 1. Primer sequences used for RT-qPCR assays.

Genes F/R Sequence (5′-to-3′) bp

FGFBP1
Forward GG AGG AGC TGT GAG TAA CGT

113Reverse TG TCA GGT AGA GTG CAA GGG

GAPDH
Forward GG CTC CCT TGG GTA TAT GGT

94Reverse TT GAT TTT GGA GGG ATC TCG
FGFBP1 stands for fibroblast growth factor binding protein 1; GAPDH stands for glyceraldehyde-3-phosphate-
dehydrogenase; bp indicates base pairs.

4.3. Immunoblotting

Immunoblotting assays were performed as previously described and validated by our
group [16,49]; the intensity of the bands was quantified using FIJI (“Fiji Is Just Image J”)
software. The antibody for FGFBP1 was purchased from ThermoFisher Scientific (Catalog
code number: PA5-77220); the antibody for β-Actin was purchased from abcam (Cambridge,
MA, USA; Catalog code number: ab8229).

4.4. Mitochondrial ROS

Mitochondrial ROS generation was assessed using MitoSOX Red (catalog code number:
#M36008; Thermo Fisher Scientific) in hBMECs cells treated with Ang II (400 nMol for 4 h),
as previously described [50].

4.5. Statistical Analysis

All data were expressed as means± standard error of the means (SEMs). The statistical
analyses were carried out using GraphPad 9 (Dotmatics, San Diego, CA, USA). Statistical
significance, set at p < 0.05, was tested using the non-parametric Mann–Whitney U test or a
two-way ANOVA followed by Bonferroni multiple comparison test, as appropriate.
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5. Conclusions

Taken together, our results indicate for the first time, to the best of our knowledge, that
miR-4432 specifically targets the 3′UTR of FGFBP1, thereby representing a novel potential
strategy against hypertension, cerebrovascular disease, and other disorders characterized
by endothelial dysfunction.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biology12030459/s1, Figure S1: Validation of FGFBP1 targeting
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Simple Summary: Nicotinamide adenine dinucleotide (NAD+) is a multifunctional metabolite
involved in many key cellular processes. Outside the cell, NAD+ or its metabolites are important
signaling molecules, related especially to calcium homeostasis, which controls the functioning of
the heart. The cleavage of NAD+ or its precursor, nicotinamide mononucleotide (NMN), produces
derivatives entering the cell to rebuild the intracellular NAD+ pool, which is important for cells with
high energy turnover. Abnormalities in NAD+ and NMN metabolism can lead to cell aging and
the development of cardiovascular diseases. In this study, we demonstrated that the extracellular
metabolism of NAD+ and NMN is vastly different in the vascular endothelium obtained from
different species and locations. This may have implications for strategies to modulate the NAD+

system and may cause difficulties for comparing the results of different reports.

Abstract: The disruption of the metabolism of extracellular NAD+ and NMN may affect related
signaling cascades and pathologies, such as cardiovascular or respiratory system diseases. We
aimed to study NAD+ and NMN hydrolysis on surface endothelial cells of diverse origins and with
genetically modified nucleotide catabolism pathways. We tested lung endothelial cells isolated from
C57BL/6 J wild-type (WT) and C57BL/6 J CD73 knockout (CD73 KO) mice, the transfected porcine
iliac artery endothelial cell line (PIEC) with the human E5NT gene for CD73 (PIEC CD73), and a
mock-transfected control (PIEC MOCK), as well as HMEC-1 and H5V cells. Substrate conversion
into the product was followed by high-performance liquid chromatography (HPLC). We showed
profound differences in extracellular NAD+ and NMN metabolism related to the vessel origin, species
diversity, and type of culture. We also confirmed the involvement of CD38 and CD73 in NAD+ and
NMN cleavage.

Keywords: extracellular NAD+ metabolism; extracellular NMN metabolism; vascular endothelial
cells; CD38; CD73

1. Introduction

The primary metabolic function of nicotinamide adenine dinucleotide (NAD+) is re-
lated to redox reactions [1], but, in addition, NAD+ may also serve as a substrate in various
signaling processes. The main enzyme classes responsible for the catabolism of NAD+

in the cell are sirtuins, poly(ADP-ribose) polymerases (PARPs), and cyclic ADP-ribose
synthases/NAD+-glycohydrolases. Enzymes that participate in NAD+-dependent signal-
ing pathways are involved in controlling the necessary balance of NAD+ concentration
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as well as cell cycle progression, transcriptional regulation, and DNA repair, and have,
therefore, been identified as promising targets in many diseases [2–4].

Maintaining a constant level of NAD+ in a cell is essential for its proper functioning.
Disturbed balance in the processes of NAD+ synthesis and degradation may be the source
of the development of many pathologies. The main approach to regulating NAD+ levels in
cells is through the efficient recycling of endogenous precursors. Nucleotide derivatives
can support the maintenance of intracellular NAD+ pools by passing into the cell from the
extracellular space [5]. Extracellular NAD+ is degraded to pyridine and purine metabolites
by different types of surface-located enzymes, which are widely expressed on the plasma
membrane of various cells and tissues [6]. The enzymes that take part in the degrada-
tion of extracellular NAD+ are mainly CD38-NAD+-glycohydrolase, which hydrolyzes
NAD+ to nicotinamide (Nam) and ADP-ribose (ADPR) and nicotinamide mononucleotide
(NMN) to Nam, and CD73-ecto-5′-nucleotidase, which is responsible for the hydroly-
sis of NAD+ to NMN and AMP, then NMN to nicotinamide riboside (NR). Enzymes
of minor significance, but that should also be mentioned, are ecto-nucleotide pyrophos-
phatase/phosphodiesterase (eNPP1, CD203a) and alkaline phosphatase (ALP). All of these
enzymes are known to exist on the surface of endothelial cells. However, the importance of
extracellular NAD+ metabolism has not yet been thoroughly investigated [7,8].

The endothelium is a single layer of physiologically active cells that line the luminal
surface of the entire vascular system [9]. It takes part in the secretion and active transport
of chemical substances. The most important are prostacyclin (dilates blood vessels and
inhibits platelet aggregation), nitric oxide (dilates vessels and inhibits platelet aggregation),
von Willebrand factor (stimulates platelet aggregation), and thrombomodulin (inhibits
blood clotting). The vascular endothelium takes part in vasoconstriction and vasodila-
tion, and thus influences the regulation of blood pressure and tissue blood supply. It
is involved in blood clotting (hemostasis and fibrinolysis), processes of atherosclerosis
and angiogenesis, as well as inflammatory reactions. Endothelial dysfunction is a known
hallmark of many vascular diseases [10,11]. Extracellular enzymes located on endothelial
cells are an integral part of metabolism, which enable the homeostatic integration and
control of the vascular inflammatory and immune responses of cells at the site of injury.
The continuous development of therapeutic strategies targeting ectonucleotidases shows
promise in the treatment of vascular thrombosis, impaired inflammation, and abnormal
immune reactivity [12,13].

In this work, we measured the hydrolysis of extracellular NAD+ and NMN on different
types of endothelial cells in terms of vascular origin, species diversity, and type of culture
(immortalized or primary cell line). We have shown some significant differences that will
help to understand the heterogeneity of NAD+-dependent metabolism and may constitute
potential therapeutic strategies in the future.

2. Materials and Methods
2.1. Reagents

Adenosine (CAS 58-61-7), ADPR (adenosine 5′-diphosphoribose, CAS 68414-18-6),
AOPCP (adenosine-5′-alpha,beta-methylene diphosphate, CAS 3768-14-7), deamino-NAD+

(nicotinamide hypoxanthine dinucleotide sodium salt, CAS 104809-38-3), nicotinamide
(CAS 98-92-0), NAD+ (nicotinamide adenine dinucleotide, CAS 53-84-9), NMN (nicoti-
namide mononucleotide, CAS 1094-61-7), Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum (FBS), Hanks Balanced Salt Solution (HBSS), L-glutamine, phosphate-
buffered saline (PBS), penicillin/streptomycin, RPMI1640 medium, trypsin-EDTA solu-
tion, and endothelial cell growth supplement (ECGS) were obtained from Sigma-Aldrich
(Poznan, Poland).

2.2. Animals Maintenance and Murine Lung Endothelial Cells Isolation

All experiments on mice were conducted following a Guide for the Care and Use of
Laboratory Animals published by the European Parliament, Directive 2010/63/EU, and
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were performed with the approval of the Local Ethical Committee for Animal Experimenta-
tion in Bydgoszcz (27/2016). C57BL/6 J CD73 knockout (CD73 KO) mice were obtained
from Heinrich-Heine-Universität in Düsseldorf, Germany [13]. The isolation of murine
lung endothelial cells (LECs) from C57BL/6 J wild-type (WT) (n = 6) and CD73 KO (n = 5)
mice was described previously [14]. Briefly, mice were fed a standard chow diet until
8 weeks and were then anesthetized with a mixture of ketamine/xylazine followed by
opening the chest. Murine lungs were harvested, minced on a Petri dish, incubated with
collagenase A (2.5 mg/mL solution in 0.1% BSA in HEPES), and then filtered through a
70-µm strainer. The cells were washed with PBS, resuspended in DMEM with D-valine,
10% FBS, ECGS (15 mg/500 mL), 2 mM L-glutamine, and 1% penicillin-streptomycin (v/v),
and plated into a 25 cm2 tissue-culture flask. After reaching the specified density, cells were
sorted using mouse CD31 MicroBeads on the MACS column (Miltenyi Biotec, 130-097-418)
according to the manufacturer’s protocol. The sorted cells were further cultured in an
endothelial cell medium. For the experiments, cells between two to five passages were
plated at 12–16 × 104 cells/well in 24-well plates. The cells were maintained in a 5% CO2
humidified atmosphere at 37 ◦C.

2.3. Cell Culture Conditions of Other Endothelial Cell Types

The endothelial cell lines human dermal microvascular endothelial cells (HMEC-1),
murine immortalized heart endothelial cells (H5V), and transfected porcine iliac artery
endothelial cells (PIEC) with human E5NT gene (PIEC CD73), as well as mock-transfected
control (PIEC MOCK), were used in this study. The PIECs were kindly provided by
Marco de Giorgi, who transfected them using F2A (the 2A sequence of Foot and Mouth
Disease Virus) technology and Lipofectamine 2000 (Invitrogen, Waltham, MA, USA), and
the transfection efficiency was evaluated by FACS analyses [8]. HMEC-1 were grown in
MDCB 131 medium supplemented with 10% FBS, ECGS (15 mg/500 mL), hydrocortisone
(1 µg/mL), 2 mM L-glutamine, and 1% penicillin-streptomycin (v/v). H5V cells were
cultured in DMEM with 4.5 g/L glucose medium supplemented with 10% FBS, 2 mM
L-glutamine, 1 mM sodium pyruvate, and 1% penicillin/streptomycin (v/v). PIEC MOCK
and PIEC CD73 were cultured in RPMI 1640 medium supplemented with 10% FBS, 2 mM
L-glutamine, and 1% penicillin–streptomycin (v/v). Cells were maintained in a 5% CO2
humidified atmosphere at 37 ◦C. Cells were cultivated in 25 cm2 and 75 cm2 tissue-culture
flasks. For the experiments, the cells were plated at 4–6 × 104 cells/well in 24-well plates.
The medium was changed the next day, when the cells had adhered.

2.4. Determination of Cell-Surface NAD+ and NMN-Degrading Activities in Cell Cultures

After reaching 90–100% confluence in 24-well culture plates, LECs WT, LECs CD73
KO, HMEC-1, H5V, PIEC MOCK, and PIEC CD73 were rinsed with PBS, and 1 mL HBSS
was added to each well. Then, to measure the total NAD+ and NMN hydrolysis activity,
NAD+ or NMN (in a final concentration of 50 µM [15]) was added to the buffer and after
0, 30, 60, and 120 min of incubation at 37 ◦C, samples were collected and analyzed with
the HPLC method using the LC system (Agilent Technologies 1100 series, Santa Clara, CA,
USA) as described earlier [16]. The sample peaks were integrated and quantified using a
ChemStation (Agilent Technologies, Santa Clara, CA, USA) chromatography data system
(Figure S2, Supplementary Materials).

The cell residue was dissolved in 0.5 mol/L NaOH, and the protein concentration
was measured with the Bradford method according to the manufacturer’s protocol. The
results of the cell-surface NAD+ and NMN degrading activities were expressed as the sum
of products increased over time (nmol/min/g of protein).

2.5. Immunofluorescence Analysis

The distribution of CD73 and CD38 in H5V, HMEC-1, PIEC CD73, and PIEC-MOCK
was detected by immunofluorescent staining in a 96-well optical bottom plate at a density
1 × 104 cells/well in a total volume of 200 µL cell culture medium. After 24 h, the cells
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were rinsed 3 times with PBS and fixed in ice-cold methanol for 5 min, and then rinsed with
PBS. To reduce non-specific antibody binding, the cells were incubated with PAD solution
(1% Bovine Serum Albumin and 10% normal goat serum solution in PBS). Thereafter, the
cells were incubated with rabbit polyclonal anti-CD73 (1:100, Novus, Centennial, CO, USA)
and mouse monoclonal anti-CD38 (1:100, Novus, Centennial, CO, USA) primary antibodies
diluted in PBS for 1 h at room temperature. Next, the cells were incubated with goat
anti-rabbit antibodies labeled with Alexa Fluor 488 (1:600, JacksonImmuno, West Grove,
PA, USA) and goat anti-mouse antibodies labeled with goat anti-mouse Alexa Fluor 594
(1:600, JacksonImmuno, West Grove, PA, USA) for 30 min at room temperature. Negative
controls were obtained by incubation without primary antibodies (data not shown). The
cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) (1:1000, Thermo Fisher
Scientific, Waltham, MA, USA) for 5 min. The stained cells were imaged and analyzed
as described previously [17] with an AxioCam MRc5 camera and an AxioObserved.D1
inverted fluorescent microscope (Carl Zeiss AG, Jena, Germany), and analyzed using Zen
image processing software (version 3.3). The total CD73 and CD38-positive areas in cells
were measured and the mean fluorescence intensity was calculated.

2.6. Determination of Particular Ecto-Enzymes Engaged in the Extracellular NAD+ and NMN
Catabolism on the Surface of the Endothelial Cells

To determine the specific cell-surface ecto-enzymes engaged in the metabolism of
NAD+ and NMN, 1 mL of HBSS with inhibitors for CD38 and CD73 was added: a com-
petitive inhibitor of CD38 (150 µM deamino-NAD+, Figure S1, Supplementary Materials)
and CD73 inhibitor (50 µM AOPCP [18]), respectively. NAD+ and NMN were added as
substrates at a final concentration of 50 µM, respectively. After 0, 30, 60, and 120 min, 50 µL
of the sample was collected, centrifuged (14,000× g/15 min/4 ◦C), and analyzed by HPLC.
The degradation rates were shown as nmol/min/g of protein.

2.7. Statistical Analysis

Values were presented as the mean± SEM. Statistical analysis was performed using an
unpaired Student’s t-test and one- or two-way ANOVA followed by Tukey’s or Bonferroni’s
posttest (GraphPad software, San Diego, CA, USA). A p-value of 0.05 was considered to
indicate a significant difference.

3. Results
3.1. NAD+ and NMN Hydrolysis Are Different for Various Endothelial Cell Types

The comparison of the total NAD+ and NMN hydrolysis on endothelial cell lines
showed that the metabolism differed depending on the species and organ origin. The most
active cells were transfected PIEC with a gene for CD73 (Figure 1a,b). The PIEC CD73 had
the strongest signal for CD73 in immunofluorescent staining (Figure 1e), confirming the
successful transfection of the NT5E gene compared to the PIEC MOCK control (Figure 1f).
H5V, on the other hand, had the lowest signal for CD73 (Figure 1d), which translated into
lower total NMN hydrolysis (Figure 1b). CD38 was also present in the cell types tested;
however, despite its presence on HMEC-1 cells, no NAD+ hydrolysis was observed in the
analyzed incubation time (Figure 1a).

In contrast to NAD+ hydrolysis, total NMN hydrolysis was observed on the surface of
HMEC-1 after 2 h of incubation (Figure 1b). This may be due to the significant presence of
CD73 on these cells (Figure 1g). Small amounts of NMN were also metabolized on H5V
and PIEC MOCK cells. Figure 1c shows a diagram of NAD+ and NMN degradation in the
extracellular space. CD73 is an abundant endothelial enzyme responsible for the hydrolysis
of NAD+ to NMN and AMP, and then to NR and Ado, respectively. CD38, in turn, is
involved in the metabolism of NAD+ and NMN, leading to the production of Nam.
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Figure 1. Nicotinamide adenine dinucleotide (NAD+) and nicotinamide mononucleotide (NMN)
hydrolysis are different for various endothelial cell types. Comparison of total NAD+ (a) and
NMN (b) hydrolysis on endothelial cell lines. Results are presented as the mean ± SEM; n = 3–6;
** p < 0.01 **** p < 0.0001 with one-way ANOVA followed by Tukey’s multiple comparisons test.
Diagram of NAD+ and NMN metabolism in the extracellular space (c). Immunofluorescence staining
and quantification for CD73 (green signal) and CD38 (red signal) on cell lines. Cell nuclei were
counterstained with DAPI (blue signal) for H5V (d), PIEC CD73 (e), PIEC MOCK (f), and HMEC-1
(g). Results are presented as the mean ± SEM; n = 5; * p < 0.05, ** p < 0.01, *** p < 0.001 by student
unpaired t-test.

3.2. PIEC Cells Mainly Produce NMN, AMP, and NR

In NAD+ hydrolysis on the surface of PIEC MOCK cells (Figure 2a), the main products
are NMN and AMP. In the case of the transfected PIEC CD73, the hydrolysis was enhanced
and was characterized by a more intensive transformation of NAD+. In addition to NMN
and AMP, and other products of their metabolism (such as NR, Ado, and Ino), Nam was
also created. This indirectly confirms the successful transfection of NT5E, the gene for
CD73 that is responsible for the hydrolysis of NAD+ to NMN and NMN to NR, but also
leads to the generation of AMP from NAD+ and further Ado. For NMN hydrolysis, the
only product was NR (Figure 2b). When comparing PIEC MOCK and PIEC CD73 cells,
there was about a 10-fold increase in the concentration of the nascent NR.

3.3. Nam and ADPR Are the Main Products of NAD+ and NMN Metabolism on the Surface of LECs

LEC cells were the most metabolically active in NAD+ and NMN hydrolysis (Figure 3a,b).
The main products that were formed on the surface of the endothelium were Nam and
ADPR, followed by Ado in the case of NAD+ hydrolysis (Figure 3c), and Nam and NR in
the case of NMN hydrolysis (Figure 3d). In NAD+ hydrolysis, cells isolated from CD73
KO mice showed lower conversion to Ado and reduced Nam formation (Figure 3c). In
NMN hydrolysis, less NR was formed on LECs CD73 KO cells compared to the control
(Figure 2b). This could confirm the involvement of CD73 in the formation of these products
on the surface of the lung endothelium.
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**** p < 0.0001 with two-way ANOVA followed by Bonferroni’s posttest.
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3.4. LEC and PIECs Are Characterized by Different NAD+ and NMN Metabolism

When we compared the substrate consumption of NAD+ and NMN on LECs cells,
as well as PIEC, in an experiment with inhibitors of the main enzymes involved in the
metabolism of extracellular NAD+ and its derivative NMN, we observed that, after the
inhibition of CD38 activity on the surface of LECs, the NAD+ concentration significantly
increased on both LECs WT and LECs CD73 KO (Figure 4a). The knockout of CD73 caused
less NAD+ consumption, suggesting that CD73 may also be involved in its metabolism.
Due to the lack of sufficient cells for the experiment, we did not perform CD38 inhibition
for NMN hydrolysis. Nevertheless, we can assume that the formation of Nam and NR that
we observed in Figure 2b is due to both CD38 and CD73 activity, since CD73 knockout
affects NMN consumption (Figure 4b).
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Figure 4. LEC and PIECs characterized by different NAD+ and NMN consumption—CD38 is mainly
present on the LECs, while CD73 is primarily characteristic of PIEC. Mean comparison of the changes
in the NAD+ (a,c) and NMN (b,d) concentration over time on LECs WT and CD73 KO with an
inhibitor of CD38–dNAD+ and CD73–AOPCP, and on PIEC MOCK and PIEC CD73 with these
inhibitors. n = 3–6; * p < 0.05, ** p < 0.001, *** p < 0.001, **** p < 0.0001 vs. LECs WT or PIEC MOCK
with a two-way ANOVA followed by Bonferroni’s posttest.

A characteristic feature of PIEC CD73 cells is the increased metabolic activity of both
NAD+ and NMN (Figure 4c,d) due to the insertion of the additional human CD73 gene.
The inhibition of CD73 (by AOPCP) did not affect the NAD+ hydrolytic activity on the
surface of PIEC MOCK cells, while it significantly reduced NAD consumption in PIEC
CD73 cells. Moreover, the inhibition of CD38 by dNAD had no such effect (Figure 4c).

The NMN intake on PIEC CD73 cells was mainly due to the activity of CD73, as shown
in Figure 4d. The inhibition of CD38 did not reduce NMN consumption on the PIEC CD73;
the cells behaved as though they were untreated, suggesting that this enzyme was only
slightly involved in NMN metabolism. In contrast, on PIEC MOCK, no significant changes
in NMN consumption were observed following the inhibition of CD38 and CD73.
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4. Discussion

In this study, we compared the metabolism of NAD+ and NMN in various vascular
endothelial cells and confirmed that CD38 and CD73 are the main enzymes responsible for
their hydrolysis. In addition, our studies showed that endothelial cells are characterized by
different metabolisms of NAD+ and NMN. In the case of NAD+ metabolism on HMEC-1
cells, we demonstrated its absence within the studied time frame as compared to NMN,
which may indicate a diverse affinity of the enzyme for the substrate. Additionally, differ-
ences in the metabolism of NAD+ and NMN were observed due to the type of cell culture
conducted (primary or immortalized cells) and due to their species and tissue origin.

Extracellular NAD+ is a known signaling molecule that can act directly or indirectly
through its metabolites at purinergic receptors and modulates many functions, including
inflammatory processes and calcium signaling [19,20]. NAD+ appears in the extracellu-
lar space through lytic and non-lytic mechanisms, such as connexin 43 [21]. The major
metabolites of NAD+ conversion are NMN and AMP (CD38, CD73, and CD203a activity),
Nam and ADPR (CD38 activity), and NR, as a result of further metabolism of NMN (CD73
activity) [22]. In our research, we confirmed the presence of these pyridine derivatives.
Furthermore, AMP was cleaved to Ado (CD73 activity) and further to Ino in PIEC CD73
cells. This is consistent with what we observed in endothelial cells when investigating
the extracellular metabolism of adenine nucleotides [17]. In LECs, there were Nam and
ADPR, and then Ado production. NMN, Nam, and NR metabolites could restore the
intracellular NAD+ pool by the NAD+ salvage pathway [23]. Furthermore, studies about
NAD+ metabolism and its precursors have great value [24]. There is ample evidence that
the administration of NAD+ precursors has systemic benefits. For example, administered
NR restores the tissue levels of NAD+ and increases autophagy, possibly serving as a
protective response in acute kidney injury (AKI) [25]. NR supplementation and CD38
inhibition directly suppress neuroinflammation in the brain by boosting NAD+ [26]. NMN
supplementation, likewise, prevents age-associated gene expression changes in essential
metabolic organs and improves mitochondrial oxidative metabolism in skeletal muscle in
mice [27]. Nowadays, the importance of NMN has increased and it has been assigned the
function of a signaling molecule that interacts between three organs: the hypothalamus,
adipose tissue, and skeletal muscle [28,29]. Moreover, interest in this compound is growing
since the plasma transporter for NMN has been recently discovered [30], although not all
approve of this finding [31]. Research into the beneficial effects of NAD+ enhancement
therapies has also been conducted in humans [32]. In the case of administration to Nam, it
is less important due to the controlled process of resynthesis to NAD+ and shorter retain-
ment in the body than NMN [33]. Moreover, Nam may cause hepatotoxicity or flushing in
high-dose medications [34].

This study showed that primary cells isolated from the lungs of WT and CD73 KO
mice presented active hydrolysis of NAD+ to Nam and ADPR by CD38 on their surface.
Moreover, LECs were characterized by the highest degree of hydrolysis of both NAD+

and NMN among the tested cell lines. Regardless of the lower activity of CD73, CD38
is the predominant enzyme on the surface of the lung endothelium. This is consistent
with the function of CD38 in the respiratory system. NAD+ metabolites formed by CD38
(ADPR and adenosine) play a role in intracellular calcium regulation in various cell types,
including airway smooth muscle (ASM) cells [35]. They contribute to airway inflammation
and hyperresponsiveness [36,37]. There are also reports that CD38 knockout suppresses
tumorigenesis in mice and the clonogenic growth of human lung cancer cells [38,39]. In
our study, we also proved high CD38 activity on primary lung endothelial cells.

On the other hand, studies on PIEC cells showed low activity of CD38 in these cells
and confirmed that CD73 is the main enzyme responsible for the hydrolysis of NAD+ and
NMN. The transfection of PIEC cells by the human NT5E gene increased the degrading
activity of NAD+ and NMN by about three times. The extracellular conversion of NMN
to NR by CD73 localized in the luminal surface of endothelial cells represents important
vasoprotective mechanisms maintaining intracellular NAD+ and the healthy phenotype
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of endothelial cells [35]. Much research on CD73 activity has been aimed at exploring
adenosine-dependent mechanisms (AMP to adenosine hydrolysis). In our experiments, we
have also tried to show the important role of the transformation of NAD+ and NMN to NR
by CD73.

An interesting result was the observation of the lack of NAD+-cleavage activity
during the two-hour incubation and the remark of NMN metabolism under the same
conditions. This may indicate different affinities of enzymes for NAD+ and NMN sub-
strates. Differences in the Michaelis constant and Vmax were observed in the work by
Mateuszuk et al. [40]. They compared the metabolism of extracellular NMN by CD73 and
CD38 on Eahy.926 cells. Moreover, they showed a greater contribution of CD73 to NMN
conversion in human endothelial cells compared to CD38, previously identified as the
major NMN-degrading enzyme in mouse tissues in vivo [41].

Despite the importance of NAD+ metabolism to human health and diseases, determin-
ing the levels of NAD+ remains a challenge. Our research may also have some limitations.
The reagents used for cell culturing were aimed at maximizing the growth and survival of
cells in cultures and did not fully reflect the biological processes taking place in the body
in vivo. FBS is an example of a compound where the presence of nucleotide pyrophos-
phatase and 5-nucleotidase activities has been discovered [42]. In our research, we also
used this reagent. Each of the tested lines had the same conditions, so the impact on the
experiment was similar. Another limitation in comparing the results with other studies
may be the way of measuring NAD+ and its metabolism. In our research, we relied on
the measurement of the concentrations of the resulting products using reversed-phase
HPLC [16]. Other authors are used to NMN spectroscopy [43]; however, the gold standard
is LCMS [44,45].

To summarize, NAD+ and NMN metabolism has been the subject of many studies,
including brain cells [46], stem cells [47], muscles [48], fibroblasts [49,50], inflammatory
cells [51], and WAT and BAT [52]. Our group has also examined NAD+ and NMN hydroly-
sis on the surface of human aortic valves and vessels [53]. Endothelial cells are a common
model in the study of inflammation, circulation, leukocyte transport, angiogenesis, and
cancer research [54–56]. Recently, many associations with endothelial dysfunction and
NAD+ deficits, as well as CD38 activity, in the development of COVID-19 have also been
demonstrated [57–60]. The differences observed in this study emphasize that the extracel-
lular metabolism of NAD+ and NMN are heterogeneous and results may vary depending
on the tested material. This is further evidence that research on changes in the extracellular
NAD+ levels has its limitations and there is a lack of consistent standardization.

5. Conclusions

The extracellular metabolism of NAD+ and NMN is active on endothelial cells, but
the exact rates differ depending on the cell type and conditions. Primary cultures are
characterized by the highest degree of NAD+ and NMN hydrolysis compared to cell lines.
Moreover, the presence of enzymes varies between species. We have demonstrated the
presence of CD73, which was present in abundance on human HMEC-1 cells, while the
murine cells (H5V) had less of this enzyme’s activity. In the case of CD38, the amount of
this enzyme on cell lines was similar, but its activity was highest in primary cells isolated
from mice lungs. This may be related to the role CD38 plays in the respiratory system. On
the other hand, in experiments using cells with CD73 overexpression, a significant increase
in the metabolism of NAD+ and NMN was observed, leading to the formation of Ado,
which can be used, for example, in antiarrhythmic therapy. Due to differences in NAD+ and
NMN metabolism, as well as in the way this metabolism is measured, the results obtained
with cell culture experiments should be compared with caution.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biology11050675/s1, Figure S1: Determination of the dose in-
hibiting the metabolism of NAD+ and NMN by deamino NAD. Figure S2: Examples from the
chromatographic analysis.
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Simple Summary: Little is known about the functions and intracellular mechanisms of the endothe-
lial cells in liver grafts. In particular, we still know little about the effect of the most recent machine
perfusion techniques currently applied to improve liver transplant outcomes. In this study we
analyzed different endothelial markers of both immunohistochemical and gene expression in two
different biopsies (for each donor). We observed a severe depression of endothelial trophism in
liver grafts, which is restored after reperfusion. This is interesting for further studies on liver grafts,
especially considering that the execution of HOPE seems to improve this functional recovery. We
propose that our results may help improve the knowledge on graft tissues in order to customize the
perfusion techniques prior to transplant and, therefore, improve liver transplant outcomes.

Abstract: The aim of the present study was to evaluate the homeostasis and trophism of liver
sinusoidal endothelial cells (LSECs) in vivo in different stages of liver graft donation, in order to
understand the effects of graft ischemia and perfusion on LSEC activity in liver grafts. Special
attention was paid to grafts that underwent hypothermic oxygenated perfusion (HOPE). Forty-seven
donors were prospectively enrolled, and two distinct biopsies were performed in each case: one
allocation biopsy (at the stage of organ allocation) and one post-perfusion biopsy, performed after
graft implant in the recipients. In all biopsies, immunohistochemistry and RT-PCR analyses were
carried out for the endothelial markers CD34, ERG, Nestin, and VEGFR-2. We observed an increase in
CD34 immunoreactivity in LSEC during the whole preservation/perfusion period (p < 0.001). Nestin
and ERG expression was low in allocation biopsies, but increased in post-perfusion biopsies, in both
immunohistochemistry and RT-PCR (p < 0.001). An inverse correlation was observed between ERG
positivity and donor age. Our results indicate that LSEC trophism is severely depressed in liver
grafts, but it is restored after reperfusion in standard conditions. The execution of HOPE seems to
improve this recovery, confirming the effectiveness of this machine perfusion technique in restoring
endothelial functions.

Keywords: CD34; endothelial cells; ERG; hypothermic oxygenated perfusion; liver transplantation;
machine perfusion; nestin; VEGFR

1. Introduction

Vascular endothelial cells represent the interface between blood flow and tissue, ex-
erting several functions beyond a mere barrier, including tissue homeostasis, metabolite
and nutrient cross-transport, regulation of inflammation and neoangiogenesis, as well
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as control of the muscular tone of the vessel wall [1]. Liver sinusoidal endothelial cells
(LSECs) show an even higher specialization level, being characterized by discontinuous
surfaces, diffuse fenestrae for the passage of macromolecules, and the absence of a basal
membrane [2]. LSECs actively cross-talk with hepatocytes, stellate cells, and Kupffer cells,
contributing to all liver physiological processes: for instance, LSECs inhibit the profibrotic
and vasoconstrictive activity of stellate cells [2]. In chronic liver diseases, in response to
direct or indirect harmful stimuli, LSECs undergo so-called “endothelization” (or “cap-
illarization”) [3], with loss of fenestrae and acquisition of a phenotype commonly seen
in usual capillaries, among which the expression of CD34 is the most evident, as well as
the most useful in histopathological practice [4]. During chronic damage and endotheliza-
tion, LSEC lose the inhibitory function on stellate cells, moving towards profibrotic and
vasoconstrictive activity [2].

In the few last decades, the poor availability of grafts for liver transplantation has
led to the search for new strategies to increase the donor pool: one of these strategies is
the use of organs from extended criteria donors (ECD). The ECD inclusion criteria are age
>60–65 years, and/or the presence of other criteria, such as donors in cardiovascular death
(DCD), high transaminase levels or hypernatremia, long intensive care, or prolonged cold
ischemia time [5]. Organ preservation is crucial when ECD transplant grafts are utilized,
which appear more vulnerable when treated with standard techniques, such as static
cold storage (SCS) [6], leading to a high risk of acute and chronic liver injury caused by
ischemia–reperfusion after liver transplantation of ECD [7]. The machine perfusion (MP) is
a recent organ preservation strategy to increase the survival of organs from ECD: at present,
dynamic MP can be performed in hypothermic, subnormothermic, and normothermic
conditions [8]. The hypothermic oxygenated perfusion (HOPE) allows the redirection from
anaerobic metabolism to aerobic metabolism under hypothermic conditions, and protects
grafts from species-related oxidative damage. The superiority of HOPE preservation to
simple cold storage was reported in clinical liver preservation studies [9–12]. LSECs play a
key role in the regulation of the venous pressure gradient (at 4 mmHg in normal conditions),
by producing vasodilating (nitric oxide synthase, NOS) and vasoconstricting (endothelin-1)
factors in response to intrahepatic shear stress [13]: this is of utmost importance, since
one of the protective functions of machine perfusion techniques is the maintenance of
adequate shear stress, in order to avoid endothelial damages and the shift in balance
toward thrombosis and vasoconstriction [14]. The preservation of LSECs during machine
perfusion is strongly time-dependent, since it has been demonstrated that LSECs can bear
8–16 h of cold storage, versus the 72 h reported for hepatocytes in vitro, as well as the
fact that ischemic damage to LSECs drastically impacts on hepatocyte functional response
in vivo [15,16].

The ETS-related gene (ERG) is a transcription factor with an emerging role in the regu-
lation of endothelial functions, during embryogenesis, but also in several adult tissues [17].
ERG expression is constitutively regulated by several genes involved in neoangiogenesis
and response to hypoxia, such as NOS, VE-cadherin, and von Willebrand factor, and it is
inhibited by proinflammatory stimuli such as TNF-α [18–21]. Nestin represents another
interesting marker of endothelial trophism and intracellular homeostasis regulation: it is a
type IV intermediate filament, originally described in nervous stem cells, where it regulates
the radial axon growth [22]. Our group studied Nestin expression and localization in
the liver, finding a basal immunohistochemical expression in the portal arterioles: sinu-
soids usually do not show Nestin positivity, with the noteworthy exception of neoplastic
sinusoids during hepatocellular carcinoma progression [23,24].

The aim of the present study is to evaluate the expression of different markers of
LSECs trophism and homeostasis in vivo at different stages of liver graft donation, before
and after HOPE, in order to understand the effects of graft ischemia and perfusion on
LSECs.
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2. Materials and Methods
2.1. Donors’ Enrolment

The present study was approved in advance by the local Ethical Committee (code
number 65/2018/SPER/AOUBo), and follows the ethical guidelines of the 1975 Declaration
of Helsinki (6th revision, 2008); donors are kept anonymous. The study includes donors
previously published in the context of a larger open-label, prospective, single-center, ran-
domized clinical trial, where patients were stratified based on the contemporary presence
of ECD liver criteria and randomized in a 1:1 ratio to receive a liver preserved with either
HOPE after SCS during transportation or with SCS alone [9,25]. Livers undergoing SCS
were stored in sterile organ bags with Belzer or Celsior solution, and cooled on ice as
previously described and according to the Center policy [9,10,25]. HOPE was performed
through the portal vein at a pressure of 5 mmHg by flushing the organ at low flow values
(30 mL/min) with new oxygenated perfusion fluid (Belzer MPS) during back-table prepa-
ration with the aim of removing waste products and residual microthrombi, and to provide
oxygen. Successively, the organs were treated with continuous HOPE until the grafts were
transplanted.

An eligibility criterion specific for the present study was the availability of two distinct
biopsies:

1. Allocation biopsy (A-Biopsy), performed at the stage of organ allocation for the
assessment of graft suitability, as usually performed in our Institution [26];

2. Post-perfusion biopsy (PP-Biopsy), performed for the purposes of the study after graft
implant in the recipients. This biopsy was specifically performed for the study.

Of the 110 liver donors prospectively enrolled in the context of the monocentric clinical
trial, 49 satisfied the eligibility criteria; two more donors were excluded due to the lack of
sufficient tissue in A-Biopsies to perform IHC: 47 donors were therefore finally enrolled for
the current study, 22 males and 25 females, with a mean age of 74.8 ± 10.1 years (range
42–87 years).

Of these 47 donors, 34 (72.3%) donors were enrolled for HOPE perfusion, while 13
(27.7%) were preserved in SCS.

Collected donor variables included tobacco and/or alcohol consumption, chronic
use of medications; heart, lung, and liver disease; hypertension; diabetes; dyslipidemia;
nephropathy; vasculopathies; dyslipidemia; and body mass index (BMI). Machine perfu-
sion variables included flow, pressure, and resistance; gas analysis variables of the effluent
perfusate included PH, pCO2, paO2, glucose, and lactate at start of perfusion, and then
every 30 min.

Analysis of recipients’ characteristics was not included in the present study due to
the study aims and the small sample size; however, a follow-up of the recipients was
preliminarily included after a mean follow-up of 305.6 ± 193.5 days (range 45–723 days).
Follow-ups included early allograft dysfunction (EAD) and primary non-function (PNF)
cases, post-transplant acute kidney injury (AKI) with or without the need of continuous
venovenous hemofiltration (CVVH), graft survival, and recipient survival.

2.2. Histopathological Analysis and Immunohistochemistry

Different endothelial markers were applied to evaluate the trophism of LSECs before
and after perfusion. The term “trophism” was used to indicate the activation of those
intracellular pathways leading to cell protection and/or survival in course of hypoxic
stresses.

A-Biopsies were routinely frozen for quick histopathological evaluation for graft
suitability, and subsequently fixed in formalin and embedded in paraffin (FFPE); PP-
Biopsies were directly FFPE at the stage of sampling. In all cases, FFPE tissue was routinely
processed, and 2-µm-thick sections were cut for hematoxylin–eosin and reticulin silver
staining, as well as for immunohistochemistry (IHC). The histopathological variables
collected are the same of the donor’s checklist usually applied in our institution [26]: portal
fibrosis stage according to Ishak [27], lobular fibrosis (absent, focal, diffuse), portal and
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lobular inflammation according to Ishak, lobular necrosis according to Ishak, myointimal
thickening of hepatic arteries and arterioles (absent, mild, moderate, and severe), bile duct
regression (absent, present) with or without bile duct reaction, percentage of macrovesicular
and microvesicular steatosis, cholestasis (absent, mild, moderate, severe).

IHC was automatically performed by means of the automated immunostainer Benchmark®

ultra (Ventana Medical Systems, Inc, Roche group, Tucson, AZ, USA), following the man-
ufacturer’s instructions. The antibodies used in the present study included: CD34 (clone
QBEnd/10), Nestin (clone 10C2), and ERG (clone EPR3864). CD34 immunoreactivity was
semiquantitively assessed in LSECs as mild/focal, moderate, and severe/diffuse, based
on the extension of sinusoids “endothelization” from the periportal zone to the whole
lobule. Nestin immunoreactivity was evaluated at two levels: (1) semiquantitively at LSEC
level (when Nestin-positive sinusoids were present), applying the same method as CD34;
(2) quantitatively counting the highest number of periportal Nestin-positive capillaries,
which we observed to be common in our series. ERG immunoreactivity was quantitatively
assessed by counting the number of ERG-positive endothelial nuclei in 10 high-power
fields (HPF, 40× magnification): the mean number of ERG-positive nuclei/10 HPF was
therefore counted. As controls, two liver graft specimens from healthy living donors (age
31 and 39 years) were used: in these cases, no CD34-positive endothelization of LSEC and
no significant Nestin immunoreactivity were observed (as expected); the mean number of
ERG-positive nuclei was 13.3 and 14.5/10 HPF respectively.

2.3. RNA Extraction and Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted from 16 FFPE tissue samples, eight HOPE and eight SCS
cases, from both A-Biopsies and PP-Biopsies, using the FFPE Recover All (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. RNA quality
and concentration was evaluated by a ND-1000 spectrophotometer (NanoDrop, Thermo
Fisher Scientific, Waltham, MA, USA). Reverse transcription was performed from 0.5 µg
of total RNA in 20 µL reaction volume using the High-Capacity cDNA Reverse Tran-
scription Kit (Thermo Fisher Scientific). Real-Time PCR for the analysis of Nestin, ETS
Transcription Factor (ERG) and Vascular Endothelial Growth Factor Receptor-2 (VEGFR-2)
was assessed in a CFX Connect Real-Time PCR Detection System (Bio-Rad Laboratories.
Hercules, CA, USA) using the SYBR green master mix (Bio-Rad Laboratories). Primer
sequences were designed through the NCBI primer tool and were the following: Nestin
FWD GACCCTGAAGGGCAATCACA; Nestin REV GGCCACATCATCTTCCACCA; ERG
FWD TCGCATTATGGCCAGCACTA, ERG REV CGTTCCGTAGGCACACTCAA; VEGFR-
2 FWD CGGTCAACAAAGTCGGGAGA; VEGFR-2 REV CAGTGCACCACAAAGACACG
(Sigma-Aldrich. St. Louis, MO, USA). Reactions were performed in triplicate and target
gene expression was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
Relative quantification was assessed by the comparative 2−∆∆Ct method and data were
expressed as fold changes of mRNA expression relative to A-Biopsies.

2.4. Statistical Analysis

Variables were reported as means ± standard deviation, ranges, and frequencies.
Statistical analysis was carried out using SPSS® software for Windows, ver. 20. When
applicable, t-tests, ANOVA, and non-parametric Mann–Whitney and Kruskal–Wallis tests
were used to compare the variables. p values <0.05 was considered statistically significant.

3. Results
3.1. Donor and Graft Characteristics

Mean donors’ BMI was 26.8 ± 4.5 (range 19.9–46.7), tobacco use was recorded in 17
(36.2%) cases, history of alcohol abuse in one (2.1%) case, cardiopathies were recorded in 18
(38.3%) cases, pneumopathies in 10 (21.3%), chronic hepatopathies in two (4.3%), chronic
nephropathies in four (8.5%), hypertension in 30 (63.8%), diabetes in six (12.8%) donors
(one of which insulin-dependent), dyslipidemia in 16 (34.0%) cases, and arterial and venous
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vasculopathies in eight (17.0%) and four (8.5%) donors, respectively; 37 (78.7%) donors
chronically used medications (mostly antihypertensives).

Recipient follow-ups recorded seven (14.9%) cases of EAD, no cases (0%) of PNF, and
15 (31.9%) AKI cases, with seven (14.9%) cases needing CVVH. Only two recipients died in
the follow-up, and only one needed retransplantation.

The main histopathological characteristics of the 47 liver grafts enrolled are listed
in Table 1. Both A-Biopsies and PP-Biopsies were separately revised by two dedicated
pathologists, blind to each other: no substantial differences were observed between A-
Biopsies and the corresponding PP-Biopsies as far as histopathology is concerned. In case of
discordance between the two biopsies concerning single variables, PP-Biopsy characteristics
were chosen, due to the better tissue quality and lack of freezing artifacts [28]. In the
34 grafts perfused with HOPE, all the perfusion variables concerning the overall procedure
were recorded as well, including both the flushing and the perfusion phases, according to
the study protocol (Supplementary Table S1) [9].

Table 1. Histopathological features of the 47 liver grafts evaluated.

Histopathological Variable No. (Percentage)

Portal Fibrosis (Ishak’s stage)
0
1
2
3

3 (6.4%)
19 (40.4%)
23 (48.9%)
2 (4.3%)

Lobular Fibrosis
Absent

Mild/focal
Severe/diffuse

31 (66.0%)
12 (25.5%)
4 (8.5%)

Portal Inflammation
Absent

Mild
Moderate-to-severe

7 (14.9%)
35 (75.5%)
5 (10.6%)

Myointimal Thickening
Absent/mild

Moderate
Severe

22 (46.8%)
17 (36.2%)
8 (17.0%)

Biliocyte/bile duct regression
Absent

Mild
Severe

5 (10.6%)
38 (80.9%)
4 (8.5%)

Lobular Inflammation
Absent

Mild
Moderate-to-severe

30 (63.8%)
15 (31.9%)
2 (4.3%)

Lobular NecrosisAbsent
Mild

Moderate-to-severe

33 (70.2%)
11 (23.4%)
3 (6.4%)

Cholestasis
Absent

Mild

36 (76.6%)
11 (23.4%)

Microvesicular steatosis (mean) 6.5 ± 6.7%
(0–20%)

Macrovesicular steatosis (mean) 4.2 ± 6.1%
(0–25%)
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3.2. Modifications of Endothelial Trophism in Allocation and Post-Reperfusion Biopsies

In A-Biopsies, sinusoidal CD34 expression was mild/focal in 25 (53.2%) cases, mod-
erate in 13 (27.7%), and diffuse in nine (19.1%). In PP-Biopsies, LSEC CD34 expression
was mild/focal in five (10.6%) cases, moderate in 20 (42.6%), and diffuse in 22 (46.8%).
We therefore observed an increase in CD34 immunoreactivity in graft sinusoids, mean
0.7 ± 0.9 points, as confirmed by the fact that the “diffuse” cases increased from 19.1% to
46.8%. This difference was statistically significant (p < 0.001, t-test; Figure 1a,b).

Biology 2022, 11, x FOR PEER REVIEW 6 of 12 
 

 

Mild 
Moderate-to-severe 

3 (6.4%) 

Cholestasis 
Absent 

Mild 

36 (76.6%) 
11 (23.4%) 

Microvesicular steatosis (mean) 
6.5 ± 6.7% 
(0–20%) 

Macrovesicular steatosis (mean) 
4.2 ± 6.1% 
(0–25%) 

3.2. Modifications of Endothelial Trophism in Allocation and Post-Reperfusion Biopsies 
In A-Biopsies, sinusoidal CD34 expression was mild/focal in 25 (53.2%) cases, mod-

erate in 13 (27.7%), and diffuse in nine (19.1%). In PP-Biopsies, LSEC CD34 expression 
was mild/focal in five (10.6%) cases, moderate in 20 (42.6%), and diffuse in 22 (46.8%). We 
therefore observed an increase in CD34 immunoreactivity in graft sinusoids, mean 0.7 ± 
0.9 points, as confirmed by the fact that the “diffuse” cases increased from 19.1% to 
46.8%. This difference was statistically significant (p < 0.001, t-test; Figure 1a,b). 

 
Figure 1. Immunohistochemistry results. CD34 immunoreactivity increased in liver sinusoids from 
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also statistically significant (p < 0.001) between allocation biopsy ((c), 2× magnification) and 
post-perfusion biopsy ((d), 2× magnification). The higher density of ERG-positive nuclei is high-
lighted by higher magnification (small squares, 20× magnification). Two portal tracts im-

Figure 1. Immunohistochemistry results. CD34 immunoreactivity increased in liver sinusoids from
allocation biopsy ((a), 2× magnification) to post-perfusion biopsy ((b), 2× magnification), as a
progressively increasing periportal endothelization (p < 0.001). The increased expression of ERG was
also statistically significant (p < 0.001) between allocation biopsy ((c), 2× magnification) and post-
perfusion biopsy ((d), 2× magnification). The higher density of ERG-positive nuclei is highlighted
by higher magnification (small squares, 20× magnification). Two portal tracts immunostained by
Nestin ((e,f), 10× magnification), showing a variable number of periportal capillaries and a mild
immunoreactivity in adjacent sinusoid.

The mean number of ERG-positive nuclei in A-Biopsy LSECs was 4.9 ± 7.5, with a
maximum number ranging from 1 to 48 (mean maximum number 11.7 ± 12.5). The mean
number of ERG-positive nuclei in PP-Biopsy sinusoidal endothelial cells was 22.0 ± 5.8,
with a maximum number ranging from 13 to 47 (mean maximum number 28.3 ± 8.4). The
increased expression of ERG was statistically significant (p < 0.001, Mann–Whitney test);
however, an inverse correlation was observed between ERG positivity (on both biopsies)
and donor age, as represented in Figure 2 (p = 0.031, ANOVA test; Figure 1c,d).
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Figure 2. In post-perfusion biopsies (green dots and line), ERG significantly increased compared
to allocation biopsies (blue dots and line), but in both groups, an inverse correlation was observed
between ERG immunoreactivity and donor age.

Mild Nestin immunoreactivity was observed in LSECs in 6 (12.8%) A-Biopsies, with
a low mean number of Nestin-positive periportal capillaries (mean 1.8 ± 2.6 positive
periportal capillaries in hot spots). Nestin immunoreactivity in PP-Biopsy LSECs was
absent in six (12.8%) cases, mild in 21 (44.6%), moderate in 14 (29.8%), and diffuse in six
(12.8%). The mean number of Nestin-positive periportal capillaries was 7.4 ± 4.2 in hot
spots (range 0–24). As for the first two markers, this increased Nestin expression from
A-Biopsies to PP-Biopsies was statistically significant (p < 0.001, t-test; Figure 1e,f).

RT-PCR analysis confirmed the induction of the intracellular endothelial pathways
suggested by IHC: the mean fold increases between A-Biopsies and PP-Biopsies for VEGFR-
2, ERG and Nestin genes were 9.95 ± 17.77, 4.63 ± 7.83, and 2.04 ± 1.83, respectively
(Figure 3). Notably, no differences in IHC expression were found between grafts perfused
with HOPE and grafts preserved in SCS (see also Table 2), while in RT-PCR, the increase
expression of VEGFR-2 was significantly higher after HOPE (mean 15.09) than after SCS
(mean 1.36, p = 0.025, Kruskal–Wallis test), suggesting a beneficial role of HOPE in terms of
endothelial cell homeostasis and survival.
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Figure 3. At RT-PCR analysis the mean fold increase from allocation biopsies to post-perfusion
biopsies for was 2.04 for Nestin, 4.63 for ERG, and 9.95 for VEGFR-2.

Table 2. General, immunohistochemical and main follow-up of the patients enrolled in the HOPE
and static cold storage (SCS) groups. * Chi-square test.

HOPE (n = 34) SCS (n = 13) Sig.

Mean Age 73.7 years 78.8 years n.s.

Sex (male) 17 (50%) 5 (38.5%) n.s.

MELD score 14.4 23.0 n.s

Cold ischemia time (min) 411.2 361.8 n.s.

Post-perfusion CD34 (diffuse
endothelization) 14 (41.2%) 7 (53.8%) n.s.

Post-perfusion mean Nestin-positive
capillaries 7.3 7.5 n.s.

Post-perfusion mean ERG-positive
sinusoids 21.6 23.2 n.s.

Early allograft dysfunction 3 (8.8%) 4 (30.1%) p = 0.064 *

Primary non-function 0 0 n.s.

Graft failure (retransplantation) 0 1 n.s.

Recipients’ death 1 1 n.s

3.3. Perfusion Characteristics Influencing Endothelial Trophism in Liver Grafts and Preliminary
Follow-Up Results

Among the 34 grafts who underwent to HOPE prior to liver transplantation, some
perfusion characteristics correlated with the expression of the three endothelial markers. In
particular, the increase in CD34 immunoreactivity in LSECs (endothelization) positively
correlated with the time of the overall perfusion (p = 0.047, Spearman’s test). The number
of Nestin-positive periportal capillaries in PP-biopsies was positively correlated with the
Lactate concentration (p = 0.008), and negatively correlated with the pH (p = 0.005) at the
beginning of the re-cycle. Finally, the increase in the number of ERG-positive nuclei in
PP-Biopsies positively correlated with the pO2 at the end of re-cycle (p = 0.044).
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The only follow-up data that showed a correlation with graft endothelial trophism
was the need for CVVH after transplant, which directly correlated with CD34 positivity in
PP-Biopsies, suggesting a correlation between LSEC endothelization and kidney function in
liver transplant recipients. In particular, all seven CVVH cases showed strong and diffuse
positivity for CD34 at PP-Biopsy (p = 0.017, t-test).

4. Discussion

The present study aimed to evaluate the trophism in LSECs in vivo during liver graft
procurement, preservation, and perfusion with HOPE. For this purpose, we carried out
a morphological, IHC, and RT-PCR analyses on different endothelial markers on graft
tissue before and after HOPE, as well as before and after SCS. Our results show an increase
in LSEC CD34 immunoreactivity, which occurred invariably during the whole preserva-
tion/perfusion time: in the grafts perfused with HOPE, this endothelization is proportional
to the overall perfusion time, but it does not seem to correlate to any of the other variables.
CD34 immunoreactivity is a sign of so-called LSEC “endothelization”, and even in the
present context, it should be considered a sign of protection from a mechanic—rather than
biologic—stimulus. Nonetheless, capillarized LSECs have been recently shown to produce
extracellular matrix, thus demonstrating an indirect link between endothelization and
so-called endothelial–mesenchymal transition (EndMT) [29]. EndMT is a model proposed
to describe all those processes during which the endothelial cells lose their phenotype
and normal functions in response to pathological noxae, to acquire a less differentiated
mesenchymal phenotype, characterized by fusiform cell shape and extracellular matrix
production, among others [30]. Hypoxia and inflammation have already been reported
to stimulate EndMT; thus, this process is likely to play a role in regulating LSEC function
during liver graft ischemia and reperfusion [30]. This setting fits well with the more “tra-
ditional” view of LSEC endothelization as a sort of metaplastic shift of endothelial cells
towards a less specialized phenotype as a protection from high portal pressure, as it is
demonstrated by the diffuse LSEC endothelization in course of cirrhosis [3,4]. The finding
of a correlation between post-perfusion CD34 immunoreactivity and the need of CVVH in
recipients reinforce further the importance of future studies on intrahepatic resistance and
pressure of the grafts, both during HOPE and after transplantation.

In this study, we used Nestin as a more specific marker of EndMT: Nestin positivity
is not normally observed in LSECs, as already reported by our group [23], as well as
demonstrated by our controls. In A-Biopsies, the Nestin positivity generally remained very
low, concerning both staining intensity and diffusion. Conversely, an increase in Nestin
expression was observed in LSECs from PP-Biopsies with both IHC and gene expression:
a periportal Nestin-positive microcirculation became visible in most cases, and RT-PCR
demonstrated a twofold increase in Nestin mRNA from A-Biopsies to PP-biopsies. In
addition, we observed a higher Nestin expression in HOPE grafts with higher lactate and
lower pH at the beginning of the re-cycle. All these observations highlight a possible role
of Nestin in EndMT as an adaptative mechanism of liver microcirculation during ischemia
time and reperfusion.

ERG is a known mediator of endothelial trophism, essential for physiological and
pathological neoangiogenesis [31], and it is generally expressed in normal endothelial
cells [32], as also observed in our controls. ERG has been described to prevent the activation
of the prothrombotic pathway during low shear stress (as in cold storage) [30], as well as
to be involved in the regulation of the genes of the TGF-β family by enhancing Smad1
and reducing Smad2 and 3 activities [33]: through these mechanisms, ERG protect the
endothelial cells from EndMT [34]. In addition, ERG inhibits EndMT by regulating several
genes such as TGF-β, FLI1, Notch, and others [18–21,33]. ERG has been demonstrated to
induce endothelial differentiation of non-vascular amniotic cell in vitro, actually reversing
EndMT process [34]. An interesting finding in our study is the very low number of
ERG-positive nuclei in A-Biopsies, which was further confirmed via gene expression with
RT-PCR, followed by a total recovery after reimplantation (on PP-Biopsies). Unlike the
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former two markers, which increased as a response to mechanical and/or metabolic needs
during ischemia and perfusion, the recovery of ERG expression is to be considered as
restoring normal—and sometimes greater—endothelial trophism. This is also confirmed
by our RT-PCR results, which showed a 4.6-fold increase in ERG mRNA in the PP-Biopsy,
and a nearly 10-fold increase in VEGFR-2, which is a major vascular growth factor that
works together with ERG in all neoangiogenetic processes, via the VEGF/MAPK/ERG
pathway [17]. Notably, the VEGFR-2 increase was significantly higher after HOPE than
after SCS: in the present study, the sample size and the low number of main events (two
recipient deaths and one graft loss) prevents us from conducting a survival analysis (which
was out of the study aims), but our results highlight once more the safety and the efficacy of
HOPE at least in restoring LSEC functionality and cellular viability. The efficacy of HOPE
in terms of short- and medium-term follow-up was reported in previous studies from our
group [9,10].

Another interesting finding is that this “recovery” was inversely correlated to donor
age, suggesting a physiological unbalance in ERG activities with ageing. This is in line with
previous observations on the progressive lack of LSEC fenestrations, in which sinusoidal
dysfunction and increased hepatic microvascular resistance correlated with age [35,36].
The comprehension of the effects of age in liver grafts is of utmost importance, since the
use of increasingly older ECDs is becoming the rule in transplant centers.

5. Conclusions

In conclusion, our results showed that LSEC trophism is severely depressed in liver
grafts, but it is restored after reperfusion in standard conditions. The execution of HOPE
seems to improve this recovery, confirming the effectiveness of this MP technique in
restoring endothelial functions. Whether this LSEC increases functionality impacts on graft
survival and transplant outcomes will be the topic of further research.
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Simple Summary: An important issue in cancer chemotherapy is minimizing its side effects. The
extreme toxicity of chemotherapy drugs is due to their task of preventing the multiplication of cancer
cells and causing cancer cell death. One of their most common undesirable side effects is anemia,
which is caused by a decrease in the number of red blood cells (RBCs) circulating in blood, which in
turn results in a lack of oxygen in tissues. The manifestation of anemia is associated not only with
the inhibition of the hematopoietic function of bone marrow but also with direct damage to RBCs
during the drugs’ infusion and circulation. Here, we investigated how frequently used chemotherapy
drugs directly affect RBCs. Our results show that chemotherapeutic drugs, whose main task is
to damage the DNA of cancer cells and prevent their division, have a noticeable toxic effect on
RBCs. However, this effect is lower than the effect caused by drugs, which disrupt the dynamics
of the cytoskeleton during cell division. Direct simulation of RBCs’ transport in microchannels of
a microfluidic device was allowed to integrally assess the cells’ functionality and the capability of
passing through microcapillaries where gas transport mainly occurs. We demonstrate that after
exposure to drugs, regardless of their type, the number of damaged cells did not exceed 10%, which
indicates the balance of the drugs’ therapeutic doses. Our data along with the developed research
method could be used to work out an effective combination of chemotherapeutic drugs as well as to
calculate the efficient therapeutic drug doses for cancer treatment to reduce anemia side effects.

Abstract: Red blood cells (RBCs) are the most numerous cells in the body and perform gas exchange
between all tissues. During the infusion of cancer chemotherapeutic (CT) agents, blood cells are the
first ones to encounter aggressive cytostatics. Erythrocyte dysfunction caused by direct cytotoxic
damage might be a part of the problem of chemotherapy-induced anemia—one of the most frequent
side effects. The aim of the current study is to evaluate the functional status of RBCs exposed to
mono and combinations of widely used commercial pharmaceutical CT drugs with different action
mechanisms: paclitaxel, carboplatin, cyclophosphamide, and doxorubicin, in vitro. Using laser
diffraction, flow cytometry, and confocal microscopy, we show that paclitaxel, having a directed effect
on cytoskeleton proteins, by itself and in combination with carboplatin, caused the most marked
abnormalities—loss of control of volume regulation, resistance to osmotic load, and stomatocytosis.
Direct simulations of RBCs’ microcirculation in microfluidic channels showed both the appearance
of a subpopulation of cells with impaired velocity (slow damaged cells) and an increased number
of cases of occlusions. In contrast to paclitaxel, such drugs as carboplatin, cyclophosphamide, and
doxorubicin, whose main target in cancer cells is DNA, showed significantly less cytotoxicity to
erythrocytes in short-term exposure. However, the combination of drugs had an additive effect.
While the obtained results should be confirmed in in vivo models, one can envisioned that such data
could be used for minimizing anemia side effects during cancer chemotherapy.
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1. Introduction

According to estimates from the World Health Organization, cancer is the first/second
leading cause of death [1]. Cancer treatment is a multi-component process in which, along
with immunotherapy, surgery, and radiotherapy, chemotherapy still occupies a key role [2].
Chemotherapy (CT) is a powerful and aggressive treatment for cancer patients, the main
goal of which is to destroy cancer cells. They are highly proliferative cells; therefore, the
main mechanisms of CT drugs’ action include DNA strand bonding and blocking DNA
replication, blocking of metabolic pathways, and preventing replication. Additionally, for
chemotherapeutic drugs’ action, cell membranes represent either a possible target or an
obstacle to the drugs’ effect—suppression of malignization.

