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Rationale: ApoC3 plays a central role in the hydrolysis process of triglyceride (TG)-
rich lipoproteins mediated by lipoprotein lipase (LPL), which levels are positively
associated with the incidence of cardiovascular disease (CVD). Although targeting
ApoC8 by antisense oligonucleotide (ASO), Volanesorsen markedly reduces plasma
TG level and increase high-density lipoprotein cholesterol (HDL-C) in patients with
hypertriglyceridemia (HTG), the cholesterol-lowering effect of ApoC3 inhibition and then
the consequential outcome of atherosclerotic cardiovascular disease (ASCVD) have not
been reported in patients of familial hypercholesterolemia (FH) with severe refractory
hypercholesterolemia yet.

Objective: To investigate the precise effects of depleting ApoC3 on refractory
hypercholesterolemia and atherosclerosis, we crossed ApoC3-deficient hamsters with
a background of LDLR deficiency to generate a double knockout (DKO) hamster model
(LDLR™/~, XApoC3~/~, DKO).

Approach and Results: On the standard laboratory diet, DKO hamsters had reduced
levels of plasma TG and total cholesterol (TC) relative to LDLR~/~ hamsters. However,
upon high-cholesterol/high-fat (HCHF) diet feeding for 12 weeks, ApoC3 deficiency
reduced TG level only in female animals without affecting refractory cholesterol in the
circulation, whereas apolipoprotein A1 (ApoA1) levels were significantly increased in DKO
hamsters with both genders. Unexpectedly, loss of ApoC3 paradoxically accelerated
diet-induced atherosclerotic development in female and male LDLR~/~ hamsters but
ameliorated fatty liver in female animals. Further analysis of blood biological parameters
revealed that lacking ApoC3 resulted in abnormal platelet (PLT) indices, which could
potentially contribute to atherosclerosis in LDLR~/~ hamsters.

Conclusions: In this study, our novel findings provide new insight into the application
of ApoC3 inhibition for severe refractory hypercholesterolemia and ASCVD.

Keywords: ApoC3, atherosclerosis, LDLR, Syrian golden hamster, hypertriglyceridemia
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Xu et al.

ApoC3 and Atherosclerosis in LDLR™/~ Hamsters

HIGHLIGHTS

- ApoC3 deficiency reduces plasma triglyceride and total
cholesterol levels in female and male LDLR™/~ hamsters on
a standard laboratory diet.

- Loss of ApoC3 only lowers circulating triglyceride level
in female LDLR™/~ hamsters without affecting severe
refractory hypercholesterolemia after high-cholesterol/high-
fat diet feeding.

- Targeting ApoC3 paradoxically exacerbates diet-induced
atherosclerosis in LDLR™/~ hamsters independent of gender,
but only protects against fatty liver in female animals.

INTRODUCTION

Elevated triglyceride (TG) levels caused by genetic or
environmental factors are positively associated with the
increased incidence of atherosclerotic cardiovascular disease
(ASCVD) and acute pancreatitis (AP) (1). Lipoprotein lipase
(LPL) is a key rate-limiting enzyme that plays a central role
in modulating TG metabolism. Loss-of-function mutations
in the LPL gene cause severe hypertriglyceridemia (HTG)
(2). To our knowledge, several important regulators of LPL
enzymatic activity have been identified in the past decades,
including activators such as apolipoprotein C-II (ApoC2)
and apolipoprotein A-V (ApoA5), and inhibitors such as
apolipoprotein C-III (ApoC3) and angiopoietin-like 3/4/8
(ANGPTL3/4/8). Although functional studies show that ApoC2
and ApoA5 are required for LPL-mediated TG hydrolysis
process in vitro and in vivo, overexpression of human ApoC2 in
mice unexpectedly elicits HTG and ApoA5-deficient mice have
no obvious HTG under the condition of regular standard diet
(3), implying that TG metabolism is complicated in vivo and
HTG cannot be solved when only targeting activators involved
in LPL activity.