Currently, the main CT regimens for solid tumours include anthracyclines and taxanes
accompanied by alkylating agents. The therapeutic effect of taxanes (paclitaxel (TAX),
docetaxel) is due to blocking the depolymerization of microtubule tubulin, which leads
to the inhibition of cell division [3]. The antiproliferative effect of platinum-based drugs
(carboplatin (PLAT), cisplatin, oxaliplatin, etc.) is DNA–DNA and DNA–protein crosslink-
ing, which leads to blockage of DNA replication and/or reparation [4]. These drugs work
similarly to alkylating antineoplastic agents (anthracyclines), such as doxorubicin (RUBI).
These agents’ actions include interaction with DNA by intercalation, inhibition of protein
kinases, and stabilization of the topoisomerase IIα complex after DNA cleavage, which in
turn stops the replication process [5]. An exception to anthracycline drugs is cyclophos-
phamide (PHOS), whose action is mainly due to its metabolite phosphoramide mustard.
Along with immunomodulation, this metabolite performs DNA alkylation, which causes
cytotoxic apoptosis of tumour cells [6].

Although circulating erythrocytes (red blood cells, RBCs) have never been a target for
cancer chemotherapy, they are the first to encounter aggressive cytostatics during infusion
of CT drugs. RBCs lack a nucleus; therefore, the effect of CT drugs may be primarily due to
the interaction with the lipid part of cell membrane and with the cytoskeleton. It has been
shown that anthracyclines inhibit actin polymerization [6], which may play an important
role in reducing the mechanical strength of erythrocytes and have a significant effect on
reducing their rigidity. Moreover, interaction of anthracyclines only with the cell membrane
without penetration into cells is sufficient for cancer cell death [7]. Thus, the target of action
of anthracyclines can be both the lipid membrane and the cytoskeleton of erythrocytes.
Another target in RBCs was reported to be the inhibition of Na-K-ATPase activity, which
leads to volume regulation disruption [8].

Paclitaxel is another widely used chemotherapy drug from the class of taxanes. Its
antiproliferative effect is linked to the ability to block the depolymerisation of tubulin and,
thus, to stabilise microtubules. Mature erythrocytes lack microtubules but, as was shown by
proteomic analysis, possess tubulin [9]. The treatment of erythrocytes with another taxane,
Taxol®, resulted in an increase in the membrane tubulin pool and a decrease in erythrocyte
deformability [10]. Additionally, it has been established that paclitaxel in erythrocyte
membranes can also act on actin, a component of the cytoskeleton structure [11]. It has been
shown that paclitaxel induces ionic pores in planar lipid bilayers. The drug molecules bind
randomly on the cell surface in the form of single particles or clusters, and the favourable
energetics in the adsorbed drug clusters can lead to the creation of ion channels [12,13].

Platinum drugs are actively used in combination therapy for solid tumours [14,15]. It
is believed that with respect to erythrocytes, the main negative effect of platinum drugs is
due to a decrease in antioxidant protection [16]. However, not all platinum preparations
have equal prooxidative capabilities [17]. For example, treatment of erythrocytes with
cisplatin leads to their transformation into stomatocytes [18] and to the disruption of lipid
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asymmetry with release of phosphatidylserine to the outer surface, which in turn increases
procoagulant potential [19].

Another widely used CT drug is cyclophosphamide, which is a synthetic alkylating
cytostatic used as an antitumour and immunosuppressive agent [20]. Cyclophosphamide
must be metabolised to form mustard phosphoramide in order to exert its antitumour
effect [21]. Little is known about the direct effect of cyclophosphamide on erythrocytes. In
in vitro experiments, cyclophosphamide was shown to reduce erythrocyte antioxidant pro-
tection through a decrease in glutathione levels and the activity of the following enzymes:
glutathione-S-transferase, catalase, glutathione peroxidase, and glutathione reductase [22].

In summary, different CT drugs might have different action on RBCs, but anemia
during cancer treatment is the major multifactorial side effect, which occurs in 30–90% of
patients with solid tumors (breast, lung, colon/rectum, stomach, and ovarian cancer) [23].
It can be induced not only by the drug itself but also by its toxic solvent used to improve sol-
ubility in case of taxanes [24,25]. In addition to reduced quality of life, anemia contributes
to a suboptimal response to treatment, both through disruption of the CT dosing regimen
and through limitation of the cytotoxic effect of CT in the setting of tumor hypoxia [26].
Two main pathophysiological causes of anemia in chemotherapy of oncology are: decreased
RBCs formation due to the suppression of hematopoietic organs and increased RBC de-
struction in the circulation due to the direct cytotoxic effects of CT drugs and the release of
substandard RBCs into the bloodstream [27].

Standard laboratory methods to determine the condition of RBCs are hematology
analysis, which assesses their mean corpuscular volume, hemoglobin concentration, red
cells distribution width, etc.; an osmotic fragility test, which indirectly characterizes the
RBC’s deformability; different flow cytometry tests, which show membrane structure and
composition, enzyme activity, etc.; spectrophotometry for calculation of the percentage
of hemolyzed cells and hemoglobin species; and confocal microscopy, which evaluates
a cell’s morphology. The limitation of all these methods is that they can only indirectly
predict changes in RBCs’ functionality. In contrast, modern microfluidic technologies can be
used to simulate microcirculation conditions, study microrheology, and assess erythrocyte
behavior in fluid flow on a single cell level. Thus, it is possible to uncover the relationship
between changes in the RBC membrane and the dynamics of microvasculature flow caused
by these alterations [28].

Analysis of erythrocyte behavior in microfluidic devices can directly detect microcircu-
latory disorders [29], the duration of blood bank storage [30], and oxidative stress level [31].
In the field of oncology, microfluidics is a key technique for liquid biopsy and has been
successfully used for label-free sorting and isolation of circulating tumour cells [32] and
extracellular vesicles [33].

However, little is known about the direct influence of CT drugs on the microcircu-
lation of RBCs, which might be one of the significant reasons for anemia during cancer
chemotherapy. We could not find any investigation of the simulation of RBC behavior
under the microcirculation conditions in microfluidic devices after exposure to CT drugs.
Moreover, current treatment protocols use a combination of two or more drugs to enhance
their antiproliferative activity [34]. Furthermore, there is even less data on the combined
effect of several CT drugs on red blood cells. From this perspective, knowledge of the
off-target effects of CT drugs is crucial to understand possible further erythrocyte transfor-
mation and to make informed clinical decisions regarding drug selection and treatment
regimen adjustments.

The aim of this study is to provide insight into the transformation of erythrocytes
during cytotoxic injury caused by commercial pharmaceutical CT drugs in the first hours
after exposure and to evaluate the contribution of cytological abnormalities to the biome-
chanical parameters of erythrocytes. To this end, we have investigated how the cytological
and biophysical parameters of RBCs are changed when the cells are subjected to basic
chemotherapy drugs with different action mechanisms. For this task, we have used flow
cytometry analysis to determine cell viability and asymmetry of lipids in the cell membrane;
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small-angle light diffraction to figure out the cell shape and osmotic fragility; and confocal
microscopy to analyse morphology. These methods were combined with microfluidic
simulations of microcirculation in microcapillaries to complexly define changes in RBCs’
biophysical characteristics. We expect that a developed in vitro testing comparative ap-
proach of the drugs’ direct influence on erythrocytes will provide an opportunity to assess
the cells’ resistance to a peak drug load during the infusion in the first hours. This approach
can additionally facilitate the optimization of drug loading and therapeutic dose in order
to reduce chemotherapy side effects.

2. Materials and Methods
2.1. Preparation of RBC’s Suspensions and Their Treatment

Volunteers’ blood was collected by venipuncture of the anterior cubital vein into
S-monovette tubes (9NC, Sarstedt, Nümbrecht, Germany) with the addition of 2 mM EGTA.
All volunteers were healthy at the time of blood sampling and did not take any medication
for more than two weeks before blood donation. Each participant signed an informed
consent for blood sampling and the anonymous presentation of the results.

The basic HEPES buffer was isotonic and was prepared according to the protocols
for clinically approved LORCA analyzer (Laser-assisted Optical Rotational Cell Analyzer,
https://lorrca.com/, accessed on 1 January 2020) [35]. It had the following composition:
10 mM HEPES, 140 mM NaCl, 5 mM KCl, 2 mM MgCl2, 5 mM D-glucose, 2 mM EGTA,
pH = 7.4 (pH-meter Metler Toledo, Columbus, OH, USA), and 300 mOsmol/kg H2O
(mOsmol) controlled by cryoscopic osmometer Osmomat 3000 (Gonotec, Germany).

RBCs’ suspensions were obtained by whole blood centrifugation at 400 g for 3 min
(Centrifuge ELMI-50CM, Elmi, Latvia) and two subsequent washes in HEPES buffer using
the same centrifugation parameters. Washed RBCs were resuspended in HEPES buffer to
a concentration of 5 × 108 cells/mL (corresponding to hematocrit 4–4.5%) to ensure that
the specific concentration of drugs from different donors was similar. The hematological
parameters of the blood and RBC suspension were controlled by the hematological counter
Medonic-M20 (Boule Medical A.B., P.O. Box 42056 SE-126 13, Stockcholm, Sweden).

The suspensions of RBCs were incubated with commercial pharmaceutical CT drugs at
37 ◦C for 3 h: paclitaxel—Paclitaxel-Ebewe (Sandoz, Ebewe Pharma Ges.m.b.h.Nfg.KG A-
4866 Unterach, Austria), carboplatin—Carboplatin-Teva (Pharma B.V., Pharmachemie B.V.,
Swensweg 5, P.O. Box 552, 2003 RN Haarlem The Netherlands), doxorubicin—Farmorubicin®

(Pfizer, Western Australia - 6102, Australia), cyclophosphamide—Endoxan® (Baxter, Halle/
Westfalen, Germany), and their combinations TAX_PLAT and RUBI_PHOS, which are
widely used in CT practice. All concentrations of used CT drugs corresponded to the
maximum recommended therapeutic doses: TAX 175 mg/m2, PLAT 400 mg/m2, PHOS
600 mg/m2, and RUBI 150 mg/m2. Given that the drugs act on a finite number of cells,
we calculated their concentrations for RBC concentration 5 × 108 cells/mL. The final
TAX concentration was 17.5 µg/mL, PLAT—32.5 µg/mL, PHOS—65 µg/mL, and RUBI—
16.5 µg/mL. The CT drugs were prepared prior to use, following the manufacturer’s
recommendations. The concentration of each drug was calculated according to the sta-
tistical average body surface area S = 1.81 m2 and an average circulating blood volume
V = 4.5 L.

2.2. Osmotic Fragility Test

The degree of osmotic fragility is used as a surrogate sign of deformability disor-
ders [36] because it is a composite indicator of RBC shape, hydration, and, within certain
limits, susceptibility to fracture in vivo [37]. The osmotic fragility test (OFT) is based
on laser diffraction at small scattering angles (0–12◦) performed by a laser particle anal-
yser “LaSca-TM” (LLC “BioMedSystem”, Saint-Petersburg, Russia). This method is much
quicker than the standard OFT [37] and provides an osmotic resistance curve, which is the
number of lysed cells in the buffer with different osmolality. It is sensitive to cytological
changes in cells and can be applied to different cell suspensions including RBCs [37,38]. The
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analyzer was calibrated using 3, 6, and 10 µm latex beads (Invitrogen, Molecular Probes,
Eugene, OR, USA).

The procedure of OFT was as follows: we placed the treated or control RBCs
(1 × 106 cells/mL) in the cuvette in HEPES buffer (300 mOsmol). During the registration
of the scattered laser intensity (SLI), we manually changed the buffer osmolality in the
range of 300–100 mOsmol adding to the sample aliquots of dH2O together with addi-
tional RBCs to maintain their concentration constant. The cuvette with the sample was
temperature-controlled at 37 ◦C and equipped with a magnetic microstirrer (1200 rpm),
which ensured rapid mixing of the suspension. The intensity of scattered light from
the RBCs was continuously detected by forward scattering. The laser diffraction at the
selected angles of detection made it possible to register cell swelling (increase in scattered
light intensity at 1–6◦ angles) and hemolysis (decrease in scattered light intensity at
1–12◦) [39].

The following parameters of RBCs were evaluated:

1. H50, mOsmol—the buffer osmolality, at which 50% of cells were lysed.
2. W, mOsmol—the distribution width of the osmotic resistance curve, at which 90% and

10% lysis occurs (W = H90–H10, mOsmol). It is a characteristic of the heterogeneity of
the RBCs’ pool.

3. MCVosm, fL—the hydrodynamic cell volume versus the buffer osmolality. The
MCVosm curve was normalised to the MCV value at 300 mOsmol measured by the
hematological analyser.

4. The asphericity index, AI, %, which is the normalised amplitude of the SLI oscillations
of the RBCs in the buffer with physiological osmolality (300 mOsmol). This index is
proportional to the shape asymmetry of the cells and can be used to distinguish the
normal discoid and spherical shape of RBCs.

2.3. Flow Cytometry Analysis

Flow cytometry analysis was performed on CytoFLEX (BeckmanCoulter, Brea, CA,
USA), with analysis of 20,000 events. For RBC detection, we used the forward scattering and
side scattering coordinates (FSC/SSC), which gave information about cell size and structure.

Calcein-acetoxymethyl ester (Calcein-AM, C-AM; Molecular probes, Eugene, Oregon,
USA) was used to estimate cells’ esterase activity. After the incubation of RBCs with
anticancer drugs, the suspension was diluted to 5 × 106 cells/mL and stained with Calcein-
AM (5 µM, 40 min, 37 ◦C) in 300 µL of HEPES buffer. Mean Fluorescence Intensity (MFI)
values of the control cells were taken as 100% efficiency of intracellular esterases in each
individual experiment. To obtain intracellular esterase activity data of treated RBCs, the
MFI values were normalised to the MFI of the control.

Transformation of the cytoskeleton with the formation of band3 protein clusters
characterizes the final stages of RBC life [40]. This transformation of the cytoskeleton by
CT drug action was assessed using the eosin-5-maleimide test (EMA; Molecular probes
(Eugene, Oregon, USA). We incubated RBCs (5 × 106 cells/mL) with 0.07 mM EMA in
HEPES buffer for 40 min, 25 ◦C.

Lipid asymmetry was assessed by the externalization of phosphatidylserine (PS) to the
outer side of the membrane by the Annexin V test. RBCs (5 × 106 cells/mL) were incubated
with Annexin V-FITC (Biolegend, Amsterdam, The Netherlands) for 15 min, 25 ◦C, in
HEPES buffer. EGTA in HEPES buffer was replaced by 2 mM Ca2+. The concentration of
Annexin V-FITC was taken according to the manufacturer’s recommendations.

In all the experiments, the fluorescent intensity was registered in FITC-channel (excita-
tion 490 nm, emission 530 nm). For all CT drugs, the intensity of the fluorescent signal of
the negative control (n = 3) was checked. To correctly record the signal of RBCs exposed to
RUBI, which has its own laser-induced fluorescence, the negative control (RUBI-treated
RBCs without dye staining) was subtracted. For RUBI, MFI did not exceed 0.5–1.1% of the
total intensity of control cells stained with C-AM or EMA, which is negligible. Furthermore,
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it did not give any signal in the gate of Annexin V-positive cells (Annexin+, Ann+). For
other CT drugs, the MFI level of the negative control was even lower.

2.4. Confocal Microscopy

An inverted Leica TCS SP5 MP confocal laser microscope (Leica Microsystems GmbH,
Wetzlar, Germany) was used to visualize the RBCs’ morphology after incubation with the
anticancer drugs. We diluted 10 µL of treated RBCs in 200 µL of HEPES buffer with 3.7%
of bovine serum albumin to prevent echinocytosis and placed this sample in Petri dishes
(35 mm) with a centre hole replaced by a coverslip (SPL Lifesciences, Pocheon South, Korea).
The microphotographs were processed using ImageJ software (Public Domain).

2.5. Microfluidic Analysis

For an integrative assessment of changes in RBCs under the influence of CT drugs, we
evaluated RBCs’ transit velocities through 2.5 × 8 × 200 µm microchannels in custom-made
microfluidic chips [31,41]. This is an integral method for assessing functional disorders
accumulated by erythrocytes, which takes into account changes in their shape, volume,
adhesion, elasticity, and deformation characteristics.

The preparation of the microfluidic chips started with fabrication of polydimethyl-
siloxane (PDMS) replicas. We degassed the mixture of Sylgard 184 Silicone Elastomer Base
and the Curing Agent 10:1 (Dow Corning, Midland, Michigan, USA). Then we filled the
silicon mold with this mixture and cured it at 65 ◦C for 4 h. After the curing, we separated
the replica from the mold and cut out the inlet and outlet holes with a 1 mm biopsy puncher.
Then the PDMS replica was covalently bonded with a 75 × 25 × 1 mm glass slide after
oxygen plasma treatment (PINK GmbH Thermosystem, Wertheim, Germany).

Before the experiment, we filled the microchips with HEPES buffer to prevent RBC
adhesion to PDMS. All samples (5 × 107 cells/mL) were introduced into the chip under
constant hydrostatic pressure. Recording of RBC transit in microchannels was performed
via XIMEA MC023MG-SY video camera (XIMEA Corp., Lakewood, CA, USA) with a
400 fps frame rate through a Leica DM4000B LED microscope (Leica Microsystems GmbH,
Wetzlar, Germany) with an N PLAN L 20×/0.40 objective (Leica Microsystems, Wetzlar,
Germany). For each sample, we recorded at least 4–7 different channels of a 16-channel
microchip for obtaining statistically correct data.

Analysis of obtained images was carried out by a custom MATLAB (The MathWorks)
script [42], which calculated RBC transit velocities. Then the obtained values were nor-
malised to the average RBC’s velocity in wide channels, which corresponded to the average
velocity of the fluid flow. After that, we constructed the probability density functions
(Origin 2021, OriginLab Corporation) for each experiment and averaged them over all
experiments.

2.6. Free Hemoglobin and Hemoglobin Species Calculation

To measure free hemoglobin (Hb) in RBC suspension, incubated samples were cen-
trifuged at 400 g for 3 min. Then an aliquot of supernatant RBCs was diluted 20-fold with
dH2O and analysed with a spectrophotometer (SPECS SSP-715-M, Spectroscopic systems
LTD, Moscow, Russia). The calculation of the free hemoglobin (Hb) was based on the
optical density of the plasma solution and lysate at 540 nm, where the optical density of the
whole blood lysate was taken as 100%. For the correct calculations, the absorbance was
also assessed at 700 nm to eliminate the influence of the solution’s turbidity. The free Hb%
was calculated according to Tarasev [43].

To analyse the formation of Hb forms under the action of CT drugs, the hemolysate of
each sample (n = 3 donors) was scanned at 560, 577, 630, and 700 nm. The percentage of
oxidised Hb was calculated by molar extinction coefficients of Hb species according to the
method of Kanias [44].
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2.7. Statistics

Microfluidic analysis data such as cell velocities and percentage of microchannel
occlusions is presented as mean ± SE; the error bars on velocity histograms are shaded.
Other data is presented as mean ± SD. To analyse the flow cytometry data, CytExpert
(BeckmanCoulter, Inc. Brea, CA 92821, USA) and FCS Express Flow 7 (De Novo Software,
Pasadena, USA) were used. To assess the laser diffraction data, the original software of
the laser analyser LaSca-TM was used. Statistical significance was evaluated by Excel 16
(Microsoft, Redmond, WA, USA), GraphPad Prism 9 (GraphPad Software, San Diego, CA,
USA), and Origin 2021 (OriginLab Corporation).

The differences between the groups were analysed by GraphPad Prism 9. The normal
distribution was tested with the D’Agostino and Pearson normality test (in accordance
with the recommendations of the GraphPad Prism guidelines). For multiple comparisons,
one-way ANOVA followed by Tukey’s multiple comparisons test Tukey HSD post-hoc
(passed normality test), or Dunn’s multiple comparisons test (no passed normality test)
were used; values of p < 0.05 were considered statistically significant. All the obtained data
and statistics are presented in Table A1.

3. Results
3.1. Osmotic Fragility Test Based on Laser Diffractometry

Unlike other blood cells, RBCs placed in a medium with an osmolality below the
physiological values of blood plasma (285–305 mOsmol) become swollen. With a further
decrease in osmolality, they lyse. Therefore, the OFT can be used as an integral indicator
of RBC membrane disruption by CT drugs. OFT allows evaluation of a wide range of cell
parameters. The most important is osmotic fragility/rigidity, which is a composite parame-
ter of biophysical and morphological properties of RBCs’ membranes: shape, cytoskeleton
rigidity, and hydration. It analyses the tendency of cells to lyse in circulation [45].

3.1.1. OFT: CT Drugs Impair RBCs’ Osmotic Resistance

The study of RBCs’ fragility/rigidity after exposure to CT drugs was performed
using two methods—the percentage of hemolysis at each buffer osmolality was calculated
(Figure 1a), as was the osmotic fragility H50 (Figure 1b). Analysis of the hemolysis curve
showed that RBCs under the action of TAX and TAX_PLAT started lysing earlier than
cells in the other groups including control cells (Figure 1a). This means that these cells
became fragile. Additionally, at low osmolality (100 mOsmol), TAX- and TAX_PLAT-treated
cells showed a higher degree of rigidity to hypotonic load. It was also shown that the
combined action of RUBI_PHOS increased the osmotic fragility of RBCs at a low osmolality
of 120 mOsmol. Additionally, the hemolysis in this case was higher than that of RUBI and
PHOS alone (Figure 1a, Table A1).

To assess the fragility/rigidity of RBCs, we used the H50 value, which indirectly
represents the deformability of the cells [40,45,46]. The higher the H50 value, the more
fragile the cells are. Incubation with TAX for 3–4 h resulted in a decrease of the H50
value by 6.4 ± 1.1 mOsmol, n = 13 donors. Incubation of RBCs with TAX_PLAT had the
same effect (Figure 1b), but PLAT itself did not cause changes in the resistance of RBCs to
osmotic loading.

The combined action of RUBI_PHOS caused a decrease in osmotic resistance (Figure 1a).
In this case, lysis of half of the cell pool occurred at osmolality values higher than in their
separate action. Thus, the action of TAX and TAX_PLAT contributes to an increase in
osmotic rigidity (decrease in H50 level, p ≤ 4.5 × 10−5), while the combined action of
RUBI_PHOS increases osmotic fragility (H50: t-test p ≤ 0.054; corrected Bartlett’s statistic
p ≤ 0.0151).
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fragility test: MCV increased for TAX and TAX_PLAT earlier than for other drugs and control cells; 
(d) OFT revealed increased osmotic heterogeneity in the population of RBCs exposed to CT drugs. 
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Figure 1. OFT demonstrates that CT drugs alter RBCs’ osmotic resistance. (a) The osmotic lysis
curves. TAX-treated cells started lysing earlier than the control ones, but were more rigid at 120 and
100 mOsmol; cells incubated with RUBI_PHOS were more sensitive to hemolysis at low osmolality
120 mOsmol; (b) H50 is the osmolality of the buffer at which 50% of the RBCs were lysed; CT drugs
affect RBCs’ membranes differently: TAX and TAX_PLAT caused increased osmotic stiffness of RBCs,
and RUBI_PHOS caused osmotic fragility of RBCs; (c) Quantification of MCV during osmotic fragility
test: MCV increased for TAX and TAX_PLAT earlier than for other drugs and control cells; (d) OFT
revealed increased osmotic heterogeneity in the population of RBCs exposed to CT drugs. Data
are presented as mean ± SD, n = 15 donors, one way ANOVA, Tukey HSD post-hoc; *, p ≤ 0.05,
**, p ≤ 0.01, ***, p ≤ 0.001, ****, and p ≤ 0.0001 compared to control. Pink #, p ≤ 0.05 refers to
RUBI_PHOS compared to control, blue asterisks refer to TAX and TAX_PLAT compared to control.

3.1.2. OFT: CT Drugs Compromise the Ability of RBCs to Maintain Hydrodynamic Volume

During OFT, we recorded the entire range of scattering angles 0–12◦, which made
it possible to record MCV, known as the hydrodynamic volume of RBCs, under hypoos-
motic loading. The use of laser detection in OFT allowed us to show for the first time
that TAX action caused RBC swelling. This happened even with a slight decrease in the
osmolality of the medium, meaning that high MCV levels are recorded throughout the
300–100 mOsmol range (Figure 1c). Thus, the MCVOSM of TAX and TAX_PLAT at the
osmolality of 200 mOsmol differed from the MCV at 300 mOsmol, 91.6 ± 4.6 vs. 84.6 ± 2.9
(p ≤ 0.008). The observed phenomenon of swelling with slightly decreased medium osmo-
lality is considered to be significant for microcirculation and the development of hemolytic
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anemia. At the same level of buffer osmolality (200 mOsmol), there was no increase in
MCVOSM for control, PLAT, and RUBI (Table A1).

3.1.3. OFT: CT Drugs Increase the Heterogeneity of the RBC Population

Due to the fact that the RBC pool consists of cells of different ages, the transformation
of their membranes under the influence of CT drugs is not uniform. The index of osmotic
heterogeneity W was used as another functional indicator of RBC anisocytosis (Figure 1d). All
anticancer drugs were found to cause increased W levels, but TAX (p ≤ 9.2 × 10−8) and the
TAX_PLAT combination (p ≤ 1.55 × 10−6) contributed the greatest degree of anisocytosis.

3.1.4. OFT: TAX and Its Combinations Disrupts the Discoid Shape of RBCs

Apart from recording cells stiffness/fragility, volume, and heterogeneity in mechanical
characteristics, OFT based on laser diffractometry allows us to assess cell sphericity. Normal
RBCs are diskocytes, so a signal of different amplitude (oscillations) is recorded during
stochastic cell rotation in front of the detector during the measurement (Figure 2a). The
amplitude of the signal from spherical particles decreases sharply, allowing this parameter
to be used to estimate the shape of the RBCs (Figure 2a,b). To describe the RBCs’ shape
change, we introduced the asphericity index, which is the amplitude of the SLI oscillations
normalised to the average SLI of the sample at the registration angle of 2.5◦.
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Figure 2. Disruption of native RBC shape under the action of CT drugs obtained by measuring the 
changes in amplitude of scattering light intensity (asphericity index) on laser diffractometer LaSca-
TM. (a) At 300 mOsmol, discoid or flattened cells demonstrate a highly oscillated signal (left), while 
spherical cells demonstrate lower oscillation amplitude (right); (b) Representative amplitudes of 
light-scattering intensity oscillations demonstrate the shape changes of RBCs exposed to CT drugs. 
Three horizontal lines display the area of registration of the asphericity index (AI1, AI2). Above the 
graph, a schematic top and side view of RBCs are shown; (c) Asphericity index of RBCs, indicating 
TAX and its combination led to cell spherization. Data are presented as mean ± SD, n = 15 donors, 
one way ANOVA, Tukey HSD post-hoc; ****, p ≤ 0.0001 compared to control. 

Figure 2. Disruption of native RBC shape under the action of CT drugs obtained by measuring
the changes in amplitude of scattering light intensity (asphericity index) on laser diffractometer
LaSca-TM. (a) At 300 mOsmol, discoid or flattened cells demonstrate a highly oscillated signal (left),
while spherical cells demonstrate lower oscillation amplitude (right); (b) Representative amplitudes
of light-scattering intensity oscillations demonstrate the shape changes of RBCs exposed to CT drugs.
Three horizontal lines display the area of registration of the asphericity index (AI1, AI2). Above the
graph, a schematic top and side view of RBCs are shown; (c) Asphericity index of RBCs, indicating
TAX and its combination led to cell spherization. Data are presented as mean ± SD, n = 15 donors,
one way ANOVA, Tukey HSD post-hoc; ****, p ≤ 0.0001 compared to control.

The results show that TAX and TAX_PLAT reduced the asphericity index on average
by three-fold (Figure 2c). Under the action of PLAT, PHOS, and RUBI, the flattened shape
of RBCs did not change, and the amplitude of oscillations did not differ from controls
(p ≤ 0.96). We state “flattened” rather than “discoidal” because it could be other variants
such as echinocytes. Changes in the asphericity index values were associated with impaired
ability of RBCs to maintain their volume after incubation with TAX and TAX_PLAT, which
was recorded by OFT (Figure 1c).

Summarizing, the results of OFT showed that the action of TAX and the combined
action of TAX_PLAT led to a significant transformation of RBC membranes. Part of the cell
population swelled and lysed rapidly, whereas the remaining portion of the cells showed
increased resistance (rigidity) to the osmotic load. Incubation with TAX led to spherization
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of RBCs. The combined action of RUBI_PHOS, but not the individual drugs, contributed to
the osmotic fragility of RBCs.

3.2. CT Drugs Change the Hematological and Morphometric Characteristics of RBCs
3.2.1. Hematological Analysis: CT Drugs Cause Increased Cell Volume and Population
Heterogeneity

In addition to OFT, standard clinically approved hematological tests were performed.
They showed that incubation of RBCs with TAX and TAX_PLAT resulted in a significant
increase in mean corpuscular volume (MCV) levels (Figure 3a). For PHOS and RUBI,
MCV levels did not differ from control. However, the MCV level was significantly higher
when the cells were treated with their combination compared to the untreated control cells
(p ≤ 0.0047).
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Figure 3. The action of CT drugs impaired the volume regulation of RBCs, resulting in increased
MCV and volume heterogeneity. (a) MCV, (b) RDW-SD, and (c) RDW% calculated by Medonic-M
hematology analyser. Data are presented as mean ± SD, n = 15 donors, one way ANOVA, Tukey
HSD post-hoc; *, p ≤ 0.05, **, p ≤ 0.01, ***, p ≤ 0.001 compared to control.

The cytological response may vary significantly within the same population during
exposure to xenobiotics. Changes in RBC volume under the action of CT drugs did not
occur in a uniform manner within the cell pool, which was recorded as an increase in
red blood cell distribution width (RDW). In Figure 3b, we show RDW-SD, an index that
is included in the routine blood count. In contrast to the more commonly used RDW%
(Figure 3c), which calculates the coefficient of variation of the RBC’s volume normalised
by the average cell volume, RDW-SD shows a direct measurement of the width of the
MCV histogram at 20% of its height. The results showed that RDW-SD was more sensitive
to external factors than RDW% (Figure 3b,c): RDW-SD was significantly higher under
the action of TAX, TAX_PLAT, and RUBI_PHOS, while RDW% revealed the differences
only between control and TAX_PLAT. We believe that RDW-SD may be more useful in the
individual assessment of anisocytosis in cancer patients as a more sensitive parameter for
minor changes in RBC volume.

3.2.2. Confocal Microscopy: CT Drugs Change the Morphology of RBCs

To investigate the disorders detected during the OFT in more detail and to clarify
the data of RBC shape changes, we performed 4 visualization experiments of nonfixed
cells performed with confocal microscopy. Image analysis showed that all drugs influ-
enced RBC morphology (Figure 4). Incubation of RBCs with TAX caused stomatocytosis,
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which is consistent with other studies [25,47]. The action of PLAT was gentler but led
to the appearance of echinocytes I. Co-incubation with TAX_PLAT caused pronounced
poikilocytosis—the appearance of stomatocytes III–IV. RBCs exposed to PHOS and RUBI
mostly retained normal morphology. Nevertheless, it was noted that PHOS, RUBI, and
the combination RUBI_PHOS caused the appearance of echinocytes I, eliptocytes, and a
single appearance of shistocytes (fragmented RBCs). The classification of RBC forms is
given according to [24,48].
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Figure 4. Disturbance of erythrocyte morphology under the action of CT drugs. Representative
pseudocoloured confocal images (Leica TCS SP5 MP) of non-fixed RBCs show the appearance of
anisocytosis and the disruption of RBCs’ native morphology (red circled RBCs as an example): control
cells had the normal shape of discocytes, TAX—discocytes and stomatocytes I–II, PLAT—discocytes
and echinocytes I, PHOS—discocytes, echinocytes I (1) and schistocytes (2), RUBI—discocytes and
echinocytes I; the combinations of drugs intensified the change in morphology of RBCs: TAX_PLAT
demonstrated discocytes and stomatocytes at different stages (3, 4) while RUBI_PHOS—discocytes
and echinocytes II.

Confocal imaging showed that contact of RBCs with TAX and TAX_PLAT caused
stomatocytosis, while contact with PLAT, PHOS, RUBI, and RUBI_PHOS caused predomi-
nantly echinocytosis. The full statistics of RBC forms are presented in Figure A1. It should
be emphasised that echinocytosis is a reversal process [49,50], whereas stomatocytosis is
definitely a pathology.

3.3. Flow Cytometry: Assessment of Membrane Transformation and Viability of RBCs

Natural aging or induced accelerated RBC death is accompanied by physicochemical
changes aimed to introduce recognition markers for macrophages. Such markers are the
externalization of phosphatidylserine (PS), expression of neoantigens on the membrane
surface, and impaired deformability [51]. We used two standard tests for RBC membrane
transformation analysis to assess the degree of damage and readiness of RBCs for removal
from microcirculation [52]. The first one is the PS binding to Annexin V, which charac-
terises the relatively early stages of membrane transformation. The second one is a band3
clustering test with EMA labeling, characterising the final stages of RBCs’ transformation
before clearance. Additionally, we measured integral cell viability using the Calcein-AM
test, which shows the activity of intracellular esterases.
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3.3.1. Annexin-Positive Cells Test

According to the Annexin V test, the action of CT drugs on RBCs caused lipid asym-
metry disruption, which was expressed in the phosphatidylserine exit to the outer side of
the membrane (Figure 5a). The number of annexin-positive RBCs was significantly higher
than in control for TAX (p ≤ 0.001) and TAX_PLAT (p ≤ 0.04). All the other investigated
drugs also showed an increased number of annexin-positive cells.

Biology 2023, 12, x FOR PEER REVIEW 12 of 22 
 

 

3.3. Flow Cytometry: Assessment of Membrane Transformation and Viability of RBCs 
Natural aging or induced accelerated RBC death is accompanied by physicochemical 

changes aimed to introduce recognition markers for macrophages. Such markers are the 
externalization of phosphatidylserine (PS), expression of neoantigens on the membrane 
surface, and impaired deformability [51]. We used two standard tests for RBC membrane 
transformation analysis to assess the degree of damage and readiness of RBCs for removal 
from microcirculation [52]. The first one is the PS binding to Annexin V, which character-
ises the relatively early stages of membrane transformation. The second one is a band3 
clustering test with EMA labeling, characterising the final stages of RBCs’ transformation 
before clearance. Additionally, we measured integral cell viability using the Calcein-AM 
test, which shows the activity of intracellular esterases. 

3.3.1. Annexin-Positive Cells Test 
According to the Annexin V test, the action of CT drugs on RBCs caused lipid asym-

metry disruption, which was expressed in the phosphatidylserine exit to the outer side of 
the membrane (Figure 5a). The number of annexin-positive RBCs was significantly higher 
than in control for TAX (p ≤ 0.001) and TAX_PLAT (p ≤ 0.04). All the other investigated 
drugs also showed an increased number of annexin-positive cells. 

 
Figure 5. Effects of the anticancer drugs on RBCs’ cytology parameters. (a) Annexin V test: all drugs 
induced the externalization of PS in RBCs (n = 10 donors); (b) EMA test revealed no membrane 
changes associated with Band3 translocation (n = 10 donors); (c) Calcein-AM test: CT drugs reduced 
RBCs’ vitality. RUBI vs. control p = 0.052 (n = 13 donors); (d) Free Hb content in RBCs’ incubation 
medium (n = 7 donors). Data are presented as mean ± SD, one way ANOVA, Tukey HSD post-hoc 
(C-AM, EMA, Hemolysis) and Dunn’s post-hoc (AnnexinV); *, p ≤ 0.05, **, p ≤ 0.01, ***, p ≤ 0.001 
compared to control; #, p = 0.0128, compared to TAX, &, p ≤ 0.05, compared to PHOS. 

3.3.2. EMA Test: Action of Anticancer Drugs Does Not Cause Clustering of Band3  
Membrane Complexes 

Old or damaged RBCs are removed by phagocytosis in the spleen sinuses, as well as 
in the liver and bone marrow [53]. Macrophages recognize the erythrocytes to be removed 
by a number of aging markers, which include, among others, the exposure of new binding 
sites on the membrane surface. Since RBCs do not have the ability to synthesize new pro-
teins, the creation of these binding sites occurs through the transformation of the existing 
membrane complexes with the band3 protein. These complexes form the core of the mac-
rocomplexes of integrin and peripheral membrane proteins [54]. Profound changes in the 
structure of RBCs’ membranes include the exposure of CD47 phagocytosis inhibitor sites 
located in the band3 complex, which switch them to the “eat me” signal of old/injured 
RBCs [55]. EMA dye binds predominantly with band3 protein. Increased intensity of 

Figure 5. Effects of the anticancer drugs on RBCs’ cytology parameters. (a) Annexin V test: all drugs
induced the externalization of PS in RBCs (n = 10 donors); (b) EMA test revealed no membrane
changes associated with Band3 translocation (n = 10 donors); (c) Calcein-AM test: CT drugs reduced
RBCs’ vitality. RUBI vs. control p = 0.052 (n = 13 donors); (d) Free Hb content in RBCs’ incubation
medium (n = 7 donors). Data are presented as mean ± SD, one way ANOVA, Tukey HSD post-hoc
(C-AM, EMA, Hemolysis) and Dunn’s post-hoc (AnnexinV); *, p ≤ 0.05, **, p ≤ 0.01, ***, p ≤ 0.001
compared to control; #, p = 0.0128, compared to TAX, &, p ≤ 0.05, compared to PHOS.

3.3.2. EMA Test: Action of Anticancer Drugs Does Not Cause Clustering of Band3
Membrane Complexes

Old or damaged RBCs are removed by phagocytosis in the spleen sinuses, as well as in
the liver and bone marrow [53]. Macrophages recognize the erythrocytes to be removed by
a number of aging markers, which include, among others, the exposure of new binding sites
on the membrane surface. Since RBCs do not have the ability to synthesize new proteins, the
creation of these binding sites occurs through the transformation of the existing membrane
complexes with the band3 protein. These complexes form the core of the macrocomplexes
of integrin and peripheral membrane proteins [54]. Profound changes in the structure of
RBCs’ membranes include the exposure of CD47 phagocytosis inhibitor sites located in
the band3 complex, which switch them to the “eat me” signal of old/injured RBCs [55].
EMA dye binds predominantly with band3 protein. Increased intensity of EMA-dyed cells
signifies the transformation of band3 complexes, which accompany the final stages of a
RBC’s life.

After the incubation of RBCs with CT drugs, no significant disturbances of band3
transmembrane complexes were detected (Figure 5b). Only a slight increase in MFI values
for RUBI_PHOS (p ≤ 0.054) was noted. The negative result obtained may be related to
insufficient time for the deep transformation of the membranes. Previously, we found [38]
that a significant increase in MFI while staining RBCs exposed to tert-butyl hydroperoxide
requires at least 3 h of incubation with relatively high oxidant concentrations. Maximum
MFI levels of band3 clusters were observed after 24 h exposure.

For a deeper analysis of the transformation of the RBC membrane and cytoskele-
ton under the influence of chemotherapy drugs, we investigated the hemichrome and
methemoglobin (metHb) content in our samples. Hemichromes trigger prolonged band3
phosphorylation, which causes disruption of interactions between the cytoskeleton and
membrane protein, which in turn contributes to shape disruption and enhances hemoly-

50



Biology 2023, 12, 230

sis [56]. MetHb leads to increased lateral diffusion of band3 complexes and cluster forma-
tion due to its high-affinity binding to the cytoplasmic band3 domain [52]. Spectroscopy of
lysed RBCs pre-incubated with CT drugs showed that after 3–4 h of exposure there is an
increase in the formation of reversible metHb (Hb(FeIII)) and nonreversible hemichrome
(Hb(FeIV)) (Figure A2), which may also contribute to anemia during chemotherapy. Since
RBC transformation, deformability, and band3 clustering strongly depends on oxidant
concentration/time and the ratio of oxidant to cell count, we can conclude that the level
of formation of oxidised forms of hemoglobin was not sufficient for the deep membrane
transformation that is observed under severe oxidative stress.

3.3.3. Calcein-AM Vitality Test

Most of the intracellular esterases can hydrolyze a wide range of substrates [45], such
as nonfluorescent calcein-AM, converting it into fluorescent calcein. Thus, the decreased
MFI in the calcein-AM test reflects a complex disruption of the enzyme activity that supports
the cell’s vitality. This test is used as a quick option to assess the viability of nucleus-free
cells [38]. Apart from RUBI (p ≤ 0.0502), all the CT drugs and their combinations caused
a decrease in the activity of intracellular esterases (Figure 5c), which is considered as a
decrease in overall cell viability.

A significant decrease in MFI under the action of TAX (p ≤ 0.0079) and TAX_PLAT
(p ≤ 0.0013) may be associated not only with inhibition of esterase activity but also with
dye wash-out from cells when the integrity of membranes is disrupted. The analysis of
free hemoglobin content (n = 7 donors) showed a significant increase in hemolysis of RBCs
(Figure 5d). So, the decrease of calcein MFI for TAX- and TAX_PLAT-treated RBCs may
be connected with both a decrease in intracellular esterase activity and a disruption of
membrane integrity.

In addition, we should note that the analysis of cell distribution in FSC-SSC coordinates
showed that TAX treatment stimulated microparticle formation in the samples, which was
recorded by the accumulation of events in the gate calibrated on latex beads 3 µm in
diameter (Figure A3).

In summary, the action of CT drugs leads to a decrease in the activity of intracellular
esterases and the externalization of phosphatidylserine in RBCs. The most severe trans-
formation of the cells occurred under the action of TAX: formation of microparticles and
disruption of membrane integrity with the release of free hemoglobin into the incubation
medium occurred.

3.4. Microfluidic Analysis: CT Drugs Degrade RBCs’ Ability to Pass through the Microchannels

As an integrative test of the damage received by erythrocytes during incubation with
CT drugs, we performed a microfluidic analysis of cell transport in 2.5 × 8 × 200 µm
microchannels [31,41]. The microfluidic analysis is a single-cell high-throughput method
(100–1000 cells in one experiment) that can estimate cell functionality under microcircula-
tion conditions.

All circulating RBCs have different ages; therefore, velocity distribution of untreated
cells moving in the microchannels (Figure 6, blue histogram) can be approximated with
a Gaussian function. Previously it was shown that when the cells are under oxidative
stress, their population splits into two subpopulations of normal, undamaged cells and
slow-damaged cells according to the capability of their built-in antioxidant defense sys-
tem [31]. This leads to changing the velocity distribution from single modal to bimodal. For
RBCs treated with CT drugs, similar to oxidative stress conditions, the velocity histogram
transforms into bi- or trimodal (Figure 6, orange histograms).
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The action of CT drugs did not cause a significant shift in the main peak of cells’ velocities but led
to the appearance of a subpopulation of slow cells for all used chemotherapy drugs. The data are
presented as mean ± SE, and the error bars are shaded. n = 10 donors.

The distribution changes can be separated into two variants. The first one is the appear-
ance of the subpopulation of slow cells, which is typical for all investigated drugs (Figure 6,
areas on the left of the graphs). These slow cells are unable to maintain the optimal speed
in the microchannels inherent to the control cells due to impaired volumetric regulation
and/or due to decreased deformation capacity. The second one is the appearance of fast
cells (found only for TAX and TAX_PLAT) associated with the formation of microparticles
(Figure A3). It is important to note that both transit abnormalities indicate pathology in
the RBC population: decreased transit capacity carries the risk of microvascular blockage,
while its increase leads to insufficient time for erythrocytes to be near the endothelial cells
for efficient gas exchange.

The cutoff for counting slow cells was assumed to be 0.175 a.u. (Figure 6, dashed
red line) resulting from the fact that the region below these values accounts for less than
0.45 ± 0.20% of control cells. Figure 6 displays the relative number of slow RBCs that had
impaired microchannel transit characteristics. Although the appearance of the slow cell
subpopulation was recorded for all CT drugs used (Control 0.45 ± 0.20%, TAX 8.9% ± 3.29%,
PLAT 4.7% ± 1.88%, TAX_PLAT 7.7% ± 2.39%, RUBI 8.0% ± 2. 10%, PHOS 9.8% ± 3.76%,
RUBI_PHOS 8.9% ± 3.30%), the data analysis showed no statistically significant differences
between the number of cells in these subpopulations when different CT drugs were used.
We attribute this to the fact that microfluidic analysis data are an integral indicator of the
above-mentioned disorders in CT-drug-treated RBCs. At the same time, the main part of
the population of RBCs under the action of CT drugs moved with a velocity inherent to the
control cells: the position of the main velocity peak of the distribution histograms had no
significant changes compared to the control cells.

Experimental results also demonstrated increased cell adhesion to the microchannels
walls and to each other. Together with an increase in cell volume, shape changes, and
changes in deformational properties under TAX, TAX_PLAT, PHOS, and RUBI_PHOS, this
resulted in microchannels occlusions (Figures A4 and A5).
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To summarize, all chemotherapy drugs had a damaging effect on the ability of several
RBCs (4.7–9.8%) to pass microchannels. Moreover, it is important to note that the action of
TAX and TAX_PLAT on RBCs resulted in a high number of microchannel occlusions.

4. Discussion

The aim of the study is to evaluate the disorders of RBCs exposed to CT drugs. We
analysed the effects of the four main pharmacological compositions of CT drugs and their
combinations included in current treatment regimens for solid tumours. The drugs differed
in their action mechanism, and, as expected, TAX and its combination with PLAT had the
most aggressive effect on RBCs. Such a drug combination decreased RBCs’ total viability
(Figure 5c), caused vesiculation (Figure A3), stomatocytosis (Figures 4 and A1 [24,25,47]),
and hemolysis (Figure 5d) and led to cells’ swelling (Figure 3a).

The main mechanism of TAX therapeutic action is related to disturbance of tubulin
microtubules polymerization, which halts entry to anaphase-preventing cell division [3]. In
the early stages of maturation, microtubules are present in pro-erythroblasts, but during
maturation tubulin shifts to a disorganised structure. It continues to play a structural role
in the RBC sedimentable fraction [57]. However, in RBCs there is no tubulin, but there is
another class of cytoskeleton structures—actin microfilaments, on which TAX can also act.
Its action on the membrane structures of RBCs leads to an increase in the transverse bonds
between actin subunits and other proteins, such as tropomyosin, protein 4.1R, and dematin,
which through adducin are connected with band3 membrane proteins [11,58]. Therefore,
actin transformation, caused by TAX, affects membrane structural components and their
links with the cell’s cytoskeleton, which was indirectly shown with the Annexin V test
(Figure 5a). This leads to violations of RBC shape and volume, which we observed in the
osmotic fragility test (Figures 1c and 2c), hematological analysis (Figure 3a), and confocal
microscopy (Figures 4 and A1). Hypothetically, TAX may also interfere with the molecular
apparatus responsible for the perception and regulation of plasma membrane curvature,
the nonmuscle myosin II and actin complex. Additionally, through actin polymerization
TAX can distort signal transduction from transmembrane mechanosensors to cell volume
regulation mechanisms [59].

In clinical treatment, TAX is usually used with platinum-based drugs. Our data show
that PLAT itself has a low toxicity effect on RBCs because its main target in cancer cells is
DNA. Therefore, in its combination with TAX, cell transformation mainly occurred due to
TAX action. This follows from the close values of all measured parameters of cells treated
with TAX and TAX_PLAT. Additionally, it should be mentioned that comparing our data
with previously published results we can say that carboplatin has a much lower influence
on RBCs than the older platinum-based drug cisplatin [18,19,60,61]. This might be due to
the lower affinity of carboplatin for proteins [62]. Thus, carboplatin is preferred for therapy
for preventing anemia.

Unlike taxanes, whose target is the cell cytoskeleton, the influence of anthracycline
drugs (RUBI) did not lead to strong changes in RBCs’ shape and volume. It is of note,
that one of the targets of RUBI in cancer cells along with DNA is the lipid part of the
membrane [7]. Therefore, we saw membrane transformations manifested in the higher
Annexin V signal and hemolysis rate (Figure 5a,d). Nevertheless, we did not observe
large changes in cell volume and shape (Figure 3a). Confocal microscopy revealed the
appearance of the first order echinocytes, which is a reversible violation (Figures 4 and A1).
The evidence is insufficient to link these disruptions of RBCs that we have identified to any
mechanism of membrane transformation under RUBI action. The only conclusion possible
is that RUBI interacts with RBC membrane structures, and its effects could be enhanced
by combination with PHOS. By itself, PHOS has a low toxicity effect due to the fact that it
should be transformed in cells into active forms by intracellular phosphatases. Upon such
transformation, its main target is DNA, which is absent in RBCs.

Microfluidic functional analysis of CT-treated RBCs demonstrated the appearance
of a subpopulation of slow-damaged cells (Figure 6) with a lower ability to move in
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microcapillaries than the healthy ones. Accordingly, these cells are removed from the
blood and destroyed in the spleen. However, the number of slow cells did not exceed
10% for all investigated drugs and their combinations. Still, it should be noted that even
this small number of cells with an altered biophysical phenotype could lead to profound
consequences for blood rheology in cancer patients [63].

Despite the significant differences in the cytological and morphological status of RBCs
treated with different drugs, the number of slow cells was approximately equal in all groups.
We hypothesize that this uniform response is related to the application of all the drugs
in therapeutic concentrations, which provides a balance between drugs’ antiproliferative
activities and cytotoxic effects. Additionally, the treatment of RBCs with TAX, TAX_PLAT,
and RUBI_PHOS drugs resulted in occlusion of the microchannels due to cell adhesion to
the walls and to each other. This effect might also lead to violations in microcirculation
and anemia.

Interpretation of the obtained results should be performed keeping in mind several
limitations. In vitro conditions during experimental studies were quite different from
in vivo conditions in cancer patients. To evaluate the effects of direct exposure to pharma-
ceuticals drugs on human RBCs in vitro, washed cells were used. This approach revealed
the negative effects of CT drugs, but it cannot be equivalent to the response of RBCs to
these drugs in vivo. The response in patients may be more complex and depend on the
condition of the red cell pool (impaired erythropoiesis and abnormal erythrocyte survival).
Additionally, blood plasma composition is significantly different from the HEPES buffer
used in the study. Many CT drugs in blood circulation can bind to plasma proteins, such
as albumin, which may protect RBCs from direct cytotoxic injury. However, it is possi-
ble that the degree of negative effects of CT drugs will accumulate with several cycles
of chemotherapy.

5. Conclusions

Our work shows that the response of RBCs to the direct action of commercial pharma-
ceutical CT drugs (impaired volume regulation, reduced cell vitality, shape change, and
imbalance resistance to osmotic loading) depended upon the pharmacological group of
the drugs. Drug combinations had additive effects. The greatest cytonegative effect was
that of paclitaxel as an agent targeting cytoskeleton proteins. Drugs whose main target
is DNA showed significantly lower toxicity. Microfluidic analysis showed that despite
the differences in the level of cytological abnormalities, the microrheological behavior of
erythrocytes was similar to and independent of the pharmacology of the drug. This can be
attributed to the action of the drugs within therapeutic concentrations, which provides the
balance between cytotoxicity in tumour and healthy cells.

Author Contributions: Conceptualization, E.S. and N.L.; methodology, A.B. and I.M.; software, A.B.
and A.I.; validation, E.S., N.L. and A.B.; formal analysis, E.S. and N.L.; investigation, E.S. and N.L.;
resources, A.B. and I.M.; data curation, E.S., N.L. and A.B.; writing—original draft preparation, E.S.
and N.L.; writing—review and editing, A.B.; visualization, E.S. and N.L.; supervision, A.B. and
I.M.; project administration, A.B.; funding acquisition, N.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Russian Science Foundation, project number 22-24-00998.

Institutional Review Board Statement: The study was conducted in accordance with the guidelines
of the Declaration of Helsinki and was approved by the Ethics Committee of the Sechenov Institute of
Evolutionary Physiology and Biochemistry of the Russian Academy of Sciences (protocols no. 3–03
from 2 March 2021, and no. 1–04 from 7 April 2022).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. A written agreement for the collection of blood samples and their deanonymised use was
obtained from all donors before the experiments began.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

54



Biology 2023, 12, 230

Acknowledgments: The authors would like to thank the IEFB Shared-use Centre for the equipment
provided: the CytoFLEX (BeckmanCoulter, Brea, CA, USA) flow cytometer and the Leica TCS SP5
MP (Leica Mycrosystems, Germany) confocal station. The authors would like to thank Andrey
Sorokin, professor of medicine (nephrology), microbiology and immunology from Medical College of
Wisconsin, for revising the manuscript and language editing.

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

Appendix A

Biology 2023, 12, x FOR PEER REVIEW 17 of 22 
 

 

Author Contributions: Conceptualization, E.S. and N.L.; methodology, A.B. and I.M.; software, 
A.B. and A.I.; validation, E.S., N.L., and A.B.; formal analysis, E.S and N.L.; investigation, E.S. and 
N.L.; resources, A.B. and I.M.; data curation, E.S., N.L., and A.B.; writing—original draft prepara-
tion, E.S. and N.L.; writing—review and editing, A.B.; visualization, E.S. and N.L.; supervision, A.B. 
and I.M.; project administration, A.B.; funding acquisition, N.L. All authors have read and agreed 
to the published version of the manuscript. 

Funding: This research was funded by the Russian Science Foundation, project number 22-24-00998. 

Institutional Review Board Statement: The study was conducted in accordance with the guidelines 
of the Declaration of Helsinki and was approved by the Ethics Committee of the Sechenov Institute 
of Evolutionary Physiology and Biochemistry of the Russian Academy of Sciences (protocols no. 3–
03 from 2 March 2021, and no. 1–04 from 7 April 2022). 

Informed Consent Statement: Informed consent was obtained from all subjects involved in the 
study. A written agreement for the collection of blood samples and their deanonymised use was 
obtained from all donors before the experiments began. 

Data Availability Statement: The data presented in this study are available on request from the 
corresponding author. 

Acknowledgments: The authors would like to thank the IEFB Shared-use Centre for the equipment 
provided: the CytoFLEX (BeckmanCoulter, Brea, CA, USA) flow cytometer and the Leica TCS SP5 
MP (Leica Mycrosystems, Germany) confocal station. The authors would like to thank Andrey So-
rokin, professor of medicine (nephrology), microbiology and immunology from Medical College of 
Wisconsin, for revising the manuscript and language editing. 

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

Appendix A 

 
Figure A1. Statistics of RBCs forms according to the confocal microscopy images obtained after the 
incubation with CT drugs. 

Figure A1. Statistics of RBCs forms according to the confocal microscopy images obtained after the
incubation with CT drugs.

Biology 2023, 12, x FOR PEER REVIEW 18 of 22 
 

 

 
Figure A2. The action of CT drugs has contributed to the accumulation of oxidised forms of hemo-
globin: the formation of reversible metHb and non reversible hemichrome. Spectral scans of Hb 
from hypoosmotically lysed RBCs after 3 h treatment with the CT drugs showed the elevated levels 
of oxidised Hb. Spectral range was from 450 to 700 nm. Data are presented as Mean ± SD, n = 7; one 
way ANOVA, Tukey HSD post hoc, *, p ≤ 0.05, **, p ≤ 0.01, ***, p ≤ 0.001 compared to control. 

 
Figure A3. CT drugs induced RBCs transformation and microparticle formation. Representative 
SSC/FSC dot plots of control RBCs and RBCs under the action of TAX. The data shows the micro-
particle formation (left, green gate). The statistics of the formation of microparticles by CT drugs is 
shown on the right panel. Template and gating are corresponded to the left scan. Data are presented 
as Mean ± SD, n = 7 donors; one way ANOVA, Tukey HSD post hoc, ***, p ≤ 0.001 compared to 
control. 

 
Figure A4. Representative image of a microchannel occlusion by RBCs treated with TAX drug. 

Figure A2. The action of CT drugs has contributed to the accumulation of oxidised forms of
hemoglobin: the formation of reversible metHb and non reversible hemichrome. Spectral scans
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± SD, n = 7 donors; one way ANOVA, Tukey HSD post hoc, ***, p ≤ 0.001 compared to control.
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Table A1. The hematology, OFT, spectrophotometry and microfluidics indicators of RBCs treated 
by the CT drugs; one way ANOVA, post hoc Dunnett’s multiple comparisons test with adjusted p 
value. p ≤ compared to corresponding control. 

 Control TAX PLAT TAX_PLAT PHOS RUBI RUBI_PHOS 
Hematology analysis 

MCV, fL  
n = 15 

83.8 ± 3.1 87.1 ± 2.9 
p ≤ 0.0321 

82.7 ± 7.6 
p ≤ 0.416 

87.0 ± 4.7 
p ≤ 0.0106 

84.9 ± 3.5 
p ≤ 0.326 

85.2 ± 2.8 
p ≤ 0.156 

86.7 ± 2.3 
p ≤ 0.0345 

RDW-SD, fL 
n=15 

53.9 ± 1.5 59.9 ± 8.2 
p ≤ 0.007 

53.7 ± 3.6 
p ≤ 0.824 

62.3 ± 9.0 
p ≤ 0.0001 

54.7 ± 4.4 
p ≤ 0.465 

55.4 ± 3.6 
p ≤ 0.140 

56.5 ± 3.6 
p ≤ 0.047 

RDW-CV, % 
n = 15 

13.0 ± 0.8 13.7 ± 2.0 
p ≤ 0.208 

12.7 ± 2.4 
p ≤ 0.178 

14.5 ± 0.7 
p ≤ 0.023 

12.6 ± 0.9 
p ≤ 0.090 

12.8 ± 0.9 
p ≤ 0.487 

12.9 ± 1.2 
p ≤ 0.592 

Osmotic Fragility Test 
H50, mOsmol 

n = 15 123.9 ± 2.9 
119.5 ± 3.9 
p ≤ 0.001 

124.6 ± 4.4 
p ≤ 0.521 

115.1 ± 5.7 
p ≤ 0.000 

124.6 ± 5.1 
p ≤ 0.610 

125.9 ± 3.5 
p ≤ 0.037 

126.1 ± 3.0 
p ≤ 0.054 

W, mOsmol 
n = 15 52.8 ± 1.5 

60.2 ± 2.9 
p ≤ 0.000 

54.3 ± 3.7 
p ≤ 0.341 

59.7 ± 3.0 
p ≤ 0.000 

55.7 ± 3.0 
p ≤ 0.0345 

54.7 ± 3.7 
p ≤ 0.0492 

55.2 ± 4.4 
p ≤ 0.0324 

Asphericity 
Index, a.u.  

n = 15 
2.36 ± 0.32 0.79 ± 0.06 

p ≤ 0.000 
2.37 ± 0.33 
p ≤ 0.967 

0.76 ± 0.04 
p ≤ 0.000 

2.39 ± 0.23 
p ≤ 0.817 

2.32 ± 0.17 
p ≤ 0.628 

2.34 ± 0.32 
p ≤ 0.868 

Hemolysis, % 
100 mOsmol.  

n = 15 
86.5 ± 3.1 72.1 ± 8.3 

p ≤ 0.000 
89.2 ± 5.4 
p ≤ 0.753 

70.0 ± 9.4 
p ≤ 0.000 

88.2 ± 4.7 
p ≤ 0.938 

88.6 ± 4.2 
p ≤ 0.879 

90.6 ± 3.1 
p ≤ 0.0352 

Spectrophotometric analysis 
Free Hb, % 

n = 7 0.03 ± 0.01 
0.13 ± 0.08 
p ≤ 0.0208 

0.05 ± 0.03 
p ≤ 0.09 

0.21 ± 0.13 
p ≤ 0.001 

0.06 ± 0.04 
p ≤ 0.10 

0.12 ± 0.07 
p ≤ 0.02 

0.10 ± 0.08 
p ≤ 0.0493 

Microfluidic analysis 
Slow cells, % 0.45 ± 0.20 8.9 ± 3.29 4.7 ± 1.88 7.7 ± 2.39 9.8 ± 3.76 8.0 ± 2.10 8.9 ± 3.30 
Number of 

analysed cells 
5386 4379 6389 5188 5010 5420 4936 

Figure A5. Percentage of microchannels occlusion cases. The number of cases of microchannel
occlusions was counted manually; an occlusion was recorded if erythrocyte retention was at least 10 s.
Data presented as mean ± SE, n = 3 donors, 2-tailed non-paired t-test; *, p ≤ 0.05 compared to control.
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Appendix B

Table A1. The hematology, OFT, spectrophotometry and microfluidics indicators of RBCs treated by
the CT drugs; one way ANOVA, post hoc Dunnett’s multiple comparisons test with adjusted p value.
p ≤ compared to corresponding control.

Control TAX PLAT TAX_PLAT PHOS RUBI RUBI_PHOS

Hematology analysis

MCV, fL
n = 15 83.8 ± 3.1 87.1 ± 2.9

p ≤ 0.0321
82.7 ± 7.6
p ≤ 0.416

87.0 ± 4.7
p ≤ 0.0106

84.9 ± 3.5
p ≤ 0.326

85.2 ± 2.8
p ≤ 0.156

86.7 ± 2.3
p ≤ 0.0345

RDW-SD, fL
n = 15 53.9 ± 1.5 59.9 ± 8.2

p ≤ 0.007
53.7 ± 3.6
p ≤ 0.824

62.3 ± 9.0
p ≤ 0.0001

54.7 ± 4.4
p ≤ 0.465

55.4 ± 3.6
p ≤ 0.140

56.5 ± 3.6
p ≤ 0.047

RDW-CV, %
n = 15 13.0 ± 0.8 13.7 ± 2.0

p ≤ 0.208
12.7 ± 2.4
p ≤ 0.178

14.5 ± 0.7
p ≤ 0.023

12.6 ± 0.9
p ≤ 0.090

12.8 ± 0.9
p ≤ 0.487

12.9 ± 1.2
p ≤ 0.592

Osmotic Fragility Test

H50, mOsmol
n = 15 123.9 ± 2.9 119.5 ± 3.9

p ≤ 0.001
124.6 ± 4.4
p ≤ 0.521

115.1 ± 5.7
p ≤ 0.000

124.6 ± 5.1
p ≤ 0.610

125.9 ± 3.5
p ≤ 0.037

126.1 ± 3.0
p ≤ 0.054

W, mOsmol
n = 15 52.8 ± 1.5 60.2 ± 2.9

p ≤ 0.000
54.3 ± 3.7
p ≤ 0.341

59.7 ± 3.0
p ≤ 0.000

55.7 ± 3.0
p ≤ 0.0345

54.7 ± 3.7
p ≤ 0.0492

55.2 ± 4.4
p ≤ 0.0324

Asphericity
Index, a.u.

n = 15
2.36 ± 0.32 0.79 ± 0.06

p ≤ 0.000
2.37 ± 0.33
p ≤ 0.967

0.76 ± 0.04
p ≤ 0.000

2.39 ± 0.23
p ≤ 0.817

2.32 ± 0.17
p ≤ 0.628

2.34 ± 0.32
p ≤ 0.868

Hemolysis, %
100 mOsmol.

n = 15
86.5 ± 3.1 72.1 ± 8.3

p ≤ 0.000
89.2 ± 5.4
p ≤ 0.753

70.0 ± 9.4
p ≤ 0.000

88.2 ± 4.7
p ≤ 0.938

88.6 ± 4.2
p ≤ 0.879

90.6 ± 3.1
p ≤ 0.0352

Spectrophotometric analysis

Free Hb, %
n = 7 0.03 ± 0.01 0.13 ± 0.08

p ≤ 0.0208
0.05 ± 0.03

p ≤ 0.09
0.21 ± 0.13
p ≤ 0.001

0.06 ± 0.04
p ≤ 0.10

0.12 ± 0.07
p ≤ 0.02

0.10 ± 0.08
p ≤ 0.0493

Microfluidic analysis

Slow cells, % 0.45 ± 0.20 8.9 ± 3.29 4.7 ± 1.88 7.7 ± 2.39 9.8 ± 3.76 8.0 ± 2.10 8.9 ± 3.30

Number of
analysed cells 5386 4379 6389 5188 5010 5420 4936

Occlusions, %
n = 3 0 ± 0 4.14 ± 1.46

p ≤ 0.0472
0.26539 ± 0.13

p ≤ 0.1193
3.51702 ± 0.91

p ≤ 0.0179
1.10036 ± 0.71

p ≤ 0.0305
0.58389 ± 0.18

p ≤ 0.1747
1.27221 ± 0.44

p ≤ 0.0452
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Simple Summary: In our study, the involvement of IDH1 in atherosclerotic foam cells was explored.
Inhibiting macrophage ferroptosis and foam cell formation by knocking down IDH1 is a promising
study direction for better understanding the occurrence and progression of atherosclerosis, as well as
the treatment targets for atherosclerosis.

Abstract: A distinctive feature of ferroptosis is intracellular iron accumulation and the impairment
of antioxidant capacity, resulting in a lethal accumulation of lipid peroxides leading to cell death.
This study was conducted to determine whether inhibiting isocitrate dehydrogenase 1 (IDH1) may
help to prevent foam cell formation by reducing oxidized low-density lipoprotein (ox-LDL)-induced
ferroptosis in macrophages and activating nuclear factor erythroid 2-related factor 2 (NRF2). Gene
expression profiling (GSE70126 and GSE70619) revealed 21 significantly different genes, and subse-
quent bioinformatics research revealed that ferroptosis and IDH1 play essential roles in foam cell
production. We also confirmed that ox-LDL elevates macrophage ferroptosis and IDH1 protein
levels considerably as compared with controls. Ferrostatin-1 (Fer-1), a ferroptosis inhibitor, reduced
ox-LDL-induced elevated Fe2+ levels, lipid peroxidation (LPO) buildup, lactate dehydrogenase (LDH)
buildup, glutathione (GSH) depletion, glutathione peroxidase 4 (GPX4), ferritin heavy polypeptide 1
(FTH1), and solute carrier family 7 member 11 (SLC7A11) protein downregulation. More crucially,
inhibiting IDH1 reduced Fe2+ overload, lipid peroxidation, LDH, and glutathione depletion, and
elevated GPX4, FTH1, and SLC7A11 protein expression, resulting in a reduction in ox-LDL-induced
macrophage ferroptosis. IDH1 inhibition suppressed ox-LDL-induced macrophage damage and
apoptosis while raising NRF2 protein levels. We have demonstrated that inhibiting IDH1 reduces
ox-LDL-induced ferroptosis and foam cell formation in macrophages, implying that IDH1 may be an
important molecule regulating foam cell formation and may be a promising molecular target for the
treatment of atherosclerosis.

Keywords: IDH1; foam cell; macrophage; ferroptosis; NRF2

1. Introduction

Atherosclerosis is a chronic inflammatory condition of the artery wall in which
macrophages play a significant role [1]. The production of foam cells is a key step in
the pathogenesis of atherosclerosis, and inhibiting foam cell formation could be a viable
way to prevent atherosclerotic lesions from developing [2]. Lipid peroxy radicals and
hydroperoxides produced by free radical oxidation of polyunsaturated fatty acids (PUFAs),
known as LPO, play a significant role in atherosclerosis [3,4].

A distinctive feature of ferroptosis is intracellular iron accumulation and the impair-
ment of antioxidant capacity, resulting in a lethal accumulation of lipid peroxides leading to
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cell death [5]. Many pathogenic processes have been linked to ferroptosis, including cancer,
ischemic organ damage, neurological illnesses, autoimmune diseases, and atherosclero-
sis [6,7]. Advanced human atherosclerotic plaques have lipid peroxidation, intraplaque
bleeding, and iron deposition [8]. The mechanism of ferroptosis in atherosclerosis, however,
is unknown.

IDH1 is a protease that may oxidize isocitrate to oxalosuccinate, which is then con-
verted to α-ketoglutarate. It is found in the cytoplasm and peroxisomes. In studies, IDH1
mutations have been associated with malignant tumors such as secondary glioblastoma,
cholangiocarcinoma, and periosteal cartilage tumors [9]. IDH1 mutations in tumors accel-
erate lipid reactive oxygen species (ROS) accumulation, leading to glutathione depletion
through the downregulation of GPX4 [10]. However, it is unknown whether IDH1 enhances
ferroptosis and thus worsens atherosclerosis progression.

In our study, the involvement of IDH1 in atherosclerotic foam cells was explored.
Inhibiting macrophage ferroptosis and foam cell formation by knocking down IDH1 is
a promising study direction for better understanding the occurrence and progression of
atherosclerosis, as well as the treatment targets for atherosclerosis.

2. Materials and Methods
2.1. Data Mining from the Gene Expression Omnibus (GEO) Database

Gene expression profiles can be searched and downloaded using the GEO database.
Appropriate microarray datasets were screened from the GEO database to analyze dif-
ferential genes between foam cells and macrophages. The GEO database provided the
gene expression profiles of GSE70126 and GSE70619. The platforms GPL6885 and GPL1261
provided these RNA profiles. GSE70126 is a genomic profile of foam cell macrophages
isolated from fat-fed ApoE null mice and non-foamy macrophages isolated from control
mice fed a normal diet. GSE70619 is the expression data from foam cells of apolipoprotein
E-deficient mice. GEO2R is an online tool provided by the GEO database, which is mainly
used for the differential analysis of expression profile chips. GEO2R was used to research
the two groups of samples and find genes that were significantly differentially expressed at
p < 0.05 and |logFC| > 1 experimental conditions.

2.2. Analysis of Functional Enrichment

We used DAVID (https://david.ncifcrf.gov) (accessed on 12 August 2021) and Bioin-
formatics (http://www.bioinformatics.com.cn) (accessed on 12 August 2021) to perform
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analysis on differentially expressed genes (DEGs). Bioinformatics is a free online
platform for data analysis and visualization [11]. p values less than 0.05 are considered
statistically significant.

2.3. FerrDb Database

FerrDb is the first manually maintained ferroptosis database, as well as a database of
ferroptosis-related disorders. Thus far, the database has extracted and sorted 259 regulated
genes, 111 markers, and 95 ferroptosis-related disorders from publications about ferroptosis
in the PubMed database [12].

2.4. Cells and Reagents

The cell bank of the Chinese Academy of Sciences provided RAW264.7 mouse macrophages.
Ox-LDL was provided by Guangzhou Yiyuan Biotechnology Co., Ltd., YB-002, Guangzhou,
China. Proteintech (Wuhan, China) provided the primary antibodies against IDH1, NRF2,
GPX4, SLC7A11, and GAPDH. Abcam (Cambridge, UK) provided the primary antibodies
against FTH1. Fer-1 is a potent inhibitor of ferroptosis. Fer-1 was obtained from Sigma-
Aldrich (St. Louis, MO, USA).
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2.5. Treatment and Transfection of Cells

RAW264.7 macrophages were cultivated at 37 ◦C in 5% CO2 using DMEM contain-
ing 10% fetal bovine serum (FBS). We divided cells into the following groups at random:
control, ox-LDL, ox-LDL + si-IDH1, ox-LDL + Fer-1, ox-LDL + si-IDH1 + Fer-1. RAW264.7
cells were pretreated with 5 µmol/L Fer-1 (24 h), followed by stimulation of ox-LDL for
24 h. Genechem (Shanghai, China) designed and synthesized LV-Idh1-RNAi to target IDH1.
CON313 was used as a control, transfected with shRNA to reduce IDH1 levels (targeting se-
quence: CCGGGCCAAATTAGCTCAGGCCAAACTCGAGTTTGGCCTGAGCTAATTTG-
GCTTTTTG). To carry out the transfection, we followed the manufacturer’s instructions.

2.6. Analysis of Cell Viability

RAW264.7 macrophages were seeded in 96-well plates (3 × 103 cells/well) and treated
with several experimental treatments 24 h after cell adhesion, followed by the addition
of cell counting kit 8 (CCK-8) reagents (10 µL/well). A microplate reader (Multiskan
FC, Waltham, MA, USA) was used to measure the absorbance at 450 nm. Representative
images of cell death in each group were collected using an optical microscope (Nikon TS2,
Tokyo, Japan).

2.7. Western Blotting Analysis

Proteins were separated using 10% SDS-PAGE gels and transferred onto PVDF mem-
branes. After blocking with 5% bovine serum albumin (BSA) for 1 h at room temperature,
the membranes were incubated at 4 ◦C overnight with specific primary antibodies: anti-
IDH1 (1:1000, Proteintech, 12332-1-AP), anti-GAPDH (1:1000, Proteintech, 60004-1-Ig),
anti-NRF2 (1:1000, Proteintech, 16396-1-AP), anti-GPX4 (1:1000, Proteintech, 67763-1-Ig),
anti-SLC7A11 (1:1000, Proteintech, 26864-1-AP), or anti-FTH1 (1:1000, Abcam, ab65080), fol-
lowed by the addition of the corresponding secondary antibodies. The signal was detected
using a chemiluminescence imaging system (Tanon 5200 Multi 4600SF, Shanghai, China).

2.8. Reverse Transcription-Quantitative PCR (RT-qPCR)

The purified DNA finally produced by CHIP was used as template DNA for the PCR re-
action. qPCR analysis was performed using SYBR-Green I (Takara Bio, Inc., Kusatsu, Japan).
GAPDH was used as an endogenous control. The primers used in this study were provided
by Realgene (Realgene, Nanjing, China) (Supplementary Table S2): IDH1 forward, 5’-
AGGTGGGCTGAGGAGGC-3’ and reverse, 5’-ACAGGGTAGGTCCGAGCTTT-3’; GAPDH
forward, 5’-GAAGGTGAAGGTCGGAGTC-3’ and reverse, 5’-GAAGATGGTGATGGGATTTC-
3’. Finally, the period threshold (Ct) value was analyzed by the 2−∆∆Ct method. Each
individual experiment was performed a total of three times.

2.9. Measurement of Intracellular GSH Level

RAW264.7 macrophages were seeded in 96-well plates (3 × 103 cells/well) and treated
with several experimental treatments 24 h after cell adhesion. After stimulation, a to-
tal glutathione detection kit (Beyotime, S0052, Shanghai, China) was used to detect the
intracellular glutathione levels, and process the data, according to the manufacturer’s
instructions. A microplate reader (Multiskan FC, Waltham, MA, USA) was used to measure
the absorbance at 412 nm.

2.10. Iron Assay

RAW264.7 macrophages were seeded in 96-well plates (3 × 103 cells/well) and treated
with several experimental treatments 24 h after cell adhesion. After stimulation, an iron ion
colorimetric detection kit (E1042, Applygen, Beijing, China) was used to analyze the iron
concentration in each group. A microplate reader (Multiskan FC, Waltham, MA, USA) was
used to measure the absorbance at 550 nm.
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2.11. Lipid Peroxidation Assay

RAW264.7 macrophages were seeded in 96-well plates (3 × 103 cells/well) and treated
with several experimental treatments 24 h after cell adhesion. After stimulation, a lipid
peroxide test kit (A106-1, Jiancheng, Nanjing, China) was used to evaluate the amount of
lipid peroxide in each group. A microplate reader (Multiskan FC, Waltham, MA, USA) was
used to measure the absorbance at 586 nm.

RAW264.7 macrophages were seeded in 6-well plates (1 × 106 cells/well) and treated
with several experimental treatments 24 h after cell adhesion. Lipid peroxidation levels
were detected using a C11BODIPY probe (D3861, Thermo Fisher Scientific, Waltham, MA,
USA). Cells were incubated with 2 µM C11BODIPY for 30 min at 37 ◦C, then washed three
times with PBS. Finally, cells were imaged using a fluorescence microscope (THUNDER
DMi8, LEICA, Munich, Germany). The mean fluorescence intensity of C11BODIPY Green,
which measures the amount of lipid ROS in the cell, was calculated using ImageJ software
(NIH, Bethesda, MD, USA).

2.12. Annexin V-APC/7-AAD Staining and Flow Cytometry

The Annexin V-APC/7-AAD apoptosis detection kit (KGA1025, KeyGen Biotech,
Nanjing, China) was used to detect cell death. Cells were collected, dyes were applied, and
the cells were treated for 20 min. Flow cytometry (Beckman Coulter Cytoflex S, Brea, CA,
USA) was then used to examine the samples.

2.13. Oil Red O Staining

RAW264.7 macrophages were seeded in 6-well plates (1 × 106 cells/well) and treated
with several experimental treatments 24 h after cell adhesion, then washed three times
with PBS and fixed in 4% paraformaldehyde for 30 min. We used oil red O to counterstain
macrophages for an hour before being imaged under an optical microscope (Nikon TS2,
Tokyo, Japan). Image J analysis software was further utilized to examine the experimen-
tal data.

2.14. LDH Release Assay

RAW264.7 macrophages were seeded in 6-well plates (1 × 106 cells/well) and treated
with several experimental treatments 24 h after cell adhesion. A commercially available
lactate dehydrogenase assay kit (C0016, Beyotime, Shanghai, China) was used to detect
LDH release. A microplate reader (Multiskan FC, Waltham, MA, USA) was used to measure
the absorbance at 490 nm.

2.15. α-KG Assay

RAW264.7 macrophages were seeded in 6-well plates (1 × 106 cells/well) and treated
with several experimental treatments 24 h after cell adhesion. α-Ketoglutarate was collected
using an α-ketoglutarate assay kit (MAK054, Sigma Aldrich, St. Louis, MO, USA), and
a coupled enzyme assay was used to determine the α-ketoglutarate level. A microplate
reader (Multiskan FC, Waltham, MA, USA) was used to measure the absorbance at 570 nm.

2.16. NADPH Assay

The NADPH/NADP ratio was determined using an NADP+/NADPH detection kit
(WST-8 method) (S0179, Beyotime, Shanghai, China). Briefly, RAW264.7 macrophages
(1 × 106 cells) were split into two aliquots. One aliquot was left on ice (containing both
NADP and NADPH), and the other was incubated at 60 ◦C for 30 min to deplete NADP
(only NADPH remained). The content of NADPH was determined by the absorbance
at 450 nm (Multiskan FC, Waltham, MA, USA). The concentrations of NADPH and
NADP were calculated separately from the standard curve. Finally, we calculated the
NADPH/NADP ratio.
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2.17. JASPAR Analysis

The binding sites of IDH1 and NRF2 were predicted by the JASPAR database (accessed
on 27 August 2021) (https://jaspar.genereg.net). The sequences 2000 bp upstream and
100 bp downstream of the origin of the IDH1 gene were obtained from the NCBI database
as potential promoter regions (Chr2: 208254972-208257071). The sequences were then
compared with the transcription factors in the JASPAR database to predict the possible
binding sites of IDH1 and target transcription factors. Transcription factor binding sites
(TFBS) in JASPAR are represented by visualization techniques. The ordinate represents the
information content, and the greater the information content, the greater the probability
of occurrence. The abscissa aligns the positions of TFBS, each position is formed by the
stacking of possible bases [13].

2.18. Chromatin Immunoprecipitation (ChIP) Assay

Binding of IDH1 and NRF2 was detected using a chromatin immunoprecipitation
(ChIP) assay kit (P2078, Beyotime, Shanghai, China). Briefly, different groups of RAW264.7
macrophages were treated with 37% paraformaldehyde. Lysates were sonicated and
centrifuged. The supernatant was immunoprecipitated with the antibody anti-NRF2
overnight at 4 ◦C (1:100, 16396-1-AP, Proteintech). The same amount of mouse IgG antibody
(1:200, cat. no. 554002, BD Biosciences, Franklin Lakes, NJ, USA) was used as a negative
control. The DNA–protein complexes were eluted using elution buffer. Purified DNA was
used as template DNA for PCR reactions.

2.19. Statistical Analysis

GraphPad Prism 8.0 was used for statistical analysis, and all experiments were con-
ducted independently in triplicate. The data are presented in the form of mean ± standard
deviation (SD). An analysis of variance was used to examine the mean differences between
groups, with p values < 0.05 considered to be statistically significant.

3. Results
3.1. Identification and Enrichment Analysis of DEGs in Foam Cells

Following GEO2R analysis of the GSE70126 and GSE70619 datasets, genes differen-
tially expressed between foam cells and macrophages were discovered. Figures 1A and 2A
show the volcano map of DEGs in each dataset. To further understand the biological
functions of the DEGs, we utilized DAVID to perform GO functional and KEGG pathway
enrichment analyses on both datasets. The DEGs were substantially enriched in response to
lipopolysaccharides and transcription, DNA-templated, according to GO analysis findings
for biological processes (BP). The DEGs were found in the extracellular matrix and nucleus
for cellular components (CC). The DEGs were considerably enriched in extracellular matrix
binding and protein binding for molecular functions (MF). Furthermore, KEGG pathway
analysis indicated that these DEGs were mostly engaged in ECM-receptor interactions, as
well as ubiquitin-mediated proteolysis (Figures 1B and 2B).

3.2. Identification and Enrichment Analysis of Target DEGs

The Venn diagram revealed 21 DEGs that overlapped between the two datasets
(Figure 3A), including 12 upregulated genes and 9 downregulated genes, for which we used
Bioinformatics to undertake GO function and KEGG pathway enrichment analyses. A list
of related genes is provided in the Supplementary Materials (Supplementary Table S1). For
BP, 21 overlapping DEGs were considerably enriched in the regulation of T-cell-mediated
immunity. A further 21 overlapping DEGs were considerably enriched in fibrillar cen-
ters in the case of CC; while for MF, 21 overlapping DEGs were enriched in structural
constituents of cytoskeleton. In addition, these DEGs were predominantly involved in
glutathione metabolism (Figure 3B–E). It is well known that ferroptosis is mainly mani-
fested by decreased GSH and expression of GPX4; thus, we looked for differential genes
associated with ferroptosis in overlapping DEGs as a target gene. After intersecting with
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the 259 ferroptosis-related regulatory genes sorted by FerrDb, we obtained a target gene
IDH1 (Figure 3F).

Figure 1. Identification and enrichment analysis of DEGs in foam cells. (A) Volcano plot of gene
expression profile data between foam cells and macrophages in GSE70126. (B) Functional and
signaling pathway analysis of DEGs between foam cells and macrophages.
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Figure 2. Identification and enrichment analysis of DEGs in foam cells. (A) Volcano plot of gene
expression profile data between foam cells and macrophages in GSE70619. (B) Functional and
signaling pathway analysis of DEGs between foam cells and macrophages.
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Figure 3. Identification and enrichment analysis of target DEGs. (A) Venn diagram of overlap-
ping DEGs from GSE70126 and GSE70619 datasets. (B) Biological processes of 21 overlapping
DEGs. (C)‘Cellular components of 21 overlapping DEGs. (D) Molecular functions of 21 overlapping
DEGs. (E) KEGG pathway of 21 overlapping DEGs. (F) Venn diagram of 21 overlapping DEGs and
259 ferroptosis-related regulatory genes.

3.3. Expression of IDH1 in ox-LDL-Induced Foam Cells

To develop a macrophage-derived foam cell model, different dosages of ox-LDL
were used to stimulate RAW264.7 cells. In the CCK-8 experiment, 50 µg/mL ox-LDL
significantly reduced cell viability (Figure 4A). As a result, in subsequent investigations, we
used 50 µg/mL ox-LDL to enhance foam cell development, which was likewise the dosage
used in previous findings [14,15].

68



Biology 2022, 11, 1392

Figure 4. Expression of IDH1 in ox-LDL-induced foam cells. (A) Viability of RAW264.7 cells treated
with ox-LDL (25, 50, 75, 100 µg/mL) for 24 h. * p < 0.05, ** p < 0.01 vs. control group. (B,C) Western
blot was used to detect the levels of IDH1 protein expression. ## p < 0.01 si-IDH1 treatment group vs.
control group; * p < 0.05, ** p < 0.01 ox-LDL-treated group vs. control group. (D,E) Western blot was
used to detect the levels of IDH1 protein expression. ## p < 0.01 vs. control group; * p < 0.05, ** p < 0.01
vs. ox-LDL-treated group; & p < 0.05, && p < 0.01 vs. ox-LDL and si-IDH1 treatment group. NS vs.
ox-LDL and si-IDH1 treatment group. (F–I) NRF2, GPX4, and SLC7A11 expression. ## p < 0.01 vs.
control group; * p < 0.05, ** p < 0.01 vs. ox-LDL-treated group; NS vs. ox-LDL and si-IDH1 treatment
group. & p < 0.05, && p < 0.01 vs. ox-LDL and Fer-1 treatment group. NS, not significant. Data are
presented as mean ± SD.

In ox-LDL-induced foam cells, IDH1 was higher than in RAW264.7 cells, according
to the Western blotting (WB) data (Figure 4B–E). The low IDH1 expression in the si-IDH1
group showed successful LV-Idh1-RNAi transfection (Figure 4B,C). Furthermore, for the
ox-LDL + si-IDH1 group, low IDH1 expression could be successfully maintained. On
the basis of IDH1 knockdown, Fer-1 was added, and the IDH1 protein level was further
reduced. Interestingly, for IDH1 protein expression, the ox-LDL + si-IDH1 and ox-LDL

69



Biology 2022, 11, 1392

+ Fer-1 groups displayed no statistical difference. This suggests that the ferroptosis inhibitor
Fer-1 and IDH1 knockdown have similar effects in reducing IDH1 expression.

3.4. Inhibition of IDH1 Can Reduce the Production of ox-LDL-Induced Foam Cells

The production of foam cells is a key step in the pathogenesis of atherosclerosis, and
inhibiting foam cell formation could be a viable way to prevent atherosclerotic lesions from
developing [2]. The oil red O staining findings showed that ox-LDL stimulation could
enhance lipid accumulation, while the inhibition of IDH1 or addition of Fer-1 reduced the
formation of foam cells. For ox-LDL + si-IDH1 + Fer-1 compared with ox-LDL + Fer-1,
the experimental results showed that the formation of foam cells was further reduced,
suggesting that the inhibition of IDH1 further ameliorated the formation of foam cells
(Supplementary Figure S1A,B).

3.5. Inhibition of IDH1 Ameliorates ox-LDL-Induced Ferroptosis

Ferroptosis is dependent on the accumulation of intracellular iron causing an elevation
of toxic LPO. In addition, it also revealed the decrease in GSH and the characteristic genes
GPX4 and SLC7A11.

RAW264.7 cells induced by ox-LDL showed higher Fe2+ levels, accumulation of LPO,
depletion of GSH, and downregulation of GPX4, FTH1, and SLC7A11 protein levels,
indicating that ox-LDL promotes macrophage ferroptosis (Figure 4F,H,I, Figure 5A–C and
Figure S1C,D). The knockdown of IDH1 showed reduced Fe2+ and LPO accumulation and
increased levels of GSH, GPX4, FTH1, and SLC7A11, implying that the inhibition of IDH1
could reduce the ferroptosis induced by ox-LDL (Figure 4F,H,I, Figure 5A–C andm). The
experimental results of the ox-LDL + si-IDH1 and ox-LDL + Fer-1 groups were similar,
demonstrating that IDH1 inhibition can play a similar role in inhibiting ferroptosis as Fer-1
(Figure 4F,H,I, Figure 5A–C and Figure S1C,D). For ox-LDL + si-IDH1 + Fer-1 compared
with ox-LDL + Fer-1, the IDH1 protein level was further reduced. The experimental
results showed that the content of Fe2+ and LPO was further reduced, while the levels of
GSH, GPX4, FTH1, and SLC7A11 were further increased, suggesting that the inhibition
of IDH1 further ameliorated ox-LDL-induced ferroptosis (Figure 4F,H,I, Figure 5A–C and
Figure S1C,D).

Lipid peroxidation was a critical biomarker associated with ferroptosis. We detected
lipid peroxidation levels using C11BODIPY staining. The results showed that lipid per-
oxidation levels rose in ox-LDL-induced foam cells compared to the control group, but
knocking down IDH1 reversed the increased lipid peroxidation levels. This suggested
that ferroptosis was involved in ox-LDL-induced foam cell formation, and knocking down
IDH1 relieved this by attenuating ferroptosis (Supplementary Figure S2A,B).

3.6. Inhibition of IDH1 Suppresses α-KG and NADPH Levels

It has been reported that the suppression of IDH1 inhibits α-KG and NADPH lev-
els [16]. Therefore, we tested the α-KG and NADPH levels after generating the IDH1 KD
macrophage cell line. The inhibition of IDH1 reduced the levels of α-KG and NADPH
(Supplementary Figure S1E,F).

3.7. Inhibition of IDH1 Ameliorates Macrophage Damage and Apoptosis Induced by ox-LDL

We used the CCK8 test to assess cell viability, and flow cytometry to quantify the
amount of apoptosis to see how IDH1 affected ox-LDL-induced macrophage damage
and apoptosis. Macrophage viability was lowered and apoptosis was increased when
ox-LDL was added. However, the inhibition of IDH1 expression before ox-LDL induction
improved macrophage viability and inhibited apoptosis. Between the ox-LDL + si-IDH1
and ox-LDL + Fer-1 groups, there was no significant change in the cell survival or apoptosis
rate, implying that IDH1 downregulation served a comparable function to the ferroptosis
inhibitor Fer-1. In addition, the inhibition of IDH1 expression on the basis of ox-LDL + Fer-1
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further ameliorated ox-LDL-induced macrophage damage and apoptosis (Figure 5D,E
and Figure 6A,B).

Figure 5. Inhibition of IDH1 ameliorates ox-LDL-induced ferroptosis. (A) The levels of GSH. (B) The
level of iron content. (C) The total content of LPO. (D) Cell survival determined by CCK-8. (E) The
brightfield images showing dead cells (Scale bars = 50 µm). ## p < 0.01 vs. control group; * p < 0.05,
** p < 0.01 vs. ox-LDL-treated group; NS vs. ox-LDL and si-IDH1 treatment group. & p < 0.05,
&& p < 0.01 vs. ox-LDL and Fer-1 treatment group. NS, not significant. Data are presented as
mean ± SD.

In addition, we complemented LDH experiments to investigate whether the knock-
down of IDHI could protect macrophages from cell death at higher concentrations of
ox-LDL (100 µg/mL). The experimental results showed that when ox-LDL was added,
increased cell death resulted in increased LDH activity. However, the inhibition of IDH1
expression prior to ox-LDL induction suppressed LDH activity. The cellular levels of LDH
did not change significantly between the ox-LDL + si-IDH1 and ox-LDL + Fer-1 groups,
implying that IDH1 downregulation was functionally equivalent to the ferroptosis inhibitor
Fer-1. Furthermore, the inhibition of IDH1 expression on the basis of ox-LDL + Fer-1
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further ameliorated ox-LDL-induced macrophage damage. Therefore, we conclude that the
knockdown of IDHI reduces macrophage death (Supplementary Figure S1G).

Figure 6. Inhibition of IDH1 ameliorates ox-LDL-induced macrophage apoptosis. (A,B) Apoptosis of
RAW264.7 cells in different groups was examined via flow cytometry. (C) JASPAR-predicted NRF2
transcription factor binding sites. (D) Nrf2 and IDH1 potential binding sites. (E) Relative enrichment
of IDH1, detected by ChIP. ## p < 0.01 vs. control group; ** p < 0.01 vs. ox-LDL-treated group; NS vs.
ox-LDL and si-IDH1 treatment group. && p < 0.01 vs. ox-LDL and Fer-1 treatment group. NS, not
significant. Data are presented as mean ± SD.

3.8. IDH1 May Regulate ox-LDL-Induced Macrophage Ferroptosis via NRF2

Ferroptosis is cell death caused by oxidative stress. By modulating gene expression
in the GSH antioxidant system and iron metabolism, NRF2 can influence ferroptosis.
Ferroptosis has been linked to cancer and neurological illnesses in a growing number of
studies, and NRF2, which can regulate ferroptosis, is a promising pharmacological target.
In our study, the online database JASPAR provided the TFBS of NRF2 (Figure 6C); the
IDH1 and NRF2 potential binding sites are GGGACAAAGCC (Figure 6D). The presence
of these binding sites on the IDH1 promoter suggests that IDH1 may interact with NRF2.
The addition of ox-LDL reduced NRF2 levels when compared to controls, whereas the
inhibition of IDH1 prior to ox-LDL induction upregulated the expression of NRF2, which
was similar to the ox-LDL + Fer-1 group. In addition, further reducing the expression of
IDH1 on the basis of ox-LDL + Fer-1 would further upregulate the protein level of NRF2
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(Figure 4F,G). Further ChIP assays demonstrated that the IDH1 promoter sequence was
significantly enriched by the anti-NRF2 antibody (Figure 6E). In summary, this means
that IDH1 may regulate ox-LDL-induced macrophage ferroptosis and foam cell formation
through NRF2.

4. Discussion

Foam cells are involved in all stages of atherosclerosis development [17]. The formation
of macrophage-derived foam cells is caused by the dysregulation of lipid metabolism. When
foam cells accumulate beneath the lipid-rich arterial endothelium, they begin to perform
a variety of functions that promote the development of atherosclerosis, increasing the
likelihood of plaque rupture [18]. Furthermore, foam cells do not exist in isolation and can
contribute to the development of atherosclerosis through pro-inflammation of apoptotic
cells. The formation of foam cells and apoptosis induced by ox-LDL are important in
the pathogenesis of atherosclerosis [19]. After apoptosis and necrosis, foam cells die, and
intracellular lipids accumulate on arterial walls, exacerbating atherosclerotic lesions [20].
Apoptotic cell removal has been shown to help with plaque stabilization [21]. Excess
lipid accumulation in macrophages inhibits macrophage egress from plaques, resulting
in macrophage apoptosis and secondary necrosis, which exacerbates foam cell formation
and atherosclerotic progression [22]. Apoptosis of macrophages causes necrotic areas to
enlarge in late-stage atherosclerotic plaques [23]. Numerous studies have shown that
ox-LDL-induced macrophage apoptosis and foam cell formation play an important role in
the onset and progression of atherosclerosis, providing information for clinical practice and
drug development. The inhibition of ox-LDL-induced macrophage apoptosis and foam cell
formation could be a potential treatment target for atherosclerosis [24,25].

Foam cells are essential to the formation of atherosclerosis lesions, and increasing
data suggest that blocking foam cell formation is a possible treatment option [2,25]. In
this study, we screened 21 potential target genes in foam cells through the GEO database.
KEGG suggested that DEGs were mainly enriched in glutathione metabolism. The main
manifestation of ferroptosis is the reduction in GSH and GPX4; thus, we evaluated the
ferroptosis-related target gene IDH1 in 21 DEGs. In foam cells induced by ox-LDL, IDH1
was higher than in RAW264.7 cells. The inhibition of IDH1 ameliorated the foam cell
formation induced by ox-LDL.

Ferroptosis is distinguished by the buildup of intracellular iron and the weakening
of antioxidant ability, which results in programmed cell death [26]. Many pathogenic
processes, including neurological diseases, myocardial I/R damage, and COVID-19 car-
diac injury, have been linked to ferroptosis [27–29]. Existing studies have certified that
ferroptosis is related to the progression of atherosclerosis [30–32]. IDH1 has the ability to
convert isocitrate to oxalosuccinate, which is then converted to α-ketoglutarate. Tumor-
derived IDH1 mutations promote lipid ROS accumulation and subsequent ferroptosis. The
inhibition of IDH1 reduced the levels of α-KG and NADPH, as in previous reports [16].

IDH1 mutations decrease GPX4, a key enzyme in the ferroptosis and removal of
lipid ROS, and accelerate glutathione depletion [10]. However, it is unclear whether
IDH1 reduces ox-LDL-induced ferroptosis and, as a result, influences the progression of
atherosclerosis. IDH1 inhibition increased the GPX4, FTH1, and SLC7A11 protein levels
and repressed glutathione depletion, whereas downregulation of IDH1 decreased Fe2+,
LDH levels, and lipid ROS generation. This means that the inhibition of IDH1 ameliorated
ox-LDL-induced ferroptosis.

Ox-LDL-induced macrophage damage and apoptosis are critical in the formation and
development of atherosclerosis [33,34], and inhibiting IDH1 expression in macrophages
prevented viability and apoptosis death in our work. By increasing the generation of
GPX4, GSH, and NADPH, and preserving cellular iron homeostasis, the NRF2-Keap1
pathway decreases atherosclerosis-related ferroptosis [30]. IDH1 has binding sites with
NRF2, according to database predictions, and the inhibition of IDH1 could upregulate
the expression of NRF2. It has been reported that the promoter region of IDH1 binds
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significantly to NRF2 [35]. Similarly, in our study, NRF2 can bind to the promoter region
of IDH1. By activating NRF2, the inhibition of IDH1 may relieve foam cell formation by
ameliorating ox-LDL-induced macrophage ferroptosis.

By influencing the gene expression of the GSH antioxidant system and iron metabolism,
NRF2 can impact AS-related ferroptosis [30,36]. NRF2 is decreased in AS patients. In
addition, when ox-LDL stimulates cells, NRF2 is significantly reduced [7]. In our study,
ChIP showed that IDH1 was able to bind to NRF2. In addition, IDH1 may also affect the
expression of NRF2 by regulating oxidative metabolism-related products. This indicates
that IDH1 may regulate ox-LDL-induced macrophage ferroptosis through NRF2, and we
will explore the relevant mechanism in subsequent studies.

We observed that ox-LDL induces macrophage ferroptosis, while ox-LDL promotes
the upregulation of IDH1 expression. Given that IDH1 mutation can lead to iron death in
cells as reported in previous studies [10,37], we speculate that there may be a regulatory re-
lationship between IDH1 and ferroptosis. Moreover, we found that the knockdown of IDH1
expression with specific IDH1 siRNA ameliorated the reduction in GSH, iron accumulation,
decreased cell viability, and increased lipotoxicity. After adding ferroptosis inhibitors, these
phenomena were further improved, indicating that the inhibition of IDH1 could partially
ameliorate ox-LDL-induced ferroptosis. However, ox-LDL-induced ferroptosis and IDH1
upregulation cannot indicate whether ferroptosis promotes increased IDH1 expression or
IDH1 promotes ferroptosis, and these two phenomena may be parallel rather than causal.
Although our present results show that IDH1 expression was further downregulated in
the si-IDH1 + Fer-1 group compared to the si-IDH1 only group, there was no difference
when Fer-1 was used alone. This suggested that the inhibition of ferroptosis will further
downregulate IDH1 in the presence of low levels of IDH1. Ferroptosis was improved
after the inhibition of IDH1, which may suggest that there may be a relationship between
ferroptosis and IDH1-dependent positive feedback regulatory mechanisms. Therefore,
in-depth studies are needed to clarify the regulatory relationship between ferroptosis and
IDH1, such as the detection of IDH1 expression changes after the induction of ferroptosis
with ferroptosis agonists. In addition, careful design is necessary to determine whether the
overexpression of IDH1 promotes ferroptosis, while adding ferroptosis inhibitors at the
same time reverses the ferroptosis caused by the overexpression of IDH1. More importantly,
the regulatory mechanism was found through deeper exploration. This research will aid in
a better understanding of IDH1’s numerous activities in ferroptosis and open the door for
the discovery of new ferroptosis therapeutic targets.

For the ox-LDL + si-IDH1 + Fer-1 group, the phenotypes such as gene expression and
cell death can only be partially rescued. Our study showed that neither the suppression of
IDH1 levels nor the use of Fer-1 could completely alleviate ox-LDL stimulation-induced
macrophage ferroptosis and foam cell formation. Similarly, adding Fer-1 on the basis
of inhibiting IDH1 only partially alleviated the ferroptosis of macrophages and ox-LDL-
induced foam cell formation, but could not completely reverse the cell damage caused by
ox-LDL. In follow-up studies, we will try to enhance the efficiency of IDH1 intervention
or increase the concentration of Fer-1 and explore the ratio between the two to explore
whether ox-LDL stimulation-induced macrophage ferroptosis and foam cell formation can
be completely rescued. The possible mechanism will be verified by deeper exploration.

Recent studies have discovered that Jak2V617F, ALOX5, and NCF2 are involved in the
formation of atherosclerosis by regulating macrophage ferroptosis [38,39]. Furthermore,
the important role of macrophage-mediated ferroptosis in cancer therapy has also been
widely researched [40,41]. In colorectal cancer, there is a crosstalk between ferroptosis and
three other programmed cell deaths, including necrosis, autophagy, and apoptosis [42]. An
increasing number of ferroptosis inhibitors have been discovered in recent years [43], and
ferroptosis has become a new therapeutic target for more disorders [44].

In our findings, knocking down IDH1 inhibited macrophage ferroptosis and foam cell
formation, which is a potential research area for better understanding the occurrence and
development of atherosclerosis. One of the study’s shortcomings is the lack of human or
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in vivo data, as well as investigations on non-macrophage-derived foam cells. GSE70126
and GSE70619 were from separate platforms, we examined their respective differential
genes and then took the intersection to find similar differential genes. One of the study’s
limitations might be the lack of batch effect correction. In further investigations, we
will investigate the relevant mechanisms, potentially resulting in the discovery of novel
treatment targets for ferroptosis.

5. Conclusions

Overall, in ox-LDL-induced macrophages, IDH1 was shown to be substantially ex-
pressed. The inhibition of IDH1 modulates the progression of atherosclerosis by ame-
liorating macrophage viability and apoptosis. Furthermore, inhibiting IDH1 may allevi-
ate atherosclerosis by ameliorating ox-LDL-induced macrophage ferroptosis by activat-
ing NRF2.
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Simple Summary: The present study examines the effect of experimental inflammatory bowel
disease on femoral artery endothelial function and limb ischemia recovery in female mice using a
chronic colitis model induced by dextran sodium sulfate exposure. As expected, plasma levels of
proinflammatory cytokines, including interleukin-6, interleukin-17, tumor necrosis factor alpha, and
chemokine ligand 1, were significantly increased in the chronic colitis model. However, ROS levels
in the ischemic muscle tissues were not significantly increased in mice with colitis as compared to
controls. There were no significant changes in endothelium-dependent or -independent vasodilation
of femoral artery between the colitis model and the control. Recovery of function and blood flow of
the ischemic limb and capillary density in the ischemic muscle were preserved in the colitis model as
compared with the control.

Abstract: Inflammatory bowel disease (IBD) produces significant systemic inflammation and in-
creases the risk of endothelial dysfunction and peripheral artery disease. Our recent study demon-
strated that abdominal aortic endothelial cell function was impaired selectively in female mice with
chronic colitis. This study aimed to test the hypothesis that experimental colitis leads to femoral artery
endothelial cell dysfunction and impairs limb ischemia recovery in female mice. An experimental
chronic colitis model was created in female C57BL/6 mice with dextran sodium sulfate (DSS) treat-
ment. Unilateral hind limb ischemia was produced by femoral artery ligation. Limb blood perfusion,
vascular density, tissue ROS levels, and plasma levels of proinflammatory cytokines were assessed.
Femoral artery endothelium-dependent and -independent vasodilation of the contralateral limb were
evaluated ex vivo using acetylcholine and nitroglycerin, respectively. As expected, the plasma levels
of proinflammatory cytokines, including tumor necrosis factor alpha (TNF-α), interleukin (IL)-6,
and IL-17, were significantly increased in the DSS-induced colitis model. However, ROS levels in
the ischemic muscle tissues were not significantly increased in colitis model as compared to the
controls. There were no significant changes in endothelium-dependent or -independent vasodilation
of the femoral artery between colitis model and the control. Recovery of function and blood flow
in the ischemic limb and capillary density in the ischemic gastrocnemius muscle were preserved in
the colitis model as compared with the control. The data demonstrated that DSS-induced chronic
colitis had no significant impact on femoral artery endothelial function or ischemic limb recovery
in female mice.

Keywords: inflammatory bowel disease; limb ischemia; endothelial function; ROS
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1. Introduction

Inflammatory bowel disease (IBD), encompassing ulcerative colitis (UC) and Crohn’s
disease (CD), is characterized by chronic and recurrent intestinal inflammation. IBD not
only alters the function of the gastrointestinal system, but can also affect many other
organ systems, which are referred to as extraintestinal manifestations (EIMs) [1,2]. Several
population-based studies have previously shown that patients with IBD are at an increased
risk of developing cardiovascular diseases (CVDs), including peripheral artery disease
(PAD), ischemic heart disease, and cerebrovascular disease [3,4]. However, the underlying
mechanisms for links between IBD and CVDs remain poorly defined.

Systemic inflammation and endothelial cell dysfunction are considered among the
important factors for the development and progression of CVDs [5,6]. Several inflamma-
tory biomarkers, including C-reactive protein, calprotectin, TNF-α, IL-6, and IL-17, are
significantly increased in patients with IBD [7]. Studies have demonstrated that endothelial
cell dysfunction, as reflected by decreases in flow-mediated dilatation and pulse arterial
tonometry indices, is present in patients with IBD [8,9]. Consistent with this, our recent
meta-analysis showed that patients with IBD were significantly associated with endothelial
cell dysfunction, increased arterial stiffness, and carotid intima-media thickness [10].

Dextran sodium sulfate (DSS) induces significant damages to the intestinal epithelium.
The epithelial damage compromises the barrier integrity and subsequently exposes the
mucosal and submucosal immune cells to bacterial antigens, resulting in significant local
and systemic inflammation [11]. Our recent study showed that abdominal aortic endothe-
lial cell function was impaired selectively in female mice with chronic colitis [12]. The
French population-based cohort study demonstrated that the risk of developing PAD was
significantly increased 1.27-fold in patients with IBD compared with the general popula-
tion [4]. To our knowledge, there have been no animal studies to evaluate limb ischemia
recovery and femoral artery endothelial function in DSS-induced colitis. The present study
was aimed to test the hypothesis that experimental colitis could lead to femoral artery
endothelial cell dysfunction and impaired hind limb ischemia recovery.

2. Materials and Methods
2.1. Animals

All mice procedures were conducted in accordance with the Guide for the Care and Use
of Laboratory Animals of National Institutes of Health (NIH). The protocols were approved
by the Institutional Animal Care and Use Committee of the University of Missouri, MO,
USA. Eight-week-old C57BL/6 female mice were ordered from Jackson Lab (Bar Harbor,
ME, USA). Mice were fed standard laboratory chow and maintained under controlled
conditions (22 ± 1 ◦C, 12 h light/12 h dark cycle) until euthanasia.

2.2. Chronic DSS-Induced Colitis and Critical Limb Ischemia Mouse Model

To induce colitis, mice were administered with 2.5% (wt/vol) DSS solution (MP Biomed-
icals, Santa Ana, CA, USA) as described [11]. Mice for the chronic model were randomly
assigned to either control (n = 8) or DSS (n = 8) treatment groups. Mice were treated with
3 cycles of DSS (seven days of DSS treatment with fourteen days of drinking water between
each cycle) and subsequently sacrificed on day 51 as shown in Figure 1A. DSS solution was
freshly made every other day. On day 33, unilateral hind limb ischemia was produced by
femoral artery ligation as previously described [13]. In brief, mice were anesthetized with
2% isoflurane/O2, and placed in supine position over a heated pad to maintain body tem-
perature. The left femoral artery was exposed through a 1 cm incision, and then separated
from the femoral vein. The proximal femoral artery was occluded and the distal femoral
artery proximal to the popliteal artery was ligated with 7–0 suture. The segment of femoral
artery between the proximal and distal knots was transected, and the incision was closed
using 5–0 Vicryl sutures.
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2.3. Analysis of Colitis and Ischemic Limbs

All mice were weighed every three days and evaluated for fecal occult blood using
Compliance Gold (Germaine Laboratories, San Antonio, TX, USA) and stool consistency.
The colitis severity was determined using disease activity index (DAI) for each mouse as
described [14]. At the day of euthanasia, colon length was measured from the anal verge to
the ileocecal junction. Gastrocnemius muscle and colon tissues were collected and embed-
ded in paraffin and cut into 5 µm-thick tissue sections. The colon tissue and gastrocnemius
muscle sections were stained with hematoxylin and eosin (H&E) and examined using an
automated upright microscope system (Leica DM5500B, Wetzlar, Germany). The level of
inflammation in colon tissue was determined using a scoring system for inflammation-
associated histological changes as described [11]. The degeneration of gastrocnemius
muscle was examined in the H&E-stained sections morphologically.

2.4. Analyses of Plasma Cytokines

While under isoflurane anesthesia, blood was collected from each mouse into K3
EDTA micro tubes (Sarstedt, Nümbrecht, Germany). Each blood sample was centrifuged
at 3000× g for 10 min at 4 ◦C to obtain the plasma. The levels of plasma cytokines
were measured using a mouse cytokine/chemokine discovery assay (Eve Technologies,
Calgary, AB, Canada) [15].

2.5. Laser Doppler Perfusion Imaging and Function Assessment of Ischemic Limb

Limb blood flow was measured noninvasively using a laser doppler perfusion imaging
system (Moor Instruments, Wilmington, DE, USA) as described [16]. Briefly, the evalu-
ation of limb perfusion was conducted by acquiring flow images of the ischemic and
contralateral limb before the creation of limb ischemia (baseline), and on days 0, 3, 7, 14,
and 21 post-ischemia. After removal of excessive hair from the limbs, mice were placed on
a heating pad at 37 ◦C to minimize temperature variation. The flux ratio of the total blood
perfusion (ischemic limb blood flow/control limb blood flow) was used to determine the
recovery of limb circulation. Assessments of limb function and ischemia were conducted
at the same time points as blood flow measurements. Limb function was evaluated using
the Tarlov scale and limb ischemia was assessed using the modified ischemia scale, as
described [17,18].

2.6. Analysis of Vascular Density and ROS Production

Gastrocnemius muscle tissues of the ischemic limb were collected and embedded in
optimal cutting temperature compound (Sakura Finetek, Torrance, CA, USA), and frozen in
liquid nitrogen immediately. Tissue vascular density was evaluated using CD31 immunoflu-
orescent staining as described [19]. Briefly, the frozen cross sections (5 µm in thickness) of
gastrocnemius muscle tissue were sequentially fixed with 4% paraformaldehyde for 10 min,
washed with PBS (x3), and blocked with 5% bovine serum albumin in PBS for 30 min
at room temperature. After washing with PBS, the sections were incubated with Alexa
Fluor 594 anti-mouse CD31 immunofluorescent antibody (1:500, Biolegend, San Diego,
CA, USA) at 4 ◦C overnight. After rinsing in PBS (x3), the sections were incubated with
4′,6-diamidino-2-phenylindole (DAPI) for 10 min at room temperature, and then washed in
PBS (x3), and examined using a fluorescence microscope (Olympus CKX53, Tokyo, Japan).
Vascular density was determined using Image J software (NIH, Bethesda, MD, USA) with
VesselJ plugin [19]. Four independent fields were examined for each section to calculate
the mean vascular density. Tissue ROS levels were measured using dihydroethidium assay,
as described [20]. Briefly, the frozen sections (5 µm in thickness) of gastrocnemius muscle
tissue were prepared and incubated with 5 µM dihydroethidium (DHE; Molecular Probes,
Eugene, OR, USA) for 15 min. Images were captured using a fluorescence microscope
(Olympus CKX53, Tokyo, Japan), and analyzed with Image J software to calculate the mean
gray value.
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2.7. Evaluation of Femoral Artery Endothelial Function Ex Vivo

The femoral artery of the contralateral limb was carefully excised and prepared
in ice-cold physiological saline solution (PSS) containing (in mM) 130 NaCl, 4.7 KCl,
14.9 NaHCO3, 1.6 CaCl2, 1.18 KH2PO4, 1.17 MgSO4, 5.5 glucose, and 0.026 EDTA, pH 7.4,
gassed with 5% CO2 and 95% O2. The femoral artery section was then carefully cut into
rings (2 mm in length) under a stereo microscope. The arterial rings were mounted in a
wire myograph system (620M; Danish Myo Technology, Hinnerup, Denmark). The organ
chambers were filled with 5 mL PSS at 37 ◦C and aerated continuously with carbogen
(95% O2 + 5% CO2). Based on vessel length/tension relationships, a preload tension of
3 mN/mm was applied to the rings. The vascular preparations were allowed to equilibrate
for one hour with replacement of PSS every 20 min. To determine vascular contractility,
the rings were incubated with high-potassium PSS containing (in mM): 74.7 NaCl, 60 KCl,
14.9 NaHCO3, 1.6 CaCl2, 1.18 KH2PO4, 1.17 MgSO4, 5.5 glucose, and 0.026 EDTA (pH 7.4).
After adequate washout with PSS (x3), a concentration–response curve was made to the
endothelium-dependent vasodilator acetylcholine (Ach, 10−9 to 10−5 M, accumulative) and
a concentration-response curve to the endothelium-independent vasodilator nitroglycerin
(NTG, 10−9 to 10−5 M) for each ring after submaximal precontraction with phenylephrine
(PE, 10−6 M) as described [12].

2.8. Statistical Analysis

All data were presented as mean ± SEM, and analyzed using an unpaired, two-tailed
Student’s t-test or two-way ANOVA followed by the Bonferroni correction. All statistical
analyses were performed using Prism 8.0 software (GraphPad Software Inc., La Jolla, CA,
USA). A two-sided p < 0.05 was considered statistically significant.

3. Results
3.1. Evaluation of Chronic DSS-Induced Colitis Models

Chronically DSS-treated mice developed significant chronic colitis, as demonstrated
by fluctuating body weight (Figure 1B) together with a fluctuating DAI scoring (Figure 1C),
and significant decreases in colon length (Figure 1D). Marked tissue damage and lamina
propria inflammatory cell infiltration were evident in colon tissues of the colitis model,
compared to the controls (Figure 1E). In addition, the plasma levels of granulocyte colony-
stimulating factor (G-CSF), IL-6, IL-17, TNF-α, and chemokine ligand 1 (CXCL1) were
significantly increased in the colitis model (Figure 2).

3.2. Blood Flow and Function Recoveries of the Ischemic Limb Were Preserved in Mice with
Chronic Colitis

To determine if experimental chronic colitis could affect the recovery of ischemic limb,
a unilateral hind limb ischemia model was produced by femoral artery ligation (Figure 3A),
and laser doppler perfusion imaging of ischemic limb was conducted at baseline (before
surgery at day 33) and day 33, 36, 40, 47, 54 after DSS administration (Figure 3B). There were
no differences in blood flow recovery (ischemic limb blood perfusion/normal limb blood
perfusion) (Figure 3C), functional score (Figure 3D), and ischemia score (Figure 3E) in mice
with and without colitis. H&E staining showed marked fatty degeneration and atrophy in
gastrocnemius muscle of the ischemic limb in mice with or without colitis (Figure 3F).
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Figure 1. Female mice with chronic colitis displayed significant inflammation in the colon. (A) Ex-
perimental scheme illustrating DSS treatment and femoral ligation protocol for chronic colitis and 
limb ischemia models. Changes in (B) body weight and (C) DAI during DSS treatment. (D) Colon 
length and representative photographs for colon tissue in colitis and control mice. (E) Representa-
tive images of H&E staining of colon tissue and summary of histological score (scale bar, 100 μm 
and 50 μm). Results are expressed as mean ± SEM. * p < 0.05, ** p < 0.01, **** p < 0.0001, by unpaired 
2-tailed Student’s t-test, n = 8 mice in each group. DAI, disease activity index. 

Figure 1. Female mice with chronic colitis displayed significant inflammation in the colon.
(A) Experimental scheme illustrating DSS treatment and femoral ligation protocol for chronic colitis
and limb ischemia models. Changes in (B) body weight and (C) DAI during DSS treatment. (D) Colon
length and representative photographs for colon tissue in colitis and control mice. (E) Representative
images of H&E staining of colon tissue and summary of histological score (scale bar, 100 µm and
50 µm). Results are expressed as mean ± SEM. * p < 0.05, ** p < 0.01, **** p < 0.0001, by unpaired
2-tailed Student’s t-test, n = 8 mice in each group. DAI, disease activity index.
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Figure 2. Levels of plasma cytokines in colitis model. Results are expressed as mean ± SEM. * p < 
0.05, ** p < 0.01, by unpaired 2-tailed Student’s t-test, n = 5 mice in each group. G-CSF, granulocyte 
colony-stimulating factor; TNF-α, tumor necrosis factor alpha; IFN-γ, interferon gamma; IL, inter-
leukin; CXCL1, chemokine ligand 1; RANTES, regulated upon activation, normal T cell expressed 
and presumably secreted. 
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Figure 2. Levels of plasma cytokines in colitis model. Results are expressed as mean± SEM. * p < 0.05,
** p < 0.01, by unpaired 2-tailed Student’s t-test, n = 5 mice in each group. G-CSF, granulocyte colony-
stimulating factor; TNF-α, tumor necrosis factor alpha; IFN-γ, interferon gamma; IL, interleukin;
CXCL1, chemokine ligand 1; RANTES, regulated upon activation, normal T cell expressed and
presumably secreted.

3.3. No Differences in Tissue ROS Level and Vascular Density in Mice with Chronic Colitis

Chronic colitis triggers a systemic inflammation with a potential increase in ROS
production. Thus, frozen gastrocnemius muscle sections were prepared for ROS mea-
surement using a DHE assay. To our surprise, there was no significant difference in ROS
level in the freshly prepared ischemic gastrocnemius muscle cross-sections in mice with
or without colitis (Figure 3G). To assess vascular density in the gastrocnemius muscle
of the ischemic limb with or without colitis, gastrocnemius muscle frozen sections were
incubated with anti-mouse CD31 immunofluorescent antibody. No difference in vascular
density was observed in the gastrocnemius muscle of the ischemic limb in mice with or
without colitis (Figure 3H).
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of laser doppler perfusion images for limb blood supply. (D,E) Functional score and ischemia score 
to assess limb function. (F) Representative images of H&E staining of gastrocnemius muscle from 
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3.4. Femoral Artery Endothelium-Dependent and -Independent Vasodilation Were Preserved in 
Mice with Chronic Colitis 

To determine if experimental colitis could negatively affect femoral artery endothe-
lial function of the contralateral limb in mice, endothelium-intact rings of the femoral ar-
tery were assessed for endothelium-dependent and endothelium-independent relaxation 

Figure 3. No significant changes in limb ischemia recovery, vascular density, and ROS levels in chronic
colitis model. (A) Anatomy schematic of unilateral femoral artery ligation. (B,C) Analysis of laser
doppler perfusion images for limb blood supply. (D,E) Functional score and ischemia score to assess
limb function. (F) Representative images of H&E staining of gastrocnemius muscle from ischemic
limb (scale bar, 100 µm and 50 µm). (G) Representative images of ROS in gastrocnemius muscle from
ischemic limb using DHE staining (scale bar, 50 µm) and graph for quantification of ROS levels in
muscle. (H) Representative images of vascular density in gastrocnemius muscle from ischemic limb
using CD31 immunofluorescent antibody (scale bar, 50 µm) and graph for quantification of vascular
density in muscle. Results are expressed as mean ± SEM. n = 7 mice in each group.

3.4. Femoral Artery Endothelium-Dependent and -Independent Vasodilation Were Preserved in
Mice with Chronic Colitis

To determine if experimental colitis could negatively affect femoral artery endothelial
function of the contralateral limb in mice, endothelium-intact rings of the femoral artery were
assessed for endothelium-dependent and endothelium-independent relaxation after submaxi-
mal contraction with PE. There were no differences in PE-induced submaximal precontraction
(Figure 4A), Ach-induced endothelium-dependent relaxation (Figure 4B), or NTG-induced
endothelium-independent relaxation in mice with or without colitis (Figure 4C).
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Figure 4. Femoral artery contractility and endothelial function were preserved in the chronic colitis
model. (A) PE-induced contractility of femoral artery. (B) Ach-induced endothelium-dependent
relaxation of femoral artery, maximal relaxation and EC50 for Ach were calculated in the table.
(C) NTG-induced endothelium-independent relaxation of femoral artery, maximal relaxation and
EC50 for NTG were calculated in the table. Results are expressed as mean ± SEM. By unpaired
2-tailed Student’s t-test (A), in two-way ANOVA followed by Bonferroni correction(B,C), n = 7 mice
in each group. PE, phenylephrine; Ach, acetylcholine; NTG, nitroglycerin.

4. Discussion

In this study, we demonstrated that: (1) DSS treatment successfully induced chronic
colitis in mice with significant increases in plasma proinflammatory cytokines; (2) no signif-
icant difference in blood flow recovery of ischemic limb in mice with and without chronic
colitis; (3) no significant changes in ROS levels and vascular density in gastrocnemius
muscle of the ischemic limb in mice with chronic colitis; and (4) no significant changes in
endothelium-dependent and endothelium-independent relaxation of contralateral limb
femoral artery in mice with chronic colitis.

CVDs remain the major cause of morbidity and mortality despite aggressive treatment
of traditional risk factors [21]. Chronic inflammation plays a key role in the initiation
and progression of CVDs. Indeed, a variety of systemic inflammatory diseases, such as
systemic lupus erythematosus, rheumatoid arthritis, and psoriasis, are associated with an
increased risk of CVDs and premature CVDs [22]. Similarly, patients with IBD also have an
increased risk of CVDs over controls [3,23]. PAD, a form of CVD with reduced blood flow to
peripheral arteries, is associated with atherosclerosis and vascular inflammation [24]. In a
Chinese population-based cohort study, it was reported that the risk of PAD was increased
in patients with IBD [25]. A French cohort study also showed that the risk of PAD was
significantly increased in patients with IBD compared with the general population with the
highest relative risk in those younger than 35 years [4].