Unlike the contradictory data from the LPL activator,
abrogating the inhibitory effects of ApoC3 and ANGPTLs on LPL
activity consistently reduces circulating TG levels, thus yielding
promising outcomes of dyslipidemia in different experimental
animal models (4). Recently, ANGPTL3 and ApoC3 have been
reported to be potential therapeutic targets for the treatment of
HTG in clinical trials. For example, evinacumab, an antibody
that inhibits ANGPTL3 not only reduces TG level in circulation
by enhancing LPL activity but also significantly decreases
low-density lipoprotein cholesterol (LDL-C) in patients with
familial hypercholesterolemia (FH) in two independent phase 3
trials (5, 6). However, although targeting ApoC3 by antisense
oligonucleotide (ASO), volanesorsen, markedly reduces plasma
TG level in patients with HTG (7, 8), the cholesterol-lowering
effect of ApoC3 inhibition and then the consequential outcomes

Abbreviations: ApoAl, apolipoprotein Al; ApoB, apolipoprotein B; ApoE,
apolipoprotein E; ApoC3, apolipoprotein C3; HDL, high-density lipoprotein;
LDL, low-density lipoprotein; LDLR, low-density lipoprotein receptor; VLDL,
very low-density lipoprotein; FH, familial hypercholesterolemia; HCHE
high cholesterol/high fat; LPL, lipoprotein lipase; TG, triglyceride; HTG,
hypertriglyceridemia; ASCVD, atherosclerotic cardiovascular disease.

of atherosclerotic cardiovascular disease (ASCVD) have not been
reported yet in patients with FH so far.

Previously, using CRISPR/Cas9 editing our group deleted the
Apoc3 gene from the Syrian golden hamster model that replicates
human metabolic features, and we found that lack of ApoC3
significantly decreased plasma TG and total cholesterol (TC)
levels, meanwhile increased high-density lipoprotein cholesterol
(HDL-C) in hamsters fed with high-cholesterol/high-fat (HCHF)
diet (9), suggesting that ApoC3 deficiency ameliorates diet-
induced combined dyslipidemia. However, in agreement with
the observations from the clinical trials, whether the beneficial
effect of lacking ApoC3 relies on the presence of low-
density lipoprotein receptor (LDLR) and whether ApoC3
inhibition can be applied for the treatment of severe refractory
hypercholesterolemia and atherosclerosis due to LDLR deficiency
still needs to be elucidated. In this study, we crossed ApoC3-
deficient hamsters with a background of LDLR deficiency to
generate a double knockout (DKO) hamster model (LDLR~/—
XApoC3~/~, DKO) and investigated the role of ApoC3
inhibition in lipid metabolism and atherosclerosis in the hamster
model of FH. Our experimental evidence provides new insight
into the possibility that ApoC3 will be a potential therapeutic
target for the treatment of FH and atherosclerosis.

MATERIALS AND METHODS

Animals

Golden Syrian hamsters were purchased from Vital River
Laboratories (Beijing, China). Homozygous LDLR-deficient
(LDLR™/7) hamsters and ApoC3_/ ~ hamsters were generated
by CRISPR/ Cas9 genetic editing system in our laboratory as
described previously (9, 10). In this study, Ap0C3_/ ~ hamsters
were crossed with LDLR™/~ hamsters to obtain homozygous
double mutant animals (DKO), and LDLR™/~ hamsters were
used as a control. The animals were maintained on a 14-h
light/10-h dark cycle at 24°C and fed either a standard laboratory
diet or HCHF diet (0.5% cholesterol and 20% fat) with water ad
libitum. Both male and female animals were used in our study.
All procedures were followed to the guidelines of Laboratory
Animal Care (NIH Publication No. 85Y23, revised 1996), and
the experimental protocol was approved by the Animal Care
Committee, Peking University Health Science Center (LA2015-
012).

The Assays of Plasma Lipids and
(Apo)Lipoproteins

Blood samples were collected from the retro-orbital plexus of
the hamsters after 12-h fasting under isoflurane anesthesia. The
plasma TC and TG levels were determined enzymatically using
commercially available kits (Zhongsheng Beikong, Beijing) as
described previously (9).

To analyze the lipid distribution, fast protein liquid
chromatography (FPLC) of plasma lipoproteins was performed
using 200 pl of pooled plasma samples from 6 animals with
indicated genotypes, which were filtered by 0.22-mm filters
and then applied to Tricorn high-performance Superose S-6
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10/300GL columns (Amersham Biosciences), eluting with PBS at
a constant flow rate of 0.25 ml/min. Eluted fractions (500 .l per
fraction) were assessed for TG and cholesterol concentrations
using the same TG and cholesterol kits as described above.