Several inflammatory biomarkers, including C-reactive protein, TNF-α, IL-6, IL-17,
and calprotectin, are significantly increased in patients with IBD [7]. Systemic inflammation,
as indicated by TNF-α gene expression levels in peripheral blood monocytes, is associated
with impairment in walking time in patients with PAD [26]. In addition, circulating Th17-
associated cytokines (IL-6, IL-17, and TNF-α) are correlated to the severity and progression
of carotid artery plaques [27]. The data from the present study also showed that the
plasma levels of proinflammatory cytokines, G-CSF, IL-6, IL-17, TNF-α, and CXCL1, were
significantly increased in mice with chronic colitis, suggesting the presence of significant
systematic inflammation in mice with chronic colitis. However, there were no differences
in tissue ROS levels in the ischemic limbs of mice with and without colitis.

Inflammation and angiogenesis have long been coupled together in IBD. Microvascular
density assessed by CD31 staining was increased in IBD mucosa, and IBD mucosal extracts
induced a potent angiogenic response in corneal angiogenesis assay [28]. TNF-α is a major
inflammatory mediator that is involved in angiogenesis [29]. Studies have demonstrated
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TNF receptor-deficient mice exhibited an enhanced hind limb angiogenesis, while a reduced
angiogenesis was observed in TNFR2-knockout mice [30]. Notably, it has been reported
that sarcopenia is commonly present in the IBD population [31]. Increased serum levels of
TNF-α are associated with muscle impairment by promoting protein degradation through
the muscle-specific ubiquitin ligases [32]. The data from the present work demonstrated no
difference in vascular density in the gastrocnemius muscle of the ischemic limbs in mice
with or without colitis.

Endothelial dysfunction and arterial stiffness are considered among the important
factors for the initiation and progression of CVDs. Chronic inflammation has been known
to be associated with endothelial dysfunction [33]. Our recent meta-analysis demonstrated
that patients with IBD were significantly associated with endothelial cell dysfunction,
increased arterial stiffness, and carotid intima-media thickness [10]. In the present study,
we observed that plasma TNF-α, IL-6, and IL-17 were significantly increased in mice with
colitis. IL-6 and TNF-α are considered potent oxidative stress-inducing agents, thus leading
to endothelial dysfunction [34,35]. IL-17 may induce endothelial dysfunction through
activating RhoA/Rho-kinase [36]. Significant decreases in retinal blood flow have been
reported in mice with T-cell transfer colitis and DSS-induced colitis [37,38]. Recent animal
studies showed that the perivascular sensory neurotransmitter function of mesenteric
arteries is significantly impaired in an IL-10 knockout mouse colitis model [39]. Recently, we
demonstrated that abdominal aortic endothelial function was impaired selectively in female
mice with chronic colitis [12]. To our surprise, the data from the present work showed that
no significant changes in endothelium-dependent and endothelium-independent relaxation
of the contralateral limb femoral artery were observed in the colitis model.

There were several limitations in the present study. First, only female mice were
used based on the data from our recent study. Although abdominal aortic endothelial
dysfunction occurs selectively in female mice, it is possible that endothelial dysfunction
and/or impaired ischemic limb recovery may also occur in male mice with chronic colitis.
Second, disease duration of the animal model could be an important factor for endothelial
dysfunction of the femoral artery and ischemic limb recovery. Thus, a longer time point
may be needed to demonstrate the effect of IBD on endothelial function of femoral artery
and ischemic limb in the mouse model. Third, no studies were conducted to evaluate
the potential protective effect of estrogen on limb ischemia recovery in the present study.
Finally, there are several colitis models, such as the IL-10 knockout mouse model with
spontaneous colitis, trinitrobenzene sulfonic acid-induced colitis, polyinosinic-polycytidylic
acid-induced colitis, and T-cell transfer-induced colitis. These models could be used to
determine if endothelial dysfunction and impaired recovery of ischemic limb could be
demonstrated in IBD in the future.

In conclusion, despite demonstrating a successful implementation of the colitis model
and the existence of a systemic inflammatory environment, DSS-induced chronic colitis
had no significant impact on femoral artery endothelial cell function or the recovery of
ischemic limbs in female mice.
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Simple Summary: Neuregulin is a growth factor that has been shown to prevent adverse remodeling
in the heart and may represent a therapeutic for patients with systolic heart failure. A common
symptom in heart failure is shortness of breath, which has been related in part to impaired skeletal
muscle function. Since neuregulin directly activates skeletal muscle, in addition to heart tissue, we
hypothesized that neuregulin might directly affect intercostal muscle gene expression changes in heart
disease. We tested this hypothesis by performing global gene expression analysis of intercostal muscle
tissue collected from pigs treated with recombinant neuregulin after the induction of myocardial
infarction, an experimental model clinically similar to a human heart attack. We found that neuregulin-
treated pigs had massive changes in global gene expression consistent with new muscle cell formation,
as compared to untreated pigs. These data suggest that neuregulin is an important mediator of muscle
function that can potentially be used to study heart disease-associated muscle dysfunction and the
development of new therapeutics aimed at muscle repair in heart failure, as well as other diseases
associated with muscle dysfunction and weakness.

Abstract: Neuregulin-1β (NRG-1β) is a growth and differentiation factor with pleiotropic systemic
effects. Because NRG-1β has therapeutic potential for heart failure and has known growth effects
in skeletal muscle, we hypothesized that it might affect heart failure-associated cachexia, a severe
co-morbidity characterized by a loss of muscle mass. We therefore assessed NRG-1β’s effect on
intercostal skeletal muscle gene expression in a swine model of heart failure using recombinant glial
growth factor 2 (USAN-cimaglermin alfa), a version of NRG-1β that has been tested in humans with
systolic heart failure. Animals received one of two intravenous doses (0.67 or 2 mg/kg) of NRG-1β bi-
weekly for 4 weeks, beginning one week after infarct. Based on paired-end RNA sequencing, NRG-1β
treatment altered the intercostal muscle gene expression of 581 transcripts, including genes required
for myofiber growth, maintenance and survival, such as MYH3, MYHC, MYL6B, KY and HES1.
Importantly, NRG-1β altered the directionality of at least 85 genes associated with cachexia, including
myostatin, which negatively regulates myoblast differentiation by down-regulating MyoD expression.
Consistent with this, MyoD was increased in NRG-1β-treated animals. In vitro experiments with
myoblast cell lines confirmed that NRG-1β induces ERBB-dependent differentiation. These findings
suggest a NRG-1β-mediated anti-atrophic, anti-cachexia effect that may provide additional benefits
to this potential therapy in heart failure.

Keywords: myocardial infarction; neuregulin; glial growth factor 2; pre-clinical therapy; skeletal
muscle; gene expression; RNA sequencing
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1. Introduction

Chronic heart failure (CHF) is a complex clinical syndrome resulting from any disorder
that impairs cardiac function such as ventricular filling or the ejection of blood into the
systemic circulation. Impaired muscle formation can be a cause of several muscle-related [1]
diseases as well as age-related muscle deterioration, also known as sarcopenia [2,3]. Al-
though the precise mechanisms are not fully understood, some studies recently showed
that systemic oxidative stress [4], exercise intolerance [5], a low grade of inflammation,
abnormal energy metabolism, transition of myofibers, mitochondrial dysfunction, a reduc-
tion in muscular strength, and muscle atrophy play an important role in skeletal muscle
dysfunction/abnormalities in the setting of CHF [6,7]. However, abnormalities in skeletal
muscle metabolism, total muscle mass, and peak functional capacity in patients with CHF
cannot be fully explained by lowered cardiac output [8] or inadequate skeletal muscle
oxygenation [9].

The neuregulin (NRG) family is a large class of neuronal growth factors that induce
signaling via type I epidermal growth factor receptor (EGFR) tyrosine kinases (ErbB2,
ErbB3, and ErbB4). NRG-1 is essential for the development of the sympathetic nervous
system [10] and is required for the formation and maintenance of neuromuscular synapses.
In postembryonic skeletal muscles, local production of NRG-1 by motor neurons increases
acetylcholine receptor expression and accumulation at motor nerve terminals [11]. Several
NRG-1 isoforms, including NRG-1α, NRG-1β Type I, and NRG-1β type II (also called glial
growth factor 2, GGF2), were shown to stimulate myoblast differentiation in immortalized
and primary myoblasts [12–14]. Additionally, ErbB3 is induced during muscle cell differen-
tiation [15] and regulates muscle progenitor cell fate and thus the balance between stem
cell renewal and differentiation [16].

We previously reported results from a pre-clinical trial of the effects of a pharmaceuti-
cal grade of NRG-1/GGF2 (cimaglermin alfa) using a swine model of heart failure. In this
previously published study [17], a balloon was inserted into the descending coronary artery
of pigs to induce myocardial infarction. GGF2 was administrated intravenously twice
weekly, starting at 1 week after infarction. Tissues were collected 35 days thereafter, and
left ventricular tissue remote from the infarct was interrogated for global gene expression
using microarrays. GGF2-treated animals exhibited better cardiac function, including less
maladaptive myocardial remodeling, reduced fibrosis, and gene expression changes consis-
tent with better cardiomyocyte survival but less myofibroblast-driven extracellular matrix
remodeling. In the study presented here, we performed deep sequencing on intercostal
muscles of these same pigs to determine the effects of GGF2 treatment on post-MI skeletal
muscle function. We also compared these results with GGF2-mediated expression changes
in cardiac muscle and myopathic genes obtained by analyzing repository expression data.
As detailed herein, our results support a role for exogenously delivered GGF2 in skeletal
muscle remodeling and repair after cardiac injury.

2. Materials and Methods

Animals: Intercostal muscle samples were acquired from swine that were used to test
the efficacy of NRG treatment on swine after myocardial infarction, the details of which
were previously published [17]. Briefly, eight pigs underwent balloon occlusion surgery to
introduce a left ventricular infarct. At one week post-MI, five of the animals received bi-
weekly intravenous injections of GGF2 (three at a dose of 0.67 mg/kg and two at 2 mg/kg).
The remaining swine served as untreated controls. As reported previously [17–19], high-
dose treatment was associated with symptomatic hypoglycemia. In consultation with
veterinary staff and IACUC, dose adjustment was made for the remaining swine in the
treatment group.

Sequencing: Total RNA was isolated using RNeasy Mini kit (Qiagen), following the
manufacturer’s instructions, RNA integrity was confirmed using Agilent Bioanalyzer, and
RNA sequencing was performed by the Vanderbilt Technologies for Advanced Genomics
core on a total of eight animals, all of which received myocardial infarction as previously
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described [17]. RNA libraries were constructed using the Illumina TruSeq Stranded Total
RNA kit with Ribo-Zero Gold. Samples were sequenced on the Illumina HiSeq 2500 using
v3 SBS chemistry. Libraries were sequenced on paired-end-50 flow cell runs at ~35 M PF
reads per sample.

Data analysis: Sequences were aligned to the susScr3 assembly of the pig genome and
analyzed using the Tophat2 + CuffDiff platform provided by DNAnexus, Inc. (Mountain
View, CA, USA). Genes were annotated using the Ensemble, UCSC, and NCBI iGenomes
datasets. Partek Genomics Suite 6.6 was also used to perform statistical analyses of aligned
sequences, as well as hierarchical clustering and principal components analysis (PCA). Dif-
ferential sequences that were determined to be statistically significant (multiple hypothesis-
corrected p-value < 0.05 and fold-difference > 2.0) among the three different groups of
animals were compiled into a single list and the annotations were manually verified using
information from UCSC, Ensemble, and NCBI databases. For uncharacterized transcripts,
the differential Sus scrofa sequences were queried against the human reference genome us-
ing the BLAT tool provided on the UCSC Genome Browser website to identify orthologous
human genes. Uncharacterized transcripts were included in the final list if they were at
least 75% similar to an annotated human gene.

Functional enrichment analysis with Bonferroni multiple hypothesis adjustment was
performed using GSEA, available online from the BROAD Institute. Individual gene func-
tions were identified using public databases and literature reports. Functional subgroups of
genes that were detected by exhaustive, manual annotation could generally be recapitulated
using statistical functional analysis tools but were missed due to lower significance relative
to hundreds of other, largely redundant ontological categories (e.g., “tissue development”).
To better identify these potentially relevant functional groups while minimizing user bias,
we also organized genes hierarchically according to their biological processes within the
Gene Ontology Consortium classification system. The top three non-redundant biological
processes were chosen based on the numbers of differential genes included and functional
specificity, whereby non-informative categories, such as “Regulation of Cell Process”, were
ignored. A divisive hierarchical clustering approach was applied for consecutive subgroup-
ing. All ontologies generated from the gene lists, irrespective of statistical significance,
were examined to gain a complete functional overview; however, a statistically significant
overlap (Bonferroni-adjusted p-value < 0.05) was required for inclusion in the subsequently
generated functional hierarchy reported herein.

Cell Culture: C2C12 cells and L6 myoblasts were cultured in growth media (GM) con-
sisting of Dulbecco’s modified Eagle’s medium (DMEM) (25 mM glucose) supplemented
with 10% fetal bovine serum (FBS) and 1% antibiotics (penicillin + streptomycin). GM was
changed every alternate day until cells were 90% confluent. GM was then changed to differ-
entiation media (DM) consisting of DMEM (25 mM glucose) supplemented with 2% horse
serum and 1% antibiotics. Compounds or vehicle controls were added at Day 0 (i.e., the
time at which the cells were switched from GM to DM). The additional methodology is
provided in Supplementary Figures S1–S7.

Quantification of myoblast fusion and myotube numbers. C2C12 or L6 cells were differ-
entiated according to the conditions of described experiments and fixed in 4% paraformalde-
hyde for 25 min. Next, the cells were stained with Jenner–Giemsa dyes as described in
(Velica). The multiple microphotographs of stained cells were taken using an inverted
microscope, and at least 4 different fields were used to estimate the total number of cells and
the number of myotubes. The cells with more than 3 nuclei were counted as the number of
myotubes. The fusion index was determined as the number of cells with more than 3 nuclei
per cell divided by the total number of cells. In some experiments, the myotube numbers
were estimated without the cell staining based on microphotographs of growing cells.

Western blot and immunoprecipitation analysis. The cells were solubilized by scraping
into the cold NP-40 lysis buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-
40 containing protease inhibitors, and 1 mM Na3VO4). The lysates were then clarified
by centrifugation (14,000× g, 10 min). Aliquots containing equal amounts of protein

93



Biology 2022, 11, 682

were subjected to 4–20% gradient SDS-PAGE. Subsequently, proteins were transferred to
nitrocellulose membranes, and the membrane was blocked by incubation with Odyssey
blocking buffer (LI-COR) for 1 h at room temperature. The membrane was then incubated
overnight at 4 ◦C with the indicated antibody in the same blocking solution washed 3 times
in the TBS buffer containing 0.05% Tween 20 (TBSTw) and incubated for 1 h with HRP-
conjugated secondary antibody in SEA BLOCK blocking buffer (Thermo Fisher, Waltham,
MA, USA). The membranes were then washed three times with the TBSTw buffer and
visualized using the Fujifilm LAS-4000 imaging system. For immunoprecipitation, the cells
were grown and differentiated in 10 cm tissue culture dishes and lysed in 0.5 mL of cold
NP-40 lysis buffer. The lysates were precleared by incubation with 100 µL of protein A
agarose beads (Santa-Cruz, Dallas, TX, USA) for 2 h at 4 ◦C and then incubated with 5 µg
of C-18 antibodies against ErbB-2 and 50 µL of protein A agarose overnight at 4 ◦C. The
beads were washed 3 times in TBSTw, then boiled in 1× Laemmli sample buffer for 2 min,
and subjected to Western blot.

3. Results
3.1. GGF2 Alters Intercostal Muscle Gene Expression

Comparison of GGF2-treated and untreated pigs yielded a total of 581 differentially ex-
pressed transcripts including 500 annotated swine genes and 81 uncharacterized transcripts
with at least 75% similarity to an annotated human gene (Supplementary Table S1). Not
surprisingly, there were nearly twice as many transcriptional changes in animals treated
with the high dose of GGF2 (512 genes) compared to the post-MI swine that received
the lower dose (311 genes) versus untreated controls. These dose-dependent differences
resulted in a clear separation of the two groups from one another, secondarily to untreated
samples, upon hierarchical clustering of standardized hybridization values (Figure 1a).
Of the 242 genes differentially expressed between treated and untreated swine at both
doses (Figure 1b), only one transcript was altered in disparate directions compared to
controls (MYLIP, down-regulated 1.7-fold in low dose-treated and up-regulated two-fold
in high dose-treated animals, Supplementary Table S1). Of the remaining 241 similarly
altered genes, 91 and 150 were up and down-regulated in treated animals, respectively
(Supplementary Table S1).
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Figure 1. Low and high doses of GGF2 alter intercostal skeletal muscle transcription. (a) Hierarchical
clustering of 581 genes significantly differentially expressed between GGF2-treated and untreated
post-MI swine. Columns represent individual samples for each group, and rows represent individual
probes/genes. Red, blue, and gray represent the highest, lowest, and medial fluorescent signal values,
respectively. (b) Venn diagram showing numbers of genes differentially expressed in post-MI swine
treated with GGF2 at low (teal circle, 311 genes) and high doses (orange circle, 512 genes) compared
to untreated control animals.
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3.2. Dose-Dependent Effects of GGF2

More than half of the genes that were altered in both low dose and high dose GGF2-
treated swine (133 out of 242) exhibited a “dose-like” expression pattern (61 up-regulated
and 72 down-regulated transcripts). Notable examples of up-regulated genes were those
important for muscle cell development and contraction, as well as genes involved in
amino acid and carbohydrate metabolism. Down-regulated genes displaying a “dose-
like” response included those involved in lipid metabolism and insulin signaling, ECM
structure and maintenance, and regulation of vascular functions. Notable dose-specific
genes included those important for myofiber growth and muscle growth maintenance,
such as slow-twitch MYL6B (down-regulated) and myosin heavy chain genes MYH3 and
MYHC (up-regulated). The gene encoding ladybird homeobox 1 (LBX1), which is a key
regulator of migratory muscle-specific stem cell precursors required for the development
of forelimb muscles, including the diaphragm, was also up-regulated (Figure 2).
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Figure 2. Dose-like response genes altered in GGF-2 treated pigs post-MI. Dot plots show relative
counts as reads per kilobase per transcript, per million mapped reads (RPKM) for genes exhibiting
fold-differences for GGF2 versus untreated pigs (y-axis). Individual samples are indicated on the
x-axis and by color. Black represents untreated (Unt), teal represents low-dose (0.67 mg/kg/day),
and high dose (2 mg/kg/day) is shown in orange.
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3.3. Functional Enrichment of GGF2 Altered Genes

Although many more genes were altered in post-MI pigs that received the higher dose
than those treated with low dose GGF2, enriched functions were similar. The most signifi-
cantly over-represented biological processes for both gene lists were tissue development,
cellular proliferation and differentiation, organ morphogenesis, and ECM organization
(Figure 3a). Functional analysis of the larger gene set (500+ genes altered in either of the
two doses) resulted in nearly identical results. The gene lists were therefore combined for
further analyses and the average fold-change and p-values were used where applicable.
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Figure 3. Functional categorization of GGF2-altered genes. (a) Bar chart showing functions enriched
in differentially expressed gene lists from GGF-2 treated versus untreated LV tissues, identified using
Ingenuity Pathway Analysis software. Functions are listed on the y-axis, and the x-axis indicates the
number of differentially expressed genes in each category. Teal and orange represent low and high
doses of GGF2, respectively. Enrichment p-value is indicated on each bar. (b) Pie chart showing top
gene ontology categories for GGF-2 altered genes manually grouped into three generalized associative
categories: development (blue), metabolic (red), and stress response (green). Uncharacterized and
poorly characterized transcripts were excluded.
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To identify relevant functional subgroups of GGF2-altered genes and thereby obtain
more specific mechanistic information, genes were hierarchically ordered based on their
official Gene Ontology Consortium classifications. Based on this heuristic approach, the
top non-redundant biological processes encompassing 445 out of all 581 differentially
expressed genes were (1) developmental process (267 genes, p = 1 × 10−21, enrichment
score (ES) = 1.8), (2) regulation of primary metabolic process (208 genes, p = 1.8 × 10−3,
ES = 1.4), and (3) response to stress (139 genes, p = 1 × 10−2, ES = 1.5). Some genes were
classified in more than one of these categories and thus were “counted” more than once for
subsequent functional subdivisions (i.e., 267 + 208 + 139 = 614 6= 445 genes). Developmental
genes were further parsed by tissue type (neurogenesis, vascular, muscular, ECM, and
adipose), as were metabolic and stress response genes (Figure 3b).

Notably, more than two dozen GGF2-altered genes have known roles in fat cell
metabolism or signaling. For example, adiponectin (ADIPOQ), predicted gene with 89.7%
similarity to human adiponectin receptor 1 (ADIPOR1), predicted gene with 83.7% similar-
ity to human adipogenesis regulatory factor (ADIRF), CCAAT/enhancer binding protein
(C/EBP), alpha (CEBPA), perilipin (PLIN1) and peroxisome proliferator-activated receptor
gamma (PPARG), which were all down-regulated (2.9–28.2-fold, Supplementary Table S1)
encode markers of adipogenesis. Consistent with lowered adipogenesis, genes encod-
ing lipid sensors and fatty acid metabolism were altered, as were genes associated with
carbohydrate metabolism and insulin signaling. ECM genes were also mainly down-
regulated, whereas muscle-associated transcripts were generally up-regulated (Supplemen-
tary Table S1).

3.4. Genes Altered in Skeletal and Cardiac Muscles of GGF2-Treated Post-MI Pigs

We previously analyzed gene expression in left ventricular tissues remote from in-
farct in these same animals using Sus scrofa microarrays [17]. This prior study indicated
that GGF2 treatments reduced profibrotic transcripts, lowered percentages of activated
fibroblasts, and inhibited cardiac fibrosis [17]. We thus compared our prior ventricular
data to transcriptional changes in intercostal skeletal muscle tissues to identify potentially
“global” GGF2-mediated alterations. As shown in Table 1, there were 32 genes that were
similarly altered in skeletal and cardiac muscle of GGF2-treated post-MI pigs, 18 of which
were previously shown to be functionally relevant specifically in skeletal muscle and/or
the cardiovascular system [20–53]. To determine whether these commonly altered genes
are functionally associated, we performed protein–protein interaction network functional
enrichment analysis, using the publicly available online tool, STRING. For context, we also
included NRG1 and relevant ErbB receptors (ErbB2-4). The resulting network included
24 of the input proteins, with three subgroups based on K means clustering (Figure 4).

Table 1. Genes differentially expressed in cardiac and skeletal muscle of GGF2-treated post-MI pigs.

Gene Name SM LV Function

NR4A3 Nuclear Receptor Subfamily 4
Group A Member 3 10.4 12.8 β-adrenergic inducible, Regulates transcription of

fatty acid and muscle mass genes [20,21]

FOS Fos Proto-Oncogene, AP-1
Transcription Factor Subunit 4.9 5.0

Activate phospholipid synthesis, Regulators of cell
proliferation, muscle cell differentiation, and

Transformation [22–24]

RND Rho Family GTPase 3.6 2.6 Regulate the organization of the actin cytoskeleton
in response to extracellular growth factors [54]

BTG2 BTG Anti-Proliferation Factor 2 3.3 4.1 Cell cycle regulation, cell proliferation in skeletal
muscle [25]

PPP1R15A Protein Phosphatase 1
Regulatory Subunit 15A 2.8 1.7

Down-regulates the TGF-beta, growth arrest and
DNA damage-inducible protein, promoting cell

death [55]
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Table 1. Cont.

Gene Name SM LV Function

IER5 Immediate Early Response 5 2.6 4.3
Cell regulation, proliferation, and resistance to
thermal stress. Dephosphorylates HSF1, and

ribosomal protein S6 [56]

PAAF1 Proteasomal ATPase Associated
Factor 1 2.4 1.5

Associated with Heart Conduction Disease,
regulation of association of proteasome

components [26,57]

ATP1B4 ATPase Na+/K+ Transporting
Family Member Beta 4 2.0 1.5 Transporting protein, Transcriptional coregulator

during muscle development [27,28]

COL1A2 Collagen Type 1 Alpha 2 Chain −1.8 −2.7
Fibrillar forming collagen, putative

down-regulated c-Myc target gene, or upregulate
let-7b in skin fibroblasts [58].

EFEMP1 EGF Containing Fibulin
Extracellular Matrix Protein 1 −1.8 −1.7

Binds EGFR receptor, autophosphorylation and
the activation of downstream signaling pathways,

Negative regulator of chondrocyte
differentiation [59].

LAMB1 Laminin Subunit Beta 1 −1.8 −1.5

Cell adhesion, Differentiation, Encoding laminin
subunit beta-1, are associated with COB with

variable muscular or ocular abnormalities,
Expressed in skeletal muscle [29,30]

LUM Lumican −2.0 −1.9
A collagen binding proteoglycan with increased

expression in hearts, Regulate tissue repair,
collagen fibril organization [31,32]

THY1 Thy-1 Cell Surface Antigen −2.0 −2.6 Cell surface glycoprotein and A pathogenic CF
fraction in cardiac fibrosis [33,34]

ECM1 Extracellular Matrix Protein 1 −2.1 −2.2
Response to elevated platelet cytosolic Ca2+ and
ERK Signaling, Upregulated in cardiac aging and

myocardial infarction [35,36]

FAP Fibroblast Activation
Protein Alpha −2.2 −1.8

Expressed in stromal fibroblasts of epithelial
cancers, tissue remodeling, healing wounds,

Correlate coronary heart disease [37–39]

DPT Dermatopontin −2.3 −2.1
Extracellular matrix proteins involved in

cell-matrix interaction, Postulated to modify the
behavior of TGF-beta [40]

FBN1 Fibrillin 1 −2.3 −2.6
Calcium ion binding and extracellular matrix

structural constituent, Differential regulation in
smooth muscle cells [41–43]

PRPS2 Phosphoribosyl Pyrophosphate
Synthetase 2 −2.3 −1.7

Phosphoribosyl pyrophosphate synthetase,
protein homodimerization activity, and
carbohydrate catabolic process-related

genes [60,61]

NID1 Nidogen 1 −2.4 −1.8 Basement membrane glycoproteins, Laminin
interactions in the heart [44–46]

PLSCR4 Phospholipid Scramblase 4 −2.5 −2.3 Protein coding gene; upregulated in hypertrophic
mouse hearts [47,62]

WNT5A Wnt Family Member 5A −2.5 −1.5
Canonical and non-canonical wnt pathways,
Regulating developmental pathways during

embryogenesis

FSCN1 Fascin Actin-Bundling Protein 1 −2.5 −1.5 Organize F-actin; Involved in cell migration,
motility, adhesion, and cellular interactions

COL4A1 Collagen Type IV
Alpha 1 Chain −2.6 −1.6

Alpha protein of Type IV collagen, components of
basement membranes, Upregulated in the skeletal

muscle response [48,49]
ACER3 Alkaline Ceramidase 3 −2.6 −1.5 Protein coding gene
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Table 1. Cont.

Gene Name SM LV Function

COL5A2 Nidogen 1 −2.6 −2.5
Alpha chain for fibrillar collagen; cardiac repair

and involved in Muscle-Invasive
Bladder [48,50,51]

PRTFDC1 Phosphoribosyl Transferase
Domain Containing 1 −2.7 −2.3 Protein Coding gene, protein homodimerization

activity, and magnesium ion binding

CD55 CD55 molecule (Cromer
Blood Group) Reduced −2.2 Glycoprotein; Regulates cell decay dysferlin is

expressed in skeletal and cardiac muscles [52]

COL3A1 Collagen Type III Alpha 1 Chain −2.8 −1.9 Fibrillar collagen found in extensible connective
tissues and the vascular system [53]

HBB Hemoglobin Subunit Beta −3.0 −5.9

Oxygen transport from the lung, Endogenous
inhibitor of enkephalin-degrading enzymes such

as DPP3, and as a selective antagonist of the
P2RX3 receptor which is involved in pain

signaling [63]

HBA Hemoglobin Subunit Alpha −3.6 −5.9 Iron ion binding and oxygen transport from the
lung to the various peripheral tissue [64]

ARMCX2 Armadillo Repeat Containing
X-Linked 2 −3.7 −1.8

Regulate the dynamics and distribution of
mitochondria in neural cells; involved in tissue

development and tumorigenesis [65]

Yellow highlighted rows indicate those with relevant muscle and/or heart functions. SM = skeletal (intercostal)
muscle, LV = left ventricular (cardiac muscle).
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associated proteins. A vector graphic network created using STRING network version 11.5 with
K means clustering of proteins encoded by differentially expressed genes commonly altered in
both skeletal muscle and cardiac tissues of GGF2-treated post-MI pigs is shown. Full gene names
with functions are provided in Table 1, except for NRG1 (neuregulin 1) and its receptors (ERBB2-
4). Bubbles represent individual proteins, and lines represent associations between proteins. Line
thickness indicates edge confidence, low (0.150), medium (0.400), high (0.700) and highest (0.900).
Line shape indicates the predicted mode of action. Each color represents an individual cluster.
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3.5. Comparison to Skeletal Muscle Myopathies

GGF2-altered genes important for muscle development included those that have been
previously implicated in myocyte cell dysfunction, gross alterations in muscle mass, and
heart disease (Table 1). We therefore compared GGF2-altered genes to four animal models of
skeletal myopathy and 11 human myopathies (Table 2) and found 230 cachexia transcripts
reversibly altered in GGF2-treated pigs (e.g., up-regulated in myopathic skeletal muscle and
down-regulated in GGF2-treated pigs). The greatest overlap among experimental animal
studies was the mouse denervation model of myopathy (70 genes), followed by cardiac
cachexia (46 genes) and 24 h starvation (31 genes) (Figure 5a). Conversely, only five of the
genes differentially expressed in rats with experimental Type I diabetes, compared to non-
diabetic controls, were altered in the reverse direction in GGF2-treated versus untreated
pigs. A similar situation was observed for Type II diabetes in humans (only 8 overlapping
genes). Interestingly, the greatest overlap observed for human diseases was for Pompe
disease (63 genes), followed closely by tibial muscular dystrophy (55 genes).

Table 2. Gene Expression Omnibus (GEO) myopathy studies included in meta-analysis.

GEO Study ID Description Tissue Species

GSE1557 [66] Cardiac cachexia (n = 4) Left ventricle Rat

GSE52676 [67]
Starvation (n = 6)

Denervation (n = 9)
Type 1 Diabetes (n = 3)

Soleus Mouse

GSE45331 [68] Myotonic dystrophy type 2 (n = 6)
Control (n = 4) Vastus lat. Human

GSE48574 [69] ISCU (n = 3) vs. Control (n = 5) Vastus lat. Human

GSE38680 [70] Pompe (n = 9) vs. Control (n = 10)
Pompe (n = 11) vs. Control (n = 7)

Biceps
Quad Human

GSE34111 [71] Cancer cachexia (n = 12) vs. Control (n = 6) Quad Human

GSE42806 [72] Tibial muscular dystrophy (n = 7) vs. Healthy (n = 5) Extensor digitorum longus Human

GSE25941 [73]

Female: old (78 ± 1 years, n = 11) vs.
young (25 ± 1 years, n = 8)

Male: old (78 ± 1 years, n = 10) vs.
young (25 ± 1 years, n = 7)

Vastus lat. Human

GSE9103 [74] Old (n = 65.1 ±1.5, n = 10) vs.
young (22.7 ± 0.7, n = 10) Vastus lat. Human

GSE5110 [75] 48 h immobilization vs. control:
male subjects (n = 5) Vastus lat. Human

GSE21496 [76] 48 h suspension vs. control:
sedentary male subjects (n = 7) Vastus lat. Human

GSE43760 [77] Metabolic syndrome (n = 6) vs.
healthy (n = 6) Vastus lat. Human

GSE27536 COPD low BMI (n = 6) vs. healthy (n = 12)
COPD normal BMI (n = 8) vs. healthy (n = 12) Vastus lat. Human

GSE6798 [78] Obese + PCOS (n = 16) vs. Control (n = 13) Vastus lat. Human

GSE8157 [79] Obese + PCOS (n = 10) vs. Control (n = 13) Vastus lat. Human

GSE19420 Type 2 diabetes (n = 10) vs.
normoglycemic subjects (n = 12) Vastus lat. Human

GSE25462 [80]

Type 2 diabetes (n = 10) vs. normoglycemic + no
family history of diabetes (n = 15)

Type 2 diabetes (n = 10) vs. normoglycemic + family
history of type 2 diabetes (n = 25)

Quad Human
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Figure 5. GGF2 reversibly alters myopathic genes identified through meta-analysis of repository
gene expression data. (a) Bar chart showing numbers of genes (x-axis) significantly altered in various
myopathies (study details listed in Table 2) that were reversibly expressed in GGF2-treated post-
MI pigs. Species indicated by an icon at end of bar. Color of bar indicates directionality in listed
experimental conditions relative to respective controls. Abbreviations are T1DM = (Type I Diabetes
Model), PCOS = polycystic ovary syndrome, MS, T2DM = Type II diabetes mellitus, MD2 = myotonic
dystrophy type II, COPD = chronic obstructive pulmonary disease, ISCU = iron-sulfur cluster scaffold
homolog myopathy, and TMD = tibial muscular dystrophy. (b) Line graphs comparing alterations
in four genes after denervation in an animal model of cachexia (left panel, GSE52676) and the same
genes reversibly altered in GGF2-treated pigs (right panel). Log2 fold difference (Experiment vs.
Control) is shown on the y axis, and time (in days) or dose (in ng/mL) is labeled on the x-axis. Colored
lines correspond to genes, as labeled. LRRN1 = Leucine Rich Repeat Neuronal 1, SPP2 = Secreted
Phosphoprotein 2, DUSP26 = Dual Specificity Phosphatase 26, PHKA1 = Phosphorylase Kinase
Regulatory Subunit Alpha 1.
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Notable examples of overlapping transcripts included the gene encoding throm-
bospondin 4 (THBS4), which was down-regulated 2.6-fold in GGF2-treated swine (p = 0.001)
and up-regulated in denervated animal muscles (1.6-fold, p = 0.048) and in humans with
Pompe (2-fold, p = 0.046), tibial muscular dystrophy (3.1-fold, p = 0.011), iron-sulfur cluster
myopathy (2-fold, p = 0.046) and old age (1.6-fold, p = 0.039). Other myotrophic genes that
were reversibly down-regulated in response to GGF2 treatment were CHRNA1, which
encodes the alpha subunit of the nicotinic cholinergic receptor, syndecan 4 (SDC4), der-
matopontin (DPT), the stem cell marker KIT, the cardiac muscle myofibrillar stretch-sensor
ankyrin repeat domain 1 (ANKRD1), matrix metalloproteinase 2 (MMP2) and a negative
regulator of insulin secretion (GPR137B). GGF2 also induced the expression of genes that
are down-regulated in humans and/or animal experimental models of myopathy, including
KLF10 (encodes Kruppel-like factor 10), purinergic receptor P2Y (P2RY1), the gene encod-
ing the lactate transporter MCT4 (SLC16A3), retinoid receptor γ (RXRG), triadin (TRDN),
myosin heavy chain (MYH1), epidermal growth factor (EGF), and the skeletal muscle
isoform of phosphorylase kinase (PHKA1) that when mutated causes muscle glycogenosis
(Figure 5b).

3.6. GGF2/NRG-1β Stimulates ErbB2-Dependent Myoblast Differentiation

To validate NRG-induced myogenesis, immature L6 or C2C12 myoblasts were cul-
tured in differentiation media and treated with GGF2 or recombinant human NRG-1β for
5–6 days. Consistent with previous studies [12,13,81], NRG-1β and GGF2 enhanced my-
oblast fusion and myotube formation (Figure 6a and Figure S1). GGF2/NRG-1β-induced
muscle cell differentiation was accompanied by increased protein levels of differentiation
markers, including myosin heavy chain (MHC) and myotubule (M)-cadherin, as well as
phosphorylated AKT, glycogen synthase kinase 3-α (GSK-3α), and focal adhesion kinase
(FAK) (Figure 6b and Figure S1). ErbB2 expression and phosphorylation were increased
during differentiation (Figure S2), and differentiation was abrogated by the addition of
the ErbB2 inhibitor TAK165 (Figure 6a), as well as by other pharmacological inhibitors or
siRNA (Figures S3–S7).
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presence of 10 ng/mL of recombinant neuregulin-1β (NRG, 10 ng/mL) or with both NRG and 0.2 µM
of the ErbB2 receptor inhibitor TAK164. (b) Western blots of lysates from C2C12 cells grown in differ-
entiation media for 5 days in the absence (control, CTR) or presence of recombinant NRG-1β (NRG)
or fibroblast growth factor (FGF). Full blots provided as Supplementary Figures S8–S14. Bar graphs,
grouped by day, show results of quantification by densitometry for the indicated proteins (n = 2,
n = 3 for p-FAK). Bar colors indicate treatment type: CTRL = white, NRG-1β = black, and FGF = gray.
Asterisks indicate statistical significance, * p value < 0.05), ** p value < 0.005), *** p < 0.0005).

3.7. A Putative GGF2-Induced Skeletal Muscle Signaling Pathway

Based on gene set enrichment analysis (GSEA), top transcription factors for GGF2-
altered genes included the pro-adipogenic factor CCAAT enhancer binding protein β

(C/EBP-β, 101 genes, FDR q value = 3.8 × 10−33), as well as the myogenic differentiation
factors myoblast determination protein 1 (MYOD, 19 genes, FDR q value = 5.4 × 10−9)
and myocyte enhancer factor-2 (MEF2, 21 genes, FDR q value = 1.1 × 10−8). A more com-
prehensive functional analysis using Ingenuity Pathway Analysis (IPA) software likewise
identified these same three factors, as well as all three relevant ERBB receptors (Table 3),
suggesting that more than one skeletal muscle cell type contributed to the observed tran-
scriptional changes. Similarly, 45 genes were altered downstream of fibroblast growth
factor (FGF2, p = 4.8 × 10−20, Table 3), which is a known regulator of skeletal muscle
proliferation and differentiation and additionally influences intramuscular adiposity by
regulating trans-differentiation of fibro-adipogenic progenitors [82].

In addition to providing significance (p-value), IPA functional analysis additionally
predicts directionality for some upstream factors (Table 3), based on known regulatory
information derived from the scientific literature and other knowledge repositories. This
information, along with manual searches of differentially expressed genes using PubMed
and various online gene, protein, and signaling pathway databases, was used to con-
struct a potentially meaningful functional network (Figure 7). This heuristic approach
resulted in a clear pattern of down-regulated versus up-regulated genes, proteins, and
predicted regulatory factors which generally correlated to cell types. Using these results
as a guide, cell-type-specific proliferation and differentiation was inferred beginning with
mesenchymal stem cells (MSC), which normally proliferate in response to platelet derived
growth factor-BB (PDGF BB, 36 downstream genes altered, p = 3.7 × 10−22, activation
Z score = 1.6, Table 3) and epidermal growth factor (EGF, transcriptionally up-regulated
3.5-fold, Supplementary Table S1 and 49 downstream genes affected, Table 3) and dif-
ferentiate into fibro-adipogenic progenitors or myoblasts in response to platelet-derived
growth factor receptor alpha (PDGFRA, transcriptionally downregulated -2.1-fold, Supple-
mentary Table S1) and ladybird homeobox 1 (LBX1, transcriptionally upregulated 3.4-fold,
Supplementary Table S1), respectively.

Concomitantly, myogenesis inhibitor Twist1 was also predicted as inhibited (Z = −2.4,
Table 3). Twist 1 maintains skeletal muscle progenitors, in part by inhibiting transactivation
of myocyte enhancer factor 2C (MEF2C), which was predicted as being activated in GGF2-
treated post-MI pig skeletal muscle (Z = 2.9, Table 3). Continuing this process revealed
generalized decreases in adipocyte and fibroblast lineages (blue boxes, Figure 7), along
with increased MSCs and myoblast lineages (red boxes, Figure 7).
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Table 3. Predicted upstream regulators for GGF2-altered Genes.

Upstream Regulator Gene
Expression

No. Downstream
Targets Altered

(p-Value)
Z Score

(Predicted State)

Transforming growth factor β1 (TGF-β1) - 114 (1.6 × 10−23) Z = −2.297 (Inhibited)

Platelet derived growth factor-BB (PDGF BB) - 36 (3.7 × 10−22) Z = 1.567

Angiotensinogen (AGT) −3.8 67 (8.5 × 10−20) Z = −3.032 (Activated)

Fibroblast growth factor 2 (FGF2) - 45 (4.8 × 10−20) nd

CAMP Responsive Element Binding Protein 1 (CREB1) - 46 (3.5 × 10−19) Z = 2.424 (Activated)

Erb-B2 Receptor Tyrosine Kinase 2 (ERBB2) - 60 (5.7 × 10−19) nd

PPARG coactivator 1 α (PCG-1α) - 37 (4.4 × 10−18) Z = 1.877

Aryl hydrocarbon receptor (AHR) - 45 (4.5 × 10−17) Z = 3.63 (Activated)

Twist family BHLH transcription factor 1 (TWIST1) - 23 (6.7 × 10−17) Z = −2.449 (Inhibited)

Epidermal growth factor (EGF) 3.5 49 (5.3 × 10−16) nd

Cadherin associated protein α1 (α-catenin) - 19 (3.0 × 10−15) Z = 3.118 (Activated)

Erb-B3 Receptor Tyrosine Kinase 3 (ERRB3) - 18 (2.5 × 10−13) nd

Mothers against DPP homolog 7 (SMAD7) 2.4 18 (3.3 × 10−12) Z = 3.11 (Activated)

CCAAT enhancer binding protein β (C/EBP-β) - 37 (1.1 × 10−11) Z = −2.091 (Inhibited)

AKT serine/threonine kinase 1 (AKT1) - 26 (1.9 × 10−11) Z = −1.855

Enalapril (Hypertension medication) - 13 (9.3 × 10−11) Z = 3.073 (Activated)

CCAAT enhancer binding protein α (C/EBP-α) −9.3 28 (2.5 × 10−11) Z = −1.812

Brain-derived neurotrophic factor (BDNF) 30 (6.7 × 10−11) nd

Transforming growth factor β3 (TGF-β3) - 17 (7.6 × 10−11) Z = −1.937

Myocilin (MYOC) −2.5 13 (1.7 × 10−10) nd

Myocyte enhancer factor 2C (MEF2C) - 15 (3.7 × 10−10) Z = 2.912 (Activated)

Peroxisome proliferator activated receptor γ (PPAR-γ) −5.4 36 (8.6 × 10−10) Z = −1.987

Sterol regulatory element-binding transcription factor 1 (SREBF1) - 20 (2.4 × 10−9) Z = −1.937

Erb-B3 Receptor Tyrosine Kinase 3 (ERRB4) - 12 (3.4 × 10−8) Z = 2.388 (Activated)

Transforming growth factor β1 (TGF-β1) - 15 (4.3 × 10−8) Z = −1.634

microRNA-29b-3p (miR-29b-3p) - 13 (4.8 × 10−8) Z = 3.097 (Activated)

Thapsigargin (Calcium reuptake inhibitor) - 20 (6.5 × 10−8) Z = 3.450 (Activated)

microRNA-335-3p (miR-335-3p) - 8 (6.7 × 10−8) Z = 2.828 (Activated)

CCAAT enhancer binding protein δ (C/EBP-δ) - 13 (1.3 × 10−7) Z = −1.813

Peroxisome proliferator activated receptor α (PPAR-α) - 30 (2.5 × 10−7) Z = −1.363

Clopidogrel
(antiplatelet blood-thinning medication) 11 (4.6 × 10−7) Z = 3.302 (Activated)

microRNA lethal 7a-5p (Let-7a-5p) - 17 (1.4 × 10−6) Z = 3.682 (Activated)

Myocardin (MYOCD) - 9 (4.4 × 10−6) Z = 2.759 (Activated)

Cell death inducing DFFA like effector C (CIDEC) −9.4 6 (1.1 × 10−5) nd

Msh homeobox 1 (MSX1) −1.7 5 (1.8 × 10−5) Z = −1.982

microRNA-30c-5p (miR-30c-5p) - 17 (2.1 × 10−5) Z = 3.117 (Activated)

sterol regulatory element binding transcription factor 2 (SREBF2) - 9 (5.8 × 10−5) Z = −2.394 (Inhibited)

microRNA-21 (miR-21) - 17 (3.3 × 10−5) Z = −2.668 (Inhibited)

Myogenic differentiation 1 (MYOD1) 2.2 16 (3.7 × 10−5) nd

Wnt family member 5a (WNT5a) −2.5 10 (8.8 × 10−5) Z = −2.394 (Inhibited)

Peroxisome proliferator activated receptor δ (PPAR-δ) - 15 (8.5 × 10−4) Z = −1.214

26s Proteosome (protein complex) - 11 (5.5 × 10−4) Z = −2.035 (Inhibited)

Transcription factor 4 (TCF4) - 18 (8.7 × 10−4) Z = −1.554

PPARG coactivator 1 β (PCG-1β) - 5 (1.6 × 10−2) Z = −2.186 (Inhibited)
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Figure 7. Depiction of inferred relationships of altered genes in GGF2-treated post-MI pigs. Tran-
scripts that were up-regulated (highlighted in red) or down-regulated (blue) in intercostal muscle 
of neuregulin-treated pigs are italicized. Proteins identified as altered or activated based on Western 
blot analyses are also indicated. Bold indicates protein level inference based on functional analyses 
as described in the text. Known effects of neuregulin (NRG) on cell transitions based on published 
in vitro studies are indicated in red boxes with arrows (for promoting) or in blue (for inhibiting). 
Transcript abbreviations are official gene (italic) or protein symbols, and p- indicates phosphoryla-
tion (determined by Western blotting of lysates from NRG-treated myoblasts). MSC = mesenchymal 
stem cell; mir-29 = microRNA 29. Commissioned illustrations by Andrew Celso Gutierrez. 

Figure 7. Depiction of inferred relationships of altered genes in GGF2-treated post-MI pigs. Tran-
scripts that were up-regulated (highlighted in red) or down-regulated (blue) in intercostal muscle of
neuregulin-treated pigs are italicized. Proteins identified as altered or activated based on Western
blot analyses are also indicated. Bold indicates protein level inference based on functional analyses
as described in the text. Known effects of neuregulin (NRG) on cell transitions based on published
in vitro studies are indicated in red boxes with arrows (for promoting) or in blue (for inhibiting).
Transcript abbreviations are official gene (italic) or protein symbols, and p- indicates phosphorylation
(determined by Western blotting of lysates from NRG-treated myoblasts). MSC = mesenchymal stem
cell; mir-29 = microRNA 29. Commissioned illustrations by Andrew Celso Gutierrez.

4. Discussion

The results presented herein show that exogenous delivery of a pharmaceutical-grade
version of NRG/GGF2 not only improves post-MI cardiac function but may also promote
better intercostal skeletal muscle function via shifting the balance of stem-cell derived
differentiated cell types. The global expression profiles exhibited in muscles of treated post-
MI pigs were overwhelmingly consistent with fewer adipocytes and myofibroblasts and
conversely with higher numbers of myofibers. The combined methodologies comparing
transcript levels with basic functional analyses, a meta-analysis of previously published
muscle studies, and manual review of public databases and scientific literature provided
a surprisingly complete and plausible molecular signature relevant to NRG-mediated
multi-organ responses to cardiac injury.

In addition to predictive alterations in the activity levels of local transcription factors
and intracellular signaling molecules, the functional analysis identified multiple circulating
factors that could account for some of the observed transcriptional changes in skeletal
muscle. Inhibition of TGF-β1, for example, might reflect systemic changes given that
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TGF-β is generally increased with chronic inflammation and has been proposed as a
biomarker of coronary artery disease in the setting of acute heart failure [83]. Local skeletal
muscle responses to lower circulating levels of AGT might likewise result from GGF2-
mediated alterations in blood volume and blood pressure within the cardiovascular system.
In support of this, GGF2 treatment altered several genes consistent with effects of the
nonsteroidal anti-inflammatory drug clopidogrel (11 genes, p = 4.6 × 10−7, Z = 3.302,
Table 3) and the hypertension drug enalapril (13 genes, p = 9.3 × 10−11, Z = 3.073, Table 3).
The SERCA2 inhibitor thapsigargin was similarly identified based on the directionality and
expression of a cluster of 20 genes (6.5 × 10−8, Z = 3.450), suggesting that in skeletal muscle
GGF2 mimics some of the cardioprotective actions associated with commonly used heart
medications, possibly involving prolonged calcium-induced contractions and increased
blood flow.

Although this study did not include sequencing of small RNAs, several micro-RNAs
were nonetheless predicted as being present at the local tissue level or in the circulation. For
instance, miR-29b-3p was predicted as being activated based on functional analysis (Z = 3.1,
Table 3), which is notable, because miR-29b-3p promotes muscle differentiation by reducing
myoblast proliferation and inducing myotube formation [84,85]. Similarly predicted as
activated (Z = 2.8, Table 3), miR-335-3p was reported to play a role in muscle regeneration,
influencing both myoblast differentiation and fiber type transformation [86,87]. On the
other hand, sarcopenia-associated miR-21 [88,89] was predicted to be inhibited, based on
the alteration of 17 mRNA targets in post-MI pigs (Table), which is of interest because mir-
21 was recently reported to be a circulating biomarker for accelerated sarcopenia in patients
with chronic heart failure [88]. GGF2 might also influence heart failure-associated muscle
dysfunction via increased mir-30c-5p, which might represent a therapeutic target based
on protection against myocardial ischemia-reperfusion injury in rats [90] and decreased
plasma levels in patients with coronary heart disease [91].

Considered together, the data presented here strongly support the role of NRG/GGF2
in skeletal muscle maintenance and turnover in general and especially in the setting of
cardiac injury and heart failure. Systemic treatments with circulating growth facts, such
as NRG, may be problematic due to diverse effects, given the importance of NRG in
multiple interrelated systems. On the other hand, these types of growth factor-based
treatment have the benefit of potentially correcting abnormalities in multiple organs. In this
study, we provide insights into the underlying molecular mechanisms of NRG-mediated
effects inducible by cardiac injury-mediated stress in an “unrelated” tissue that is affected
secondarily by heart dysfunction. Future studies will be aimed at dissecting cell-level effects
of NRG/GGF2 and further investigating those identified downstream factors that might
represent putative and highly specific therapeutic candidates for other muscle-involved
disorders. In addition, future investigation examining respiratory muscle function will be
needed to understand the potential clinical benefits of NRG/GGF2′s actions in skeletal
muscle in this context.

5. Patents

There are no patents associated with this study.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biology11050682/s1, Table S1: Differentially expressed genes in GGF2 treated post-MI
pigs. Figures S1–S7: Supplementary methods for cell culture experiments. Figures S8–S14: Western
blot membranes of (a) MHC (~250 kDa) protein detected with anti-MHC (MF20; 1:1000; R&D,
Minneapolis, MN, USA) antibody, (b) M-Cadherin (~130 kDa) protein detected with anti-M Cadherin
(D4B9L; 1:1000, Cell Signaling Technology, Danvers, MA, USA) antibody, (c) p-AKT (~60 kDa)
protein detected with anti-phospho-AKT (Ser473, D9E; 1:1000, Cell Signaling Technology, Danvers,
MA, USA) antibody (d) p-GSK3α (~51 kDa) protein detected with anti-GSK-3α (Ser21; 1:1000,
Cell Signaling Technology, Danvers, MA, USA) antibody (e) p-mTOR (~289 kDa) protein detected
with anti-phosho-mTOR (Ser2448; 1:1000, Cell Signaling Technology, Danvers, MA, USA) antibody
(f) p-FAK (~125 kDa) protein detected with anti-phospho-FAK (Tyr576/577; 1:1000, Cell Signaling
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Technology, Danvers, MA, USA) antibody (g) actin (~kDa) protein detected with anti-actin (C-11;
1:1000, Santa Cruz Biotechnology, Inc., Dallas, TX, USA) antibody.
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Simple Summary: The regulation of hypoxia has recently emerged as having a central impact in
mitochondrial function and dysfunction in various diseases, including the major disorders threatening
worldwide: cardiovascular diseases and cancer. Despite the studies in this matter, its effective role in
protection and disease progression even though its direct molecular mechanism in both disorders is
still to be elucidated. This review aims to cover the current knowledge about the effect of hypoxia on
mitochondrial function and dysfunction, and inflammation, in cardiovascular diseases and cancer,
and reports further therapeutic strategies based on the modulation of hypoxic pathways.

Abstract: Cardiovascular diseases (CVDs) and cancer continue to be the primary cause of mortality
worldwide and their pathomechanisms are a complex and multifactorial process. Insufficient oxygen
availability (hypoxia) plays critical roles in the pathogenesis of both CVDs and cancer diseases, and
hypoxia-inducible factor 1 (HIF-1), the main sensor of hypoxia, acts as a central regulator of multiple
target genes in the human body. Accumulating evidence demonstrates that mitochondria are the
major target of hypoxic injury, the most common source of reactive oxygen species during hypoxia
and key elements for inflammation regulation during the development of both CVDs and cancer.
Taken together, observations propose that hypoxia, mitochondrial abnormality, oxidative stress, in-
flammation in CVDs, and cancer are closely linked. Based upon these facts, this review aims to deeply
discuss these intimate relationships and to summarize current significant findings corroborating the
molecular mechanisms and potential therapies involved in hypoxia and mitochondrial dysfunction
in CVDs and cancer.

Keywords: hypoxia; HIF-1α; mitochondria; oxidative stress; inflammation; cardiovascular diseases;
cancer; therapeutic target

1. Introduction

Cardiovascular disease (CVD) and cancer are the major issues threatening public
health globally and relatively widespread with enhanced morbidity and mortality. New
strategies to improve their prevention and treatment are priorities worldwide. Besides,
accumulating insights reported risk factors potentially linking both disorders such as
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environmental factors (obesity, tobacco, sedentary lifestyle, and diet), genetics, cellular, and
signaling mechanisms [1]. Furthermore, a growing number of studies demonstrate that the
incidence of CVDs risk is higher in patients with cancer disorders [2] and various ancillary
processes correlated to CVDs have been identified to have a role in the pathogenesis of
cancer [3,4]. Therefore, understanding the mechanism overlapping in these disorders paves
the way to improve and elucidate putative therapeutic targets and preventative approaches,
ultimately developing emerged cardio-oncology research.

Oxygen (O2) delivery is an effective prerequisite to ensure the normal function of
the cell and is fundamental for a wide range of physiological responses including, cell
metabolism, and growth. O2 serves as an important for aerobic respiration that yields the
primary cellular energy, the adenosine triphosphate (ATP) [5]. This process normally occurs
at the powerhouse of O2 consumption in the cell, the mitochondria, mainly via oxidative
phosphorylation (OXPHOS) and tricarboxylic acid (TCA). However, when O2 supply is
insufficient to meet cellular energy demand, cells undergo hypoxia and are forced to use
anaerobic respiration, which generates less than a tenth of the amount of aerobic respiration.
Subsequently, mitochondria are severely affected by hypoxia, they sense the O2 levels and
initiate cellular responses to hypoxia. Along with those lines, mitochondria are considered
the key source of hypoxic damage in the human body [6]. Therefore, hypoxia introduces
dysfunctional feedback resulting in mitochondrial damage that exacerbates oxidative stress
and inflammatory signaling, correlating to mitochondrial metabolism upon hypoxia [7].
It is well known that hypoxia is a hallmark of various diseases. Indeed, at cellular levels,
emerging evidence reported the pathophysiological of both CVDs and cancer disorder
involve complicated and coordinated signaling pathways triggered during a decline of
tissues or cells O2 stress (hypoxic milieu). We have selected to discuss both CVDs and
cancer as major disorders characterized by the involvement of hypoxia in which most
importantly has a crucial impact in promoting several processes, such as oxidative stress,
inflammation, as well as cell death, and it is considered as one of the key common features
with dual roles in both mentioned disorders [8].

In response to hypoxia, each cell displays numerous types of signals at the transcrip-
tional and translational levels, consisting of the activation of a group of genes termed
as hypoxic-inducible genes, which are involved in different biological processes, includ-
ing cellular metabolism (lactate dehydrogenase-A (LDH-A) or pyruvate dehydrogenase
kinase isoform 1 (PDK)) [9,10], angiogenesis (vascular endothelial growth factor-A (VGF-
A)) [11], erythropoiesis (erythropoietin (EPO)) [12], and inflammation (inducible nitric
oxide synthase (iNOS)) [13].

Hypoxic-inducible factor-1 (HIF-1) is a central regulator mediating the cellular re-
sponse in hypoxic conditions. It is composed of a heterodimer of constitutively expressed
subunits, which are the O2-regulated subunits HIF-α and HIF-β [14,15]. Research of Gregg
Semenza’s laboratory at Johns Hopkins Medical Institutions led to HIF-1 exploration after
discerning hypoxia response element (HRE), putative sequences in the 3′-flanking region of
the human EPO gene. Further research found that the transcriptional activation of several
regulatory genes is triggered by the binding of a particular protein to the HRE, which is
induced by hypoxia. This protein was later identified as HIF-1 [16].

Over the last few decades, multiple pioneers of research on HIF-1α have strikingly
revolutionized the comprehension of the O2 balance. In fact, HIF-1α has drawn much
attention in many research fields, as it is outlined as the master O2 regulator within the
cells, a hallmark transcriptional factor in the cellular response to a hypoxic environment,
and a primary element for the regulation of several genes during hypoxic condition [17].
It is foreseeable that the disruption in hypoxia-related pathways contributes for several
pathological states including CVDs as well as cancer, pointing out the key role of HIF-1 as
a breaking point and a major cause specifically between both mentioned disorders [18].

This review aims to cover the actual comprehensions about the effect of hypoxia-
mediating signaling pathways on mitochondrial function, and inflammation in key human
diseases such as CVDs and cancer. The complexity of these impacts will be examined in
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the light of recent studies that shall help us to better dissecting the molecular mechanism
and designing potential therapeutic approaches against both disorders.

2. Molecular Characteristic and Regulation of HIF-1

In mammalian cells, HIF-1 has been demonstrated to play a fundamental impact in
cellular and systemic O2 homeostasis [19], which mediates adaptation to hypoxia through
activation of a multitude of genes encoding proteins needed for improving tissue O2
homeostasis, energy metabolism, and efficient management of hypoxia-induced toxic
stress [20]. HIF-1 is a heterodimeric trans-acting DNA-binding transcription factor that
constitutionally comprises expressed subunit HIF-1β (aryl hydrocarbon receptor nuclear
translocator, ARNT) and an O2-sensitive expressed HIF-1α subunit (or its analogues HIF-2α
and HIF-3α) a master transcriptional regulator in response to hypoxia and a key modulator
for the induction of genes that facilitate adaptation and survival of cells [21]. Both subunits,
α and β, exhibit basic helix–loop–helix (bHLH) motifs and belong to the bHLH-Per-ARNT-
Sim (PAS) homology protein family. The bHLH domain is a DNA-binding domain that can
bind HREs to target specific genes [22,23].

In normal conditions, the HIF-1α subunit is hydroxylated by HIF prolyl-4-hydroxylases
at proline 402 and 564 in the O2-dependent degradation domain (ODDD) of the α-subunits,
causing its ubiquitination and proteasomal destruction via the ubiquitin-proteasome (26S)
mechanism, which is able to incite constantly the proteasomal degradation. Von Hippel–
Lindau (pVHL), which also acts as a tumor suppressor, binds the ubiquitin ligase complex
E3, that targets HIF-1α subunit destruction in O2-dependent degradation domain. Be-
cause of this, during normoxia HIF-1α protein has a short half-life [24,25]. In contrast,
under hypoxia, the repression of O2-dependent propyl-hydroxylase-1, -2, and -3 enzyme
activity (PHD1, -2, -3) results in suppression of HIF-1α hydroxylation. HIF-1α protein
is then stabilized, accumulates in the cytosol, and transferred into the nucleus, where
it creates a heterodimer complex with HIF-1β and binds to HREs with a consensus se-
quence (5′-RCGTG-3′) in promoter or enhancer of target genes to activate a concerted
transcriptional response (Figure 1). The nuclear translocation of HIF-1α is not enough to
stimulate the target genes transcription [23]. The HIF-1α/HIF-1β (HIF-1) transcription fac-
tor recruits various cofactors that are fundamental for full transcription activity, including
CREB-binding protein (CBP)/p300 and transcription intermediary factor 2 steroid-receptor
activator that ultimately binds to CTAD domain. Another cofactor recognized is the M2
isoform of pyruvate kinase (PKM2), which enhances the binding of the complex HIF-1 to
HRE [26].
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Figure 1. Schematic illustration representing the regulation of Hypoxic-inducible factor-1 α (HIF-1α)
protein in response to normoxia and hypoxia. During normoxia, HIF-1α protein is hydroxylated
by propyl-hydroxylases (PHDs) and factor inhibiting HIF (FIH). Both oxygen-dependent proteins
are stimulated in normal condition and suppress HIF-1α activity. The hydroxylated prolyl residues
permit the binding of HIF-1α by the von Hippel–Lindau protein (pVHL), resulting in ubiquitination
and ultimate proteasomal destruction. During hypoxia or PHD inhibition, HIF-1α moves to the
nucleus, heterodimerizes with HIF-1β, and subsequently binds to hypoxia response element (HRE)
in the putative region of target gene to enhance their transcription.

3. Role of Hypoxia Signaling and Mitochondria in Cardiovascular Diseases (CVDs)
and Cancer
3.1. Hypoxia Signaling and Mitochondria in CVDs

Hypoxia stimulates multiple processes to adapt to insufficient levels of O2 in the
environment. Therefore, it has mostly negative consequences for cardiovascular functions,
ultimately manifesting in pathology. HIF-1α is an O2-sensitive transcription factor that
regulates adaptive metabolic responses to hypoxia and elicits a crucial impact in various
CVDs, such as ischemic heart disease (IHD) and heart failure (HF) [27]. Recent insights
demonstrated the effect of HIF-1α signaling in the progression of heart disorders [28,29],
or its cardioprotective role after I/R in animal model deficient of PHD3 and HL-1 car-
diomyocytes [30,31] (Figure 2). Furthermore, HIF-1α overexpression caused mitigation of
ischemia/reperfusion (I/R)-enhanced cardiomyocytes loss, suggesting that HIF-1α may
drastically influence cardiomyocytes endurance [32]. Recently, studies documented that the
HIF signaling pathway not only stimulates disease progression but has a cardioprotective
effect as well as the potential for cell recovery from cellular stress in various disorders.
This seems to be linked to the duration of hypoxic exposure as well as the stabilization
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of HIF-1. In fact, chronic exposure to hypoxia is found to increase ischemic ventricular
arrhythmias and further cell death [33]. While intermittent exposure to hypoxia reduces
arrhythmia during I/R, as also stimulates protective effects against myocardial infarction
in rodents [34–37]. The prolonged HIF-1α upregulation was shown to promote dilated
cardiomyopathy in transgenic mice with PHD2 depletion [38]. HIF-1α can also influence
mitochondrial function and alleviate the severity of ischemic heart. HIF-1α can also in-
fluence mitochondrial function and alleviate the severity of ischemic heart. HIF-1α can
upregulate mitophagy, mitochondrial autophagy, in cardiac cells through HIF-1α/(BNIP3)
BCL2 and adenovirus E1B 19-kD-interacting protein 3 pathways, thereby stimulating their
survival following myocardial ischemia-reperfusion. This is only applied to the role of
HIF-1α-mediated mitophagy at an early phase of ischemia, which may result in cardiac
protection, while prolonged autophagy may activate cell death in H9C2 cardiomyoblasts
and Sprague Dawley rat models [39]. In contrast, other studies revealed that HIF-1 ac-
tivation enhances BNIP3 expression, resulting in (H9C2) cardiomyocyte death, which is
a hallmark of ischemia and HF [40,41] (Table 1). Major interplays have been identified
between hypoxia-mediated mitochondrial function and mitophagy in cardiomyocytes. In
brief, upregulation of the inner mitochondrial membrane protein (IMM), Optic atrophy 1
(Opa1) stimulates mitophagy and mitochondrial function in response to hypoxia in mouse
cardiomyocytes [42]. FUN14 Domain Containing 1 (FUNDC1) is an OMM protein that
accumulates on the mitochondrial associated membranes (MAMs). Several recent studies
reported its effective role to mediate mitophagy during ischemic conditions in cardiomy-
ocytes, and it thus conveys cardioprotection [43]. Although the cardioprotective effect of
mitophagy in the ischemic heart is widely demonstrated, during the reperfusion stage,
mitophagy has a defective impact on cardiac function, and this may be due to the repression
of FUNDC1-dependent mitophagy and necrosis upregulation [44]. The contribution of
FUNDC1 in response to hypoxia may provide new insight in favor of therapeutic target
approaches in CVDs, and further research focused on the FUNDC1-HIF-1 axis may be ben-
eficial. Furthermore, a novel protein, WD Repeat Domain 26 (WDR26), has been detected
to localize into the mitochondria, promoting mitophagy in H9C2 cells during hypoxia,
suggesting its pivotal effect in hypoxia-enhanced mitophagy [45]. In another line of evi-
dence, HIF-1α accumulation directs mitophagy and promotes the differentiation of H9C2
cells [46]. Therefore, HIF-1 modulates hundreds of genes in diverse biological pathways,
and most of them influence mitochondrial function. HIF-1 activates mitochondria-specific
genes crucial to a metabolic shift away from OXPHOS to glycolysis, including LDH-A,
phosphoglycerate kinase-1 (PGK1), to adapt to hypoxic stress [47]. HIF-1 elevates gly-
colysis by upregulating glycolysis enzyme production, increasing glucose transporters,
and repressing the mitochondrial energy metabolism [18]. Moreover, HIF-1α promotes
PDK-1 activation, which phosphorylates and inhibits pyruvate dehydrogenase (PDH), from
converting pyruvate to acetyl CoA to fuel the mitochondrial TCA cycle and preventing
the formation of iron-sulfur (Fe/S) clusters, thereby attenuating complex I activity [48]. It
also inhibits the expression of mitochondrial encoded subunits in OXPHOS complexes by
blocking the nuclear–mitochondrial interaction [49]. Recent pieces of evidence have also
reported HIF-1α in improving mitochondrial function, reducing cellular oxidative stress,
and stimulating the cardioprotection [39].

Furthermore, HIF-1α improves mitochondrial respiratory function by triggering vari-
ous cardioprotective signaling pathways, including the phosphoinositide-3-kinase/Akt
(PI3K/AKT) and Janus kinase (JAK) 2/signal transducer and activator of transcription
(STAT) 3, to protect the heart during I/R injury [50]. Indeed, Nanayakkara and colleagues
reported the transcriptional role of HIF-1α during hypoxia in regulating frataxin expression
levels, a highly conserved nuclear-encoded mitochondrial protein, expressed in tissues
such as the heart, neurons, and liver with a high metabolic rate [51], which served as a
cardioprotective element against ischemic injury. Ultimately, enhanced frataxin levels can
alleviate mitochondrial iron overload, thereby preserving mitochondrial membrane in-
tegrity and the cardiomyocyte’s viability [52]. HIF-1α stabilization permits cells and tissues
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to adapt to the hypoxic response in I/R, thus protecting cardiomyocytes against IHD and
improving patient prognosis [20]. On the other hand, several lines of evidence outlined the
impact of HIF-1α localization dependent on the mitochondrial function regulation, which
has been thought to be contingent on its trafficking to the nucleus. Nevertheless, studies
documented that HIF-1α not only localizes to the nucleus after exposure to hypoxia or
preconditioning but surprisingly it localizes also to the mitochondria [53,54]. For instance,
Mylonis and collaborators reported that HIF-1α at the outer mitochondrial membrane
(OMM) attenuates hypoxia-induced apoptosis [55]. In alignment with this regard, dur-
ing the elevation of oxidative stress, HIF-1α translocates to the mitochondria to reduce
mitochondrial reactive oxygen species (mtROS) in the human umbilical vein endothelial
(HUVEC) during hypoxia [56].
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Figure 2. Hypoxic-inducible factor-1 α (HIF-1α) signaling and mitochondria in cardiovascular dis-
eases (CVDs). Sudden decrease in oxygen (O2) levels results in abrupt biochemical and metabolic
changes. Hypoxia causes the accumulation of HIF-1α that moves to the nucleus to activate genes cru-
cial to a metabolic switch away from the mitochondrial oxidative phosphorylation system (OXPHOS)
to glycolysis, the cardiomyocyte relies on anaerobic respiration instead of oxidative phosphorylation,
which in turn causes disruption of the mitochondrial membrane potential (∆Ψm) and adenosine
triphosphate (ATP) depletion, affecting the mitochondrial Permeability Transition Pore (mPTP) open-
ing and subsequently inhibiting contractile function. Hypoxia triggers a switch in cellular metabolism
to anaerobic glycolysis, causing acidification of the cell as protons (H+) accumulates. Cardiomyocyte
damage and mitochondrial deficiency are relatively linked to the degree of hypoxia exposure and due
to the dual effect of HIF-1α; in acute hypoxia (right), HIF-1α acts as cardioprotective against oxidative
damage by alleviating ROS generation and stimulating the removal of unwanted mitochondria
through mitophagy. While (left) HIF-1α enhances ROS levels and increases cell death, ultimately,
reduces cardiac efficiency and contractility.
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Table 1. Representative list summarizing the effect of HIF-1α in cardiovascular diseases. HIF-1αtg

mice: HIF-1αtg transgenic mice models. CH rodent models: chronic hypoxic rodent models. LPS:
lipopolysaccharide.

Cardiovascular
Disorders In Vivo/In Vitro Animal Models Cell Lines HIF-1α Effect References

Ischemia-reperfusion
injury (I/R injury)

In vitro -

Rat neonatal
ventricular

cardiomyocytes
cells

Cardioprotective effect,
overexpression of HIF-1α

elevated target genes (iNOS,
VEGF, HSP70, and GLUT1-4)

[32]

In Vivo/in vitro PHD3−/− mice
HL-1

cardiomyocytes

Cardioprotection,
PHD3 deletion increased HIF-1α,
resulted in cardiomyocytes death

suppression

[30,31]

In Vivo/in vitro Sprague Dawley
(SD)/rat model

H9C2
cardiomyoblasts

Cardioprotection,
BNIP3-mediated autophagy

modulation
[39]

Myocardial infraction
(MI)

In Vivo Post-MI mice - Cardioprotection,
upregulated angiogenesis [57]

In vivo/in vitro MI-mice Rat neonatal
cardiomyocytes

Detrimental,
stimulated apoptosis through p53

following MI
[58]

Heart failure (HF) In vivo HIF-1αtgmice -
Detrimental,

prolonged HIF-1α accumulation
increased disease development

[28]

Myocarditis In vitro - H9C2
cardiomyoblasts

Detrimental,
repression of HIF-1α improved
cardiomyocytes at odds with

LPS-stimulated cell death

[29]

Dilated
cardiomyopathy In vivo PHD2−/− mice -

Detrimental,
prolonged HIF-1α upregulation

promoted dilated
cardiomyopathy

[38]

Cyanotic congenital
heart disease (CCHD) In Vivo CH rodent models -

Cardioprotection,
HIF-1α overexpression alleviated

maladapted metabolic
[59]

Cardiac hypertrophy In Vivo HIF-1α KO mice - Cardioprotection by controlling
negatively TGF-β [60]

3.2. Hypoxia Signaling and Mitochondria in Cancer

Multicellular organisms have adopted several mechanisms to rapidly adjust to hy-
poxia, prolonging survival in the absence of adequate resource [61]. A common observation
of most tumors is an insufficient amount of O2, the severity of which varies between tumor
types. In proliferating and expanding tumor tissue, the adaptation of tumor cells to ex-
hausted oxygen supply is mainly mediated by HIF-1. Such metabolic adjustment is pivotal
for cancer cell survival and proliferation in response to environmental stimuli [62].

In this section, we will discuss how hypoxia affects the mitochondrial function through
TCA citric acid cycle, electron transport chain, and its dual role of hypoxia in ROS produc-
tion and mitigation and finally briefly consider hypoxia-induced mitochondrial distribution
and morphology in cancer.

3.2.1. Hypoxia-Induced Modulation of Krebs Cycle and Oxidative Respiration

TCA cycle represents the metabolic engine within cells. It is found to be inhibited
by HIF-1α through the induction of the enzyme PDK1. PDK1 inactivates the TCA cycle
enzymes by phosphorylating PDH, which converts pyruvate to acetyl-CoA. PDK1 over-
expression in HIF-1α-silenced cells led to an increased ATP production, reduced ROS
generation and prevented the hypoxia-mediated apoptosis [9]. Indeed, the accumulation
of 2-hydroxyglutarate (2-HG), an essential epigenetic regulator in cancer cells, has been
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documented to enhance the stabilization of HIF-1α [63]. Importantly, HIF-1α was found to
act as a metabolic switch from glycolysis to OXPHOS for regulatory T cells glioblastoma.
Specific ablation of HIF-1α in regulatory T cells resulted in enhanced pyruvate import
into mitochondria [64]. Taken together, TCA cycle metabolites resulted to be affected by
hypoxia to limit substrate availability for phosphorylation and epigenetic modifications to
change cell function and fate.

In addition, the effect of HIF-1α-mediated metabolic reprograming also alters OX-
PHOS respiration [65]. Evidently, MCF-7 carcinomas cells exposed to 24h hypoxia showed
reduced OXPHOS flux and decrease 2-OG dehydrogenase as well as glutaminase activities,
without functional alteration of respiratory complexes I and IV [66] (Table 2). Other possi-
ble ways by which hypoxic cells reduce oxidative metabolism involve small RNAs. HIFs
increased transcription of genes encoding microRNAs (miRs), small RNAs that link to mR-
NAs in sequential mode to either suppress their translation or promote their degeneration.
Among the list of targets of miR-210, there are the iron-sulfur cluster enzyme (ISCU) genes,
required for mitochondrial complex I function, which are particularly found downregulated
under hypoxia [67]. Moreover, a bioinformatics survey and PCR real-time experiments
demonstrated the involvement of both nuclear respiratory factors (NRF-1) and HIF-1α
in modulating voltage-dependent anion-selective channel 1 (VDAC1) promoter during
nutrients deprivation or hypoxia [68]. Taken together, cancer cells activate a metabolic
switch that involve HIF-1α and impaired Krebs cycle and OXPHOS function to sustain
glycolysis metabolism.

Table 2. Representative list summarizing the effect of HIF-1α on mitochondria in cancer.

Cancer Disorders In Vivo/In Vitro Animal Models Cell Lines HIF-1α Effect References

Human Breast ductal
carcinoma In vitro - MCF-7 cells Inhibited ER Estrogen receptor

expression [62]

Renal carcinoma In vitro - RCC4 and RCC10 Increased mitochondrial
biogenesis [69]

Hepatocellular
carcinoma (HCC) In vivo

Mice and Diethylni-
trosamine model of

Murine HCC
HCC cell lines Promoted mitochondrial

biogenesis and reduced ATP [70]

Triple negative breast
cancer (TNBC)

In vitro/in vivo Nude mice MDA-MB-231
Enhanced mitochondrial

OXPHOS and elevated ROS
generation

[71]

In vitro - MDA-MB-231
and SUM-149 cells

Increased intracellular
glutathione levels [72]

In vivo MMTV-PyMT mice Primary MECs Regulated mitochondrial mass [73,74]

Colorectal cancer In vitro/in vivo Oma1−/− mice HCT116 cells Increased mitochondrial ROS [75]

Several human cancers In vitro -

A549, CCL39,
HeLa, LS174,

MCF7, PC3, ORL33,
SKMel, and 786-O

cells

Enlarged mitochondrial
phenotype [76]

Glioblastoma In vitro/in vivo Foxp3-YFP-CRE ×
HIF-1α -fl/fl mice

Murine glioma
GL-261

Promoted fatty acids oxidation for
mitochondrial metabolism [64]

Cancer cachexia (CC) In Vitro/in vivo C26 mice model Colon-26 (C26)
adenocarcinoma Affected the metabolic changes [77]

Oral cancer In vitro - Oral squamous cell
carcinoma (OSCC)

Stimulated migration and
invasion in the indicated cells [78]

3.2.2. Hypoxia-Induced Mitochondrial ROS Production and Suppression

ROS are actively generated in the form of superoxide and hydroxyl free radicals as
a by-product of OXPHOS and neutralized by antioxidant mechanism to ensure a proper
cellular function [79]. Indeed, in breast cancer cell line (MDA-MB-231), the inhibition of HIF-
1α expression using cardamonin repressed the mechanistic target of rapamycin (MTOR)
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pathway causing increased OXPHOS activity and enhanced ROS, which finally led to
apoptosis [71]. Similarly, colorectal cancer cells under hypoxic conditions are characterized
by activation of OMA1-OPA1 axis, which in turn increase the mtROS generation to stabilize
HIF-1α, thereby promoting the glycolytic metabolism [75]. There is also evidence that
mitigating ROS-mediated damage in hypoxia may promote the Warburg effect, an altered
metabolism favoring enhanced uptake and use of glucose. Warburg effect has been also
involved during the pathogenesis of cancer cachexia (CC), which is a complex pathological
condition with metabolism dysregulation, affecting primarily the skeletal muscle [80]. The
impaired mitochondrial homeostasis and metabolism has also been documented in various
models of CC. Additionally, it has been suggested that HIF-1α may have an impact on
the metabolic alteration in cancer cachexia (CC) [77]. Consistently, suppressing HIF-1α
expression by Rhein and Emodin compounds mitigates cancer cell proliferation and CC in
a dose- and time-dependent mode [81,82].

This indicates that the alleviation of ROS may promote the antioxidant system. Par-
ticularly, stimulation of AMP-activated protein kinase (AMPK) by mitochondrial ROS
led to peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α)-
dependent antioxidant response. Mechanically, AMPK-PGC-1α induced regulation of
mitochondrial ROS mediates the HIF-1α stabilization [83]. Interestingly, opposite to earlier
experimental observations, downregulation of superoxide dismutases (SOD2) expression
has also been observed under hypoxia in a HIF-1 dependent manner in renal carcinoma
cells [84]. Similarly, HIF-1 increased glutathione levels by upregulating glutamate cysteine
ligase (GCLM) in breast cancer cells (MDA-MB-231 and SUM-149 cells) [72].

3.2.3. Hypoxia-Induced Mitochondrial Distribution and Dynamics

The mitochondrial distribution and dynamics are permitted by a correct balance be-
tween two opposite processes, that are the mitochondrial biogenesis and the mitochondrial
fission. In addition to this, mitochondria removal mechanisms which permit the elimination
of damaged and excessed mitochondria guarantees the preservation of a healthy mitochon-
drial pool. Among the diverse mechanisms regulating this mitochondrial turnover, the
selective form of autophagy pathway, known as mitophagy [85], represents the primary line
of intervention. Dysfunctions in such mitochondrial-related pathways may be cause and
consequence of several disorders [86–89] and can be also related to a hypoxic condition. For
example, it has been observed that cancer cells activate mitochondrial fusion to enlarge their
mitochondrial population to evade from cell death stimuli. Consistently, inhibition of the
mitochondrial fusion protein mitofusin-1 (MFN-1) reestablish a tubular network [76]. Other
factors appear to influence the hypoxia-mediated fission of mitochondrial membranes. This
is the case of the mitochondrial scaffolding protein A-kinase anchor protein 1 (AKAP121).
During hypoxia, AKAP121 regulates mitochondrial dynamics through inhibition of phos-
phorylation of the main regulators of mitochondrial fusion events: the dynamin-related
protein 1 (DRP1) and the fission 1 protein (FIS1). Interestingly, this work also accounted for
the ubiquitin ligase SIAH2 a crucial role in regulation of hypoxia-mediated mitochondrial
fission. Indeed, it is well documented that AKAP121 is a SIAH2 substrate and, of con-
sequence, the availability of AKAP121 as well as the associated mitochondrial dynamics
under hypoxia are highly dependent of SIAH2. Consistently, SIAH2 knockout (KO) cells
displayed higher AKAP121 levels [90]. In addition, the mitochondrial biogenesis has im-
portant roles in cancer cells to adapt hypoxia. Microarray studies show that reconstitution
of pVHL in renal carcinoma led to elevated mitochondrial mass, mitochondrial complexes
activity and O2 consumption rates. Mechanistic insights show MAX-interactor 1 (MXI1)
expression reduces C-MYC-dependent expression of PGC-1α, which in turn inactivate
mitochondrial biogenesis [69]. Similarly, ablation of high mobility group box 1 (HMGB1)
protein in hepatocellular carcinoma subjected to hypoxia promoted mitochondrial biogen-
esis and reduced ATP. Mechanistic experiments suggest that the binding of HMGB1 to
Toll-like receptor-9 in cytoplasm stimulate p38 which in turn led to phosphorylation of
PGC-1α, which resulted in subsequent increase mitochondrial biogenesis [70]. There are
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several reasons given why tumor hypoxia maintain increased mitochondrial biogenesis.
Thanks to this condition cancer cells result protected from cell damage induced by ROS,
thereby providing a survival mechanism. Another benefit is to enhance their migratory
and invasive properties to other zones with less hypoxia [91].

As reported above, central to keeping healthy mitochondrial population and guarantee
and efficient turnover of the mitochondrial population is mitophagy [92]. The exact role
of mitophagy in cancer remains unresolved, as it has divergent roles, either blocking or
stimulating the cancer progression [93]. Interestingly, growing consensus documented
an intimate relationship between mitophagy and hypoxia in regulate the tumor growth.
Indeed, the mitophagy proteins BNIP3L/NIX, BNIP3, and FUNDC1 were found upreg-
ulated in response to hypoxia in cancer [94–96]. Furthermore, BNIP3 and NIX are target
genes of HIF-1α and their upregulation stimulates mitophagy under hypoxia and inhibits
cancer progression in MMTV-PyMT model under hypoxia through activated HIF [73,74].
In addition to this, the protein E2F3d, recently stated to localize to the OMM, revealed to
augment the process of mitophagy during hypoxic exposure in cancer cells [97].

During hypoxia, HIF-1α regulates glucose, glutamine metabolisms, and lipid through
various target genes, by which it enhances glycolysis by upregulating glucose transporters
to induce the glycolysis flux and targeting PDK-1/3 to inhibit pyruvate changeover to acetyl
CoA and stimulating LDH-A to turn the pyruvate to lactate. HIF-1α upregulates glutamine
utilization and activates fatty acids for rapid cell growth and division. Moreover, when O2
supply is limited, tumor cells are protected against excessive ROS and subsequently they
resist to cell death.

4. Mitochondrial Dysfunction and Inflammation in CVDs and Cancer
4.1. Oxidative Stress and Mitochondria

Under physiologic conditions, other organelles in addition to mitochondria have the
capacity to produce ROS such as peroxisome and endoplasmic reticulum (ER) [98]. Despite
this, several lines of evidence ascribe to mtROS a predominant role in CVDs as well as in
cancer (as reviewed in [99–101]). In the mitochondrion, ROS are produced by ETC in the
IMM at the level of complex I and III during oxidative metabolism and cellular response to
cytokines and bacterial invasion. Moreover, several enzymes here located or translocated
following stimuli are considered additional sources of mtROS [102], and they include
several flavoproteins (acyl-CoA dehydrogenase, glycerol α-phosphate dehydrogenase,
α-ketoglutarate dehydrogenase) [103–105], the monoamine oxidases (MAOs) on OMM
that produces ROS in the catabolism of neurotransmitters [106], aconitase [107], the ROS-
generating NADPH oxidases (NOXs) [108], and p66shc in the intermembrane space (IMS)
which oxidizes cytochrome c [109,110]. All these enzymes share the release of discrete
amounts of superoxide (O2

−) and hydrogen peroxide (H2O2) which have been linked to
a consequent mitochondrial swelling and apoptosis [109]. Moreover, the O2

− produced
in these steps is able to react also with nitric oxide (NO) giving rise to reactive nitrogen
species (RNS) production and consequent nitrosative stress, which involves mitochondria
because affects their enzymatic activity, modifies mitochondrial respiration and increases
mitochondria-mediated cell death [111].

Uncontrolled ROS and RNS production, generate oxidative stress with consequent
mtDNA damage and oxidation of proteins and lipids of membranes. In the first case,
ROS and RNS directly react with pyrimidine and purine bases, especially in the D-loop
region [112]; here, this damage led to a significant decrease in mtDNA copies and of
ETC function [113]. Otherwise, peroxidation of mitochondrial lipids and proteins alters
the mitochondrial membrane potential (MMP), their energy production and triggers the
opening of mPTP [105,109,110]. Subsequently, mitochondria result impaired, and several
cell death pathways are activated.

mtROS scavenging systems exist and they represent the first line of defense against
toxic ROS levels. Superoxide dismutase (SOD) is responsible for the conversion of O2- in
H2O2. SOD exists in three isoforms and, among them, SOD2 has a mitochondrial matrix
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localization, while SOD1 (Cu/Zn SOD) may be partially found in the intermembrane space.
A second line of defense is covered by catalase, which splits in O2 and water [114]. The
action of this enzyme is flanked by the glutathione peroxidase/reductase (GSH-PX) and the
peroxiredoxin/thioredoxin (PRX/Trx) systems which taking advantage from the reduced
forms of GSH and PRX, they convert H2O2 in water. PRX3 and PRX5, as well as Trx2 are
localized to mitochondria.

4.2. Inflammation and Mitochondria

It is currently recognized that ROS induces inflammation [115,116] and, in turn, in-
flammation further sustains mitochondrial dysfunction [117]. Mitochondria are organelles
involved in the inflammatory process not only to produce ROS, but because in particular
conditions (i.e., the opening of the mPTP or the permeabilization of the OMM) [118,119],
they release into the cytosol several factors named as DAMPs (danger-associated molec-
ular patterns). To date, many substances are recognized as mtDAMPs, and they include
mtDNA [120], ATP [121], TFAM [122], NFP [123], succinate [124], and cardiolipin [125].
These molecules, once in the cytosol and sometimes in the extracellular milieu, are rec-
ognized by other molecules (adaptors or receptors) to trigger inflammation. There are
different pools of receptors. Those recognizing mtDAMPs, which link mitochondria to in-
flammation, are the cytoplasmic nucleotide-binding domain leucine-rich repeat-containing
receptors (NLRs). The most common and well-defined is the NLR and pyrin containing
protein 3 (NLRP3). It exists as a multiprotein complex composed of the scaffold pro-
tein NLRP3. Normally localized in the cytosol, NLRP3 moves to the mitochondria and
MAMs upon activation, and it regulates the innate immunity by recruiting the apoptosis-
associated speck-like protein (ASC; an adaptor) and procaspase-1, which becomes matured
in caspase-1 and is responsible for the activation of IL-1β and IL-18 [115]. The contribution
of mitochondria in NLRP3-mediated inflammation is demonstrated by their recruitment in
the cytoplasm of macrophages in a process mediated by microtubules [126] and the obser-
vation of NLRP3 relocalization to mitochondria following stressors. Indeed, under resting
conditions, NLRP3 is normally localized at the ER, but after stimulation with mtDAMPs,
NLRP3 clusters at mitochondria and at MAMs [124]. Thus, inflammation and mitochondria
are directly related and together with ROS contribute to both CVDs and cancer.

4.3. Inflammation, Oxidative Stress, and Mitochondrial Dysfunction following Hypoxia in CVDs

Inflammation and oxidative-nitrosative stress are two main contributing causes in the
onset and progression of CVDs [127]. In addition being crucial in the excitation-contraction
coupling of the heart [128], mitochondria are at the crossroad between both routes, as
these are often accompanied by an alteration of mitochondrial function. Inflammation
has a key role in CVDs, as an example, atherosclerosis, plaque and vessel calcification,
and post-ischemic pathologies. Atherosclerosis born from cholesterol, fat, and other sub-
stances deposition on the inner side of vessels. These deposits build up into the vessel in
concomitance of endothelial dysfunction, the starting artery lesion, to lead to the plaque
formation. Direct evidence of the regulation of lipid metabolism by hypoxia and HIF-a still
lack in CVDs. However, it has been suggested that hypoxia-induced HIF-1α accumulation
upregulates the expression of its target genes and affects the lipid metabolism of hypoxic
macrophages in atherosclerosis, thereby providing evidence of a possible atherogenic role
for hypoxia [129]. Lipids can be also modified by further oxidation from newly generated
mtROS, and adhesion molecules (ICAM and VCAM) are activated to trigger the bind-
ing of inflammatory cells, such as monocytes. Often, cholesterol deposition represents
the second hit in NLRP3 assembly for the production of interleukins and inflammation
progress [130]. Inflammation is also responsible for the calcification of the plaque; indeed,
activated macrophages promote the apoptosis of interstitial cells by releasing proinflam-
matory cytokines and promoting the release of vesicles reached in calcium (Ca2+) and
phosphates [131,132]. Similarly, an increase of aged mitochondria, reduced biogenesis,
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impaired mitophagy, and dysregulated cytosolic Ca2+ homeostasis are all associated with
mitochondrial dysfunction [76,129,130].

On the other hand, mitochondrial oxidative stress has been found closely related to
several risk factors for CVDs, and from studies in vitro and in vivo it has been found to
be one of the main mediators of apoptosis in cardiomyocytes and endothelial dysfunc-
tions [101,133]. The contribution of each of the above-mentioned ROS-producing enzymes
in CVDs has been analyzed overtime in experimental settings including genetic manipu-
lation of animal models. As an example, p66SHC is considered an important modulator
of mitochondria-mediated cell death as it regulates MMP and ROS when localized to the
mitochondria [134]. Accordingly, animals lacking p66SHC display reduced ROS and de-
creased cell death in a model of hypertension and HF [135]. Elevated levels of angiotensin
II upregulate redox-sensitive pathways causing mtROS overproduction, cardiomyocyte
damage, and finally hypertension and HF. The p66SHC−/− phenotype benefits in cardiac
function are not only against the previously mentioned pathologies but also in a model
of diabetic cardiomyopathy [136]. Likewise, the inhibition or deletion of isoform A of
MAOs in murine models decreases mtROS production, preserves the heart against pressure
overload, caspase 3 activation, and fetal gene reprogramming [137]. In addition, MAO-B
targeting in a mouse model of induced pressure overload minimizes the worsening of
the cardiac function and reduces death by preserving MMP and mitochondrial bioener-
getics [138]. NOX isoforms, NOX4, constitute the main source of oxidative stress during
HF [139]. In support of this, its levels are significantly elevated following chronic pressure
overload. Consequently, oxidative stress, mitochondrial dysfunctions, and apoptosis are
activated. Mice lacking NOX4 have lower left ventricular (LV) dysfunction with reduced
oxidative stress and cardiomyocyte apoptosis [140].

The dysregulation of the antioxidant systems is the second aspect that demonstrates
how mitochondrial oxidative stress is deleterious in heart disease. Studies from SOD2−/−

mouse model reported either premature lethality [141] or deaths before 4 months due to HF.
Indeed, the absence of this enzyme triggers excessive oxidative stress in mitochondria with
the overproduction of 4-hydroxynonenal (4-HNE), produced from lipid peroxidation and a
player in mitochondrial dysfunction, by acting via the severe impairment of the ETC [142].

The deriving phenotype consists of abnormalities in mitochondrial structure, de-
creased ejection fraction, dilated, and dysfunctional LV, all major phenotypes of dilated
cardiomyopathy [142]. Deleterious effects are not limited to the complete deletion of SOD2.
In a study in humans, the single Ala16Val SOD2 polymorphism has been investigated as
associated with coronary heart disease (CHD) risk, in concomitance with decreased SOD2
activity and increased mtROS production [143]. In addition, endothelial dysfunction is
increased when SOD2 is absent [144]. In the end, the inappropriate activity of GSH-PX
and PRX/Trx systems enhance oxidative stress, which is the main cause of left ventricle
(LV) contractile dysfunction and abnormalities in LV mass, under the action of angiotensin
II [145]. If we consider these genotypes following I/R, they produce larger infarct size,
alteration of cardiac contractility, cell death, and adverse events such as HF and dilated
cardiomyopathies [146,147].

Overall, in understanding the importance of all these compensatory mechanisms
in humans, an extensive meta-analysis on thousands of papers published and as many
patients analyzed, reported an inverse and significant correlation between antioxidant
systems activity (and circulating levels of enzymes involved in) and the most common risk
factors of CHD [148].

Hypoxia is a bio-clinical condition in which either portion or whole tissues are sub-
jected to a significant imbalance between O2 consumption and blood perfusion [149]. It
is often associated with nutrient deprivation. In normal conditions, the cardiovascular
system is appointed to guarantee these functions in the human body. However, coronary
artery disease (CAD) (i.e., atherosclerosis) can arise with aging and become responsible
for a progressively decrease in the blood perfusion. As a consequence, CAD may result in
ischemic heart disease (IHD), such as myocardial infarction (MI) and peripheral arterial
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diseases (PAD), in which hypoxia plays a predominant role. In addition, being that hypoxia
is a condition that induces changes in the cardiovascular system, its chronic presence
can also lead to hypertension and HF [150]. Thus, within certain limits and with differ-
ent degrees, all CVDs mentioned in the previous paragraphs are linked to hypoxia. In
normoxia, HIF-1α binds the pVHL for degradation by the proteosome; under hypoxic
states, HIF-1α accumulates and translocates mainly to the nucleus where it dimerizes
with beta subunit. Being a transcription factor, in the nucleus it triggers the expression
of several genes involved in either adaptation or maladaptation to hypoxia [151]. In this
context, whether cells and tissues find a means to adapt in the absence of O2 levels, the
reperfusion phase (if any) emphasizes the hypoxia-induced damages even more. Exam-
ples of adaptations induced by hypoxia are the HIF-1α and VEGF-mediated angiogenesis
in post-MI hearts to ensure a compensated O2 delivery in the infarcted tissue [57], and
the downregulation of mitochondrial O2 consumption through the activity of the PDK1,
which is the enzyme that limits the use of pyruvate at mitochondrial level [48]. Here, the
O2 available for mitochondria increases and consequently cell death is reduced. Again,
HIF-1α overexpression is important for mitochondrial metabolic adaptation to a persis-
tent state of hypoxia in the heart, which distinguishes patients with cyanotic congenital
heart disease (CCHD) [152]. Moreover, HIF-1α KO mice in which pressure overload is
induced, immediately present severe traits of hypertrophy when compared to their wild-
type littermates [60]. Note that it is no coincidence if hypoxic conditioning is considered
as a non-pharmacological therapeutic intervention in the adaptation of the body against
severe O2 deprivation episodes [153]. However, chronic or sustained hypoxia states and
all associated prosurvival pathways are better associated to cancer. In full-blown IHD,
mechanical methods and pharmacological treatments are usually suddenly applied to solve
the ischemic phase, also known as the cause of the necrotic core of the lesion. One of them
is the reperfusion of the occluded vessels.

Mitochondria are the major consumers of O2, and as consequence, they suffer from
its absence. Whether in the normoxic condition the cell respire in the aerobic mode and
produce big amount of ATP, under hypoxia ETC is inhibited in favor of glycolysis which is
upregulated with consequent acidification of the environment, sodium and Ca2+ overload
and breakdown of ATP production [154,155]. In the reperfusion phase, the reactivation
of the ETC and the restoration of the MMP prompt further Ca2+ intake and a burst of
mtROS production. These two events increase the susceptibility of mPTP to open [156].
Ca2+ enters the organelles by the mitochondrial calcium uniporter (MCU) complex, a
highly selective channel in the IMM, ensuring Ca2+ uptake [157]. Indeed, cardiac-specific
knockdown of MCU increases resistance against mPTP opening and reduces infarct size
following ischemia [158,159]. On the other hand, most mtROS derive from an accurate and
selective metabolic process which has been investigated by Chouchani and co-workers
in 2014. By analyzing several ischemic and re-perfused tissues (i.e., brain, kidney, heart),
they identified a mitochondrial metabolite that increased in concentration 19-fold during
hypoxia: succinate. It accumulated proportionally to the time of the ischemic phase, and
it was rapidly metabolized at reperfusion time, just when ROS increased. In this work,
they supported the hypothesis that succinate comes from the reduction of fumarate by the
reversal mode of succinate dehydrogenase (SDH) action. Indeed, fumarate also increases
in ischemia through the activation of malate/aspartate shuttle and purine nucleotide
cycle [160]. Succinate at reperfusion would produce mtROS by acting on complex III and
inducing the reverse mode of complex I; in addition, it behaves like a DAMP to sustain
inflammation. Thus, both Ca2+ and ROS constitute a second hit for the mPTP opening,
following the ischemic priming phase. mPTP gives rise to and is accompanied by most
mitochondrial dysfunctions that occur following hypoxia, including the mitochondrial
permeability transition, the collapse of the MMP, and loss of cristae morphology and
several proteins into the cytosol that trigger cell death and/or inflammation. In turn, mPTP
opening stimulates mtROS production and all together facilitate the disassembly of super
complexes of the ETC (i.e., complexes I+III+IV) further increasing ROS generation [161].
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There is evidence of a strong upregulation of NLRP3-dependent inflammation following
hypoxia both in cardiac fibroblasts and cardiomyocytes, which seems to have different
but complementary roles. In cardiac fibroblasts, NLRP3 upregulation would sustain
inflammation by IL−1β release and contribute to cardiac remodeling; in cardiomyocytes it
induces pyroptosis by the solely activation of mature caspase 1 [162,163].

4.4. Hypoxia-Mediating Signaling Pathways and Cell Death in CVDs

Programmed cell death such as apoptosis, necrosis, and ferroptosis occur in cardiomy-
ocytes and they are considered as central features in the pathogenesis of CVDs. In addition
to the studies mentioned above on hypoxia-related oxidative stress and inflammation,
several lines of evidence reported the involvement of hypoxia in mediating programmed
cell death “apoptosis” in cardiomyocytes. Increased expression of HIF-1α upregulated the
apoptotic effect in cardiac (H9C2) and renal ischemia (HK2) [164]. Furthermore, prolonged
HIF-1α expression upregulates the activity of p53 tumor suppressor, and consequently,
stimulates cardiomyocytes apoptosis following MI [58]. HIF-1α–mediated apoptosis may
also have a central effect on HF. Indeed, as documented in some lines of evidence, a high
level of HIF-1α expression was identified in the late phase of HF [28,165]. Notably, the
induction of apoptosis in CVDs upon the HIF-1α axis is controversial, in which HIF-1α
exerts a dual role in the heart during hypoxic exposure. In one hand, it acts as a cardio-
protective through its stimulation to several genes and pathways to adjust to hypoxia.
On the other, it stimulates cardiomyocyte’s damage through the activation of various cell
death pathways [166]. Hypoxia-induced HIF-1α accumulation blocks the apoptotic process
by stimulating angiogenesis and declining fibrosis [167,168]. Along with that, another
mechanism in which HIF-1α prevents cardiomyocytes loss is by giving rise to iNOS and
cardiotrophin-1 (CT-1) expression [169]. HIF-1α exhibits a protective effect mostly during
I/R injury [170] (Table 1). Similarly, during ischemic postconditioning, the increased level
of HIF-1α expression improves MI and reduces cardiac damage [171,172]. It is not surpris-
ing that HIF-1α overexpression could alleviate apoptosis through the NFκB pathway under
hypoxia in MI [173]. Consistently, other lines of evidence confirmed the cardioprotective
effect of HIF-1 predomination against apoptosis via the impede of Bax [174]. Besides
apoptosis, necroptosis and ferroptosis are nonapoptotic types of programmed cell death
that occur in numerous disorders particularly in HF, I/R, and MI [174]. Hypoxia medi-
ates various events including, oxidative stress, and mitochondrial deregulation thereby
may stimulate cardiomyocyte necroptosis. Indeed, this process has been demonstrated
to contribute to MI pathogenesis [175] and in the alteration of cardiac activity during
chronic ischemia [176]. Necroptosis also has a prominent effect in cardiomyocytes loss
during acute viral myocarditis, I/R injury, and atherosclerosis through its ligand death
receptors including receptor-interacting protein 1, 3 (RIP1, 3) and mixed lineage kinase
domain-like (MLKL) [177,178]. Recently, Karshovska and associates documented that
a high level of HIF-1α regulation impairs the mitochondrial bioenergetic and elevates
macrophage necroptosis in the atherosclerosis [179]. Another type of regulated cell death
is ferroptosis, which consists of intracellular iron dependence. Its fundamental role has
been effectively stated recently in various CVDs, including cardiomyopathy, HF, MI, and
myocardial I/R [59,180–182]. The iron chelator deferoxamine (DFO) is an iron chelator able
to mimic hypoxia and to upregulate HIF-1 that can impede the process of ferroptosis in
cardiac cells and eventually alleviates cardiac injury [183,184]. DFO is also able to reduce
MI and to improve cardiac activity in myocardial I/R models [185,186]. Strikingly, high
levels of ferroptosis have been also observed during the reperfusion stage [187]. Several
other lines of evidence document the role of programmed cell death in the modulation of
inflammation, which may result in cardiomyocyte ferroptosis [188]. These current find-
ings suggest that blocking ferroptosis may prevent cardiomyocytes death. However, the
processes by which hypoxia modulates cardiomyocytes death remain to be thoroughly
investigated. Further specific impact of hypoxia precisely HIF-1 on ferroptosis in the heart
still to be well covered.
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4.5. Inflammation, Oxidative Stress, and Mitochondrial Dysfunction following Hypoxia in
Cancer Disease

Accumulating evidence demonstrates that inflammation is involved in all stages of
tumorigenesis, including limitless replication, invasion and metastasis, apoptosis evasion,
DNA damage, and angiogenesis. It remains unclear which molecular mechanism inter-
connects all these pathways. Recent scientific evidence suggest that the mitochondrial
compartment may be the central platform for the regulation of the inflammatory response,
which occurs during cancer development and growth. The ATP generated by mitochondria
throughout OXPHOS is fundamental for the proliferation and differentiation of T cells,
which are one of the main components of antitumor immunity [189]. However, different
metabolic demands are required for each phenotypic stage of T cells. Indeed, upon their
activation, T cells quickly shift to glycolysis, which guarantees a rapid energetic avail-
ability to support their growth and the production of biosynthetic factors. To boost the
glycolytic pathway, the molecular axis composed of PI3K, AKT, and MTOR is the main
executor. On one hand, PI3K-AKT-MTOR activates the avian myelocytomatosis virus
oncogene cellular homolog (c-Myc) to increase the activity of key enzyme of glycolysis
(such as the glucose transporters (GLUT)) [190] and of glutamine transporters (including
glutaminase1) [190,191], and on the other, the PI3K-AKT-MTOR axis works to upregulate
HIF-1α, which, at the same time, can inhibit the TCA cycle and upregulate the expression
of glycolytic enzymes. In addition to this, HIF-1α-induced glycolysis is fundamental to
control the subpopulation of T cells. Indeed, it regulates the differentiation of Th17 [192]
and of CD8+ T cells [193]. By contrast, the transition of T cells from effector to memory
states mainly relies on fatty acid oxidation (FAO). Recent studies demonstrated that during
this transition phase, a small amount of T cells enforces FAO by reducing the MTOR path-
way and activating the AMPK pathway [194]. In addition, AMPK and FAO support the
development of CD8+ T cells. Indeed, by using the AMPK activator such as metformin, the
amount of memory cells as well as the lipid oxidation were increased [195]. Consistent with
this, in AMPK-null T cells, the generation memory CD8 T cells upon pathogen infection
was defective [196]. Interestingly, the tumor necrosis factor (TNF) receptor-associated factor
6 (TRAF6) was also important for the FAO activation in memory cells. Mice lacking TRAF6
were unable to increase FAO and displayed defects in generation of memory cells [197].
T cell activation and proliferation may be also promoted by ROS. However, if the ROS
levels become too great, some amount of T cells could undergo apoptosis, thus reducing
their anticancer potential. Increased ROS production may also be provoked by proinflam-
matory soluble molecules (such as cytokines and chemokines) that are secreted following
activation of innate immune cells and by macrophages and neutrophils, which can also
produce RNS. In turn, ROS and RNS provoke serious damages at the mtDNA, causing dys-
function in the production and assembly of components of the mETC, thereby enhancing
the ROS production in a dangerous loop reaction. Accordingly, loss of function of mETC
is frequently associated with several cancer types, such as breast cancer [198], renal cell
carcinoma [199], and thyroid carcinoma [200]. Furthermore, ROS and RNS may induce
mutations of genes, and relative signaling pathways, involved in both tumor activation
(oncogene) and suppression (tumor suppressor). Therefore, inflammation may lead to
mutagenesis. Consistently, mutations in P53, GTPase Kras (KRAS), adenomatosis polyposis
coli (APC), and wingless-related integration site (WNT) have been found in intestinal
cancers characterized by chronic inflammation [201]. The inflammatory environment is
also responsible to drive cell survival. Inflammatory mediators released by immune cells
can converge on prosurvival pathways and increase cell proliferation and resistance to cell
death. In this context, IL-1α and IL-1β promote IL-17A response, activate the NF-kB p65
subunit to cause colorectal cancer (CRC) initiation. Consistently, IL-17A was associated to
poor diagnosis of CRC and inhibits the IL-1-dependent inflammation and prevented CRC
development [202]. IL signaling is also responsible for promoting colitis-associated cancer.
Here, IL-6 mediates cell survival and proliferation throughout the oncogenic transcrip-
tion factor STAT3 [203]; alteration of the mitochondrial dynamics is an example. In fact,
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DRP1-FIS1-mediated mitochondrial fission increases the mitochondrial damage and boosts
the inflammasome recruitment [204]. In addition, the hypoxic condition activates NLRP3.
At demonstration, hypoxia in prostate cancer cell lines increase NLRP3 levels throughout
NF-kB [205].

Furthermore, the same HIF-1α can be regulated by NLRP3. In this case, it has been
observed that the adaptor protein ASC associates and stabilizes HIF-1α to increase cell
migration and metastasis in oral squamous cell carcinoma [78]. However, other inves-
tigations demonstrate that hypoxia may be a repressor of NLRP3. Indeed, it has been
demonstrated that hypoxic condition attenuates inflammation by reducing NLRP3 expres-
sion and that the isoform β of HIF is necessary to control the expression of NLRP3 [206].
Interestingly, in this investigation, it has been demonstrated that the activation of NLRP3
required carnitine palmitoyltransferase 1A (CPT1A)-mediated enhancement of FAO [206].
Notably, CPT1A determines the entry of long-chain fatty acids into mitochondria, leading
to FAO and excessive ROS production [207]. In addition, the function of NLRP3 in cancer is
controversial: some evidence highlights a protective anti-tumorigenic role; others suggest
pro-tumorigenic effects [208]. For example, in breast cancer, NLRP3 increases the tumor
growth and metastasis by creating an inflammatory microenvironment [209,210]. In lung
cancer, NLRP3 activates the prosurvival factors Akt, the extracellular signal-regulated
kinase 1/(ERK1/2), and cAMP response element-binding protein (CREB) to increase cell
migration, proliferation, and invasion of cancerous cells [211]. In melanoma, NLRP3 is
constitutively activated [212], and its inhibition suppresses metastasis [213]. On the con-
trary, NLRP3 in colorectal cancer (CRC) inhibits tumor growth, senses tissue damage, and
activates cell death mechanisms against the tumor cells [214,215]. In line with this, the
absence of NLRP3 was correlated with the progression of hepatocellular carcinoma [216]
(Figure 3). Besides, enhanced lipid peroxidation during hypoxia-mediated inflammation
contributes to the stimulation of programmed cell death (apoptosis or necroptosis) in
cancer cells, resulting in cellular injury and progression of multiple pathogenesis [217,218].
Notably, it has been disclosed that tumor cells have ample lipid contents [219]. As an
example, in hepatocellular carcinoma (HCC), HIF-1α augments lipid stabilization by al-
leviating FAO [220]. Lipid metabolism is abundant in tumor cells and exhibits a critical
effect in tumorigenesis, invasion, and metastasis. To date, studies report the significant
involvement of hypoxia in modulating various aspects of lipid metabolism, which are
crucial for the enhanced proliferation rate, and subsequently, cancer progression [221].
The role of HIF-1 in lipid metabolism attracted more attention recently. Indeed, inhibiting
HIF-1 or its target genes involved in lipid stabilization lead to significant alleviation of
proliferation as well as chemoresistance in multiple cancer disorders in response to hypoxic
circumstances [218,222–225]. By contrast, the overexpression of HIF-1-dependent lipid
metabolism target genes is associated with cancer malignancy [218,222].

4.6. Hypoxia-Mediated Signaling Pathways and Cell Death in Cancer

It is well known that most cancer cells are driven toward hypoxia-directed apopto-
sis. Hypoxia-induced HIF-1α is stated to be associated with cancer cell malignancy and
chemoradiation therapy resistance [226,227]. It is well established that HIF-1α stimulates
and protects cancer cells against apoptosis. For instance, high levels of HIF-1α stabilization
in pancreatic cells under hypoxia elicit their ability to resist against the apoptotic event
compared with the normoxic cells through the HIF-1α-enhanced PI3K/AKT signaling
pathway [228]. Although the critical role of HIF-1 in response to hypoxia-stimulated apop-
tosis, its molecular process in question remains unclear. Necrosis death is also involved
during hypoxia in cancer. Indeed, glioma cells undergo necrosis and display resistance
against prolonged hypoxia. Interestingly, this event may block the apoptotic pathway [229].
Furthermore, emerging studies have stressed the crucial role of hypoxia in ferroptosis
and, given the central role of the HIF-1α element upon hypoxia, its deficiency mitigates
the ferroptosis sensitivity, as it modulates the transcriptional activity of genes responsi-
ble for iron metabolisms such as transferrin receptor 1 (TFR1) and Ferritin Heavy Chain
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(FTH) [230]. High levels of HIF-1α protein increase the susceptibility to ferroptosis in
renal carcinoma cells [231,232]. Notably, the tumor suppressor BRCA1-associated protein 1
(BAP1) is involved in apoptosis and ferroptosis in different cancer cells [233,234]. It has
been demonstrated the role of BAP1 in attenuating cancer development by provoking the
ferroptosis event via solute carrier family 7-member 11 (SLC7A11) inhibition [235]. Always
regarding BAP1, it has been suggested that the depletion of this tumor suppressor causes
enhanced HIF-1α expression through the modulation of NF-κB in uveal melanoma [236].
Taken together, given the importance of HIF-1α blockers to modulate ferroptosis in a
context-dependent manner may open new directions for drug therapy [232]. Further re-
search on the effect of hypoxia-induced HIF-1α stabilization on BAP1 would shed light on
new molecular mechanisms of various events including cell death in cancer.
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Figure 3. Inflammation and mitochondrial oxidative stress in response to hypoxic condition. During
hypoxia, Hypoxic-inducible factor-1 α (HIF-1α) stimulates the transcription of target genes involved
in inflammation and oxidative stress-transcription factors. Moreover, HIF-1α increased mitochon-
drial reactive oxygen species (mtROS) levels, activating nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB) transcription factor, stimulating the inflammasome genes expression,
including NOD-, LRR- and pyrin domain-containing protein (NLRC)4, NLRP3, and interleukin 1β
(IL1β) genes. Ultimately causing oxidative damage to the mitochondrial membrane, this event affects
the membrane permeability, lipid peroxidation, and mtDNA, resulting in mitochondrial dysfunction.
The FosfoInositide-3-Kinasi (PI3K)-protein kinase B (AKT)-mechanistic target of rapamycin (MTOR)
pathway upregulates HIF-1α during hypoxia.

5. Novel Mechanisms and Therapeutic Targets in CVD and Cancer Disorders

HIF-1 plays critical roles in important aspects of cancer biology to allow and promote
tumor cells to grow and survive in response to hypoxic conditions, including invasion,

129



Biology 2022, 11, 300

metastasis, angiogenesis, modulation of glucose and energy metabolism, and stem cell
maintenance. Therefore, the poor prognosis of cancer patients results in the actual interest
in studying HIF-1α as a therapeutic target in cancer disorder. Therefore, consistent with
this concept, inhibiting HIF-1 or its related protein interactions has been demonstrated to
block tumor proliferation. Different studies reported that HIF-1 inhibitors mitigate breast
cancer metastasis in tumors sensitization to radiotherapy and mouse orthotopic transplant
models [237,238]. Furthermore, several small molecules that repress HIF-1 directly or
indirectly have been tested in clinical trials for different kinds of tumors [239].

By targeting HIF-1α, it is possible to intervene against malignant gliomas. Indeed,
downregulation of HIF-1α by siRNA decreases both the level of matrix metalloproteinase
(MMP)-2 as well as the functions of MMP-2 and MMP-9 decreasing the mobility of glioma
cell via the impaired invasion-related molecules [240].

Small molecules blocking the expression and the functions of HIF-1 have been found
effective to reduce the growth of solid tumors such as prostate and breast cancer. An
example is the RNA antagonist EZN-2968, which represses HIF-1α mRNA expression [241]
or PX-478, reduces the transcription of HIF-1α, blocks the translation through a VHL- and
p53-independent pathway [242].

Furthermore, both PX-478 and EZN2968 elicit dose-dependent decreases in HIF-1α
levels and VEGF expression, as well as the tumor size in DU145 xenograft models, and
both small-molecule inhibitors were well tolerated in clinical activities [241,242]. Other
molecules identified include geldanamycin, which reduces the bond of the heat shock pro-
tein 90 (HSP90) to HIF-1α to destabilize folding and increase proteasomal destruction [243].
Several HIF-1α prolylhydroxylase inhibitors that preclude VHL from binding to HIF-1α
have also been developed and are now in late-stage clinical trials in disease in which HIF
signaling is beneficial. For example, Roxadustat, which leads to increased endogenous
erythropoietin generation, improved absorption of iron and anemia amelioration in chronic
kidney disease (CKD) [244].

On the other hand, and in contrast to HIF-1α effect on cancer as a stimulator for
the disease’s progression, HIF-1α contributes to the cardiac protection in the majority of
CVDs. This depends on the duration of hypoxia and the sustain of HIF-1α activation.
Different studies documented that the HIF-1 transcription factor displays a dual role in
CVDs, as a protective effect in acute exposure to hypoxia, which is rapidly accumulated and
stimulates a cascade of downstream target genes transcription involved in mitochondrial
metabolism regulation, angiogenesis, and cell functions, leading to cardioprotection against
ischemic insults. Moreover, these mechanisms regulate cellular functions in the hypoxic
field to the sparsely oxygen environment and sustain normal cellular homeostasis, which
under hypoxic stress is crucial for the human body. The HIF-1 pathway has a pivotal
role in repairing cardiac tissue through the angiogenesis activation in I/R [245]. Thereby,
it conveys a novel target to develop innovative therapies for the treatment of ischemic
diseases and reduction of reperfusion injury [6]. Consistently, recent pieces of evidence
reported the contribution of HIF-1α in the therapeutic effect of certain natural compounds
that attenuate myocardial I/R. One example may be found for Panax notoginseng saponins,
which have protective roles against I/R via HIF-1α/BCL2/BNIP3 pathway, which in return
upregulates mitochondrial autophagy [246].

Nevertheless, HIF-1 contributes to the pathogenesis of various disorders during
chronic exposure to hypoxia. HIF-1 is considered a promoter of atherosclerosis devel-
opment, and for this reason, it may not be regarded as the disease’s therapeutic treatment.
Angiogenesis induced by HIF-1 transcription is protective in the short term, but then it
forms collateral vessels that may result in terrible consequences in atherosclerosis patients.
Nevertheless, this hypothesis is based on current research data, which are mostly focusing
on the HIF-1 signaling pathway, particularly the HIF-1α subunits. Further studies are
needed on other members of the HIF family and the HIF-1α subunits. At the physiological
level, there are numerous mechanisms whose modulation by these transcription factors
may have great potential for treating CVDs such as atherosclerosis [247]. Pulmonary hyper-
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tension (PH) is another CVDs related to HIF-1 modulation. The proliferation of pulmonary
arterial smooth muscle cells (PASMCs) and endothelial cells (Ecs) which are activated by
HIF-1 and HIF-2 transcription, respectively, contributes toward the increase in pulmonary
blood pressure [248]. Strategies that target the inhibition of HIF transcription in PH patients
could be an interesting new perspective in the treatment of hypertension. Notably, it has
been demonstrated that the HIF-2α translation inhibitor compound 76 inhibits HIF-2α, and
it is capable of relieving pulmonary artery blood pressure in different models [249].

6. Conclusions and Future Perspectives

The mechanism of cellular response to O2 deficiency is primarily regulated by the
HIF-1α pathway. Biological studies of HIF-1α have improved the understanding of O2
homeostasis and notably gained much attention recently in many research fields. In this
current review, we highlighted the effect of hypoxia on mitochondrial (dys)function and
inflammation in CVDs and cancer.

We have evidenced how HIF-1α signaling exhibits divergent effects in stimulating
the disease progression or inducing protection after injury in different disease conditions.
This dual role particularly happens when we consider HIF-1α in CVDs and cancer. Indeed,
meanwhile, HIF-1α contributes to cardiac protection in the majority of CVDs, this hypoxic
factor is highly associated to tumor progression, malignancy, and resistance to chemo-
radiation therapy. Regardless of these divergent effects, significant improvements of the
scientific research have permitted to propose the targeting of HIF-1α as a yielding strategy
for the treatment of both CVDs and cancer.

Nevertheless, it is important to keep in mind key aspects when we are approaching
treating cancer or CVDs with innovative therapies. Cancer progression contemplates
different phases, which differ one from the other for several aspects. The term CVDs
embraces at least 13 different conditions, which can affect both heart and blood vessels and
that display its own clinical course. Furthermore, it is also fundamental to consider the
heterogeneity caused by individual differences of the patients.

Only a deeper comprehension of the hypoxia-related mechanisms happening during
the different phases of the tumor and in the single CVDs will really pave the way to endow
and elucidate the great potential therapeutic targets and preventative approaches based on
HIF-1α-modulation.
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Abbreviations

2-HG 2-hydroxyglutarate
2-OG 2-oxoglutarate
4-HNE 4-hydroxynonenal
AKAP121 A-kinase anchor protein 1
APC Adenomatosis Polyposis Coli
ARNT Aryl hydrocarbon receptor nuclear translocator
ATP Adenosine triphosphate
BAP1 BRCA1-associated protein 1
bHLH Basic helix–loop–helix
BNIP3 BCL2 and adenovirus E1B 19-kD-interacting protein 3
C26 Colon cancer
Ca2+ Calcium
CAD Coronary artery disease
CBP/p300 CREB-binding protein
CC Cancer cachexia
CCHD Cyanotic congenital heart disease
CCL-39 Chinese hamster Lung fibroblasts
CH Chronic hypoxia
CHD Coronary heart disease
CKD Chronic kidney disease
CPT1A Carnitine palmitoyltransferase 1A
CVD Cardiovascular disease
DFO Deferoxamine
DRP1 Dynamin-related protein 1
Ecs Endothelial cells
EPO Erythropoietin
ER Endoplasmic reticulum
ERK1/2 Extracellular signal-regulated kinase 1

2
FAO Fatty acid oxidation
FIH Inhibiting HIF
Fis 1 Fission 1 mitochondrial protein
FTH Ferritin Heavy Chain
FUNDC1 FUN14 Domain Containing 1
GCLM Glutamate–cysteine ligase
H2O2 Hydrogen peroxide
HCC Hepatocellular carcinoma
HCT 116 Human colorectal carcinoma
HF Heart failure
HIF-1 Hypoxic-inducible factor-1
HIF-1α Hypoxia-inducible factor 1-alpha
HMGB1 High mobility group box 1
HREs Hypoxic-responsive elements
HSP70 Heat shock protein 70
HSP90 Heat shock protein 90
HUVEC Human umbilical vein endothelial
IHD Ischemic heart disease
IMM Inner mitochondrial membrane
IMS Mitochondrial intermembrane space
iNOS Inducible nitric oxide synthase
ISCU Iron-Sulfur Cluster Assembly Enzyme
JAK2/STAT3 Janus kinase/signal transducer and activator of transcription
KRAS GTPase Kras
LDH-A Lactate dehydrogenase-A
LDH Lactate dehydrogenase
LPS Lipopolysaccharide
LS174 Human colonic adenocarcinoma cells
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LV Left ventricle
MAMs Mitochondria-associated membranes
MAOs Monoamine oxidases
MCF-7 Human breast cancer cells
MCU Mitochondrial calcium uniporter
MDH Malate dehydrogenase
MECs mammary epithelial cells
mETC Mitochondrial electron respiratory chain
MFN1 Mitofusin 1
MI Myocardial infarction
miRs MicroRNAs
MLKL Mixed lineage kinase domain-like
MMP-2 Matrix metalloproteinase
MMP Mitochondrial membrane potential
MMTV-PyMT Mouse mammary tumor virus-polyoma middle tumor-antigen
mPTP Mitochondrial permeability transition pore
MTOR Rapamycin inhibitor rapamycin
mtROS Mitochondrial ROS
MXI1 MAX-interactor 1
NLRs Leucine-rich repeat-containing receptors
NOXs NADPH oxidases
NRFs Nuclear respiratory factors
O2
− Superoxide

O2 Oxygen
ODDD Oxygen-dependent degradation domain
OMM Outer mitochondrial membrane
OSCC Oral squamous cell carcinoma
OXPHOS Oxidative phosphorylation
p70S6K Phospho-p70 S6 Kinase
PAD Peripheral arterial diseases
PASMCs Pulmonary arterial smooth muscle cells
PCR Polymerase chain reaction
PH Pulmonary hypertension
PHDs Propyl-hydroxylases
PGC-1α peroxisome proliferator-activated receptor gamma coactivator 1-alpha
PI3K/AKT Phosphoinositide-3-kinase/Akt
PKA Protein kinase A
PKM2 M2 isoform of pyruvate kinase
PRX/Trx peroxiredoxin/thioredoxin
pVHL Von Hippel–Lindau
RIP1, 3 Receptor-interacting protein 1, 3
RNS Reactive nitrogen species
ROS Reactive oxygen species
SLC7A11 Solute carrier family 7-member 11
SOD Superoxide dismutase
SUM-149 Triple-negative breast cancer cells
TCA Tricarboxylic acid
TFR1 transferrin receptor 1
TGF-β Transforming growth factor beta
TNBC Triple negative breast cancer
TNF Tumor necrosis factor
TRAF6 Receptor-associated factor 6
Tregs regulatory T cells
VDAC1 Voltage-dependent anion-selective channel 1
VGF-A vascular endothelial growth factor-A
WDR26 WD Repeat Domain 26
WNT Wingless-related integration site
∆Ψm Mitochondrial membrane potential
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Simple Summary: Cardiac fibrosis is a vital pathophysiologic change in heart disease, which eventu-
ally leads to heart failure. Several molecular mechanisms positively or negatively regulate myocardial
fibrosis, among which long noncoding RNAs have gained increased attention. We summarize the
contributions of lncRNAs to miRNA expression, TGF-β signaling, and ECMs synthesis, with a partic-
ular attention on the exosome-derived lncRNAs in the regulation of adverse fibrosis as well as the
mode of action of lncRNAs secreted into exosomes. We also discuss how the current knowledge on
lncRNAs can be applied to develop novel therapeutic strategies. This study may provide clues for
the prevention and therapy of cardiac fibrosis.

Abstract: Cardiac fibrosis remains an unresolved problem in cardiovascular diseases. Fibrosis of the
myocardium plays a key role in the clinical outcomes of patients with heart injuries. Moderate fibrosis
is favorable for cardiac structure maintaining and contractile force transmission, whereas adverse
fibrosis generally progresses to ventricular remodeling and cardiac systolic or diastolic dysfunction. The
molecular mechanisms involved in these processes are multifactorial and complex. Several molecular
mechanisms, such as TGF-β signaling pathway, extracellular matrix (ECM) synthesis and degradation,
and non-coding RNAs, positively or negatively regulate myocardial fibrosis. Long noncoding RNAs
(lncRNAs) have emerged as significant mediators in gene regulation in cardiovascular diseases. Recent
studies have demonstrated that lncRNAs are crucial in genetic programming and gene expression during
myocardial fibrosis. We summarize the function of lncRNAs in cardiac fibrosis and their contributions to
miRNA expression, TGF-β signaling, and ECMs synthesis, with a particular attention on the exosome-
derived lncRNAs in the regulation of adverse fibrosis as well as the mode of action of lncRNAs secreted
into exosomes. We also discuss how the current knowledge on lncRNAs can be applied to develop novel
therapeutic strategies to prevent or reverse cardiac fibrosis.

Keywords: cardiac fibrosis; lncRNAs; TGF-β; ECMs; exosome

1. Introduction

The essential function of the heart is to supply sufficient blood to peripheral organs
and tissues during both normal and stress conditions. Normal arrangement of individual
cardiomyocytes and constant transmission of contractile force are necessary to maintain
cardiac structure and function. Cardiac fibrosis is initially beneficial for cardiac structure
maintaining and contractility through controlling the arrangement of cardiomyocytes and
maintaining normal structure of left ventricle. However, sustained fibrosis will lead to
stiffness of the ventricular wall and generally progress to deterioration of both cardiac
systolic and diastolic function [1,2]. The pathophysiologic mechanisms of cardiac fibrosis
are diverse and complex [3]. In myocardial infarction or myocarditis, necrotic cardiomy-
ocytes are usually replaced by scar tissue. This type of fibrosis is considered as replacement
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fibrosis, which reflects the regenerative capacity of the heart upon injury. In addition to
cardiac structural damage, replacement fibrosis predominantly reduces systolic dysfunc-
tion as compared with diastolic function [4]. The other type of cardiac fibrosis is diffuse
myocardial fibrosis, which is characterized by the excessive deposition of collagen fibers
(such as collagen I, II, III, and IV) or other extracellular matrix proteins such as fibronectin
(FN) and matrix metalloproteinases (MMPs). This type of fibrosis is usually present in
chronic cardiovascular diseases, such as hypertension, diabetic cardiomyopathy, atrial
fibrillation, and hypertrophic cardiomyopathy [1,5–7]. On the converse of replacement
fibrosis, diffuse myocardial fibrosis typically reduces left ventricular diastolic function and
is less pronounced on systolic function [8]. The differential pathophysiology and clinical
course of cardiac fibrosis resulting from the changed structural quality and various fibrillary
composition should be considered separately when exploring their pathophysiological
processes [9,10].

Activated cardiac fibroblasts (CFs) as well as myofibroblasts are the main cellular effec-
tors in the occurrence and progression of cardiac fibrosis. CFs are a subclass of interstitial
cells, which produce several ECM proteins, including collagens of types I, III, IV, and V [11,12].
Under normal conditions, the ECMs not only serve as a mechanical scaffold to maintain
cardiomyocyte architecture, but also control the transmission of contractile force [13]. In
the injured heart, the proliferation and differentiation of fibroblasts into myofibroblasts lead
to excessive ECMs synthesis and deposition, which disrupt the arrangement of myocytes
and conversely attenuate the transmission of contractile force [14,15]. In addition, the in-
creased proliferation of fibroblasts or myofibroblasts also contribute to the progress of fibrosis.
Apart from the fibroblasts, other cell populations, such as myocytes, endothelial cells, and
inflammatory cells, etc., may also contribute to the pathogenesis of myocardial fibrosis [16,17].
Fibroblasts dynamically interact with the various cardiac cell populations in various ways,
such as mechanical, chemical, and electrophysiological, to alter gene expression and cellular
behavior [18]. Endothelial cells, immune cells, and vascular smooth muscle cells also secrete
molecular signals that regulate the growth or apoptosis of CFs and control fibroblast behaviors
or gene expression [16]. Myocardial fibrosis is multifactorial, with various cell populations,
factors, and signaling pathways involved.

Over the past few years, various noncoding RNAs, such as miRNAs, circRNAs, and
lncRNAs, have been identified with significant roles in cardiac fibrosis. Long non-coding
RNAs (lncRNAs) are a class of nucleic acids with lengths of more than 200 nt which have no
capacity to code proteins or peptides. They play crucial roles in the progress of embryonic
development, cell growth, and differentiation through regulating gene expression at the
transcriptional level, post-transcriptional level, or maintaining the stability of RNAs or
proteins [19,20]. To date, with development of next-generation sequencing, an increasing
number of lncRNAs have been identified with significant roles in the pathogenesis of
myocardial fibrosis [21–23]. In this study, we summarize the functions and mechanisms
of lncRNAs in cardiac fibrosis and discuss the underlying signaling pathways, with a
particular emphasis on the exosome-derived lncRNAs in regulation of fibrosis as well as
the mode of lncRNAs secreted into exosomes. Better understanding of the functions of
lncRNAs might lead to novel therapeutic approaches for reversing cardiac fibrosis and
preventing detrimental outcomes.

2. Characteristics of lncRNAs

The ENCODE project indicates that up to 80% of the human genome do not have the
function of coding proteins, which may play a significant role in regulating gene expres-
sion [24]. The transcripts of most of these genes are non-coding RNAs (ncRNAs) including
rRNAs, tRNAs, circRNAs, microRNAs, and lncRNAs, etc. [25–27]. The FANTOM consor-
tium produces a comprehensive picture of the mammalian transcriptome and publishes
34,030 lncRNAs in mice based on the cDNA sequencing [28]. The number of known human
lncRNA transcripts are over 173,000 based on data from the NONCODE database [29,30].
According to the association with annotated protein-coding genes, lncRNAs are classi-
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fied as intergenic transcripts, and sense or antisense transcripts that overlap other coding
genes [31,32]. According to the association with subcellular structures, lncRNAs are also
classified as chromatin-associated RNAs, chromatin-interlinking RNAs, nuclear bodies
associated RNAs and cytoplasmic transcripts [32–34] (Figure 1). Although there are a high
number of lncRNAs continually being identified, most are not validated and their functions
are largely unknown.

Biology 2023, 12, x FOR PEER REVIEW 3 of 15 
 

 

transcriptome and publishes 34,030 lncRNAs in mice based on the cDNA sequencing [28]. 

The number of known human lncRNA transcripts are over 173,000 based on data from 

the NONCODE database [29,30]. According to the association with annotated protein-

coding genes, lncRNAs are classified as intergenic transcripts, and sense or antisense 

transcripts that overlap other coding genes [31,32]. According to the association with 

subcellular structures, lncRNAs are also classified as chromatin-associated RNAs, 

chromatin-interlinking RNAs, nuclear bodies associated RNAs and cytoplasmic 

transcripts [32–34] (Figure 1). Although there are a high number of lncRNAs continually 

being identified, most are not validated and their functions are largely unknown. 

 

Figure 1. Classification of lncRNAs according to the subcellar localization. LncRNAs resident in the 

nucleus mainly function through regulating chromatin imprinting, controlling genes at 

transcriptional or post-transcriptional levels, or serving as enhancers. Cytoplasm-located lncRNAs 

through binding with proteins or RNAs to regulate miRNAs expression, mRNA stability or 

translation, and protein modification. 

LncRNAs have a great diversity of important functions in body development, 

regulation of the cell cycle and apoptosis, cellular metabolism, inflammatory response, 

and tissue homeostasis [35–37]. They have been found with vital roles in mammalian gene 

regulation through various pathways, such as genomic imprinting, chromatin 

modification, mRNA decay, protein translation, and miRNA sponges [38–41]. Nuclear 

lncRNAs usually regulate gene expression through chromatin modification. For instance, 

the X inactive-specific transcript (Xist) gene regulates mammal X chromosome activation 

through producing a long noncoding RNA that modifies underlying chromatin and 

reduces X-linked gene expression [42–44]. LncRNA NORAD controls genomic stability 

through sequestering PUMILIO (pumilio-fem3-binding factor) proteins, which represses 

the stability and translation of mRNAs. Silencing of NORAD, PUMILIO drives 

chromosomal instability by inhibiting DNA repair [45,46]. Some lncRNAs also control 

gene expression by regulating the stability of mRNAs or modification of proteins. For 

example, lncRNA ZFAS1 is elevated in colorectal cancer. Knockdown of ZFAS1 decreases 

the RNA stabilization of SNORD12C/78 and NOP58 through binding with snoRNP to 

induce 2′-O-Me of 28S rRNA, which eventually inhibits the proliferation and invasion of 

colorectal cancer cells [47]. LncRNA LINRIS is up-regulated in colorectal cancers. LINRIS 

Figure 1. Classification of lncRNAs according to the subcellar localization. LncRNAs resident in the
nucleus mainly function through regulating chromatin imprinting, controlling genes at transcrip-
tional or post-transcriptional levels, or serving as enhancers. Cytoplasm-located lncRNAs through
binding with proteins or RNAs to regulate miRNAs expression, mRNA stability or translation, and
protein modification.

LncRNAs have a great diversity of important functions in body development, regula-
tion of the cell cycle and apoptosis, cellular metabolism, inflammatory response, and tissue
homeostasis [35–37]. They have been found with vital roles in mammalian gene regulation
through various pathways, such as genomic imprinting, chromatin modification, mRNA
decay, protein translation, and miRNA sponges [38–41]. Nuclear lncRNAs usually regulate
gene expression through chromatin modification. For instance, the X inactive-specific
transcript (Xist) gene regulates mammal X chromosome activation through producing
a long noncoding RNA that modifies underlying chromatin and reduces X-linked gene
expression [42–44]. LncRNA NORAD controls genomic stability through sequestering
PUMILIO (pumilio-fem3-binding factor) proteins, which represses the stability and trans-
lation of mRNAs. Silencing of NORAD, PUMILIO drives chromosomal instability by
inhibiting DNA repair [45,46]. Some lncRNAs also control gene expression by regulat-
ing the stability of mRNAs or modification of proteins. For example, lncRNA ZFAS1 is
elevated in colorectal cancer. Knockdown of ZFAS1 decreases the RNA stabilization of
SNORD12C/78 and NOP58 through binding with snoRNP to induce 2′-O-Me of 28S rRNA,
which eventually inhibits the proliferation and invasion of colorectal cancer cells [47].
LncRNA LINRIS is up-regulated in colorectal cancers. LINRIS reduces IGF2BP2 mRNA
expression levels by inhibiting the ubiquitin of IGF2BP2 on K139 sites to maintain its
stability [48]. Another function of lncRNA is the competitive endogenous RNA (ceRNA).
LncRNAs might suppress the activity of microRNA (miRNA) through serving as sponge
RNAs, which lead to miRNA target gene expression increasing [49]. A new lncRNA, named
MAR1 (muscle anabolic regulator 1), is significantly up-regulated in myogenesis. MAR1
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enhances skeletal muscle strength by sponging miR-487b to regulate Wnt5A expression [50].
Another example of this type of lncRNA is Mirf. Silencing of Mirf promotes autophagy
by reducing miR-26a expression in vivo and in vitro [51]. Although non-protein coding
potential is a significant characteristic of lncRNAs, some of them might function in biologi-
cal processes through producing peptides or proteins [52]. LncRNA DWORF (dwarf open
reading frame) encodes a peptide of 34 amino acids. Silencing of DWORF in skeletal muscle
inhibits Ca2+ clearance and suppresses the Ca2+ adenosine triphosphatase activity [53].

In the cardiovascular system, several lncRNAs, such as H19, HOTAIR, MIAT, etc., are
abundantly expressed in myocardial tissues [37,54–56]. Previous studies have detected and
characterized the expression and function of lncRNAs under physiological conditions or
in disease states [57–59]. Several lncRNAs have been found with potential roles in heart
disease or their expression levels are correlated to disease progression, especially in cardiac
fibrosis [60,61]. In this review, the functions, mechanisms, and therapeutic potential of
lncRNAs in regulating myocardial fibrosis are summarized and discussed in detail.

2.1. LncRNAs Serve as ceRNAs in Controlling Cardiac Fibrosis

Competing endogenous RNAs (ceRNAs) usually regulate gene expression via spong-
ing microRNAs (miRNAs) at the post-transcriptional levels. LncRNAs might serve as
ceRNAs to control miRNA expression and subsequently regulate mRNAs translation
and degradation [62]. Homeostatic imbalance in lncRNA–miRNA interaction results in
physiological alterations inside the cells and tissues leading to the occurrence of the heart
disease [23,63]. To date, significant functions of lncRNA–miRNA interaction in the patho-
genesis of myocardial fibrosis are reported by several studies (Figure 2).
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Figure 2. LncRNAs regulate cardiac fibrosis by serving as miRNA sponges. Various lncRNAs have
been identified with crucial roles in cardiac fibroblasts by regulating miRNAs expression, which
subsequently controls the target gene’s expression, and eventually regulates cardiac fibrosis.

In diabetic cardiomyopathy (DCM) [64], lncRNA Kcnq1ot1 (KCNQ1 antisense tran-
script 1) is significantly up-regulated in myocardial tissues or cardiac fibroblasts treated
with glucose. Silencing of Kcnq1ot1 represses the TGF-β signaling pathway via sponging
miR-214-3p to suppress the target gene caspase-1 expression [65]. Another example of
lncRNA–miRNA interaction in DCM is lncRNA GAS5. Knockdown of GAS5 efficiently
attenuates cardiomyocyte injury and myocardial fibrosis via negatively regulating miR-
26a/b-5p expression [66]. Similar molecular mechanisms are also observed in myocardial
infarction (MI) [67]. Pro-fibrotic lncRNA (PFL) expression is elevated in the heart of mice
induced by MI. Overexpression of PFL promotes cardiac fibrosis through increasing the
viability of CFs and promoting the transition of fibroblast into myofibroblast via sponging
let-7d, leading to increased platelet-activating factor receptor (PTAFR) expression [68].
LncRNA small nuclear RNA host gene 7 (SNHG7) is up-regulated in the infarcted area
from left ventricle of mice after MI. Luciferase assay indicates that SNHG7 function through
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sponging miR-34-5p, which leads to the increased expression of ROCK1 (Rho-associated,
coiled-coil domain containing protein kinases) [69]. LncRNA–miRNA interaction is also
reported in atrial fibrillation (AF). Increased expression of lncRNA plasmacytoma variant
translocation 1 (PVT1) is detected in AF and positively correlated with collagens expression
levels. PVT1 overexpression aggravates Ang-II-induced atrial fibroblasts proliferation,
collagens production, and TGF-β1 signaling activation by sponging miR-128-3p to facil-
itate specificity protein 1 (Sp1) expression [70,71]. LncRNA nuclear-enriched abundant
transcript 1 (NEAT1) is up-regulated in atrial tissues of AF patients. NEAT1 knockdown
improves Ang II-induced mouse atrial fibrosis via negatively regulating miR-320 expression
leading to the up-regulation of neuronal PAS domain protein 2 (NPAS2) [72]. The above
studies have revealed specific lncRNAs which when elevated function as miRNA sponges
to mediate fibrotic processes associated with varied cardiac diseases.

However, the underlying mechanisms are largely undefined, and some concerns
should be under consideration when exploring the role of lncRNA–miRNA interaction in
myocardial fibrosis. Firstly, the physiological interactions between lncRNAs and miRNAs
in normal CFs are rarely illuminated. LncRNAs, down-regulated in myocardial fibrosis,
might disturb the physiological lncRNA–miRNA interaction networks, thus promoting the
expression of miRNAs, and subsequently repressing the downstream mRNA translation.
Secondly, the abundance of lncRNAs resident in the cells should be sufficient. Low levels
of lncRNAs might fail to completely sponge high abundant miRNAs. Moreover, ceRNA
activity is also influenced by other multiple factors such as the subcellular localization of
ceRNA components, binding affinity of miRNAs to lncRNAs, RNA secondary structures,
and RNA-binding proteins [73–75].

2.2. LncRNAs Regulate Cardiac Fibrosis through TGF-β Signaling Pathways

Transforming growth factor β (TGF-β) stimulation triggers CFs proliferation and
activation, including ECM proteins synthesis and deposition as well as fibroblast-to-
myofibroblast differentiation [76,77]. The TGF-β receptor is a dimeric receptor complex
whose activation promotes the phosphorylation of Smad2/3 transcription factors through
the canonical signaling pathway [78]. Phosphorylated Smads (Smad2, 3, and 4) transfer
signal messages to the nucleus and promote gene transcription [79,80]. Fibroblast-specific
silencing of TGF-β receptors markedly reduce the pressure overload-induced fibrotic
response [81–83]. Knockout of Smad2/3 in fibroblasts reduces the expression of fibrosis-
related genes and alleviates injury-induced cellular proliferation within the heart [84,85].

The essential interplay between lncRNA and TGF-β signaling has been widely re-
ported [86]. TGF-β upregulates lncRNA expression in various cancers such as lung cancer,
breast cancer, and hepatocellular carcinoma [87–89]. In addition to being effectors of TGF-β
signaling, several lncRNAs are reported to regulate TGF-β signaling pathway through
various mechanisms. For example, lncRNA LINC00941 stimulates epithelial-mesenchymal
transition by directly binding with Smad4 and competing with β-trcp (beta-transducing
repeat containing E3 ubiquitin) to prevent the degradation of Smad4 protein, which even-
tually activates the TGF-β signaling pathway [90]. However, the interaction between
lncRNAs and TGF-β signaling in myocardial fibrosis is rarely discussed in detail.

In myocardial fibrosis, TGF-β stimulates several lncRNAs expression in vitro and
in vivo. The increased expression of Neat1 is detected in the heart tissue from transverse aor-
tic constriction surgery-induced mice and TGF-β1 treated cardiac fibroblasts. Neat1 recruits
Ezh2 to the promoter of Smad7 resulting in decreased Smad7 expression [91]. LncRNA Safe
is up-regulated in TGF-β-induced cardiac fibrosis and myocardial infarction [92]. However,
the underlying mechanism of TGF-β in regulating lncRNAs expression is not currently
known. Smad2/3 proteins phosphorylated by TGF-β might be involved in provoking
the transcription of lncRNAs. In addition, activation of the TGF-β receptors also initiate
noncanonical signaling to promote the activation of the MAPK, p38, JNK1/2, and ERK1/2
signaling pathways [93,94], which are crucial factors in regulating fibrosis-associated gene
expression. More work is still required to answer these questions.
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Conversely, lncRNAs also stimulate the activation of TGF-β signaling pathway. The
expression of long noncoding RNA AK081284 is up-regulated in cardiac fibroblasts treated
with IL-17 or high glucose. Overexpression of AK081284 in cardiac fibroblasts promotes
the production of collagens and TGF-β1, while AK081284 silencing reduces collagen and
TGF-β1 expression [95]. LncRNA Cfast (cardiac fibroblast-associated transcript) is signifi-
cantly up-regulated during myocardial infarction. Silencing of Cfast results in reduction
of fibrosis-related gene expression and the transdifferentiation of myofibroblasts into fi-
broblasts. Cfast inhibits the interaction between COTL1 (coactosin-Like protein 1) and
TRAP1 (transforming growth factor-β receptor-associated protein 1), which eventually
activates the TGF-β signaling pathway [96]. In addition, overexpression of lncRNA GAS5
suppresses TGF-β-induced fibroblast to myofibroblast differentiation. GAS5 directly binds
and promotes SMAD3 binding to protein phosphatase 1A (PPM1A), and thus accelerates
SMAD3 dephosphorylation in fibroblasts induced by TGF-β [97]. Increased expression of
lncRNA Safe is detected in fibrotic ventricular tissues induced by myocardial infarction.
Knockdown of Safe prevents TGF-β-induced fibroblast to myofibroblast transition and
extracellular matrix proteins production by inhibiting neighboring gene SFRP2 (secreted
frizzled-related protein 2) expression [92].

The potential mechanisms involved in these processes must also be systematically
explored. LncRNAs resident in the nuclear of fibroblasts may regulate TGF-β signaling
pathway-associated gene expression through epigenic or transcriptional regulation. Cyto-
plasmic lncRNAs may regulate gene expression by controlling the translation or metabolism
of RNAs or proteins.

2.3. LncRNAs Control Cardiac Fibrosis by Regulating ECM Gene Expression

In myocardium, excessive synthesis and deposition of extracellular matrix (ECM) pro-
teins are the significant characteristics of myocardial fibrosis. Cardiac ECMs are primarily
composed of fibrillar collagens, especially for type I and III, which are the principal proteins
in maintaining cardiac structure and function [98]. Cardiac ECMs also contain nonstruc-
tural matricellular glycoproteins, proteoglycans, and glycosaminoglycans. The synthesis
and degradation of ECMs are predominately regulated by metalloproteinases (MMPs) [99].
The balance between ECMs synthesis and degradation is of crucial importance in cardiac
structural integrity and formation of fibrosis. However, to date, few studies systematically
elaborate the functions and mechanisms of lncRNAs in these processes.

In myocardial fibrosis, lncRNAs display potential functions in regulating the expres-
sion of ECM genes. Bioinformatics analysis indicates that the differentially expressed
lncRNAs and extracellular matrix (ECM) protein coding genes revealed a strong associ-
ation between lncRNAs and ECMs [100]. LncRNA H19 directly binds and antagonizes
YB-1 (Y-Box binding protein 1) under hypoxia, which results in the de-repression of colla-
gen 1A expression and cardiac fibrosis [101]. Myocardial infarction associated transcript
(MIAT) is up-regulated in myocardial infarction heart tissues. Down-regulation of MIAT
alleviates cardiac fibrosis and improves cardiac function by regulating the expression of the
fibrosis-related regulators [102]. LncRNA Wisper (Wisp2 super-enhancer-associated RNA)
expression is enriched in CFs and elevated in a murine model of MI. Wisper regulates
cardiac fibroblasts survival and behavior by regulating lysyl hydroxylase 2 expression [70].
Silencing of lncRNA Meg3 prevents cardiac MMP-2 production, decreases cardiac fibro-
sis, and improves diastolic function in mice induced by transverse aortic constriction
surgery [103]. Knockdown of lncRNA MALAT1 prevents fibroblast proliferation, and
ECMs production in AngII-treated cardiac fibroblasts [23].

Although these studies indicate that ECM genes are dysregulated upon lncRNAs
stimulation, it seems more likely that the synthesis of ECMs is a common change of
myocardial fibrosis induced by lncRNAs. Whether lncRNA have a direct role in controlling
ECM genes expression is still a mystery.
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2.4. Exosome-Derived LncRNAs Regulate Cardiac Fibrosis

A number of studies have indicated that lncRNAs significantly regulate fibrosis by
being expressed within fibroblasts and have a direct effect on ECM gene expression, TGF-β
signaling pathway, and proliferation of fibroblasts or transition to myofibroblast. These
effects are also proposed to be mediated by paracrine communication between donor and
recipient cells, especially in cardiomyocytes and fibroblasts. Increasing evidence attaches
much importance of noncoding RNAs, such as miRNAs, circRNAs, and lncRNAs, in the
communication between cells by way of extracellular vesicle-mediated transfer from donor
cells to the recipient cells [104–107]. This has been considered an important behavior of
cardiac cells to communicate with each other and respond to cardiac injuries [108,109]. Pre-
vious studies have already confirmed the existence of exosomes in heart tissues and vessel
walls using electron micrographs [110]. Fibroblasts and cardiomyocytes might interact with
each other through the transfer of extracellular vesicles containing lncRNAs [111].

Involvement of lncRNAs in the crosstalk between cardiac fibroblasts and other cell
populations have already been reported in recent years. Exosomes-containing lncRNA
ZFAS1 induces cardiac fibrosis via the Wnt4/β-catenin signal pathway by sponging miR-
4711-5p in cardiac fibroblasts [112]. LncRNA MIAT is up-regulated in serum-derived
extracellular vesicles (EVs) from AF patients. MIAT aggravates the atrial remodeling and
promotes AF by binding with miR-485-5p [113]. Neat1 is obviously up-regulated by P53
and HIF2A in cardiomyocytes in response to hypoxia and is enriched in cardiomyocyte-
derived exosomes. Neat1 is essential for cell survival and fibroblast functions. Genetic
knockout of Neat1 impairs cardiac function during myocardial infarction [111] (Figure 3
and Table 1).
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Figure 3. LncRNAs regulate cardiac fibrosis through promoting ECMs production, activating TGF-
β signaling pathways or secreting into exosomes. Panel A: On the one hand, TGF-β regulates
lncRNAs expression (left) and on the other hand lncRNAs also stimulate TGF-β activation (right).
Panel B: LncRNAs regulates ECMs (collagens, SMA, and MMPs) production through various path-
ways. Panel C: Exosome-derived lncRNAs released from donor cells are accepted by fibroblasts and
regulate cardiac fibrosis by targeting miRNAs.

Table 1. The functions and mechanisms of lncRNAs in cardiac fibrosis.

LncRNA Name Expression Experimental
Model Targeted Genes Effects Exosomes

Kcnq1ot1 Up-regulated DCM miR-214-3/Caspase1 TGF-β1 signaling No

GAS5 Up-regulated DCM miR-26a/b-5p/
Caspase3 Fibrosis and apoptosis No

PFL Up-regulated MI Let-7d/PTAFR TGF-β1-induced fibrogenesis No
SNHG7 Up-regulated MI miR-34-5p/ROCK1 Fibroblast-to-myofibroblast transition No

PVT1 Up-regulated AF miR-128-3p/SP1 TGF-β1 signaling No
NEAT1 Up-regulated AF miR-320/NPAS2 Atrial fibrosis No

AK081284 Up-regulated DCM TGF-β1 Collagen I and III production No
CFAST Up-regulated MI COTL1 Enhances TGF-β signaling No
SAFE Up-regulated MI SFRP2 Fibroblast to myofibroblast transition No
H19 Up-regulated MI YB-1 Reduction of collagen 1A expression No

Wisper Up-regulated MI LH2 CF behavior and survival No
Meg3 Down-regulated MMP-2 Diastolic performance No
ZFAS1 Up-regulated DCM miR-4711-5p Wnt4/β-catenin signal pathway Yes
MIAT Up-regulated AF miR-485-5p Atrial remodeling Yes
Neat1 Up-regulated MI CDK1 Fibroblast and cardiomyocyte survival Yes

DCM: Diabetic cardiomyopathy. MI: Myocardial infarction. AF: Atrial fibrillation.
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2.5. The Way of LncRNAs Secreted into Exosomes

A variety of vesicles with different sizes and contents have been identified in the
eukaryotic cells and tissues, including exosomes, micro-vesicles, ectosomes, apoptotic
bodies, etc. [114]. Exosomes are a class of vesicles with diameters of 40 nm to 100 nm, which
can be secreted by almost all cells and tissues in the body. The generation of exosomes is
complex and diverse, and several molecules and physiological process are involved. In
brief, vesicular endosomes uptake proteins or RNAs, followed by fusion with plasma mem-
brane. Then, the vesicles (exosomes) are released from the donor cells by exocytosis [108].
Exosomes can fuse with live cells, transferring their cargo of lipids, glucose, proteins,
and RNAs to the acceptor cells. To date, the functions of exosomal miRNAs have been
well studied in various disease conditions, such as cancers, inflammation responses, and
cardiovascular diseases. However, how RNAs (miRNAs and lncRNAs) are released into
exosomes is still under investigation. Studies indicate that the specific motifs recognized
by the RNA-binding proteins (RBPs) might be the determinant of miRNAs secreting into
exosomes. For example, the ‘GGAG’ motif involved in miRNAs is bound by hnRNPA2B1
(a heterogeneous nuclear riboprotein), which directs miRNA trafficking to exosomes [115].

One database, named exoRBase, indicates that almost 15,500 lncRNAs have been
identified in human blood exosomes [116]. How these lncRNAs are secreted into the
exosome is rarely illuminated. Specific motifs present in certain lncRNAs may guide their
sorting to exosomes through the interaction with specific RNA-binding proteins. Other
reports find that lncRNA sorting to exosomes is regulated by changes of targeted transcript
levels in the receiving cells [117]. Studies also indicate that lncRNAs with 3′ end uridylated
appear over-represented in exosomes [118]. In addition, lncRNAs may also conversely
regulate the secretion of exosomes. The biogenesis and secretion of exosomes involve
various sorting machineries, including endosomal sorting complex required for transport
(ESCRT)-dependent processes [119]. Phosphorylation of synaptosome associated protein
23 (SNAP23) increases exosome production and secretion [120]. For instance, lncRNA
HOTAIR promotes the secretion of exosomes through inhibiting VAMP3 and SNAP23
colocalization to induce multivesicular bodies (MVBs) fusion with plasma membrane [121].

Although exosome-associated lncRNAs have been recently reported with potential
roles in the pathogenesis of disease such as cardiac fibrosis, some concerns still need to be
considered when studying the functions of lncRNAs resident in exosomes. Unlike miRNAs,
lncRNAs always have a long sequence or complex secondary structure, which may limit
their secretion into exosomes. LncRNAs usually bind with several proteins or miRNAs,
which may hinder their secretion into exosomes. In addition, the present evidence about
lncRNAs resident in exosomes is usually obtained from qPCR experiments, which might
make the results unreliable.

2.6. LncRNAs Serve as Potential Therapeutic Targets

In the last few years, many efforts have been made on the application of RNA-based
therapeutics in clinical practice. Chemically modified oligonucleotides and cellular RNAs
are important parts of lncRNA-targeted therapeutics [122]. Antisense oligonucleotides
(ASOs), a set of single-stranded DNA molecules, are complementary to target mRNA. ASOs
cause mRNA degradation or pre-mRNA splicing to block protein translation [123,124]. An
interesting development in biological progress is the use of natural antisense transcripts
oligonucleotide. Several lncRNAs are the antisense transcripts of coding genes and are
fully complementary to the target mRNA, which may be applied for natural antisense
oligonucleotide. For example, over-expression of lncRNA BDNF-AS (antisense of brain-
derived neurotrophic factor, BDNF) reduces BDNF expression, while silencing of this
transcript increases BDNF expression and promotes neuronal differentiation [125].

MiRNA sponges are RNA molecules that contain several specific sequences which
are complementary to miRNAs [126–128]. MiRNA sponges can be ideal tools for loss-of-
function studies in science research. For instance, miR-181-sponge containing 10 repeated
complementary miR-181 sequences significantly suppresses miR-181 expression in H9c2
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cells and leads to decreased production of reactive oxygen species by upregulating target
mRNA mt-COX1 expression [129]. In the heart, silencing of miR-34a using miRNA sponges
is protective, whilst sustained inhibition of miR-34 may be deleterious due to its tumori-
genicity [130]. Obese mice benefit from miR-122 antisense oligonucleotides treatment, as
reflected by the decreased plasma cholesterol levels and liver steatosis improvement [131].
The miRNA-sponge characterization of lncRNAs indicates the potential possibility for
clinical treatment.

Overall, lncRNAs are attractive approaches for disease treatment in clinical practice,
such as heart failure, hypertension, and cardia fibrosis. To date, no lncRNA-associated
drugs have been applied in clinical trials due to the limited efficacy and potential toxicity.

3. Conclusions

Myocardial fibrosis is the final step in cardiac remodeling in several cardiovascular
diseases, such as myocardial infraction, diabetic cardiomyopathy, atrial fibrillation, and
heart failure. Excessive fibrosis in heart tissue renders the myocardium stiffer mechani-
cally and contributes to the deterioration of both systolic and diastolic function. Various
molecules and signaling pathways are involved in the formation of cardiac fibrosis. TGF-β
signaling pathway and ECMs produced by the activated fibroblasts or myofibroblasts play
significant roles in the pathogenesis of cardiac fibrosis [132]. Modulation of TGF-β signaling
and ECM gene expression is a vital contribution of lncRNAs in this process. However,
details of the mechanisms which enable lncRNAs to regulate TGF-β or ECMs production
remain a mystery. LncRNAs may partly function via chromatin modification, transcription
regulation, and post-transcriptional modification in myocardial fibrosis [133]. Besides the
direct roles of lncRNAs in fibroblasts or myofibroblasts, they also function through indirect
ways by interacting with other cell types, for example, releasing into exosomes to alter
cellular behaviors. Non-coding RNAs such as miRNAs, circRNAs, and lncRNAs have
been identified as present in the exosomes derived from other cell populations (myocytes,
endothelial cells, etc.). Exosome-containing lncRNAs released from the donor cells are
ingested by the fibroblasts, which may influence the progress of fibrosis [134,135]. Our
understanding of non-coding RNAs involved in cell-to-cell interactions in cardiac fibrosis
is still relatively limited. A comprehensive understanding of the function and mechanisms
of lncRNAs in myocardial fibrosis holds the key for disease prevention and treatment.

Since the discovery of lncRNAs as master regulators in cardiac fibrosis, their utilization
for myocardium remodeling diagnosis and clinical treatment strategies is increasingly
employed. However, no ongoing clinical trials are currently underway due to the dose-
effect, off-target effects, and potential toxicity. The mechanistic importance as well as
diagnostic and therapeutic utility of lncRNAs in cardiac fibrosis needs to be further studied.
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Simple Summary: We found higher levels of six biomarkers significantly involved in cardiovascular
pathology, i.e., irisin, periostin, osteoglycin, interleukin 18, high mobility group box 1 and proprotein
convertase subtilisin/kexin type 9 in the serum at the protein level, and in the tissue at both the
protein and mRNA levels of patients with AS (N = 60). Higher levels of all factors were found in DAS
patients’ serum than in normal C (N = 22). All biomarkers were seen in the aortic valve cusps with
DAS, but no trace of PCR mRNA was found in the five transplantation valves.

Abstract: Background and Aim. Degenerative Aortic Stenosis (DAS) is a common disease that causes
substantial morbidity and mortality worldwide, especially in the older population. Our aim was
to further investigate novel serum and tissue biomarkers to elucidate biological processes involved
in this entity. Material and Methods. We evaluated the expression of six biomarkers significantly
involved in cardiovascular pathology, i.e., irisin, periostin, osteoglycin, interleukin 18, high mobility
group box 1 and proprotein convertase subtilisin/kexin type 9 in the serum at the protein level, and
in the tissue at both the protein and mRNA levels of patients with AS (N = 60). Five normal valves
obtained after transplantation from hearts of patients with idiopathic dilated cardiomyopathy were
also studied. Serum measurements were also performed in 22 individuals without valvular disease
who served as controls (C). Results. Higher levels of all factors were found in DAS patients’ serum
than in normal C. IHC and PCR mRNA tissue analysis showed the presence of all biomarkers in the
aortic valve cusps with DAS, but no trace of PCR mRNA was found in the five transplantation valves.
Moreover, periostin serum levels correlated significantly with IHC and mRNA tissue levels in AS
patients. Conclusion. We showed that six widely prevalent biomarkers affecting the atherosclerotic
process were also involved in DAS, suggesting a strong osteogenic and pro-inflammatory profile,
indicating that aortic valve calcification is a multifactorial biological process.

Keywords: valvular heart disease; degenerative aortic valve stenosis; biomarkers; irisin; periostin;
osteoglycin; IL-18; HMGB-1; PCSK9

1. Introduction

The interest in degenerative aortic stenosis (DAS) remains unabated, since it is an
increasingly frequent cause of cardiac morbidity and mortality [1,2]. In a U.S. population
study, its prevalence was 2.8% for peoples aged > 75 years [3]. It is correlated to atheroscle-
rotic vascular disease, with many factors being prevalent in both conditions [1,2]. However,
Ortlepp et al. [4] point out, that the predictive power of risk factors is not equal for the
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two entities. It is currently being accepted that DAS is not a passive process, but involves
many mechanisms, such as lipoprotein profile derangement, oxidation, inflammation and
valvular cell apoptosis [5–7]. All these are compounded by hemodynamic factors, since
the initial valve sclerosis causes flow turbulence and nonlinear flow promoting further
progress of the sclerosis/calcification process [1,6].

Livia Passos et al. [8] argue that cardiovascular calcification is an inflammatory disease,
through crosstalk between innate and adaptive immune cell components.

A great number of biomarkers has been studied in DAS.
The purpose of our study is to identify additional serum and tissue biomarkers

involved in patients with DAS, and also to investigate the correlation between their tissue
and serum levels. Since 2015 we have been investigating tissue and serum biomarkers
in this entity. We have shown that patients with DAS express more pro-inflammatory,
calcification, fibrosis, proliferation and apoptosis biomarkers. We have also shown that
Toll-like receptors and interleukin-37 are differentially expressed in aortic compared to
mitral valves, indicating a higher pro-calcific and pro-inflammatory process in the aortic
valve [7], in addition to the hemodynamic factors and the turbulent aortic flow.

Trying to obtain further insight in the calcification process we measured six biomarkers
in the tissue of stenotic aortic valves excised at surgery for aortic valve replacement and
compared them to normal aortic valves obtained at cardiac transplantation.

These six biomarkers were also measured in the serum of patients and controls without
any cardiovascular disease; the reasons for their inclusion are explained below.

1.1. Irisin Levels

The myokine irisin, which is cleaved from the plasma membrane FNDC5, is more
highly expressed in cardiac muscle than in skeletal [9]. It is also highly elevated in patients
with heart failure and preserved ejection fraction (EF) more than in those with reduced EF;
in the former, it correlated with total antioxidant capacity [10]. Irisin is increased in acute
heart failure and is an independent factor for 1 year all-cause mortality [11]. However, it is
decreased in myocardial infarction, both clinical and experimental [12,13]. It is correlated
negatively to coronary artery disease severity [14]. Patients in the higher SYNTAX score
levels were older and had lower irisin levels than younger ones. However, it has also been
reported to be cardioprotective [15].

Irisin has been found to promote osteoblast proliferation and differentiation via the
MAP kinase pathways by Qiao et al. [16] who postulated its possible use in osteopenia. It
increases sclerostin expression in osteocytes to induce bone resorption. It mediates this
effect via αV integrin receptors [17]. In our previous study we have found sclerostin to be
increased in DAS [5]. Irisin administration has been proposed for treatment of osteoporosis
by Colaioanni et al. [18].

1.2. Periostin

Hakuno et al. [19] found PN to be increased in degenerative or rheumatically affected
heart valves. The same authors also found that in wild type mice a high fat diet markedly
increased its expression in both AV and MV together with the fibrotic markers MMP2
and MMP13. It is associated with myocardial fibrosis in human heart failure [20]. It
was increased together with MMP2 activity. It is increased in hypertrophic mice hearts
together with interstitial fibrosis [21]. It decreases together with a reduction in myocardial
fibrosis in hearts unloaded both clinically (LVAD) and experimentally in mice (aortic arch
de-banding) [22]. It is also a potential marker biomarker for coronary artery disease with
acute heart failure [23]. Furthermore patients with CAD had higher levels than controls at
similar ages (around 63 y).

1.3. Osteoglycin

The same pattern for PN was found for OGN, which is implicated in matrix home-
ostasis. It modulates fibrosis and inflammation. Deckx et al. [24] found that its levels were
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higher in patients with AS with less severe myocardial fibrosis, in whom it was negatively
correlated with collagen content in the myocardium, but they did not measure it in the
valves. Van Aelst et al. [25] found that it prevents cardiac dilation and dysfunction after
myocardial infarction through infarct collagen strengthening. Zuo et al. [26] have found
that osteoglycin attenuates cardiac fibrosis; it could be an antifibrotic, but is also pro-calcific
by suppressing myofibroblast proliferation. Circulating osteoglycin and NGAL/MMP9
complex concentrations predict 1 y MACE after coronary arteriography [27]. It was statisti-
cally slightly higher in CAD patients aged 70 vs. 65 y [28] Tanaka et al. have stated that it is
a humoral bone anabolic factor [28]

1.4. Interleukin 18

IL-18 is a dominant pro-inflammatory cytokine. In the heart, it is produced by infiltrating
neutrophils, resident macrophages, endothelial cells, smooth muscle cells and cardiomy-
ocytes [29]. In the non-rheumatic aortic valve, increased tissue levels have been found as
compared to controls [30], and are correlated to advanced clinical severity. It promotes myofi-
broblast activation of porcine valvular interstitial cells [31]. Interestingly, the administration of
increased doses of IL-18 upregulated the expression of osteopontin [32] which we have found
to be pro-osteogenic [5]. It is prospectively and independently associated with CVD risk [33]
in patients of similar ages (52.5 y).

1.5. HMGB1

The high mobility group box 1 (HMGB1) which is also a pro-inflammatory factor has
been implicated in the pathogenesis of DAS. It has been found to be increased in the calcific
regions; the same was found in regard to TLR by Shen et al. [34], who postulate that TLR4
may function as an essential mediator of HMGB1-induced calcification and in the activation
of p38 and NFkB. Wang et al. [35] found that HMGB1 protein and TLR4 are upregulated
in vitro by HMGB1 in aortic valvular interstitial cells. We have described in detail the role
of TLRs in aortic and mitral valve stenosis [7]. Its increase in the serum is related to severity
of coronary artery stenosis [36].

1.6. PCSK9

Recent experimental studies have demonstrated that PCSK9 might directly promote in-
flammation, apoptotic cell death and endothelial dysfunction in the atherosclerotic process
and plaque formation [37] and is associated with the severity of CAD [38] in hypercholes-
terolemia, cardiovascular inflammation and diabetes [39–41].

Wang et al. [42] and Poggio et al. [43] found lower calcium content in aortic valves of
PCSK9−/− mice than wild type animals. The former were resistant to production of aortic
calcification with two pro-calcification diets (β-glycero–phosphate and ascorbic acid). The
same authors found that human calcified aortic valves expressed higher PCSK9 than non-
calcified ones. Interestingly, Salaun et al. [44] found that elevated plasma levels of PCSK9
were a risk factor for hemodynamic deterioration of surgically implanted bioprosthetic
aortic valves. The same held true for LP-PLA2 and HoMA. PCSK9, apart from its action on
LDL receptors, can promote apoptotic cell death of neurons [45].

2. Material and Methods
2.1. Ethics Statement

This study was approved by the Ethics Committees of the Onassis Cardiac Surgery
Center (OCSC) and conformed to the principles outlined in the Declaration of Helsinki.
Written informed consent was obtained from all patients.

2.2. Study Population

The present, prospective, open-label study, extends the results of our previously pub-
lished studies [5,7]. The age of the 60 DAS patients was 66.1 ± 12.5 years, 50% were women.
Echocardiography was obtained in all patients. Aortic valve area was 0.9 to 0.5 cm [2].
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Patients were taking antihypertensive (75%) and antilipidemic (80%) drugs during the
last two years. However, none had significant coronary artery disease necessitating con-
comitant aortocoronary bypass surgery. Patients with rheumatic cardiac disease, bicuspid
aortic valve or connective tissue disorders were excluded. The excised valve cusps were
harvested during surgery. Blood was collected from AS patients before valve surgery and
from twenty-two (22) healthy subjects without any chronic cardiovascular or metabolic
disease, and not receiving any long-term medication, who served as healthy control group
(C), for comparison of serum biomarkers; mean age was 34.4 ± 7.5 years, 50% were women.
None were steadily employing radioactive drugs.

We also obtained 5 aortic valves from patients undergoing cardiac transplantation,
3 men and 2 women (min age 48.4), because of terminal heart failure due to idiopathic
dilated cardiomyopathy, who did not show any sclerotic or calcific aortic valve changes.

2.3. Blood Analysis

Blood samples were collected by venipuncture after subjects were fasted overnight.
Serum was collected and stored at −80 ◦C, analysis was performed in duplicate; dilution
was assessed as per protocol. We used commercially available enzyme immunoassay kits
for irisin (FNDC5) (EK-067-29, Phoenix Pharmaceuticals, California, CA, USA); periostin
(PN) (EHPOSTN, Thermoscientific, Germany); osteoglycin (OGN) (CSB EL016314HU, Cus-
abio, Houston, TX, USA); IL-18 (DY318-05, R&D, Minneapolis, MN, USA); high-mobility
group box 1, HMGB1 (LS-F11641, Lifespan Ltd., Seattle, DC, USA); PCSK9 (DPC900, R&D,
Minneapolis, MN, USA) and quantified each protein according to the protocol of the man-
ufacturer with an ELISA reader system (Spectramax 190; Molecular Devices, Sunnyvale,
Calif, CA, USA).

2.4. Valve Cusp Immunohistochemistry and Quantitative Morphometrical Analysis

Aortic valve cusps were excised and one part of each valve tissue was placed in
a container for immunohistochemistry (IHC) analysis at the pathology department of
the OCSC and the Biomedical Research Foundation of Academy of Athens according
to our previous protocol. The protocol of IHC has been described and validated in our
lab [46]; FNDC-5 (PA5-62368, 5 µg/mL, Invitrogen, CA, USA); PN (PA5-82458, 5 µg/mL,
Invitrogen, CA, USA); OGN (PA5-48255, 5 µg/mL, Invitrogen, CA, USA); IL-18 (PA5-79479,
Invitrogen, CA, USA) HMGB1 (PA5-80691, 5 µg/mL, Invitrogen, CA, USA); PCSK9 (PA5-
79789, 5 µg/mL, Invitrogen, CA, USA) were used for IHC. IHC was performed according
to the manufacturer’s protocol by using the development kit (Zytochem Plus; Zytomed
system, Germany). Appropriate isotype negative controls were performed at the same
concentrations as the primary antibodies. Microscopic investigation of the IHC sections
was performed with stereology upright Leica DMRA2 camera, and were analyzed by stereo-
investigator 10 program (version 10.1, MBF Bioscience, Microbrightfield. Inc., Willinston,
VT, USA) in order to quantify the extent of the tissue covered by each antibody.

2.5. RNA Isolation and qRT PCR Analysis

Total RNA was extracted using Trizol reagent (Sigma, Saint Louis, MO, USA) according
to the manufacturer’s instructions [46]. The RNA quality was assessed with agarose gel
electrophoresis and quantitated spectrophotometrically. cDNA was synthesized by RT
(MMLV, reverse transcriptase; Sigma), and real-time quantitative polymerase chain reaction
was performed by using SYBR Green (Invitrogen, Life Technologies, New York, NY, USA).
The primers synthesized by Origine (Herford, Germany) were used as documented in
Table 1. The thermal cycling protocol was performed according to our lab protocol [5,7].
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Table 1. Primers sequences. Abbreviations: Irisin (FNDC5); periostin (PN); osteoglycin (OGN);
interleukin 18 (IL-18); high-mobility group box 1 (HMGB1); proprotein convertase subtilisin kexin
9 (PCSK9).

Primers Forward Reverse bp NM

b actin CACCATTGGCAATGAGCGGTTC AGGTCTTTGCGGATGTCCACGT 101 1101

FNDC5 AGCGAGCCTGTGCTCTTCAAGA GAACAGGACCACGACGATGATC 120 1171940

PN CAGCAAACCACCTTCACGGATC TTAAGGAGGCGCTGAACCATGC 118 1135934

OGN CCATAATGCCCTGGAATCCGTG CAGGCGTATCTCTTCAATGCGG 125 14057

IL-18 GATAGCCAGCCTAGAGGTATGG CCTTGATGTTATCAGGAGGATTCA 120 1243211

HMGB-1 GCGAAGAAACTGGGAGAGATGTG GCATCAGGCTTTCCTTTAGCTCG 114 1313892

PCKS-9 GACACCAGCATACAGAGTGACC GTGCCATGACTGTCACACTTGC 118 174936

We also measured the 6 biomarkers already discussed in the 5 aortic valves explanted
from patients who had undergone cardiac transplantation by RNA isolation and qRT analysis.

All had idiopathic dilated cardiomyopathy without coronary artery disease at arteri-
ography: 2 were women aged 28 and 56 years, and were 3 men aged 48, 54 and 58 years.

2.6. Statistical Analysis

Shapiro–Wilks test for normality showed that none of the variables had normal dis-
tribution. Thus, Univariate and Multivariate analysis, one-way ANOVA or t-test were
inappropriate tests for the analysis. We performed non-parametric tests instead. The Mann–
Whitney test for evaluating the patients versus control serum biomarkers showed signif-
icant differences between all serum markers. All correlations were performed with non-
parametric Spearman’s rho. Alpha was set at 0.05. Statistics were performed with SPSS28.

3. Results
3.1. Serum Findings

(a) The non-parametric Mann–Whitney test showed significant differences in all serum
biomarkers between patients and the control group. (Figure 1, Table 2).

Table 2. Statistical analysis of serum biomarkers in all study groups. Mann–Whitney test for all
markers measured in the serum of both groups (control and AS); alpha was set at 0.05 C and AS.
Abbreviations: C (control); AS (aortic stenosis patients); Irisin (FNDC5); periostin (PN); osteoglycin
(OGN); interleukin 18 (IL-18); high-mobility group box 1 (HMGB1); proprotein convertase subtilisin
kexin 9 (PCSK9).

Serum Markers Median Control [95% CI] Median AS [95% CI] Mann–Whitney U p-Value

IL-18 2.46 [1.26, 3.02] 3.36 [2.95, 3.56] 259.5 0.004
HMGB1 0.59 [0.44, 0.76] 2.98 [2.4, 13.86] 0.00 <0.001
PCSK9 2.05 [1.2, 82.86] 262.00 [1.57, 224.286] 0.00 <0.001
OGN 4.7 [3.5, 29.78] 29.5 [27.64, 30.9] 0.00 <0.001
PN 25.00 [23.28, 45.75] 240.00 [227.54, 265.36] 0.00 <0.001

FNDC5 1.63 [1.1, 43.74] 2.955 [2.2, 3.73] 31.00 <0.001

(b) Positive correlations were found in HMGB1 with PCSK9 and PN vs. PSCK9.
Negative correlations were observed in OGN with PN and IL-18.

Any other correlation was found insignificant (p > 0.05).
(c) Positive correlations were found in HMGB1 with PCSK9 and PN with PSCK9.

Negative correlations were observed in OGN with PN and IL-18.
(d) Any other correlation was found insignificant (p > 0.05).
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(HMGB1); (f) proprotein convertase subtilisin kexin 9 (PCSK9). 

3.2. Tissue vs. Serum 
(a) Of all biomarkers found significantly correlated only PN tissue levels correlate 

with the same marker’s levels detected in serum. 
(b) For all other tissue markers described in Table 3, the correlations were found in 

non-identical markers: (positive) tissue HMGB1 with serum OGN, tissue PCSK9 with 
serum OGN, (negative) tissue IL-18 with serum PCSK9 and OGN, tissue HMGB1 with 
serum IL-18, tissue PCSK9 with serum HMGB1 and IL-18. (Table 3) 

(c) The insignificant correlations were not included in Table 3.
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Figure 1. Serum biomarkers’ concentration in all study groups. Data presented as boxplots: Blue color,
Control; Green color, (AS) aortic stenosis patients. Abbreviations: (a) irisin (FNDC5) (b) periostin
(PN); (c) osteoglycin (OGN); (d) interleukin 18 (IL-18); (e) high-mobility group box 1 (HMGB1);
(f) proprotein convertase subtilisin kexin 9 (PCSK9).

3.2. Tissue vs. Serum

(a) Of all biomarkers found significantly correlated only PN tissue levels correlate
with the same marker’s levels detected in serum.

(b) For all other tissue markers described in Table 3, the correlations were found in
non-identical markers: (positive) tissue HMGB1 with serum OGN, tissue PCSK9 with
serum OGN, (negative) tissue IL-18 with serum PCSK9 and OGN, tissue HMGB1 with
serum IL-18, tissue PCSK9 with serum HMGB1 and IL-18. (Table 3)
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(c) The insignificant correlations were not included in Table 3.

Table 3. The Spearman’s rho coefficients, p-value and 95% Confidence Intervals of every significant
correlation between and within the tissues under investigation.

Biomarkers Compared Spearman Rho p-Value 95% Confidence Intervals

Serum vs. serum

OGN with PN −0.359 0.005 [−0.567, 0.108]

IL-18 with OGN −0.441 <0.001 [−0.630, 0.203]

HMGB1 with PCSK9 0.445 0.001 [0.173, 0.610]

PN vs PSCK9 0.286 0.027 [ 0.027, 0.509]

Tissue vs. tissue
IL-18 with HMGB1 −0.425 <0.001 [−0.618, −0.185]

IL-18 with PCSK9 −0.528 <0.001 [−0.694, −0.310]

HMGB1 with PCSK9 0.420 0.001 [0.178, 0.613]

Tissue vs. serum

IL-18 with FNDC5 −0.291 0.024 [−0.513, −0.033]

IL-18 with OGN −0.419 0.001 [−0.613, −0.177]

HMGB1 with IL-18 −0.326 0.011 [−0.541, −0.071]

HMGB1 with OGN 0.282 0.029 [0.022, 0.506]

PCSK9 with IL-18 −0.405 0.001 [−0.602, −0.161]

PCSK9 with HMGB1 −0.326 0.011 [−0.541, −0.070]

PCSK9 with OGN 0.604 <0.001 [0.407, 0.747]

PN with PN 0.289 0.025 [0.030, 0.511]

3.3. Immunohistochemistry Biomarkers in Aortic Valve Cusps

Immunohistochemistry staining was performed (Figure 2). Biomarker tissue presence
was confirmed in all AVC samples.
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IL-18 with OGN −0.419 0.001 [−0.613, −0.177] 

HMGB1 with IL-18 −0.326 0.011 [−0.541, −0.071] 
HMGB1 with OGN 0.282 0.029 [0.022, 0.506] 
PCSK9 with IL-18 −0.405 0.001 [−0.602, −0.161] 

PCSK9 with HMGB1  −0.326 0.011 [−0.541, −0.070] 
PCSK9 with OGN  0.604 <0.001 [0.407, 0.747] 

PN with PN 0.289 0.025 [0.030, 0.511] 

3.3. Immunohistochemistry Biomarkers in Aortic Valve Cusps 
Immunohistochemistry staining was performed (Figure 2). Biomarker tissue pres-

ence was confirmed in all AVC samples. 

 

Figure 2. Immunohistochemistry staining in the AS group. Representative photos of tissue biomarkers
from aortic valve cusps. Nuclei stained with celestine blue are shown in blue, expression of biomarkers
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shown in brown. 40× magnification. Abbreviations: irisin (FNDC5); periostin (PN); osteoglycin
(OGN); interleukin 18 (IL-18); high-mobility group box 1 (HMGB1); proprotein convertase subtilisin
kexin 9 (PCSK9).

3.4. mRNA Expression of Inflammation and Calcification Biomarkers in AS Patients

Tissue mRNA levels of all biomarkers was present in AVC (Figure 3).
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Figure 3. mRNA expression of tissue biomarker concentrations in AS patients. Data presented as
boxplots; Abbreviations: irisin (FNDC5); periostin (PN); osteoglycin (OGN); interleukin 18 (IL-18);
high-mobility group box 1 (HMGB1); proprotein convertase subtilisin kexin 9 (PCSK9). Non-normality
confirmed by outliers imposed non-parametric evaluation opted herein.

The highest expression was found for osteoglycin, while FNDC5 was only mildly elevated
None of the valves from patients with cardiac transplantation had any expression of

mRNA of the above biomarkers.
The five valves from the cardiac transplantation hearts showed no expression at all.

3.5. Tissue Biomarkers Correlations

We found significant correlations between most tissue biomarkers.

4. Discussion

In this study we continue the investigation of the calcification process through the
novel body of biomarkers examined in DAS [5,7]. We investigated six factors, both in serum
and valve tissue, of which some have been very scantily studied. All of them have also
been involved in CAD. Thus, we did not consider it practical to add a comparison Group
with CAD only and without DAS.

We obtained valves from five patients undergoing cardiac transplantation, which did not
show any expression of RNA of these biomarkers. With regard to the serum biomarkers, it
must be realized that the control individuals were younger. However, this difference reflects a
real-life situation, that individuals develop DAS later in life. It must be realized that DAS and
CAD co-exist in around 50% of patients, as presented by Ortlep et al. [4]. However, none of
our patients needed any concomitant surgery for CAD, thus excluding significant disease.

Our study may offer another biomarker, periostin, which may in the future provide
prognostic information. Up to now, NT-proBNP [47] and BNP [48] have provided data with
regard to intervention time because they reflect myocardial stress which would prompt
information. A valve-specific marker such as periostin may provide means of following
the course of sclerosis to stress.
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Again, we must stress that we did not perform a population study so as to assess the
importance of these biomarkers for predicting the presence of DAS.

New technologies to measure early calcification and inflammation are available.
Dweck et al. have provided data from position emission tomography in vivo [49] in
patents with DAS.

It must be noted that we did not find any microscopic evidence of changes in the
normal aortic valves obtained at cardiac transplantation, nor by mRNA PCR, which is more
reliable than immunohistochemistry [50].

Our findings confirm the association of PCSK9 with valve tissue calcification, and
supports the postulations that PCSK9 inhibitors or drugs preventing its production by
the liver could be a consideration for prevention of the course towards AS once aortic
valve sclerosis has been diagnosed. In fact, in the FOURIER study, PCSK9 inhibition was
associated with a lower hazard of new or worsening stenosis AS [51]. This is especially
relevant since initial trials with statins have not been successful in preventing AS [52,53].
While there was some promise in a rosuvastatin trial with echo measurements [54], this
was not validated in the ASTRONOMER TRIAL [55]. A reason might be that statins do
lower cholesterol but increase PCSK9 levels [56]. Thus, well-controlled therapeutic trials
with PCSK9 inhibitors are warranted.

In the coronary arteries statins actually promote calcification, while decreasing atheroscle-
rotic plaque burden and fibrosis [57]. This action may explain their lack of influence on the
progression of aortic calcification. We found that the PCSK9 receptor is strongly expressed in
the aortic valve both by IHC and mRNA analysis and increased in the serum as compared to
controls. This supports the population study of Perrot et al. [58] who found that AS was less
frequent in carriers of the PCSK9 R461 loss-of-function variants. They also found increased
expression of PCSK9 in calcified human valves.

The high interrelation between PCSK9 and aortic valve calcification has already been
stressed [59]. Additionally, this family of drugs antagonizes apoptosis; [45,56] endothelial
apoptosis [60] is found in endothelial cells in DAS.

PCSK9 inhibitors alleviate oxidation and inflammation [61].
Another candidate drug family would be SGLT2 inhibitors. Interestingly, they have

been found to attenuate the secretion of IL1β and IL-18 [59] by repressing the HMGB1-TLR4
receptor axis [62]. They also antagonize many inflammatory interleukins [63–65]. They are
also considered powerful antioxidants [66]. Possibly, if these families of drugs for PCSK9
and SGLT2 are given together they could exert a synergistic effect.

Another practical aspect of our finding is if serum levels could predict or follow
the course of aortic valve sclerosis towards actual stenosis, by a set of easily measured
biomarkers. This held true for periostin in our patients.

We tried to address the mechanisms of DAS. The fact that none of these biomarkers
are found in the tissue of normal aortic valves in control patients undergoing cardiac
transplantation of a similar age to those with AVR suggests that this is not a problem
regulated only by age. As it regards serum levels, all our control patients had much lower
levels than those with DAS, which is not surprising. Furthermore, biomarkers in DAS are
legion and concern all aspects of inflammation, oxidative stress, pro-calcification effects
and lipid metabolism.

It should also be stressed that they all have been associated with CAD as well, since
approximately half of the patients with DAS have CVD as well. As already stated, coronary
artery disease is strongly associated with DAS in many studies considering the age of our
patients; its prevalence could be estimated between 41% and 51% [4,67].

Indeed, non-obstructive aortic valve calcification has become a window into significant
coronary artery disease [68].

However, since as already stated, many biomarkers are being studied, we did not
address any other correlations in the tissue which would create confusion, since it would
be difficult to find practical explanations and promote far-fetched postulation.
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We believe that our findings add impetus to the efforts towards preventing the pro-
gression of aortic sclerosis to frank DAS by drugs affecting causative factors, such as
hyperlipidemia, inflammation, oxidation and endothelial apoptosis. This is a realistic goal
in parallel to CAD, where, although interventional and surgical therapies have attained
excellent results, efforts at prevention continue unabated.

5. Study Limitations

The lower serum levels of most markers in our controls may be because they are
of younger age and there is an absence of comorbidities. However, we do not consider
that we have a new diagnostic and pragmatic biomarker, but we have investigated the
pathobiology of this entity.

6. Conclusions

Patients with stenotic aortic valves express higher pro-inflammatory, calcification,
fibrosis, proliferation and apoptosis-expressing markers in their serum than normal controls.
They are all strongly expressed in calcified, but not normal, valves. We found that PN
concentration is an important finding that can lead us to a consideration of the prognostic
role of serum biomarkers in the course of this pathological process. Our findings point
toward a higher pro-calcification and pro-inflammatory profile in DAS patients. We believe
that our findings provide interesting data for the diagnosis and prevention of aortic sclerosis,
and possibly treatment of mild AS.
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Simple Summary: Obesity is an independent risk factor for atrial fibrillation, which, in the ensuing
decades, will probably increase the global burden. Previous studies have indicated that inflammation
is a central mediator between obesity and atrial fibrillation. However, the mechanisms underlying this
crosstalk are still being uncovered, and there are insufficient specific biomarkers. We co-analyzed the
atrial fibrillation and obesity microarrays to investigate the possible molecular mechanism of obesity-
related atrial fibrillation. We found that MNDA, CYBB, CD86, FCGR2C, NCF2, LCP2, TLR8, HLA-DRA,
LCP1, and PTPN22 were only elevated in blood samples of obese atrial-fibrillation patients. Atrial-
fibrillation patients’ left atrial appendage had increased infiltration of naïve B cells and decreased
infiltration of memory B cells. Ten validated hub genes were related positively to naïve B cells and
negatively to memory B cells. Ten validated genes identified by bioinformatics analysis, specifically
correlated with obesity-related atrial fibrillation, may serve as biomarkers for obesity-related atrial
fibrillation. These findings may also aid in comprehending pathophysiological mechanisms and
identifying possible treatment targets for obesity-related atrial fibrillation.

Abstract: Obesity is an independent risk factor for atrial fibrillation (AF). However, the mechanisms
underlying this crosstalk are still being uncovered. Co-differentially expressed genes (co-DEGs) of
AF and obesity microarrays were identified by bioinformatics analysis. Subsequently, functional
enrichment, cell-type enrichment, and protein–protein interaction network analyses of co-DEGs
were carried out. Then, we validated the hub genes by qRT-PCR of patients’ blood samples. Finally,
CIBERSORT was utilized to evaluate the AF microarray to determine immune infiltration and the
correlation between validated hub genes and immune cells. A total of 23 co-up-regulated DEGs
in AF and obesity microarrays were identified, and these genes were enriched in inflammation-
and immune-related function. The enriched cells were whole blood, CD33+ myeloid, and CD14+
monocytes. The hub genes were identified as MNDA, CYBB, CD86, FCGR2C, NCF2, LCP2, TLR8, HLA-
DRA, LCP1, and PTPN22. All hub genes were only elevated in blood samples of obese-AF patients.
The CIBERSORT analysis revealed that the AF patients’ left atrial appendage had increased infiltration
of naïve B cells and decreased infiltration of memory B cells. The hub genes were related positively
to naïve B cells and negatively to memory B cells. Ten hub genes may serve as biomarkers for
obesity-related AF. These findings may also aid in comprehending pathophysiological mechanisms
for obesity-related AF.

Keywords: atrial fibrillation; obesity; immune infiltration; inflammation; biomarkers

177



Biology 2023, 12, 121

1. Introduction

Atrial fibrillation (AF) is one of the most common cardiac arrhythmias, while a study
published in 2020 based on the prospective urban and rural epidemiological (PURE) study
demonstrated that the incidence of AF is 270–360 cases per 100,000 [1]. Obesity was
first identified as an independent risk factor for AF in the Framingham cohort study [2].
In recent years, an umbrella review and meta-analysis of observational and Mendelian
randomization studies suggested that an increase of one unit in body mass index (BMI) was
associated with an increased risk of AF [3]. Given that obesity has spread widely across the
globe, it is likely to increase the global burden of AF in the coming decades. More seriously,
obese patients have a lower success rate for catheter ablation and are more likely to relapse
after surgery, while both BMI [4] and epicardial fat [5,6] are associated with the risk of
AF progression and its recurrence. Therefore, it is necessary to investigate the potential
pathogenesis of AF associated with obesity.

At present, the mechanisms involved in obesity-related AF remain unclear. Obesity
may cause AF through local effects, such as abnormal secretion of adipokines, inflamma-
tion, hypoxia, and adipose and fibrous tissue infiltration [7,8], which may also increase
the susceptibility to AF through systemic effects mechanisms such as insulin resistance,
metabolism disorders, inflammatory states, and hemodynamic changes [9,10]. The mech-
anism appears diverse, but many studies proved that inflammation might be a pivotal
mediator between obesity and AF [11]. However, there is still a lack of effective prediction
methods for obesity-related AF, and the conditions and prognoses of these patients are not
easily predictable. Therefore, it is necessary to search for specific biomarkers to identify the
possible mechanism of obesity-related AF.

CIBERSORT is a widely used analysis tool, which can carry out deconvolution analysis
of gene expression profiles and predict fractions of immune cell types in a mixed cell
population [12]. Leukocyte signature matrix (LM22) can be used as the reference gene
matrix for estimating 22 different types of immune cells. CIBERSORT is effective against
numerous non-tumor diseases.

In this study, we used a microarray study as an effective method to explore possible
pathogenesis and to find specific markers. Due to the lack of a microarray study of obesity-
related AF patients, we analyzed the AF and obesity microarrays to investigate the co-DEGs
and possible biomarkers of obesity-related AF. Then, we validated the hub genes in obesity-
related AF patients’ blood samples. Finally, CIBERSORT was used to compare the immune
infiltration of left atrial appendages (LAAs) between patients with sinus rhythm (SR) and
AF. We investigated the relationship between hub genes and immune cell types further.
Consequently, this study has important implications for identifying specific biomarkers
and potential pathogenic mechanisms.

2. Materials and Methods
2.1. Materials and Methods

Figure 1 displays the study’s methodology. GSE79768 and GSE94752 were retrieved
from Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/,
accessed on 26 April 2022). GSE79768 (platform: GPL570) has paired LAA and right atrial
appendages (RAA) from 7 AF patients and 6 SR patients. GSE94752 (platform: GLP11532)
has subcutaneous white adipose tissue (WAT) specimens from 9 lean and 39 obese patients.
LAA data of the GSE79768 dataset were used to identify differentially expressed genes
(DEGs) between patients with AF and SR. Data from GSE94752 was used to identify mRNA
associated with obesity susceptibility. We first calculated the DEGs of these two microarrays
and found that the up-regulated and down-regulated DEGs from these two microarrays
intersected. By analyzing the co-DEGs of the two gene datasets listed above, we determined
the potential relationship between AF and obesity. As described elsewhere, the AF patients
in this study had a disease course lasting longer than one month, whereas the SR patients
had no clinical evidence of AF [13]. We only analyzed the data of the left atrium because
there is still evidence that the left atrium and right atrium have different gene expressions,
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and the left atrium plays a more critical role in the pathogenesis of AF [14]. The lean patients
had a BMI of less than 25 kg/m2, while the BMI of obese patients was over 30 kg/m2, as
indicated elsewhere [15].
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2.2. Data Processing and Identification of DEGs and Co-DEGs

The raw datasets of GSE79768 and GSE94752 were accessed and quality controlled by
R (Version 4.1.2) packages of “affy”, “affyPLM” and “limma”. Robust multiarray average
(RMA) was used to normalize the data. The adjusted p-value < 0.05 and |log2FC| < 0.585
were used as thresholds to filter out DEGs. Hierarchical cluster heat maps were used to show
distinguished mRNA expression levels of DEGs by the “pheatmap” package in R. Volcano
plots were generated to represent all mRNA expression levels and the corresponding statistical
inference value by “ggplot2” and “ggrepel” packages. Further, we calculated and made Venn
diagrams for co-DEGs of AF- and obesity-DEGs by the “VennDiagram” package.

2.3. Gene Ontology, Pathways, and Cell-Type Enrichment Analyses of Co-DEGs

Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analyses (http://www.kegg.jp/ or http://www.genome.jp/kegg/, accessed
on 15 May 2022) of co-DEGs were carried out using the “clusterProfiler” and “pathview”
packages of R software. Bar graphs were used to display enrichment results. The KEGG
pathway graph was used to display the gene enrichment pathway. The q value (adjusted
p-value) threshold was set to 0.05. Further, Enrichr (https://maayanlab.cloud/Enrichr/,
accessed on 15 May 2022) and the Human Gene Atlas database were used to evaluate
co-DEG cell types with enriched co-DEGs.

2.4. Protein–Protein Interaction Network Integration of Co-DEGs

Protein–protein interaction network integration (PPI) of co-DEGs was analyzed by
the search tool for the retrieval of interacting genes (STRING database, Version 11.5; http:
//string-db.org/ accessed on 15 May 2022), which is suitable for identifying interactions
between input genes. Subsequently, the analytic results of the STRING database were fed
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into Cytoscape software (Version 3.7.2). The biological networks and node degrees were
analyzed and represented graphically, and the top ten hub genes were identified.

2.5. Validation for the Potential Role of Hub Genes

The expression levels of the top ten hub genes in obesity-related AF were confirmed by
quantitative real-time polymerase chain reaction (qRT-PCR). This study included patients
from the Chinese PLA General Hospital. To further investigate the function of hub genes,
we obtained blood samples from eight lean-AF, eight obese-AF, seven lean-SR, and eight
obese-SR patients. Patients’ clinical information can be seen in Table S1. Total RNA from
blood was prepared using a high-performance blood total RNA extraction kit (DP443,
TIANGEN). Reverse RNA transcription was performed by a reverse-transcription system
(K1622, Thermo Fisher, Waltham, MA, USA). Obtained cDNA was amplified using SYBR
premix kit (A25742, Thermo Fisher) by BIO-RAD CFX96 (Bio-Rad Laboratories, Hercules,
CA, USA). Predesigned gene-specific primers are listed in Table S2. β-actin RNA levels
were used as an internal control. This study protocol involving human subjects had
been reviewed and approved by the Chinese People’s Liberation Army General Hospital
Ethics Committee. The patients/participants provided their written informed consent
to participate in the study. The AF patients were diagnosed with an electrocardiogram
(ECG), whereas the SR patients did not exhibit any symptoms of AF (such as palpitations,
dizziness, chest pain, or pressure) or ECG evidence. The lean patients’ BMI were no more
than 25 kg/m2, and they did not have any metabolic disorders, for example, hyperlipidemia
or diabetes mellitus. The patients who had a BMI greater than 30 kg/m2 were regarded as
obese patients.

2.6. Immune Infiltration by CIBERSORT Analysis of AF-DEGs

We used the CIBERSORT algorithm to analyze the normalized data generated from
raw data, and the leukocyte signature matrix (LM22), which contains 22 types of immune
cells, was used as the reference gene matrix [12]. LM22 includes macrophages M0, M1, and
M2, memory B cells, B naïve cells, plasma cells, CD8 T cells, gamma-delta T cells, follicular
helper T cells, CD4 memory-activated T cells, CD4 naïve T cells, CD4 memory resting T
cells, regulatory T cells (Tregs), neutrophils, monocytes, activated NK cells, resting NK
cells, resting dendritic cells, activated dendritic cells, eosinophils, activated mast cells, and
resting mast cells. With a p-value less than 0.05, the samples were considered successful
for deconvolution analysis and further subjected to differential analysis of proportions
of immune cells. Further, “ggplot2”, “pheatmap”, and “vioplot” packages were utilized
to visualize the percentage and difference of immune cell infiltration. The relationships
between two immune cells and between immune cells and validated hub genes were
calculated by the “corrplot” package.

2.7. Statistical Analysis

R (4.1.2) was utilized to conduct the bioinformatics analysis. This study’s qRT-PCR
data were processed using GraphPad Prism (Version 9). Using F-tests, the expression levels
of hub genes were analyzed. Adjusted p-value (q value) and p-value less than 0.05 were
deemed statistically significant.

3. Results
3.1. Identification of DEGs in Atrial Fibrillation and Obesity

We identified 54,675 probes corresponding to 20,267 genes in the GSE79768 dataset and
33,298 probes corresponding to 19,409 genes in the GSE94752. There are 412 DEGs between
AF patients and SR patients in GSE79768 LA specimens, including 292 up-regulated genes
and 120 down-regulated genes. There are 746 DEGs between obese and lean patients in
GSE94752 WAT specimens, including 547 up-regulated genes and 199 down-regulated
genes. Following this, we discovered one co-down-regulated gene and twenty-three co-
up-regulated genes in the aforementioned two datasets. The above data are available in
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Table S3. Heat maps of the top 50 up-regulated and top 50 down-regulated genes of AF-
DEGs and obese-DEGs are presented, and these figures can be found in Figures S1 and S2.
Figure 2a illustrates the number of co-expressed genes of AF- and obese-DEGs, and these
genes are labeled in Figure 2b, which displays the distribution of the differences in gene
expressions. Further, Figure 2c,d demonstrate hierarchical clustering analysis of AF- and
obese-related DEGs, respectively.
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Figure 2. Venn diagram, volcano plot, and heat map of AF- and obese-related DEGs. (a) Venn
diagram of DEGs related to AF and obesity. (b) Volcano plot of DEGs related to AF. Gray points
represent the adjusted p-value > 0.05; red points represent adjusted p-value > 0.05 and up-regulated
genes; green points represent adjusted p-value < 0.05 and down-regulated genes. (c) Heat map of
GSE79768 with co-DEGs related to AF and obesity. The vertical axis represents samples, and the
horizontal axis represents co-DEGs. Pink, AF samples; blue, SR samples; red, greater expression;
green, less expression. (d) Heat map of GSE94752 with co-DEGs related to AF and obesity. Pink,
obese samples; blue, lean samples; red, greater expression; green, less expression.

3.2. GO terms, KEGG Pathway, and Cell-Type Enrichment in Co-DEGs

Given that there is only one down-regulated gene in co-DEGs, only the up-regulated
genes were utilized for enrichment analysis. The GO-terms enrichment results are shown
in Figure 3a and Table S4. The top ten GO terms related to biological processes (BPs) among
these genes were: positive regulation of cytokine production, immune response-regulating
signaling pathway, immune response-activating cell-surface-receptor signaling pathway,
immune response-activating signal transduction, immune response-regulating cell-surface-
receptor-signaling pathway, activation of the immune response, lymphocyte activation
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involved in immune response, positive regulation of α-β T cell activation, positive regula-
tion of interferon-gamma (IFN-γ) production, and positive regulation of T cell activation. In
terms of cellular components (CCs), there was a significant correlation in NADPH oxidase
complex, MHC class II protein complex, MHC protein complex, an integral component of
the lumenal side of endoplasmic reticulum membrane, the lumenal side of endoplasmic
reticulum membrane, the endocytic vesicle, the lumenal side of the membrane, an integral
component of endoplasmic reticulum membrane, an intrinsic component of endoplasmic
reticulum membrane, and the lysosomal membrane. The terms related to molecular func-
tion (MF) mainly include superoxide-generating NAD(P)H oxidase activity, oxidoreductase
activity, acting on NAD(P)H, oxygen as acceptor, MHC class II protein-complex binding,
MHC protein-complex binding, peptide antigen binding, GTPase binding, oxidoreductase
activity, acting on NAD(P)H, peptide-binding, electron-transfer activity, amide-binding.

The KEGG pathway enrichment results are shown in Figure 3b and Table S2. In the
KEGG analysis, the up-regulated genes were mainly enriched in leishmaniasis, phago-
some, staphylococcus aureus infection, allograft rejection, graft-versus-host disease, type
I diabetes mellitus, the intestinal immune network for IgA production, autoimmune thy-
roid disease, viral myocarditis, rheumatoid arthritis, hematopoietic cell lineage, asthma,
osteoclast differentiation, systemic lupus erythematosus, cell adhesion molecules, tuber-
culosis, diabetic cardiomyopathy, inflammatory bowel disease, and antigen processing
and presentation.

Enrichment analysis of cell types indicated that up-regulated genes in co-DEGs are
more likely to identify whole blood, CD33+ myeloid, and CD14+ monocytes (Figure 3c
and Table S4) The interaction of enriched cell types is shown in Figure 3d, which shows
an interaction among whole blood, CD33+ myeloid, and CD14+ monocytes. Further, the
relationship between cell-type enrichment and genes is shown in Figure 3e. Figure 3f
depicts the pathway map of the phagosome, which, according to the aforementioned
enrichment analysis, may play a role in obesity-related AF.

3.3. PPI Network Analysis in Co-DEGs

As 21 co-DEGs filtered into the PPI network, we identified 16 nodes and 43 edges,
and these data appear in Figure 4a. The hub genes calculated by Cytoscape software are
MNDA (score 320), CYBB (score 314), CD86 (score 312), FCGR2C (score 242), NCF2 (score
240), LCP2 (score 182), TLR8 (score 148), HLA-DRA (score 54), LCP1 (score 30), and PTPN22
(score 8), which are considered to be associated with obesity-related AF. (Figure 4b) Among
these genes, MNDA, CYBB, and CD86 possessed the top three scores, calculated by the
maximal clique centrality (MCC) algorithm.

3.4. Validation for the Potential Role of Hub Genes

We confirmed hub-gene expression levels in lean-SR, obese-SR, lean-AF, and obese-
AF patients’ blood samples. As depicted in Figure 5, all ten hub genes were uniquely
expressed at a higher level in obese-AF patients compared with lean-SR, obese-SR, and
lean-AF patients.

3.5. Immune Infiltration Analyses

Due to the co-DEGs being enriched in whole blood, CD33+ myeloid, and CD14+
monocytes, we further analyzed the DEGs in LAA samples between SR and AF patients
by the CIBERSORT algorithm. The overall differential expressions of immune fractions
between SR and AF patients are depicted in Figure 6a. More specifically, in Figure 6b, the
LAA of AF patients exhibited a higher infiltration of naïve B cells and a lower infiltration
of memory B cells compared to SR patients. As shown in Figure 6c, naïve B cells were
negatively associated with memory B cells, regulatory T cells (Tregs), resting NK cells,
M2 macrophages, and activated mast cells, whereas they were positively associated with
gamma-delta T cells, M1 macrophages, and resting mast cells. Memory B cells were
negatively associated with naïve B cells, CD4 memory resting T cells, gamma-delta T cells,
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M1 macrophages, resting mast cells, and neutrophils, while positively associated with
Tregs, resting NK cells, M2 macrophages, activated dendritic cells, and activated mast
cells. However, no correlation was found between monocytes, memory B cells, and naïve
B cells. Therefore, we further analyzed the correlation between hub genes and immune
cells. As illustrated in Figure 6d, naïve B cells were positively associated with LCP1, HLA-
DRA, TLR8, CD86, and CYBB. Meanwhile, memory B cells were negatively associated with
PTPN22, LCP1, HLA-DRA, TLR8, LCP2, NCF2, FCGR2C, CD86, CYBB, and MNDA.
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4. Discussion

In recent years, the incidences of atrial fibrillation (AF) and obesity have increased
simultaneously, garnering more attention [16]. In obese patients, the adipose tissue (AT) is
in a state of inflammation, which can cause AF [17], and recent studies have revealed that
AF can be reduced by intervening in the “quality” of AT [18]. EAT is a highly active visceral
tissue that produces many different pro-inflammatory adipokines that can diffuse directly
to the myocardium and cause immune-cell infiltration and inflammation that may lead to
AF [19]. The current study has identified and verified ten biomarkers for obesity-related AF
by analyzing co-DEGs of AF microarray and obese adipose tissue microarray. In addition,
we demonstrated a positive correlation between these biomarkers and the ratio of naïve
B cells to memory B cells in the LAA of AF patients, which aids in the identification of
initiating factors and potential therapeutic targets in obesity-related AF.

We found 23 co-DEGs in the two microarrays, 22 of which were up-regulated and 1 was
down-regulated. First, based on a complete study of GO, KEGG, and cell-type enrichment
of these co-up-regulated genes, we hypothesize that AT of obese patients and LAA of
AF patients shares certain physiological processes. The blood’s CD33+ myeloid cells and
CD14+ monocytes adhere to and infiltrate the tissues. The superoxide-generating activity of
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NADPH oxidase complex, phagocytosis activity, and MHCII antigen-presentation function
of monocyte-derived macrophages was enhanced. In addition, the neutrophil extracellular
trap formation was strengthened. Further, lymphocytes were activated in the tissues,
and the secretion of cytokines(including IFN-γ) was enhanced. Second, the hub genes
in co-up-regulated DEGs were identified as MNDA, CYBB, CD86, FCGR2C, NCF2, LCP2,
TLR8, HLA-DRA, LCP1, and PTPN22 by the PPI network. These hub genes were validated
in blood samples of obesity-related AF. Third, the CIBERSORT analysis of the LAA of
AF patients suggested increased infiltration of B cell naïve and decreased infiltration of
memory B cells. The ratio of naïve/memory B cells had a positive association with CD4
memory resting T cells, gamma-delta T cells, M1 macrophages, resting mast cells, and
neutrophils; and a negative association with Tregs, resting NK cells, M2 macrophages,
activated dendritic cells, and activated mast cells. The validated hub genes were positively
associated with the naïve/memory B cell ratio.

In obese patients, adipose tissue can release danger-associated molecular patterns
(DAMPs) and then cause immune cell infiltration by Toll-like receptors (TLR) [20]. In
2008, Chen et al. first identified that AF patients have more inflammatory cells identified
as CD45+ infiltrating the atria than normal controls [21]. Then, more research revealed
that inflammation is an essential common pathway for AF caused by obesity [22]. This
is consistent with our research. Co-DEGs were primarily enriched in immune function
in our study. The ten hub genes pertain to the immune system. All ten hub genes were
only raised in the blood of obese-AF patients, but not in the blood of lean-SR, lean-AF, or
obese-AF patients. At present, few studies have found specific markers for obesity-related
AF, while our research found that blood samples qRT-PCR of these genes may become a
novel convenient method for predicting obesity-related AF.

CYBB, FCGR2C, NCF2, and HLA-DRA of validated hub genes were enriched in the
phagosome pathway. LCP1, LCP2, CD86, and HLA-DRA were enriched in lymphocyte
activation and immune response. MNDA, CYBB, CD86, TLR8, and PTPN22 were enriched
in positive regulation of cytokine production. Research published in 2023 in Science
also suggests that a history of obesity reprograms mononuclear phagocytes, leading to
transcription of pro-inflammatory cytokines [23]. Some studies have suggested that the
inflammatory increase of macrophages and inflammatory factors can lead to AF through
ion channel remodeling and structural remodeling [24,25]. The inflammatory-related genes
are generally increased in classically activated macrophages (M1). Macrophages with
increased NOX2 and enhanced phagocytosis can stimulate neutrophil extracellular trap
formation [26]. In addition, this type of macrophage can not only secrete inflammatory
cytokines, and enhance MHCII antigen presentation, but also stimulate the activation of
CD4+ T cells and B cells [27], which is consistent with our study’s findings.

CYBB and NCF2, both NADPH oxidase (NOX), are present in phagocytic cells and
participate in the “respiratory burst” to produce a large number of reactive oxygen species
(ROS) and contribute to T cell activation [28]. The ROS can be released from the phagocytic
cells and act on other cells [29]. ROS is one of the primary mechanisms causing obesity-
related AF [22], and there exists a mechanism called “ROS-induced ROS release” (RIRR) [30].
Therefore, so finding the trigger source of ROS may play a critical role in obesity-related AF
prevention. There has been some controversy about the role of NOX2 in the pathogenesis
of AF. A 2015 study suggested intermittent hypoxia may induce AF by activating NOX2,
thereby decreasing atrial Cx40 and Cx43 [31]. A study in 2020 suggested that NOX2
may increase the incidence of AF in obese mice by reducing INa, IKur, and atrial action
potential duration (APD), and mitochondrial antioxidants could prevent the occurrence
of AF [32]. However, another study in 2021 suggested that in atrial NOX2 overexpression
mice, NOX2 overexpression could only slightly increase the induction rate of AF. However,
no effect on electrophysiology and structural remodeling was found, and ROS induced by
overexpression of human NOX2 in mouse myocardium is not the primary cause of the rising
incidence of AF [33]. Atrial ROS main sources vary in AF courses and atrial matrix [34].
In our study, the increase of NOX2 in obesity was mainly concentrated in monocytes,
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so NOX2 and ROS causing AF may be mainly related to the increase of inflammatory-
monocyte-derived macrophages rather than cardiomyocytes. Currently, studies on the
co-effects of NCF2 and CYBB on ROS are mainly seen in autoimmune, infectious, and
ischemic diseases [35–37]. The mechanism of NCF2 in AF needs to be further studied.

HLA-DRA and CD86 are both biomarkers of M1 macrophages. A study based on
human cardiomyocytes suggests that M1 macrophages with high expression of CD86 in
atrial fibrillation may promote extracellular matrix remodeling of atrial fibroblasts and
participate in the occurrence of atrial fibrillation [38]. TLR8 (toll-like receptor 8) recognizes
pathogen-associated molecular patterns (PAMPs) and mediates the production of cytokines
necessary for the development of effective immunity. A study reported that TLR8 was
correlated with levels of IL6, IL1β, and a greater inflammatory response, which is an
important mechanism that causes atrial fibrillation [30]. However, the mechanism of NCF2,
HLA-DRA, TLR8, FCGR2C, MNDA, LCP1, LCP2, and PTPN22 in AF has not been studied.
A comprehensive examination of these genes could aid in developing targeted protective
measures to limit the damage caused by abnormal immunity.

In 2010, a study revealed the infiltration of CD3+ T cells and a small number of CD20+
B cells in the atria of patients with AF by the immunohistochemistry method [39], but the
exact mechanism of lymphocyte involvement in AF has not been investigated fully. Our
findings suggest a possibility that the activated lymphocytes can secrete lymphokines such
as IFN-γ, further enhancing the phagocytosis and respiratory burst of monocytes [40]. It has
been reported that in systemic sclerosis, the activation and apoptosis of the memory subset
of B cells stimulate the proliferation of the naïve subset of B cells, resulting in an increased
proportion of naïve/memory B cells [41], so a higher percentage of naïve/memory B
cells may be associated with a pro-inflammatory state. It has been suggested that obesity,
pro-inflammatory factors, and phagocytosis-derived Fc ligand can cause the depletion of
memory B cells [42,43], which may explain the increase in the ratio of naïve/memory B
cells in this study. Furthermore, in this study, the pro-inflammatory immune cells like,
CD4 memory resting T cells, gamma-delta T cells, M1 macrophages, resting mast cells, and
neutrophils were positively correlated with the ratio of naïve/memory B cells. In addition,
the expression of the validated hub genes is directly proportional to the naïve/memory B
cells ratio and may be involved in regulating the infiltration and activation of B cells.

Still, our study has several limitations. First, we have tentatively verified the correla-
tion among these hub genes, obesity, and AF in small-sample subjects. Therefore, the results
of this study need to be further investigated in a cohort study with larger sample sizes.
Second, this study only focused on one AF dataset due to limited datasets with intra-dataset
distinction and correctable inter-dataset batch effect, so greater sample sizes of LAA sam-
ples from obese-AF patients should be further verified. Finally, more in vivo and in vitro
studies containing protein level verifications are warranted to elucidate the underlying
mechanisms among these validated genes, infiltrating immune cells and obesity-related AF.

5. Conclusions

In summary, we identified ten genes by bioinformatics analysis, which were specifi-
cally correlated with obesity-related AF, and these genes could be potential biomarkers for
obesity-related AF. Our findings may potentially contribute to a deeper understanding of
the pathophysiological mechanism and the identification of possible treatment targets in
obesity-related AF.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biology12010121/s1. Table S1: Patients’ baseline characteristics;
Table S2 Primers used in this study for RT-qPCR experiments; Figure S1 Hierarchical clustering
analysis of AF-related top 50 up-regulated and top 50 down-regulated expressed genes and Figure S2.
Hierarchical clustering analysis of obese-related top 50 up-regulated and top 50 down-regulated
expressed genes; Table S3: Gene expression matrix; Table S4: Enrichment results.
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Simple Summary: Cytokines are cell-signaling molecules that cause cells to migrate to inflammation,
infection, or trauma sites. An imbalance of cytokines in the body can result in severe illness. Increased
cytokine retinol-binding protein-4 levels cause muscle, fat, and liver cells to become unresponsive to
insulin and not absorb sugar from the blood. Type 2 diabetes, the most common type of diabetes, is
caused by the unresponsiveness of insulin (insulin resistance). Moreover, elevated retinol-binding
protein-4 causes fat and cholesterol buildup in the arteries of the heart. This results in coronary
artery disease, a type of heart disease. These two diseases are hypothesized to share a common
underlying cause, but the details have not been fully elucidated. Therefore, this study was conducted
to find the association between retinol-binding protein-4 with insulin resistance and the severity of
coronary artery disease. We postulated that retinol-binding protein-4 is linked to insulin resistance
and the severity of coronary artery disease. This study proves a definitive relationship between
retinol-binding protein-4 and insulin resistance and coronary artery disease severity. Hence, retinol-
binding protein-4 may serve as a valuable biological indicator to depict insulin resistance and the
severity of coronary artery disease.

Abstract: (1) Background: Insulin resistance (IR) is the fundamental cause of type 2 diabetes (T2D),
which leads to endothelial dysfunction and alters systemic lipid metabolism. The changes in the
endothelium and lipid metabolism result in atherosclerotic coronary artery disease (CAD). In insulin-
resistant and atherosclerotic CAD states, serum cytokine retinol-binding protein-4 (RBP-4) levels are
elevated. The adipocyte-specific deletion of glucose transporter 4 (GLUT4) results in higher RBP-
4 expression and IR and atherosclerotic CAD progression. (2) Aim: This study aimed to investigate
the association of RBP-4 and clinical factors with IR and the severity of CAD. (3) Methods: Patients
were recruited from diabetes and cardiology clinics and divided into three subgroups, namely (i)
T2D patients with CAD, (ii) T2D-only patients, and (iii) CAD-only patients. The severity of CAD was
classified as either single-vessel disease (SVD), double-vessel disease (DVD), or triple-vessel disease
(TVD). An enzyme-linked immunosorbent assay was conducted to assess the concentration of serum
RBP-4. Univariate (preliminary analysis) and multivariate (secondary analysis) logistic regressions
were applied to assess the associations of RBP-4 and clinical factors with IR and the severity of CAD.
(4) Results: Serum RBP-4 levels were associated with IR and the severity of CAD in all the three
groups (all p-values are less than 0.05). Specifically, serum RBP-4 levels were associated with IR
(p = 0.030) and the severity of CAD (SVD vs. DVD, p = 0.044; SVD vs. TVD, p = 0.036) in T2D patients
with CAD. The clinical factors fasting plasma glucose (FPG) and angiotensin-converting-enzyme
inhibitor (ACEI) were also associated with both IR and the severity of CAD in T2D patients with
CAD. (5) Conclusion: RBP-4, FPG, and ACEI are predictors of IR and severity of CAD in T2D patients
with CAD.
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1. Introduction

Type 2 diabetes (T2D) has become a significant public health concern in developed
and developing countries over the last few decades, making it a global health priority [1].
Insulin resistance (IR) is the fundamental key feature of T2D [2]. Although the mechanism
of IR leading to atherosclerosis is not fully explicated, IR is said to be involved in endothelial
dysfunction and alters systemic lipid metabolism, resulting in dyslipidemia and the well-
known lipid triad of high levels of plasma triglycerides (TG), low levels of high-density
lipoprotein (HDL), and high levels of low-density lipoproteins (LDL). This triad and
endothelial dysfunction may lead to the formation of atherosclerotic plaques [3]. The
formation of atherosclerotic plaques in the coronary arteries results in atherosclerotic
coronary artery disease (CAD) [4]. The CAD is defined as severe when the atherosclerotic
plaques narrow down the vessels with stenosis by more than 50% [5]. The severity is also
classified on the basis of the number of vessels involved as a single-vessel disease (SVD),
double-vessel disease (DVD), and triple-vessel disease (TVD). The most severe type of
CAD is TVD with more than 50% stenosis, followed by DVD and SVD. DVD and TVD are
also referred to as multivessel diseases [6].

In T2D patients, CAD is more complex, with small diffuse, calcified, multivessel in-
volvement that frequently necessitates coronary revascularization besides optimal medical
therapy to control angina [7]. Furthermore, CAD has been shown to increase mortality
in T2D patients [8]. T2D and CAD are said to share the exact pathogenesis involving
inflammation, endothelial dysfunction, and the release of proinflammatory cytokines [9].
Retinol-binding protein-4 (RBP-4) is a proinflammatory cytokine that may involve in the
progression of IR, T2D, atherosclerosis and CAD. It is a 21 kDa cytokine produced pre-
dominantly in the liver and adipose tissue [10,11], which acts as an adipokine and fatty
acid transporter that aid retinol (vitamin A) transport in the body [12]. It has recently been
proposed that RBP-4-induced inflammation causes IR and CAD [13,14].

Although the role of RBP-4 in the pathogenesis of T2D and CAD is unknown, several
studies have hypothesized that RBP-4 elevation causes IR and atherosclerotic CAD via
the mitogen-activated protein kinase (MAPK) pathway [15–17]. Moreover, p44/42 MAPK,
c-Jun N-terminal kinase, and p38 MAPK are all part of this pathway. When the p38 MAPK
pathway is activated, glucose transporter 1 (GLUT1) expression increases, while glucose
transporter 4 (GLUT4) expression decreases. The downregulation of GLUT4 expression
leads to an increase in RBP-4 levels in the blood [18,19]. Chadt and Al-Hasani (2020)
revealed that high RBP-4 secretion by adipocytes reduced GLUT4 expression in adipose
tissue, as commonly reported in T2D patients [20]. In patients with CAD, there is an
increase in epicardial RBP-4 and a decrease in GLUT4 levels [21].

Numerous studies have found elevated serum RBP-4 levels in T2D and CAD patients.
RBP-4 levels of more than 55 g/mL were linked to an increased risk of T2D incidence in
one study [22]. In another study, higher RBP-4 levels were linked to an increased risk of
CAD, and RBP-4 levels increased as the number of stenosed vessels increased [23].

Because of both disorders sharing the same hypothesized mechanisms leading to
endothelial dysfunction, and, thus, inflammation, RBP-4 can be the typical cytokine of IR
and the severity of CAD in patients with T2D. In this study, we examined the relationship of
RBP-4 and clinical factors with both IR and the severity of CAD in Malaysian T2D patients.

2. Materials and Methods
2.1. Participants

The selection of participants and inclusion and exclusion criteria were as earlier
described (PMID: 34071097) [5]. This study used the same cohort as in the PMID: 34071097.
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Specifically, in this study, we investigate the cytokine (RBP-4) associations with IR and the
severity of CAD, whereas PMID: 34071097 explored the genetic (rs17173608) associations
with IR and the severity of CAD. The purpose of the study was explained to all participants,
and they were asked to sign a written informed consent form. The patients were divided
into three groups according to the presence of T2D with CAD, T2D without CAD, and
CAD without T2D.

2.2. Sample Size Calculation

The dichotomous test (PS software) was used to calculate the sample size under the
assumptions of a level of significance, α of 0.05; the power of study at 0.80; the probability of
exposure among controls, P0 at 0.65; and the probability of exposure among cases, P1 at 0.95
(the probability of exposure among cases was higher than of controls by 30%). The ratio of
the control group to the case group, m was 1:1. As a result of the test, the minimum sample
size required was 88 cases and 88 controls. There were 300 samples collected, namely
150 cases and 150 controls (150 T2D patients with CAD (cases); 90 T2D-only patients +
60 CAD-only patients (controls).

2.3. Aim and Hypotheses

The study aimed to investigate the association of RBP-4 and clinical factors with IR
and the severity of CAD. Meanwhile, this study hypothesizes that RBP-4 is associated
with IR and the severity of CAD in T2D patients with CAD and that clinical factors are
associated with IR and the severity of CAD in T2D patients with CAD.

2.4. Demographic and Clinical Information, and Anthropometric Measurements

The assessments of demographic and clinical information and anthropometric mea-
surements were as earlier described (PMID: 34071097) [5]. Laboratory investigation results,
such as fasting plasma glucose (FPG), fasting plasma insulin (FPI), A1C, hs-CRP and
lipid profile, the types and number of comorbidities, and details on the pharmacological
treatments, were also obtained.

2.5. Biochemical Parameters

Biochemical parameters’ assessments were as earlier described (PMID: 34071097) [5].
Blood samples were taken after at least 8 h of fasting in the morning (7:00 a.m. to 10:00 a.m.).
FPI and FPG were multiplied and divided by 22.5 to calculate the Homeostasis Model
Assessment of Insulin Resistance (HOMA-IR) [23]. The concentrations of RBP-4 in the
blood were determined by using an enzyme-linked immunosorbent assay (ELISA) kit and
read at 450 nm with a microplate reader [24].

2.6. RBP-4 Assay Protocol

The samples were incubated for 30 min to an hour at room temperature. The blood
samples were then centrifuged for 15 min at 1000× g. The serum was then drawn out
and aliquoted. The serum was kept at −20 ◦C after the process. The serum samples
were brought to room temperature before use. To avoid protein degradation and denat-
uralization, recurrent freeze–thaw cycles were avoided. For the RBP-4 ELISA assay, the
quantitative sandwich enzyme immunoassay technique was used (Cusabio ELISA kit-
Elabscience, Houston, TX, USA). The RBP-4 concentrations were measured in nanograms
per milliliter.

2.7. Statistical Analysis

The preliminary and secondary analyses applied binary and multinomial logistic
regression tests (univariate and multivariate), with age, race, BMI (body mass index), and
gender adjusted as covariates. The association model of IR with RBP-4 levels and clinical
factors was investigated by using binary logistic regression. Meanwhile, multinomial
logistic regression analysis was used to evaluate the association model of the severity
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of CAD with RBP-4 levels and clinical factors. The secondary tests were based on the
significant associations found in the preliminary analysis (p ≤ 0.05).

A plotted receiver-operating characteristic (ROC) curve was used to determine the
cutoff point of IR and RBP-4 levels. To determine the optimal threshold of HOMA-IR and
RBP-4 levels, the point on the ROC curve with the highest Youden index (sensitivity-(1-
specificity)) and the point with the shortest distance from the point (0, 1) ((1-sensitivity)2
+ (1-specificity)2) were calculated (cutoff point of HOMA-IR is 7.17 and RBP-4 levels are
1.6045 ng/mL).

2.8. Operational Definitions

Operational definitions were as earlier described (PMID: 34071097) [5].

3. Results
3.1. Demographic and Clinical Factors of Study Population

The results of demographic and clinical factors were as described earlier (PMID:
34071097) [5].

3.2. The Severity of CAD

Several T2D patients with CAD had multivessel disease (DVD, 39%, and TVD, 39%).
Meanwhile, 50% of CAD patients had TVD. Figure 1 describes the distribution of patients
according to the severity of CAD.
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3.3. Association of Clinical Factors with RBP-4

Glycated hemoglobin (A1C) (p = 0.034), high-sensitive C-reactive protein (hs-CRP)
(p < 0.001), low-density lipoprotein cholesterol (LDL-c) (p < 0.001), high-density lipopro-
tein cholesterol (HDL-c) (p = 0.001), triglycerides (TG) (p = 0.028), biguanides + insulin
therapy (p < 0.001), biguanides + sodium–glucose co-transporter-2 (SGLT2) + insulin
therapy (p = 0.001), biguanides + sulphonylureas (SU) combination therapy (p < 0.001),
biguanides monotherapy (p < 0.001), SU monotherapy (p < 0.001), nitrates (p = 0.008),
diuretics (p = 0.002), and cardiac glycosides (p < 0.001) were all significantly associated
with RBP-4 levels in patients with T2D who presented with CAD. In T2D patients with
CAD, cardiac glycoside was found to be 18.444 times most likely to be associated with
RBP-4 levels.
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FPI and total cholesterol (TC) levels were significantly associated with RBP-4 levels
in T2D-only patients. When comparing the two factors, the association of TC (OR = 1.345;
p = 0.031) with RBP-4 levels in T2D-only patients was stronger than that of FPI (OR = 1.220;
p = 0.032). In CAD-only patients, no significant associations were found between clinical
factors and cytokines. Table 1 depicts the association of clinical factors of the study
population with RBP-4 levels. Appendix A shows the significant results (p-values) of
the preliminary associations.

Table 1. Association of clinical factors of study population with RBP-4 levels.

Parameter
OR (95% CI)

T2D + CAD (n = 150) T2D-Only (n = 90) CAD-Only (n = 60)

FPG (mmol/L) 1.088 (0.983–1.204) 0.937 (0.825–1.065) 0.943 (0.328–2.707)
FPI (pmol/L) 0.995 (0.987–1.002) 1.220 (1.041–1.430) 0.936 (0.846–1.036)

A1C (%) 0.797 (0.654–0.970) 1.048 (0.856–1.283) 0.869 (0.268–2.820)
hs-CRP (mg/L) 1.317 (1.052–1.632) 1.728 (0.776–3.845) 1.214 (0.248–5.939)
TC (mmol/L) 1.017 (0.783–1.230) 1.345 (1.033–1.589) 1.476 (0.715–3.047)

LDL-c (mmol/L) 2.918 (1.428–3.385) 0.602 (0.339–1.069) 1.261 (0.533–2.986)
HDL-c (mmol/L) 0.490 (0.300–0.800) 1.181 (0.265–5.264) 0.965 (0.750–2.455)

TG (mmol/L) 1.402 (1.201–1.702) 0.740 (0.437–1.255) 0.983 (0.435–2.218)
Hypertension 0.244 (0.040–1.251) 1.102 (0.175–6.940) 3.062 (0.248–7.879)
Dyslipidemia 2.336 (0.708–7.708) 2.800 (0.548–14.311) 0.557 (0.096–3.244)

Peripheral neuropathy 0.635 (0.325–1.240) 1.021 (0.440–2.368) 5.667 (0.239–19.655)
Chronic kidney disease (CKD) 1.615 (0.691–3.778) 1.483 (0.526–4.183) 0.160 (0.009–2.823)

Retinopathy 0.547 (0.255–1.173) 0.839 (0.338–2.083) 5.667 (0.778–10.661)
Anemia 0.783 (0.048–12.760) 0.731 (0.050–2.065) 4.076 (0.421–40.755)
Gastritis 0.786 (0.333–1.546) 4.371 (0.437–43.763) 0.327 (0.026–4.034)

Biguanides 6.400 (2.024–20.237) 0.613 (0.220–1.705) –
Sulphonylureas 17.714 (5.812–53.993) 1.482 (0.590–3.722) –

DPP4i 8.400 (0.056–34.855) 1.005 (0.399–2.529) –
AGI 0.786 (0.045–1.433) 0.731 (0.088–4.033) –

Meglitinides 0.786 (0.088–2.113) 1.031 (0.326–3.264) –
Biguanide + SU 10.000 (3.240–30.866) 1.360 (0.539–3.432) –

SU + DPP4i 9.056 (0.076–65.877) 0.907 (0.144–5.715) –
Biguanide + insulin 1.206 (1.093–1.458) – –

Biguanide + SU + insulin 1.290 (0.310–5.365) – –
Biguanide + DPP4i + insulin 0.021 (0.006–0.043) – –
Biguanide + SGLT2 + insulin 1.161 (1.053–1.493) – –

SGLT2 + insulin 0.308 (0.034–2.821) – –
Antiplatelet agents 4.114 (0.469–36.102) – 0.008 (0.002–0.015)

ACEI 0.847 (0.443–1.619) 0.724 (0.268–1.951) 0.429 (0.090–2.043)
ARB II 0.530 (0.237–1.187) 1.052 (0.429–2.579) 2.909 (0.666–12.708)

Calcium channel blockers 1.041 (0.496–2.182) 1.235 (0.534–2.859) 1.818 (0.390–8.466)
Beta blockers 1.106 (0.578–2.114) 1.029 (0.445–2.377) 0.318 (0.064–1.574)

Alpha blockers 9.664 (0.099–45.123) 0.731 0.045–3.912) –
Nitrates 2.657 (1.331–5.303) – 2.629 (0.425–16.263)
Fibrates 7.690 (0.065–33.878) – –
Statins 0.040 (0.012–0.077) 7.760 (0.013–27.112) –

Diuretics 1.297 (1.141–1.624) 1.283 (0.522–3.153) 2.629 (0.425–16.263)
Antianginal drugs 1.983 (0.935–4.205) – 0.500 (0.046–5.423)
Hematinic agents 3.925 (0.402–38.903) 0.676 (0.059–7.735) 0.380 (0.061–2.354)

Cardiac glycosides 18.444 (2.331–145.961) – –

Computed using binary logistic regression analysis. Bold font indicates significance at p < 0.05. OR, odds ratio; CI, confidence interval.
The cutoff point of RBP-4 was used in this analysis (<1.604 ng/mL>); ‘–’ indicates not relevant. FPG, fasting plasma glucose; FPI,
fasting plasma insulin; A1C, glycated hemoglobin; hs-CRP, high-sensitive C-reactive protein; LDL-c, low-density lipoprotein cholesterol;
HDL-c, high-density lipoprotein cholesterol; TG, triglycerides; TC, total cholesterol; ACEI, angiotensin-converting-enzyme inhibitor; AGI,
alpha-glucosidase inhibitors; ARB II, angiotensin II receptor blockers; DPP4i, dipeptidyl peptidase-4 inhibitor; SGLT2, sodium–glucose
co-transporter-2; SU, sulphonylureas.
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3.4. Association of Clinical Factors with IR

In T2D patients with CAD, FPG (p = 0.011), FPI (p < 0.001), hs-CRP (p = 0.025),
biguanides + dipeptidyl peptidase-4 inhibitor (DPP4i) + insulin treatment (p = 0.008), an-
tiplatelet agents (p = 0.003), and angiotensin-converting-enzyme inhibitor (ACEI) (p = 0.026)
were all linked to IR. The first-ranked factor was hs-CRP, associated with IR in T2D patients
with CAD 2.378 times more likely. In the T2D-only group, FPI (p < 0.001) was significantly
related to IR. FPG (p = 0.048) and FPI (p < 0.001) were linked to IR in CAD-only patients.
FPG was the most powerful factor, being 2.570 times more likely to be associated with
IR in CAD-only patients. Table 2 highlights the correlation of clinical factors to IR in this
study population. Appendix A shows the significant results (p-values) of the preliminary
associations.

Table 2. Association of clinical factors with IR in study population.

Parameter
HOMA-IR, OR (95% CI)

T2D + CAD (n = 150) T2D-Only (n = 90) CAD-Only (n = 60)

FPG (mmol/L) 1.160 (1.031–1.306) 1.010 (0.894–1.142) 2.570 (1.097–5.773)
FPI (pmol/L) 1.233 (1.146–1.327) 1.376 (1.197–1.581) 1.368 (1.167–1.603)
A1C (%) 1.102 (0.913–1.331) 1.098 (0.896–1.344) 2.122 (0.759–5.932)
hs-CRP (mg/L) 2.378 (1.155–4.899) 1.394 (0.636–3.057) 3.502 (0.909–13.493)
TC (mmol/L) 0.813 (0.622–1.063) 1.159 (0.809–1.660) 0.775 (0.443–1.356)
LDL-c (mmol/L) 0.942 (0.650–1.366) 1.119 (0.675–1.855) 0.806 (0.405–1.606)
HDL-c (mmol/L) 0.738 (0.500–1.089) 0.702 (0.159–3.100) 0.524 (0.053–5.140)
TG (mmol/L) 0.973 (0.673–1.407) 0.799 (0.482–1.324) 0.627 (0.292–1.342)
Hypertension 0.614 (0.147–2.556) 1.687 (0.268–10.617) 6.304 (0.044–19.030)
Dyslipidemia 0.515 (0.176–1.505) 1.951 (0.456–8.341) 0.684 (0.149–3.134)
Peripheral neuropathy 0.633 (0.319–1.258) 0.980 (0.426–2.253) –
Chronic kidney disease (CKD) 0.990 (0.415–2.359) 2.645 (0.893–7.831) 2.867 (0.169–48.744)
Retinopathy 1.319 (0.629–2.768) 0.879 (0.360–2.147) –
Anemia 1.596 (0.098–26.032) – –
Gastritis – 1.098 (0.148–8.152) –
Biguanides 0.750 (0.365–1.540) 0.689 (0.254–1.870) –
Sulphonylureas 1.076 (0.496–2.332) 0.714 (0.292–1.747) –
DPP4i 0.006 (0.002–0.010) 1.133 (0.455–2.822) –
AGI 1.586 (0.066–2.887) 0.915 (0.052–4.835) –
Biguanide + SU 1.201 (0.509–2.835) 0.413 (0.163–1.046) –
SU + DPP4i 0.012 (0.006–0.030) 4.718 (0.506–43.984) –
Biguanide + insulin 0.681 (0.333–1.394) – –
Biguanide + SU + insulin 1.630 (0.391–6.787) – –
Biguanide + DPP4i + insulin 1.860 (1.043–2.027) – –
Biguanide + SGLT2 + insulin 1.033 (0.445–2.395) – –
SGLT2 + insulin 2.455 (0.398–15.155) – –
Antiplatelet agents 1.454 (1.032–1.895) – 6.011 (0.042–36.772)
ACEI 1.444 (1.227–1.868) 2.353 (0.872–6.351) 3.800 (1.006–14.351)
ARB II 1.829 (0.845–3.961) 0.524 (0.214–1.285) 0.429 (0.123–1.495)
Calcium channel blockers 0.662 (0.303–1.446) 0.644 (0.280–1.481) 1.768 (0.488–6.397)
Beta blockers 0.824 (0.426–1.594) 1.318 (0.575–3.024) 2.111 (0.509–8.751)
Alpha blockers 2.702 (0.038–16.806) – 0.364 (0.033–1.452)
Nitrates 0.768 (0.382–1.544) – 0.433 (0.086–2.196)
Fibrates 2.607 (0.028–6.442) – –
Statins 0.009 (0.004–0.014) 15.436 (0.078–66.022) –
Diuretics 1.699 (0.853–3.384) 0.750 (0.305–1.843) 0.433 (0.086–2.195)
Antianginal drugs 0.594 (0.267–1.320) – 9.923 (0.950–33.701)
Hematinic agents 1.607 (0.220–11.735) 0.536 (0.047–6.128) 2.308 (0.456–11.690)
Cardiac glycosides 0.263 (0.058–1.232) – –

Computed using binary logistic regression analysis. Bold font indicates significance at p < 0.05. OR, odds ratio; CI, confidence interval.
HOMA-IR cutoff point: 7.17; ‘–’ indicates not relevant. FPG, fasting plasma glucose; FPI, fasting plasma insulin; A1C, glycated hemoglobin;
hs-CRP, high-sensitive C-reactive protein; LDL-c, low-density lipoprotein cholesterol; HDL-c, high-density lipoprotein cholesterol; TG,
triglycerides; TC, total cholesterol; ACEI, angiotensin-converting-enzyme inhibitor; AGI, alpha-glucosidase inhibitors; ARB II, angiotensin
II receptor blockers; DPP4i, dipeptidyl peptidase-4 inhibitor; SGLT2, sodium–glucose co-transporter-2; SU, sulphonylureas.
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3.5. Association of Clinical Factors with the Severity of CAD

In T2D patients with CAD, FPG (a p = 0.007; b p = 0.012), FPI (a p = 0.045), DPP4i
(a p < 0.001; b p < 0.001), SU + DPP4i (a p = 0.011; b p = 0.016), biguanide + DPP4i + insulin
(a p < 0.001; b p = 0.003), fibrates (b p < 0.001), statins (b p = 0.018), ACEI (a p = 0.032;
b p = 0.029), alpha blockers (a p = 0.008; b p = 0.020), and hematinic agents (a p = 0.011;
b p = 0.016) were significantly associated with the severity of CAD. In the CAD-only group,
FPG (a p < 0.001), FPI (b p < 0.001), A1C (b p < 0.001), LDL-c (b p = 0.004, HDL-c (a p < 0.001),
and TG (b p = 0.001) were associated with the severity of CAD. DPP4i was found to have
the strongest association with the severity of CAD in T2D patients with CAD, with an OR
value of 2.149. Table 3 demonstrates the association between clinical factors and the severity
of CAD in the study population. Appendix A shows the significant results (p-values) of the
preliminary associations

Table 3. Association between clinical factors and the severity of CAD in study population.

Parameter
Severity of CAD, OR (95% CI)

T2D + CAD (n = 150) CAD-Only (n = 60)

FPG (mmol/L)
a 1.815 (1.710–1.935)
b 1.875 (1.771–1.992)

a 1.651 (1.201–2.110)
b 0.458 (0.151–1.388)

FPI (pmol/L)
a 1.011 (0.997–1.026)
b 1.015 (1.001–1.030)

a 0.984 (0.885–1.094)
b 1.553 (1.054–2.105)

A1C (%)
a 0.898 (0.712–1.133)
b 0.939 (0.747–1.179)

a 0.626 (0.161–2.444)
b 1.318 (1.087–1.858)

hs-CRP (mg/L)
a 0.652 (0.369–1.154)
b 0.801 (0.518–1.237)

a 3.229 (0.548–19.036)
b 2.726 (0.526–14.473)

TC (mmol/L)
a 0.880 (0.632–1.227)
b 0.772 (0.546–1.092)

a 0.685 (0.314–1.492)
b 1.424 (0.712–2.848)

LDL-c (mmol/L)
a 1.169 (0.722–1.895)
b 0.901 (0.543–1.494)

a 0.510 (0.197–1.321)
b 1.722 (1.296–2.538)

HDL-c (mmol/L)
a 1.007 (0.602–1.686)
b 1.059 (0.635–1.764)

a 3.754 (1.185–76.172)
b 2.218 (0.130–3.789)

TG (mmol/L)
a 1.090 (0.689–1.724)
b 0.726 (0.437–1.207)

a 0.736 (0.285–1.899)
b 1.299 (1.007–1.523)

Hypertension
a 2.963 (0.331–26.504)
b 1.143 (0.100–13.105)

a 4.144 (0.349–20.714)
b 5.329 (0.957–29.532)

Dyslipidemia
a 0.926 (0.207–4.147)
b 1.373 (0.330–5.711)

a 1.875 (0.171–20.609)
b 2.000 (0.207–19.336)

Peripheral neuropathy
a 0.783 (0.320–1.912)
b 0.660 (0.271–1.609)

–
–

Chronic kidney disease (CKD)
a 0.875 (0.272–2.818)
b 0.763 (0.240–2.424

a 0.055 (0.015–0.368)
b 0.976 (0.843–1.280)

Retinopathy
a 0.791 (0.298–2.097)
b 1.006 (0.371–2.728)

–
–

Anemia
a 1.006 (0.954–1.087)
b 1.014 (0.076–1.632)

a 1.065 (0.045–2.060)
b 0.063 (0.036–0.123)

Gastritis –
–

a 1.800 (0.101–31.988)
b 2.900 (0.166–50.815)

Biguanides
a 1.203 (0.491–2.945)
b 1.500 (0.602–3.740)

–
–

Sulphonylureas
a 1.008 (0.387–2.625)
b 1.800 (0.646–5.018)

–
–

DPP4i
a 1.269 (1.008–1.865)
b 2.149 (1.320–3.326)

–
–

Biguanide + SU
a 1.319 (0.450–3.872)
b 1.466 (0.490–4.387)

–
–

SU + DPP4i
a 1.654 (1.054–2.022)
b 1.754 (1.132–2.503)

–
–
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Table 3. Cont.

Parameter
Severity of CAD, OR (95% CI)

T2D + CAD (n = 150) CAD-Only (n = 60)

Biguanide + insulin
a 0.525 (0.194–1.418)
b 0.441 (0.164–1.184)

–
–

Biguanide + SU + insulin
a 2.850 (0.451–17.999)
b 1.833 (0.348–9.652)

–
–

Biguanide + DPP4i + insulin
a 1.545 (1.008–1.967)
b 1.877 (1.210–3.116)

–
–

Biguanide + SGLT2 + insulin
a 1.778 (0.612–5.165)
b 1.367 (0.487–3.837)

–
–

SGLT2 + insulin
a 0.891 (0.078–10.210)
b 0.875 (0.076–10.033)

–
–

Antiplatelet agents
a 1.123 (0.098–12.872)
b 1.745 (0.174–17.492)

a 4.647 (0.077–8.945)
b 0.945 (0.768–1.490)

ACEI
a 1.487 (1.085–3.532)
b 1.166 (1.032–2.890)

a 0.833 (0.126–5.504)
b 0.889 (0.151–5.241)

ARB II
a 1.253 (0.453–3.468)
b 1.006 (0.371–2.728)

a 1.607 (0.255–10.132)
b 1.636 (0.289–9.255)

Calcium channel blockers
a 0.567 (0.209–1.537)
b 1.032 (0.362–2.946)

a 1.200 (0.182–7.926)
b 1.636 (0.289–9.255)

Beta blockers
a 0.703 (0.299–1.654)
b 0.548 (0.231–1.299)

a 0.375 (0.036–3.865)
b 0.500 (0.052–4.834)

Alpha blockers
a 1.795 (1.076–4.644)
b 1.900 (1.056–3.012)

–
–

Nitrates
a 1.153 (0.485–2.742)
b 2.112 (0.853–5.230)

a 1.875 (0.171–20.609)
b 1.111 (0.103–11.965)

Fibrates
a 0.029 (0.006–0.144)
b 1.056 (1.008–1.768)

–
–

Statins
a 25.265 (0.122–46.004)

b 1.087 (1.004–1.255)
–
–

Diuretics
a 0.975 (0.395–2.404)
b 0.950 (0.385–2.346)

a 16.240 (3.209–57.778)
b 13.325 (1.620–25.921)

Antianginal drugs
a 0.729 (0.276–1.923)
b 1.367 (0.487–3.837)

–
–

Hematinic agents
a 1.540 (1.021–2.006)
b 1.444 (1.058–2.244)

a 0.533 (0.049–5.862)
b 0.900 (0.084–9.692)

Cardiac glycosides
a 1.025 (0.277–3.797)

b 3.862 (0.667–22.350)
–
–

Computed using multinomial logistic regression analysis. Bold font indicates significance at p < 0.05. OR: odds
ratio; CI: confidence interval. Severity of CAD: a DVD, b TVD, and SVD is the reference group; ‘–’ indicates
not relevant. FPG, fasting plasma glucose; FPI, fasting plasma insulin; A1C, glycated hemoglobin; hs-CRP,
high-sensitive C-reactive protein; LDL-c, low-density lipoprotein cholesterol; HDL-c, high-density lipoprotein
cholesterol; TG, triglycerides; TC, total cholesterol; ACEI, angiotensin-converting-enzyme inhibitor; AGI, alpha-
glucosidase inhibitors; ARB II, angiotensin II receptor blockers; DPP4i, dipeptidyl peptidase-4 inhibitor; SGLT2,
sodium–glucose co-transporter-2; SU, sulphonylureas.

3.6. Association of RBP-4 Levels with IR and the Severity of CAD

RBP-4 levels were associated with HOMA-IR levels (IR) in T2D patients with CAD
(p = 0.002), T2D-only (p = 0.042), and CAD-only (p = 0.031) study population. RBP-4 levels
were most associated with IR in T2D patients with CAD group (OR = 1.667). At the same
time, significant associations were found between RBP-4 levels and the severity of CAD
(T2D+CAD: a p = 0.017, b p = 0.022; CAD-only: a p = 0.002, b p = 0.001). RBP-4 levels formed
the strongest association with severity of CAD in the CAD-only group (TVD vs. SVD);
(OR = 4.111). Table 4, Figures 2 and 3 show the association of RBP-4 levels with IR and the
severity of CAD. Appendix A shows the significant results (p-values) of the preliminary
associations.
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Table 4. Association of RBP-4 levels with IR and the severity of CAD.

Parameter
OR (95% CI)

T2D + CAD (n = 150) T2D-Only (n = 90) CAD-Only (n = 60)

Insulin resistance 1.667 (1.341–1.303) * 1.594 (1.255–1.880) * 1.385 (1.089–1.665) *

Severity of CAD
a 1.494 (1.160–2.726) ¥

b 1.733 (1.308–2.144) ¥ –
a 1.622 (1.099–4.923) ¥

b 4.111 (1.381–26.379) ¥

* Computed using binary logistic regression analysis. ¥ Computed using multinomial logistic regression analysis.
HOMA-IR cutoff point: 7.17. Bold font indicates significance at p < 0.05. Insulin-sensitive (IS) is used as the
reference group (IS vs. IR) for insulin resistance. SVD was used as the reference group (a SVD vs. DVD; b SVD
vs. TVD) for the severity of CAD. Adjusted for the covariates age, race, gender, and BMI. OR, odds ratio; CI,
confidence interval; ‘–’ indicates not relevant.
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3.7. Association of IR and the Severity of CAD in Correlation with RBP-4 Levels and Clinical
Factors (Secondary Analysis)

The significant variables from the preliminary analysis of the case group were used in
the secondary analysis (T2D patients with CAD). FPG, ACEI, and RBP-4 were identified as
predictors of IR in T2D patients with CAD, using a binary logistic regression model. In the
multinomial analysis, the same factors were identified as predictors of the severity of CAD
in T2D patients with CAD. Hence, FPG, ACEI, and RBP-4 were predictors of both IR and
the severity of CAD in T2D patients with CAD. Table 5 and Figure 4 show the association
of IR and the severity of CAD in correlation with RBP-4 levels. The secondary associations
of IR and the severity of CAD in correlation with clinical factors were as earlier described
(PMID: 34071097) [5].

Table 5. Association of IR and the severity of CAD in correlation with RBP-4 levels.

Parameter OR (95% CI) p-Value

Insulin resistance 1.166 (1.009–3.042) * 0.030

Severity of CAD
a 1.647 (1.212–1.972) ¥

b 1.815 (1.044–3.040) ¥
0.044
0.036

* Computed using binary logistic regression analysis. ¥ Computed using multinomial logistic regression analysis.
HOMA-IR cutoff point: 7.17. Bold font indicates significance at p < 0.05. Insulin-sensitive (IS) is used as the
reference group (IS vs. IR) for insulin resistance. SVD was used as the reference group (a SVD vs. DVD; b SVD
vs. TVD) for the severity of CAD, adjusted for the covariates age, race, gender, and BMI. OR, odds ratio; CI,
confidence interval.
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4. Discussion

Elevated RBP-4 levels are known to be linked to IR, T2D, atherosclerosis, and CAD.
Serum RBP-4 levels were significantly associated with A1C, hs-CRP, LDL-c, HDL-c, and
TG in T2D patients with CAD in the preliminary associations. A previous study found
that RBP-4 levels were significantly correlated with hs-CRP, LDL-c, and A1C with T2D
and CAD, which is consistent with the current study’s findings [25]. At the same time,
RBP-4 levels were also found to be associated with FPI and TC in T2D-only patients in
this study. These findings are supported by studies conducted by Fan et al. (2019) and
Wessel et al. (2019) [22,26].
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Additionally, in their research, Ruijgrok et al. (2018) discovered a link between IR and
FPG in their research [27]. Findings from the present study in the group of T2D patients
with CAD concur with the findings of this study. This study found that FPI was associated
with IR; however, no previous research on this association exists [28]. Furthermore, this
study suggests FPI as a reliable and efficient test for detecting IR in people at risk of
developing T2D and CAD. In a previous study, hs-CRP was correlated to IR [29]. In line
with this, this study discovered an association between hs-CRP and IR. Moreover, hs-CRP
is a marker that is used to determine the risk of heart disease. As inflammation appears
to play a significant role in the pathogenesis of T2D and CAD, IR could have correlated
with hs-CRP.

Moreover, biguanides + DPP4i + insulin treatment, antiplatelet agents, and ACEI were
linked to IR in T2D patients with CAD. Thus far, no studies were conducted to investigate
the relationship between IR and the mentioned OHA or pharmacological treatments in
T2D patients with CAD.

In T2D-only patients, FPG was associated with IR. Khan et al. (2018) previously
proposed a significant association between FPI and IR in T2D-only patients [30]. The
results were comparable to the present study. Meanwhile, in the present study, FPI and
FPG were significantly associated with IR in CAD-only patients. However, data are scarce
on the correlation of FPI and FPG with IR in CAD-only patients. The present study’s
findings revealed significant associations between FPG and FPI and the severity of CAD
in T2D patients with CAD. Despite being on diabetic medications, patients with DVD
and TVD had higher FPG and FPI levels. However, Srinivasan et al. (2017) discovered an
association between hyperinsulinemia and adverse cardiac events in T2D patients [31].

A previous study found significant correlations between laboratory parameters, such
as HDL-c, hs-CRP, and TG, and the severity of CAD [32,33]. This previous study’s findings
differed from those of the present study. The hs-CRP levels in this study were within the
normal range (< 1.0 mg/L). The successful reduction of hs-CRP levels in T2D patients with
CAD was most likely due to the patients’ antihypertensive (ACEIs) and lipid-lowering
(statins) pharmacological treatments. Previous studies had shown that antihypertensive
and lipid-lowering medications lower hs-CRP levels [34]. Aside from hs-CRP, significant
improvements in TC and LDL-c levels were observed. Despite improvements in hs-
CRP and TG levels in the study group, no significant associations were found between
the markers and the severity of CAD. These findings agree with the previous study by
Razban et al. (2016) [34].

DPP4i was described as a second- or third-line add-on treatment that provided cardio-
vascular benefits without increasing the risk of heart failure, hypoglycemia, or death [35].
Besides DPP4i, statins are used to reduce the frequency of cardiovascular events in T2D
patients with and without CAD [36]. Meanwhile, ACEIs are the first-line treatment for
hypertension in T2D and CAD patients, and they have been shown to reduce the incidence
and recurrence of atherosclerotic CAD [37]. According to previous research, fenofibrate
may reduce CVD risk in T2D patients [38]. Although DPP4i and fibrates were significantly
associated with DVD and TVD in T2D patients with CAD in this study, the associations
were with patients who did not receive the medications. By contrast, 50.8% of patients
with DVD and 56.9% of patients with TVD were taking ACEIs. Meanwhile, in the T2D
patients with CAD group, statins were taken by 98.3% of DVD patients and 100% of TVD
patients. A majority of T2D patients with CAD were not on DPP4i and fibrates, most
likely because they were on first-line diabetic pharmacological treatments and insulin.
Thereafter, a majority of the patients were taking ACEIs and statins because hypertension
and dyslipidemia were the two most common comorbidities of T2D and CAD [5].

In the CAD-only group, FPG, FPI, HOMA-IR, A1C, hs-CRP, LDL-c, HDL-c, and TG
were significantly associated with the severity of CAD. Hyperinsulinemia was identified as
an independent risk factor for the severity of coronary artery stenosis in non-diabetic CAD
patients by Srinivasan et al. (2017) [31]. Fasting serum insulin level was not associated
with CAD stenosis in a study by Vafaeimanesh et al. (2018); however, an association was
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found between the two after the prescription of glucose [39]. According to the author’s
knowledge, there have not been several studies on laboratory investigations associated
with the severity of CAD in CAD-only patients. Hence, although the CAD-only patients
are not diabetic, there are chances for them to develop T2D in the future as many of the
participants of this group have higher readings of FPI, FPG, and A1C, and the CAD severity
was associated with the mentioned clinical factors.

In a previous study, serum RBP-4 levels were correlated to IR in T2D patients, as
well as non-diabetic populations with a strong T2D family history [40]. At the same
time, elevated serum RBP-4 was associated with metabolic syndrome components [41].
Previous research found a significant positive correlation between RBP-4 levels and CAD
severity [23,42–44]. All of these studies support the present study’s outcomes. From the
additional secondary analysis, we found that RBP-4 is associated with IR and the severity
of CAD in T2D patients with CAD, together with the clinical factors FPG and ACEI [5].
Thus, increased RBP-4 levels in the patients may play an important role in the inflammatory
progress and further development of IR and severe CAD.

This study shows that RBP-4 levels and clinical factors are related to IR and the
severity of CAD in T2D patients with CAD in the Malaysian population. The elevated
RBP-4 signifies the progression of IR and endothelial dysfunction. This could provide an
initial clue to healthcare providers in optimizing the management or treatment of T2D and
CAD patients. RBP-4 as an alternative to standard biomarkers, such as HOMA-IR and
hs-CRP, could signal perhaps an early intervention to prevent the disease progression.

Strengths and Limitations

One of the study’s major strengths is that the factors were examined by using a specific
common cytokine, RBP-4, which was linked to both IR and the severity of CAD separately
in previous studies. Furthermore, the study’s stringent inclusion and exclusion criteria
provided the most effective means of reducing the effect of confounding variables. Another
notable feature of this study is the use of sandwich ELISA (Cusabio Elabscience, Texas,
USA). Compared with other ELISA methods, the sandwich ELISA method has the highest
specificity because it involves two antibodies that detect different epitopes on the same
antigen. It also has a high degree of flexibility and sensitivity. One inherent weakness of
this study is that some variable data from the electronic medical records and the National
Cardiovascular Disease Database were not available. Consequently, socioeconomic factors,
lifestyle factors (such as diet logs), and medication adherence were not analyzed in this
study. Furthermore, no questionnaires or interviews were used in this study to collect
socioeconomic and lifestyle information from the participants.

5. Conclusions

RBP-4 was found to be significantly associated with IR and the severity of CAD in
both preliminary and secondary analyses together with FPG and ACEI. Consequently, this
study found that RBP-4 is a significant predictor of IR and the severity of CAD in T2D
patients with CAD. This study suggests that identifying RBP-4 as a common predictor of
IR and the severity of CAD in T2D patients with CAD may serve as a valuable clinical
indicator to predict the progression of IR and the severity of CAD. This could prevent
unnecessary clinical burden to the healthcare system.
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Appendix A

Table A1. Summarization of significant outcomes from preliminary analysis of study (p < 0.05).

Association of RBP-4 with Clinical Factors

Group Parameter p-Value

T2D + CAD A1C 0.034
hs-CRP <0.001
LDL-c <0.001
HDL-c 0.001

TG 0.028
Bi + I <0.001

Bi + SGLT2 + I 0.001
Bi + SU <0.001

Bi <0.001
SU <0.001

Nitrates 0.008
Diuretics 0.002

Cardiac glycosides <0.001
T2D-only FPI 0.032

TC 0.031
CAD-only – –

Association of clinical factors with IR and the severity of CAD

Group Factor p-value

T2D + CAD
IR FPG 0.011

FPI <0.001
hs-CRP 0.025

Bi + DPP4i + I 0.008
Antiplatelet agents 0.003

ACEI 0.026

Severity of CAD FPG
a 0.007
b 0.012

FPI a 0.045

DPP4i
a <0.001
b <0.001

SU + DPP4i
a 0.011
b 0.016

Bi + DPP4i + I
a <0.001
b 0.003
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Table A1. Cont.

Association of RBP-4 with Clinical Factors

Group Parameter p-Value

ACEI
a 0.032
b 0.029

AB
a 0.008
b 0.020

Fibrates b <0.001
Statins b 0.018

Hematinic agents
a 0.011
b 0.016

T2D-only
IR FPI <0.001

Severity of CAD – –
CAD-only

IR FPG 0.048
FPI <0.001

Severity of CAD FPG a <0.001
FPI b <0.001
A1C b <0.001

LDL-c b 0.004
HDL-c a <0.001

TG b 0.001

Association of RBP-4 with IR and the severity of CAD

Group Factor p-value

T2D + CAD
IR RBP-4 0.002

Severity of CAD
a 0.017
b 0.022

T2D-only
IR RBP-4 0.042

Severity of CAD –
CAD-only

IR RBP-4 0.031

Severity of CAD
a 0.002
b 0.001

Association of clinical factors and RBP-4 with IR, association of clinical factors with RBP-4 computed by using
binary logistic regression analysis. Association of clinical factors and RBP-4 with the severity of CAD computed
using multinomial logistic regression analysis. SVD was used as the reference group (a SVD vs. DVD; b SVD vs.
TVD); ‘–’ indicates not relevant.
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Simple Summary: Heart disease in diabetics presents distinctive characteristics both anatomically
and physiopathologically compared to non-diabetics. In people with diabetes, high blood pressure has
a high incidence (approximately one-third of diabetic patients have high blood pressure) and is a risk
factor for diabetic macro- and microvascular complications. The correlation of these parameters could
represent early markers of the prognosis and evolution of diabetic patients with acute myocardial
infarction and their routine determination could be included in the biological algorithm of acute
myocardial infarction, but understanding of this aspect must be deepened in the future. The results
showed that diabetic patients develop acute myocardial infarction more frequently, regardless of age.
The level of the enzymes of myocardial necrosis was higher in diabetics compared to non-diabetics,
and acute coronary syndrome occurs mainly in diabetics with inadequate metabolic balance. Our
research may provide useful information for the medical community.

Abstract: (1) Background: Myocardial infarction was, until recently, recognized as a major coronary
event, often fatal, with major implications for survivors. According to some authors, diabetes mellitus
is an important atherogenic risk factor with cardiac determinations underlying the definition of the
so-called “diabetic heart”. The present study aims to establish a correlation between the evolution
of myocardial infarction in diabetic patients, by determining whether lactic acid levels, the activity
of carbonic anhydrase isoenzymes, and the magnitude of ST-segment elevation are correlated with
the subsequent evolution of myocardial infarction. (2) Methods: The study analyzed 2 groups of
30 patients each: group 1 consisted of diabetic patients with acute myocardial infarction, and group 2
consisted of non-diabetic patients with acute myocardial infarction. Patients were examined clinically
and paraclinical, their heart markers, lactic acid, and the activity of carbonic anhydrase I and II
isozymes were determined. All patients underwent electrocardiogram and echocardiography anal-
yses. (3) Results: The results showed that diabetics develop acute myocardial infarction more
frequently, regardless of how much time has passed since the diagnosis. The value of myocardial
necrosis enzymes was higher in diabetics than in non-diabetics, and acute coronary syndrome occurs
mainly in diabetics with poor metabolic balance. Lethality rates in non-diabetic patients with lactic
acid values above normal are lower than in diabetics. (4) Conclusions: Lactic acid correlated with the
activity of isozyme I of carbonic dioxide which could be early markers of the prognosis and evolution
of diabetic patients with acute myocardial infarction.

Keywords: acute myocardial infarction; diabetes; lactic acid; carbonic anhydrase
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1. Introduction

Until recently, myocardial infarction was recognized as a major coronary event, often
fatal, with major implications for survivors [1,2]. This paradigm has changed as a result
of improved therapeutic strategies in patients with coronary heart disease and due to the
methods of detecting or excluding myocardial necrosis. The introduction of techniques for
measuring cardiac troponins has allowed the detection with high sensitivity and accuracy
of even small areas of myocardial necrosis, changing the criteria for defining infarction [3].

As a consequence of applying the new definition, more patients with myocardial
infarction will be identified and many more episodes of reinfarction will be diagnosed in
patients with progressive coronary heart disease. According to the new definition, patients
requiring myocardial revascularization (interventional or surgical) are at risk of additional
myocardial destruction or myocardial infarction [4,5]. The detection of microinfarcts,
possibly due to the new markers produced during the revascularization maneuvers, places
these patients in the high risk group [6,7]. However, the patient’s long-term prognosis can
be significantly improved by interventional or surgical revascularization. For example, a
patient with unstable angina and severe anterior descending artery stenosis will have a
much greater benefit from coronary dilation despite a small increase in cardiac troponins.
The benefit will far outweigh the negative impact of periprocedural infarction.

According to some authors, diabetes mellitus is an important atherogenic risk factor
with cardiac determinations underlying the definition of the so-called “diabetic heart”.
Heart disease in diabetics has distinctive features from non-diabetics, both anatomically
and pathophysiologically. The concept of diabetic heart muscle disease, later called diabetic
cardiomyopathy, involves diffuse myocardial damage even with coronary and microangio-
pathic lesions being absent. The physio-pathological processes that lead to the significant
increase in cardiovascular damage in patients with diabetes are represented by three impor-
tant biohumoral changes: hyperglycemia, hyperinsulinemia and the increase in circulating
free fatty acids [8].

Hyperglycemia is the negative factor that influences the prognosis and clinical evolu-
tion of AMI, leading to higher mortality and more severe complications. Hyperglycemia is
an important factor that determines endothelial dysfunction, leading to vascular damage
and microvascular obstructions, and its effect of increasing oxidative stress, inflammation
and platelet aggregation is also known. Thus, hyperglycemia causes a change in protein
synthesis, with increased expression of pro-inflammatory factors (IL11, IL 6, TNF alpha,
fibrinogen), oxidative stress and adhesion molecules (ICAM 1, VCAM 1), all of which result
in endothelial damage and the appearance of atherosclerotic lesions [9,10].

Diabetes is accompanied by an extremely high incidence of acute cardiovascular
events; thus, 15–20% of patients presenting with acute myocardial infarction also have
diabetes. The subsequent evolution of these patients is affected, the risk of adverse events
being twice as high as in non-diabetics. The risk of cardiovascular disease is increased at
blood sugar values slightly above the allowed limit and even at values above the normal
limit. Hyperglycemia is associated with a poor prognosis in patients with acute myocardial
infarction, regardless of the presence of diabetes [11,12].

Coronary findings in diabetes are of two types: macroangiopathy affecting the epicar-
dial coronary vessels and microangiopathy characterized by thickening of the basement
membrane of capillaries and arterioles with a diameter below 150 µm.

The clinical expression of cardiac involvement in diabetics also includes the autonomic
cardiac neuropathy that appears in diabetic neuropathy and is usually associated with
other types of neuropathic complications. High blood pressure has a high incidence in
people with diabetes (about a third of diabetic patients have high blood pressure) and is a
risk factor for the macro- and microvascular complications of the diabetic patient [13,14].

Although diabetes mellitus is frequently associated with other cardiovascular risk
factors (age, abdominal obesity, hypertension, dyslipidemia), it is an independent cardio-
vascular risk factor that acts even in the absence of other risk factors or after other risk
factors are brought under control [15,16].
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Carbonic anhydrase (CA), an enzyme discovered in 1932 by Meldrum and Roughton,
catalyzes one of the simplest chemical reactions, that of carbon dioxide and water [17].

The physiological relevance of CA isozymes and their possible fundamental role in the
living organism derives from the discovery of some families which genetically lack cytosolic
CA II [18,19]. These patients had symptoms of osteopetrosis, renal tubular acidosis and
cerebral calcifications. These findings are currently included in other investigations, aimed,
both at the quantitative determination of the activity of other CA isozymes in various
organs and tissues of individuals lacking CA II, and in the research and study of an animal
model in which one or more isozymes are completely missing [20,21].

Transport and elimination of CO2, regulation of pH and osmotic pressure, fluid
secretion and regulation of the ion exchange process [16] are therefore the most common
physiological processes involving the catalytic activity of one or more isozymes of CA.
Regarding the physiological role of CA isozymes, the research team led by Prof. Puscas
showed that I isozymes are involved in modulating vascular processes in the body [22,23]
in which substances with vasodilating effects inhibit CA I, and vasoconstrictors activate
these isozymes, while at the same time, II isozymes are involved in the modulation of
secretory processes in the body, all these results materializing into a new concept of signal
transmission in the cell—a theory of pH [24,25].

2. Materials and Methods
2.1. Aim of the Study

This study proposed to establish whether there was a correlation between the evolution
of myocardial infarction in diabetic patients and the activity of CA isoenzymes. The
presence of lactic acid and the activity of CA I and CA II isozymes were determined and
the values were correlated with the magnitude of the ST segment elevation and with the
subsequent evolution of myocardial infarction.

2.2. Materials

We studied a total of 60 patients, who were divided into two groups. All patients were
hospitalized with acute myocardial infarction at the CF Oradea Clinical Hospital, over
two years.

Group 1—Included 30 diabetic patients with acute myocardial infarction
Group 2—Included 30 non-diabetic patients with acute myocardial infarction

The measurement of lactic acid and markers of cardiac necrosis (immediately after
admission) and the use of the two groups of patients arose from the need to determine
biological parameters that would lead us to early diagnosis. These markers could indicate
a prospective unfavorable evolution of acute myocardial infarction in diabetics compared
to non-diabetics, and thus allow the use of more aggressive treatment, followed by an
improvement in the evolution and the quality of life of those patients. We determined
the value of lactic acid, cardiac markers and the activity of CA isozymes and looked for
a correlation between their levels, the size of ST-segment elevation and the subsequent
evolution of patients.

We prepared a study sheet for each patient, which included data for a single hospitalization.

2.3. Methods

All patients with myocardial infarction studied were first examined clinically, un-
dergoing a complete and complex evaluation according to the current standards, both
in terms of anamnestic and objective examination, concentrating on examination of the
cardiovascular system. Patients were monitored in the coronary intensive care unit for
heart rate, ventricular rate, blood pressure, and oxygen saturation.

Laboratory tests were then undertaken as a matter of urgency, supplemented
by subsequent data during hospitalization with the repeated measurement of certain
biological parameters.
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All patients with myocardial infarction underwent an electrocardiogram at the hospi-
talization stage, which was repeated during hospitalization and interpreted in dynamics.

After the initiation of emergency treatment and after clinical and paraclinical stabi-
lization, the patients underwent echocardiography, and where there were indications of
disease, they underwent exercise testing, 24-h Holter ECG monitoring, Doppler ultrasound
of the peripheral arteries or carotids, myocardial scintigraphy, arteriography, coronary
angiography, and measurement of myocardial revascularization. Lactic acid and cardiac
markers were determined by spectrophotometric methods with an automatic biochemistry
analyzer, Cobas model.

The measurement of carbonic anhydrase activity in red blood cells was performed
using the stopped-flow method [20] with a HI-TECH SF-51MX rapid kinetics spectropho-
tometer provided with a RKBIN IS-1 kinetic program.

2.4. Statistical Analysis

The data were statistically analyzed using the EPIINFO application, version 6.0, a
program of the Center for Disease Control and Prevention—CDC (Center of Disease Con-
trol and Prevention) in Atlanta, adapted to the processing of medical statistics. Frequency
ranges, average parameter values and standard deviations were calculated. Tests of statisti-
cal significance by the χ2 method were used, and ANOVA (Brown–Forsythe) was used to
compare the means. The level of statistical significance was 0.05.

3. Results
3.1. Characteristics of the Population (Age, Gender and Environment)

In our study group over 50% were women. The average age of the diabetic group
(age range 37–73 years) was 56.7 ± 7.3 years, and of the non-diabetic group (age range
38–81 years) was 64.6 ± 6.9 years, and the patients came mainly from an urban environment
(93.33%). This may be explained by the fact that diabetes is diagnosed faster and more
easily in urban areas, while in rural areas there is still a lack of medical staff, a lack of
education and a very low addressability of patients. Table 1 shows the characteristics of the
diabetic and non-diabetic groups.

Table 1. Characteristics of the population.

Baseline Characteristics of
the Diabetic Group and

Non-Diabetic Group

Diabetic
MD ± DS

Non-Diabetic
MD ± DS

Age (years) 56.7 ± 7.3 64.6 ± 6.9

Gender
Women 19 Percentage%

63.33 17 Percentage%
56.66

Men 11 36.66 13 43.33

Environment
Urban 28 93.33 25 83.33

Rural 2 6.66 5 16.66

In the diabetic group, 93.3% come from urban areas and 6.66% from rural areas. In the
non-diabetic group, 83.33% come from urban and 16.66% from rural areas. Their histories
showed that over 55% of diabetic patients had had a diabetes diagnosis for less than 5 years,
and the average duration of the disease in our study group was 5.9 years ± 1.3. Consistent
with the mean low duration of their diabetes, 51.5% of patients had no complications.

The most common complications were macroangiopathic (stroke—5.4%, ischemic
heart disease—18.8%, chronic obliterative arteriopathy—17.8%), followed by nephropa-
thy (15.8%). Neuropathy and retinopathy were found in a small percentage of patients
(6.4% and 4.0%, respectively), which were correlated with a shorter duration of diabetes
in the patients studied. We observe a net favorable balance of macrovascular compli-
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cations (stroke, obliterating arteriopathy, ischemic heart disease)—29.2%, compared to
microangiopathic complications (nephropathy, neuropathy, retinopathy)—26.2%. There
were patients in this study who had two or even three macrovascular complications without
any microvascular complications.

3.2. Electrocardiographic Evaluation

In terms of the electrocardiographic evaluation at admission, the cases were distributed
according to Table 2:

Table 2. Electrocardiographic evaluation case distribution at hospitalization.

Electrocardiographic Evaluation
Diabetic Non-Diabetic

% %

Pathological Q wave 18.3 8.8
ST segment change 81.2 91.6

ST Elevation 78.7 82.8
ST Subleveling 2.5 8.8
T wave change 31.7 25.5

The electrocardiogram helped us to assess the topography and extent of the myocardial
infarction. The most sensitive and specific ECG change for IMA is ST-segment elevation.
Newly pathological Q waves show high sensitivity and specificity, with about 90% of
patients having an evolving AMI. Pathological Q wave occurs later in the evolution of
IMA than ST segment elevation. ST-segment elevation is sensitive in detecting myocardial
ischemia, but cannot differentiate between AMI and unstable angina. T-wave changes can
be induced by acute myocardial ischemia, in about one-third of patients developing AMI.

In our study, a significantly higher number of diabetic patients had a pathological
Q wave at admission, which proves the delay in the presentation of these patients in an
emergency department, and implicitly a delay in starting treatment. Non-diabetic patients
who have more severe clinical manifestations than nondiabetics report to the emergency
department earlier. ST-segment changes, which appear first in the evolution of an AMI, are
found in a higher percentage in nondiabetic patients.

Therefore, the following locations were identified, Table 3:

Table 3. Distribution of cases according to the location of myocardial infarction.

Location of the Infarction
Diabetic Non-Diabetic

% %

Lower 31.7 28.9
Previous 7.9 20.1

Anteroseptal 21.3 14.2
Previously stretched 18.3 5.9

Side 20.8 30.9

In diabetic patients, the localization of AMI is mainly in the antero-septal and pre-
viously extended territory, these infarcts being large, and implicitly their evolution is
unfavorable, being accompanied by multiple complications. This is due to the late presen-
tation in the emergency services and implicitly due to the delay in starting the treatment.

Non-diabetic patients presented with smaller infarcts, located in the lower or lateral
territory. The presence of large infarcts (previously extended, antero-septal) in diabetic
patients and of smaller infarcts (lateral, anterior) in nondiabetic patients was observed.

3.3. Blood Sugar Values Distribution

The distribution of cases in terms of the blood sugar values at hospitalization is
presented in Figure 1:
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Figure 1. Case distribution according to blood sugar values at hospitalization.

We considered the blood sugar to be pathological at a value of over 100 mg/dL
according to the ADA standards [11]. In diabetics, the mean blood sugar at hospitalization
was 248 mg/dL (with limits of 102 mg/dL and 572 mg/dL). 2.5% of diabetics had blood
sugar values below 100 mg/dL, which indicates a good control of diabetes in these patients.
15.8% had blood sugar values between 100 and 140 mg/dL, 34.2% had glycemic values
between 140 and 200 mg/dL, 39.4% had values between 200–400 mg/dL and 7.9% had
values above 400 mg/dL.

In non-diabetic patients the blood sugar values were below the reference value of
100 mg/dL in 22 patients (75.5%), and in 8 patients the blood sugar value was over
100 mg/dL (with an upper limit of 140 mg/dL), but these values returned below 100 mg/dL
in the next two days.

The enzymes of myocardial necrosis (Table 4), that served to confirm or exclude the
diagnosis of major coronary heart disease determined in the two groups of patients were:

• creatine phosphokinase (CPK): VN = 25–90 U/I;
• creatine phosphokinase-MB (CPK-MB): VN < 5% of CK;
• lactic dehydrogenase (LDH): VN = 150–240 U/I;
• cardiac-specific troponins (cTnT and cTnI): VN < 0.1 ng/mL;
• oxaloacetic glutamic transaminase (GOT): VN < 35–40 IU.

Table 4. Enzymes of myocardial necrosis.

Normal Values Increased Values p Value

Parameter % Mp ± DS % Mp ± DS

Diabetic
CPK 23.8 68.1 ± 8.5 76.2 458.5 ± 40.7 p < 0.001

CPK-MB 21.3 5.2 ± 1.3 78.7 68.2 ± 7.9 p < 0.01
LDH 2.5 159.7 ± 21.6 97.5 625.0 ± 64.3 p < 0.001

cTnT- cTnI 0 - 100 2.2 ± 0.3 -
GOT 26.2 27.5 ± 3.9 73.8 116.6 ± 12.3 p < 0.001

Non-diabetic
CPK 11.3 56.3 ± 6.6 88.7 399.4 ± 41.3 p < 0.001

CPK-MB 8.8 5.0 ± 1.2 91.2 43.4 ± 5.7 p < 0.001
LDH 0 - 100 575.3 ± 61.8 -

cTnT- cTnI 0 - 100 2.1 ± 0.2 -
GOT 40.2 25.7 ± 3.2 59.8 107.2 ± 11.8 p < 0.01

Statistical significance: p < 0.001—highly significant; p < 0.01—very significant.

CPK data for diabetic patients indicated that 76.2% of patients showed an increased
value, with a mean of 458 U/I, and 23.8% had a normal value, with a mean of 68 U/I; this
indicates that the latter patients had a major coronary accident more than 3–4 days ahead
of other patients who had acute myocardial infarction (AMI) in the 3 days prior to the test.

CPK data for non-diabetic patients indicated that 88.7% of patients showed an increase
above normal, with a mean value of 399 U/I, and the level was normal in 11.3% of patients
with a mean value of 56 U/I.
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CPK-MB data indicated that 78.7% of diabetic patients showed an increased value
above normal, having a mean value of 68 U/I, while 21.3% of patients had a normal value
with a mean of 5 U/I having a greater specificity for the AMI diagnosis.

CPK-MB data indicated that 91.2% of non-diabetic patients, having a mean value of
43 U/I and this was normal in 8.8% of patients with a mean value of 5 U/I.

LDH data presented an increased value in 97.5% of diabetic patients, with a mean
value of 625 U/I, and in all non-diabetic patients with a mean value of 575 U/I.

The specific cardiac troponins determined showed elevated values above 0.1 ng/mL
with an average value of 2.1 ng/mL.

GOT showed increased values in 73.8% of diabetic patients, with a mean value of
116 U/I, and in 59.8% of non-diabetic patients, with a mean value of 107 U/I.

In diabetics, severe myocardial ischemia may cause an increase in serum lactic acid
(VN = 8–19.8 mg/dL) even without a decrease in blood pH. Based on these considerations,
we tried to identify the place of lactic acid as a predictive marker of the evolution of
diabetics with myocardial infarction. Lactic acid values were divided into 3 intervals:
<25 mg/dL, 25–35 mg/dL and> 35 mg/dL (Table 5).

Table 5. Lactic acid value.

Lactic Acid
Diabetic Non-Diabetic p Value

% %

<25 mg/dL 27.0 30.0 p > 0.05
25–35 mg/dL 29.7 33.3 p < 0.01
>35 mg/dL 43.2 36.7 p < 0.001

The main objective of analyzing biochemical markers in patients with acute chest pain
according to modern standards is to stratify the risk of these patients. This means not only
detecting or excluding myocardial necrosis, but also detecting patients at risk of developing
a life-threatening cardiac event in the near future. In the present study, we tried to find
new biochemical markers that would provide us with information on a future unfavorable
evolution of IMA. Thus, we found that a higher number of diabetic patients had high lactic
acid values compared to nondiabetics. We divided the high values of lactic acid into three
intervals: <25 mg/dL; 25–35 mg/dL; and > 35 mg/dL.

In the diabetic patients group it was found that for 43.2% of patients the value of lactic
acid increased significantly (>35 mg/dL), for 29.7% the value of lactic acid was between
25–35 mg/dL and for 27.0% the lactic acid value was below 25 mg/dL (p < 0.001).

In non-diabetics the value of lactic acid increased significantly for 36.7% of cases, for
33.3% the value of lactic acid was between 25–35 mg/dL and for 30% of cases the value of
lactic acid was below 25 mg/dL (p < 0.001) (Table 5).

3.4. Correlation of Lactic Acid Values with ST-Segment Elevation

For diabetic patients with lactic acid values higher than 35 mg/dL, we found a regres-
sion below 30% of ST-segment elevation, without any obvious clinical improvement. In
diabetic patients with lactic acid values between 25–35 mg/dL, we found a regression of
30–70% of ST-segment elevation, with obvious clinical improvement. There is also a linear
correlation between the lactic acid value with ST elevation.

We made a correlation between the values of lactic acid and the regression of ST
segment elevation. The regression (descent) of the ST segment elevation towards the
isoelectric line represents a marker of favorable evolution of IMA, of repermeabilization of
the hibernating areas around the myocardial necrosis. We took as a benchmark a regression
of ST elevation with a percentage of 30%, on ECG performed in dynamics.

We found that diabetic patients who had high lactic acid values in the range >35 mg/dL
had a small regression of ST segment elevation, by <30%, showing persistent ST segment
elevation, leading to a wider necrotic area, and therefore to an unfavorable evolution
of IMA.

213



Biology 2022, 11, 1189

Non-diabetic patients who had lower lactic acid values, <25 mg/dL, had a 100% regression
of ST segment elevation by >30%, with a more favorable evolution and obvious clinical
improvement (Table 6).

Table 6. Correlation of lactic acid values with ST-segment elevation.

Lactic Acid Diabetic Non-Diabetic

ST-Segment Elevation <30% >30% <30% >30%

<25 mg/dL
p > 0.05 20.0 80.0 - 100.0

25–35 mg/dL 36.4 63.6 20.0 80.0

>35 mg/dL
p < 0.001 75.0 25.0 55.6 44.4

CA II activity showed higher values in diabetic patients compared to nondiabetic
patients, while CA I activity was increased in both diabetic and nondiabetic patients, as
shown in Table 7.

Table 7. The activity of CA isozymes in diabetic and non-diabetic patients.

Red Blood Cells
(UE/mL) Normal Values Diabetic Non-Diabetic p Value

CA I red blood cells
(UE/mL) 0.262 ± 0.011 0.582 ± 0.021 * 0.574 ± 0.018 * p < 0.01

CA II red blood cells
(UE/mL) 1.015 ± 0.083 1.701 ± 0.118 * 1.042 ± 0.105 p < 0.05

* statistically significant difference compared to normal values (p < 0.05).

The biological parameters determined for patients from both groups are presented
in Figure 2:
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Figure 2. Distribution of cases according to biological parameters outside the limits of normality.
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4. Discussion

The size of the infarction is crucial to survival. Diabetic patients have larger infarcts
than non-diabetics, and since the size of myocardial infarction is closely correlated with
cardiac performance and mortality, this may explain the higher mortality rate in diabetics.
It has also been shown that women suffer from more severe heart attacks, which correlates
well with the increase in mortality after acute myocardial infarction in diabetic women.

Diabetes is a major risk factor for the development of cardiovascular diseases. The
risk of cardiovascular disease in patients with diabetes is two to three times higher than
in patients without diabetes. In addition, diabetes is a strong risk factor for cardiovascu-
lar events after acute myocardial infarction [26]. Some studies indicate that diabetes is
independently associated with impaired epicardial reperfusion and higher mortality [27].

Another factor associated with acute myocardial infarction that seems to be relevant
in determining the increased mortality rate in diabetics is the location of the infarction.
Diabetic patients most often have an anteroseptal localization of acute myocardial infarction,
more commonly than non-diabetics, and mortality in such areas is higher than in any other
localization [28,29].

It should be mentioned that if at hospitalization in most patients the ST segment
changes and especially the ST segment elevation dominated, in both groups of diabetic
patients and non-diabetic patients, at discharge the Q wave changes dominated, which
overlaps with the evolution of the natural ECG of an acute myocardial infarction.

Echocardiography showed the presence of systolic dysfunction in a higher number of
diabetic patients (71.3%) than non-diabetics (56.9%). The ejection fraction recorded lower
values in diabetics than in non-diabetics (42.0%versus 47.5%) the difference being significant.
This is consistent with some studies published in the literature [25]. The shortening fraction
is higher in non-diabetic patients than in diabetics, but without significant differences
between the two groups of patients (p > 0.05).

The analysis of paraclinical data performed on the groups of patients included in this
study shows the presence of dyslipidemia (hypercholesterolemia, hypertriglyceridemia,
hyperlipidemia, low HDL-cholesterol) in a higher number of diabetic patients compared
to non-diabetic; and these dyslipidemias are more severe in diabetic than in non-diabetic
patients. This data is consistent with the literature, given that the dyslipidemia profile
of diabetic patients is frequently characterized by hypertriglyceridemia and decreased
HDL-cholesterol; these dyslipidemias are independent cardiovascular risk factors in dia-
betic patients. In the studied groups, in the diabetic patients hypertriglyceridemia was
present to a level of 55.5% and in non-diabetics to 20.1%. Low HDL-cholesterol was present
in 44.6% of diabetics, compared to 23% in non-diabetics. This dyslipidemia profile of
diabetic patients is more suitable for fibrate therapy (Helsinki-Heart study); however, many
trials have shown that diabetics benefit equally with the non-diabetic population from
statin therapy.

In the studied groups, we also observed a higher number of diabetic patients with
hypercholesterolemia (47.5% versus 25.5%), so the dyslipidemia profile of the studied
patients is different from the data published in the literature.

The study also focused on finding out whether there was an influence of lactic acid
values on the evolution of patients with AMI. Thus, in diabetic patients we found an
unfavorable evolution in those with high lactic acid values (>35 mg/dL). In patients with
lactic acid above 35 mg/dL the risk of death was 1.7 times higher than in those with values
between 25–35 mg/dL.

In non-diabetics, lethality rates in patients with lactic acid values above normal were
lower than in diabetics (10.0% versus 18.2% at 25–35 mg/dL, and 22.2% versus 31.3%
(>35 mg/dL), respectively.

It has also been observed that there is a direct correlation between CA II activity and
diabetes, in the sense that diabetic patients have higher values of this isoenzyme, while
CA I isoenzyme, known for its implications in vasoconstriction and vasodilation, has
increased activity in all patients with myocardial infarction, regardless of their diabetic
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status [30–32]. The high values of CA II are also correlated with the high values of cardiac
markers, meaning that the enzyme can also be an indicator of the state of damage to the
heart tissue [33]. A long-term case follow-up study is needed to investigate the incidence
of diabetes and cardiovascular complications of the disease [34].

5. Conclusions

Current studies indicate that there is no satisfactory biomarker that can specifically
identify acute manifestations related to myocardial ischemia and its prognosis [31]. How-
ever, in this study the electrocardiogram analysis showed the presence in diabetics, espe-
cially, of much larger transmural myocardial infarctions and the fact that at the time of
presentation to the doctor many diabetic patients had already developed a pathological
Q wave of ECG necrosis. Lactic acid values together with the activity of CA II isoenzyme
could be early markers in the prognosis and evolution of diabetic patients with acute my-
ocardial infarction; their routine measurement may be included in the biological algorithm
of acute myocardial infarction, but this should be fully researched in the future.
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Simple Summary: Atherosclerosis is the main underlying mechanism for cardiovascular disease.
The main cause for atherosclerosis development is oxidized low density lipoprotein (oxLDL)
accumulation in the vessel wall and a subsequent immune response. It has been established
that immunoglobulin M antibodies against oxLDL help protect against atherosclerosis. It has been
found in mice that vaccination with Streptococcus pneumoniae results in an increase of these protective
antibodies and thereby decreases the development of atherosclerosis. In this study, we investigated if
this increase of antibodies can be found in human as well. Twenty-four healthy male volunteers were
vaccinated with Prevenar-13, a pneumococcal vaccine, using different dosing regimens. An increase
in anti-Prevenar antibodies was found, showing that the vaccination worked. However, no increase
in protective anti-phosphorylcholine or anti-oxLDL antibodies was observed. This work shows
that vaccination against pneumococcal does not seem to be a suitable treatment option to help
prevent atherosclerosis development, although further research would be required to test alternative
pneumococcal-based vaccines, vaccination regimens or study populations.

Abstract: In mice vaccination with Streptococcus pneumoniae results in an increase in anti-oxLDL IgM
antibodies due to mimicry of anti-phosphorylcholine (present in the cell wall of S. pneumoniae) and
anti-oxLDL IgM. In this study we investigated the human translation of this molecular mimicry
by vaccination against S. pneumoniae using the Prevenar-13 vaccine. Twenty-four healthy male
volunteers were vaccinated with Prevenar-13, either three times, twice or once in a double-blind,
placebo-controlled, randomized single center clinical study. Anti-pneumococcal wall, oxLDL and
phosphorycholine antibody levels were measured at a fixed serum dilution, as well as circulating
lipid levels over the course of 68 weeks. A significant increase in anti-oxLDL IgG and IgM was seen in
the group receiving two doses six months apart compared to the placebo. However, these differences
were not observed in the groups receiving a single dose, two doses one month apart, or three doses.
This study shows that vaccination with Prevenar-13 does not result in robust anti-oxLDL IgM levels
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in humans. Further research would be required to test alternative pneumococcal-based vaccines,
vaccination regimens or study populations, such as cardiovascular disease patients.

Keywords: cardiovascular disease; vaccine; clinical trials; translational medicine; atherosclerosis;
oxLDL; phosphorylcholine

1. Introduction

Oxidized low density lipoprotein (oxLDL) particles play a key role in the etiology of
atherosclerosis [1]. In the vessel wall, oxLDL is recognized and phagocytosed by macrophages
primarily via scavenger receptors leading to foam cell formation [2]. Macrophage foam cells are
hallmark cells of atherosclerotic lesions and participate in the inflammatory responses that mediate
smooth muscle cell migration and proliferation, and extracellular matrix production, and thereby
stimulate atherosclerotic plaque progression.

Several mouse studies showed that IgM antibodies against oxLDL are atheroprotective [3,4].
IgM antibodies against oxidized particles facilitate the clearance of apoptotic cells, thereby promoting
the resolution of inflammation [5,6]. Additionally, these antibodies neutralize the proinflammatory
effects of oxidized phospholipids [7,8]. Inhibition of scavenger receptor-mediated oxLDL uptake
by macrophages prevents the formation of foam cells and subsequent progression of atherosclerotic
plaque formation [3,9]. In clinical studies, oxLDL-specific IgM has been reported to be a protective
factor for atherosclerosis development, correlating with cardiovascular disease incidence and clinical
outcome [10–13].

In contrast to IgM, the role of oxLDL–specific IgG in atherosclerosis is thought to be atherogenic.
OxLDL–IgG complexes have been shown to induce survival of plaque-resident monocytes [14] and
secretion of proatherogenic cytokines by mast cells [15]. Clinical studies showed a correlation between
oxLDL–IgG antibodies and acute coronary syndrome, suggesting an untoward role of this antibody
in plaque destabilization [16]. In human, oxLDL–specific IgG antibody titers correlated inversely to
the oxLDL serum concentration [17] and, in mouse, serum cholesterol levels [18], which suggests that
oxLDL–specific IgG facilitates phagocytosis of oxLDL by macrophages.

Mouse experiments showed that certain IgM clones binding oxLDL bind phosphorylcholine (PC)
of oxidized—but not unoxidized—phospholipids [3,19]. Importantly, Binder et al. showed in Ldlr
knockout mice that vaccination against S. pneumoniae using pneumoccocal extracts induced high titers
of oxLDL–specific IgM, subsequently leading to a decrease in atherosclerotic lesions [19]. This effect
was explained by the fact that PC is present as part of the capsular polysaccharide of S. pneumoniae.
Moreover, immunization with PC conjugated to carrier proteins also induced oxLDL–IgM and decreased
the extent of atherosclerosis in ApoE knockout mice [20,21].

Autoantibodies against PC are also found in humans, where low levels of PC–IgM autoantibodies
correlate with a higher incidence of cardiovascular disease [22–25]. Moreover, pneumococcal-specific
IgG and oxLDL-specific antibody titers correlated significantly in subjects who had received
pneumococcal vaccination [26], although there are also reports of an absent effect of pneumococcal
vaccination on oxLDL–specific IgM levels [27].

The present proof-of-concept study investigated the human translation of the observed effects of
pneumococcal immunization in mice. Healthy human volunteers were vaccinated with a 13-valent
conjugated pneumococcal vaccine (Prevenar-13®), and the induction of PC- and oxLDL-specific
antibodies was measured.

2. Materials and Methods

This investigation was a double-blind, randomized, placebo-controlled, parallel, single-center
study with twenty-four healthy males between 18 and 45 years of age. The study was performed
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at the Centre for Human Drug Research in Leiden, The Netherlands. Participants were recruited
via advertisements and social media. Participants were assessed to be generally healthy based
on a complete medical screening and had no previous exposure to the 13-valent pneumococcal
vaccine. All participants gave written informed consent prior to any study-related activity. The study
was approved by the Ethics Committee of the Leiden University Medical Centre (LUMC) and
Declaration of Helsinki principles were followed. The study is registered in the Dutch Trial Registry
(Nederlands Trial Register, NTR) under study number NTR5643 and took place for all participants
simultaneously between March 2016 and October 2017. This study was funded by the European Union,
call FP7-HEALTH-2013-INNOVATION, project ID 603131.

2.1. Vaccination Schedule

The 13-valent conjugated pneumococcal vaccine (Prevenar-13®) used in this study was from a
single batch (batch no. MU7958). The presence of residual PC in the vaccine preparation was confirmed
by ELISA using the PC-specific mAb IgM E06. Placebo consisted of 0.9% NaCl solution. Since there are
clear visual differences between these vaccinations, three physicians were unblinded for administration
of the vaccine. These physicians were not otherwise involved in the study.

Vaccinations took place at three time points: at baseline, at four weeks and at 28 weeks. Subjects were
randomized in a consecutive order based on eligibility. The randomization code was generated using SAS
v9.4 for Windows (SAS Institute Inc., Cary, NC, USA) by an independent statistician. The randomization
code was only made available for data analysis after study completion. There were five different
treatment arms, as displayed in Figure 1. In the mouse study three immunizations were enough for
oxLDL–specific IgM induction [19]. In the mouse study proteinase-treated S. pneumoniae extracts were
used. In this design, the power to detect differences between placebo and active treatment arms was
optimized between baseline and at the 28 week time point (PP vs. AA vs. AP, n = 8 per group).
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2.2. Antibody Measurements

K2EDTA plasma antibody levels to Prevenar, PC–BSA, and CuSO4-oxidized LDL (oxLDL) were
measured by chemiluminescent ELISA as reported previously [28]. In brief, Prevenar (Pfizer) was
coated at 1:5000, PC–BSA (Biosearch Technologies, Novato, CA, USA) and oxLDL at 5 ug/ml in
PBS/EDTA. IgM antibodies were measured at a dilution of 1:500 and IgG antbodies at 1:1000. Binding of
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IgG subclasses to Prevenar was measured at a dilution of 1:100 and to PC–BSA at 1:100 for IgG3 and
IgG4, and 1:500 for IgG2.

Serum levels of total cholesterol, low density lipoprotein (LDL), high density lipoprotein (HDL)
and triglycerides were measured by the chemistry lab of the Leiden University Medical Center on the
Cobas P800 analyzer (Hoffmann–La Roche, Basel, Switzerland).

2.3. Power Calculation

In humans, the median anti-oxLDL IgG levels in the healthy, unvaccinated population is around
50 U/l, with an interquartile range of around 25–75 U/l [26]. Anticipating an immune response
minimally resulting in a five-fold rise in IgG and IgM antibody levels, and based on an inter-subject
variability of 50% in basal IgG and IgM levels [19,24,26], a sample size of 4–8 subjects per group
(dependent on the contrast) will be sufficient to meet the study objectives. This was a conservative
approach considering in the magnitude of the oxLDL-specific IgM response observed in the murine
model [19].

2.4. Statistical Analysis

Data are presented as mean ± standard deviation (SD). In case of non-normal distribution,
parameters were log-transformed. Repeatedly measured variables were analyzed with a mixed model
analysis of variance with fixed factors treatment group, time and the interaction of treatment group
and time as fixed factor and subject as random factor. Primary endpoints (Prevenar-specific Ig levels,
oxLDL-specific Ig levels and PC-specific Ig levels) were compared between treatment groups for the
0–4 week window, the 4–28 week window, and the 28–68 week window. As a secondary endpoint,
lipid levels in circulation were measured. Estimated differences were calculated between the groups.
A positive value indicates a higher estimated value for the active group, a negative value indicates
a lower value for the active group. The analysis was performed in SAS v9.4 (SAS Institute, Cary,
NC, USA).

3. Results

Twenty-four healthy volunteers were included in the study; their baseline characteristics can be
found in Table 1. One subject withdrew consent after two weeks for non-study related reasons (Figure 1).
This subject was randomized to the active-active-placebo treatment arm and was not replaced.

Table 1. Baseline characteristics.

Parameter n = 24

Age (years) 28.5 ± 8.5
Gender male (%) 100

Ethnicity Caucasian (%) 100
Height (cm) 180.5 ± 5.3
Weight (kg) 75.0 ± 11.0
BMI (kg/m2) 23.0 ± 3.2

Heart rate (min−1) 58.5 ± 9.0
Systolic blood pressure (mmHg) 123 ± 9.3
Diastolic blood pressure (mmHg) 75.1 ± 6.7

3.1. Anti-Prevenar Antibodies

Prevenar-specific IgG was significantly increased in all subjects who received any active treatment
compared to placebo-treated subjects, see Table 2 and Figure 2A. Prevenar-specific IgM was significantly
increased in subjects who received any active treatment up to 28 weeks, however after 68 weeks only
subjects receiving three active doses had a significantly increased IgM level compared to placebo.
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Table 2. Estimated differences for Prevenar-specific IgG and IgM levels.

IgG IgM

ED %95 CI p Value ED %95 CI p Value

0–4 weeks (A vs. P) 19,187.8 14,098.7–24,276.9 <0.0001 13,128.5 5356.9–20,900.1 0.0020

4–28 weeks (AP vs. PP) 16,656.9 11,626.7–21,687.1 <0.0001 5480.2 1143.1–9817.3 0.0158

4–28 weeks (AA vs. PP) 17,155.5 12,449.3–21,861.7 <0.0001 9272.0 4568.5–13,975.5 0.0005

28–68 weeks (AAA vs. PPP) 22,733.6 17,512.7–27,954.5 <0.0001 8189.1 1407.0–14,971.1 0.0209

28–68 weeks (AAP vs. PPP) 18,439.7 12,869.1–24,010.2 <0.0001 10,320.1 −23.1–20,663.3 0.0505

28–68 weeks (APA vs. PPP) 25,805.3 19,200.6–32,409.9 <0.0001 987.0 −6717.0–8691.0 0.7903

28–68 weeks (APP vs. PPP) 17,116.7 11,720.9–22,512.5 <0.0001 2233.9 −4392.3–8860.1 0.4862

ED = estimated difference, A = active, P = placebo, CI = confidence interval.
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Figure 2. Anti-Prevenar (quantified by antibodies against pneumococcal wall saccharide) (A);
anti-phosphorylcholine (B); and anti–oxLDL responses (C). Mean + SD; n = 4 per group, n = 3
for AAP (active-active-placebo) group and n = 8 for PPP (placebo-placebo-placebo) group. RLU/100ms:
relative light units/100 ms ‘A’: active treatment, ‘P’: placebo treatment. Dotted lines indicate vaccination
times (baseline, 4 weeks, 28 weeks). Statistical analysis using a mixed model analysis of variance with
fixed factors: treatment group and time, and the interaction of treatment group and subject as random
factor. For p-values for Prevenar responses, see Table 2. No significant changes were found for oxLDL
and PC responses, except for PC-specific IgM in the APA (active-placebo-active) group compared to
PPP (p = 0.005), and oxLDL-specific IgM and IgG responses at 68 weeks in the APA group compared to
PPP (p = 0.007 for IgG, p = 0.005 for IgM).
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3.2. Anti-OxLDL and Anti-PC Antibodies

No difference was observed in PC-specific IgG levels compared to placebo, for any of the active
treatment groups. Similarly, no difference was observed for PC-specific IgM levels between active
treatment groups and placebo, with the exception of IgM levels being higher in the APA group
compared to PPP during the study period (ED: 9409.7, 95% CI: 3227.5–15,591.9, p = 0.005) (Figure 2B).

There were no differences in oxLDL-specific IgG and IgM antibodies between active and placebo
treated subjects up to 28 weeks. However, at 68 weeks, subjects who received an active treatment at
baseline and after 28 weeks (APA) had an increased oxLDL-specific IgG level compared to subjects
receiving three placebo injections (PPP) with an estimated difference (ED) of 9913 (95% CI: 3141–16,686;
p = 0.007). As shown in Figure 2C difference between these groups were also observed for oxLDL-specific
IgM levels (ED: 12235, 95% CI: 4179–20,290; p = 0.005).

3.3. Lipids

The levels of total cholesterol (A), LDL (B), HDL (C) and triglycerides (D) of all groups during the
study are depicted in Figure 3. No significant differences were found between treatment groups, with
the exception of subjects receiving a single active treatment at the beginning of the study (APP) who
had a significant higher triglyceride level compared to placebo (PPP) (ED: 7.9%, 95 %CI 18%–171%;
p = 0.009).
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Figure 3. Cholesterol (A), LDL (low density lipoproteins) (B), HDL (high density lipoproteins) (C) and
triglycerides plasma levels (D) (mean + SD). n = 4 per group, n = 3 for AAP group and n = 8 for PPP
group. ‘A’: active treatment, ‘P’: placebo treatment. Dotted lines indicate vaccinations (baseline, 4 weeks,
28 weeks). Statistical analysis using a mixed model analysis of variance with fixed factors: treatment
group and time, and the interaction of treatment group and subject as random factor. No significant
differences were found, with the exception of APP versus PPP for triglycerides (p = 0.009).
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4. Discussion

The present study evaluated the effect of a 13-valent conjugate pneumococcal vaccine on the
induction of anti-oxLDL and anti-PC antibodies and cholesterol levels in humans. Several vaccination
regimens were tested, where subjects received either one, two or three doses of Prevenar-13 over
a period of 28 weeks compared to placebo. Despite the induction of an adequate anti-Prevenar
13 antibody response, there was no evident induction of either PC-specific or oxLDL-specific antibodies.
Prevenar-13 immunization induced a significant IgG2 response when subjects were immunized at
least twice, while levels of IgG3 and IgG4 were not altered (Figure S1). In one active treatment group
a statistically significant difference in PC-specific and oxLDL-specific antibody levels was observed
compared to placebo. This occurred in the group receiving two doses of the vaccine at the start of the
study and after 28 weeks (APA). A significant increase in PC-specific IgM and oxLDL-specific IgM
and IgG was observed at 68 weeks. Interestingly, we observed a significant increase in PC-specific
IgG3 for the group receiving two vaccinations four weeks apart (AAP) compared to placebo (PPP)
(Figure S1 panel B). Elevated oxLDL-specific IgM is believed to be atheroprotective [10–13], but the
role of oxLDL-specific IgG levels is not fully elucidated. Laczik et al. [16] showed that increased
oxLDL-specific IgG levels correlate with acute coronary syndrome, while immunization with oxLDL,
resulting in an increase in oxLDL-specific IgG, resulted in decreased plaque development in several
mouse models [18]. Furthermore, oxLDL levels are inversely correlated with oxLDL-specific IgG serum
levels [17]. Binder et al. [19] showed S. pneumoniae immunization in mice induced a much stronger
oxLDL-specific IgM response than an oxLDL-specific IgG response (100,000 vs. 10,000 RLU/100ms).
The current clinical data are at odds with this observation, though the observed anti-oxLDL responses
in the APA group may indicate that the timing of vaccination could be important.

Previous studies have investigated the 23-valent polysaccharide pneumococcal vaccine as a
means to elicit oxLDL-specific antibodies in humans, with conflicting results [26,27,29]. One study
reported that, after vaccination with the 23-valent vaccine, an increased oxLDL-specific IgG antibody
titer was observed compared to healthy, unvaccinated individuals (248 U/l vs. 55 U/l). An effect of
vaccination on IgM was not reported. In the other two studies, no association between vaccination
status and oxLDL-specific antibodies was observed. There are, however, key differences between
these studies and the present study. First, patients in all three referenced studies only got a single
vaccination, whereas in the present study, up to three vaccinations were given. Second, there is a
major difference between the 23-valent polysaccharide vaccine that was used in these studies and
the 13-valent polysaccharide conjugate vaccine that was used in the present study. The latter is
constituted of cell wall polysaccharides that have been conjugated to a protein. The 13-valent vaccine
is thereby considered to be more powerful in eliciting an antibody response against Streptococcus
pneumonia [30,31]. These data were the basis for the selection of the 13-valent vaccine for the current
clinical study.

Although the sample size per group was relatively small in the current study (n = 4 for treatment
groups, n = 8 for placebo), the study was sufficiently powered to detect Prevenar-13-induced rises in
IgM titers, had these occurred as in the murine experiments [19].

The induction of anti-pneumococcal wall saccharide antibodies demonstrates that the 13-valent
vaccine was effective for its intended use. However, the vaccine did not elicit a robust oxLDL-specific
IgM response, as observed in mouse experiments. One explanation for the poor induction of
oxLDL-specific antibody responses by Prevenar 13 may be that the murine immune response is poorly
translatable to humans. Human and mice have numerous discrepancies in their innate and adaptive
immune systems, such as cytokine receptor and costimulatory molecule expression and function [32,33].
Moreover, murine studies are commonly performed in inbred strains, with limited genetic variability
between mice. This, and the fact that mice are kept in a more-sterile environment, results in a smaller
immune diversity compared to humans [34]. On the other hand, the mild but significant induction of
oxLDL-specific antibody responses in one active treatment group (APA) does support further clinical
investigation of mimicry between pneumococcal vaccination and oxLDL. Furthermore, it could be
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hypothesized that the PC content in the Prevenar-13 vaccine used was not high enough to induce
robust PC- and oxLDL-specific responses.

5. Conclusions

Vaccination of humans with Prevenar-13 did not significantly increase PC-specific
antibodies and oxLDL-specific antibodies nor resulted in significant changes in plasma lipids.
Nevertheless, subgroup analyses suggested an induction of PC-specific and oxLDL-specific IgM and
IgG in individuals receiving two doses six months apart. Future research should investigate alternative
pneumococcal vaccines (driving more significant anti-PC antibody responses), vaccination regimens,
or study populations, to confirm or refute the hypothesis that molecular mimicry underlying
pneumococcal-driven anti-oxLDL responses as observed in mice occurs in humans.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-7737/9/11/345/s1,
Figure S1: Prevenar-specific and phosphorylcholine-specific IgG subclass responses.
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