Western Blots

The concentrations of apolipoprotein B (ApoB), apolipoprotein
E (ApoE), and apolipoprotein Al (ApoAl) in eluted fractions
were detected by western blots. Briefly, every 3 consecutive
fractions were equally pooled together, and 15 pl of pooled
fractions was mixed with 4X SDS loading buffer (0.1 M Tris-HCl,
724 pH 6.8, 2% SDS, 5% B-mercaptoethanol, 10% glycerol, and
0.05% bromophenol blue). The mixtures were boiled at 95°C
for 10 min. Proteins were separated by 4-20% SDS-PAGE and
transferred to a nitrocellulose membrane for western blotting
using different antibodies against ApoB, ApoE, and ApoAl.
The following antibodies were used: ApoAl (sc-30089, Santa
Cruz Biotechnology, USA, rabbit polyclonal IgG, 1:1,000), ApoE
(178479, Millipore, goat polyclonal IgG, 1:5,000), and ApoB
(178467, Millipore, goat polyclonal IgG, 1:5,000).

Pathological Analysis

To investigate atherosclerotic lesions and lipid accumulation in
different tissues, all animals fed with HCHF diet for 16 weeks
were perfused with cold (phosphate-buffered saline) PBS and
then fixed by 4% paraformaldehyde PFA. The whole aorta, heart,
and liver were harvested and embedded in OCT solution. A
total of 10 um of frozen cross-sectioned slices of aortic root and
liver was used for morphological analysis. The atherosclerotic
plaques in whole aortas (en-face) and cross-sectioned slices were
visualized using 0.3% oil red O (ORO) solution (Sigma-Aldrich,
St. Louis, MO, USA).

For immunofluorescence staining, the cluster of
differentiation 68 (CD68) and ApoB in aortic root and
liver were analyzed using primary antibodies against CD68
(1:100 rabbit polyclonal IgG; BA3638, BOSTER, California,
USA) and ApoB antibody (1:100 goat polyclonal 1gG; 178467,
Millipore, Massachusetts, USA), respectively. The slices were
then incubated with appropriate biotinylated second antibodies
[1:100, Donkey anti-Goat IgG (H+L) Cross-Adsorbed Secondary
Antibody, Alexa Fluor 633; Alexa Fluor 555; Thermo Fisher,
Massachusetts, USA).

Test of Blood Biochemical Parameters

A total of 20 pl of fresh blood samples was used for the
measurement of the following biochemical parameters: the count
platelet (PLT) count, mean platelet volume (MPV), platelet
distribution width (PDW), and plateletcrit (PCT).

Lecithin-Cholesterol Acyltransferase
Activity Assays

Lecithin-cholesterol acyltransferase (LCAT) activity was
performed using a commercial kit (Sigma, MAKI107-1KT).
The fluorometric substrates were incubated with 4 pl plasma
from LDLR ™/~ and DKO hamsters at 37°C for 2.5 h. The heat-
inactivated plasma was used as a negative control to eliminate
endogenous autofluorescence interference. The emission

spectrum of the substrate reagent showed two distinct peaks at
390 and 470 nm, respectively. After hydrolysis of the substrate
by LCAT, the fluorescence signal of 390/470 was increased.
LCAT activity was evaluated by a change in the ratio of
fluorescence intensity at 390 to 470 nm after excluding the value
of endogenous autofluorescence.

STATISTICAL ANALYSIS

All data were expressed as the mean £ SEM and evaluated using
two-tailed Student’s t-test for two groups with one variable tested
and equal variances, one-way ANOVA with Dunnett’s post-hoc or
Tukey’s post-hoc for multiple groups with only variable tested, or
two-way ANOVA with Sidak’s post-hoc for plaque quantification.
The differences were considered to be significant at p < 0.05. The
software used for data analysis was Image] (NIH) and Prism 8.0
(GraphPad Software).

RESULTS

Effects of Depleting ApoC3 on Plasma
Lipid Metabolism in LDLR™~ Hamsters

Under Different Dietary Conditions

To investigate the cholesterol-lowering effect of depleting ApoC3
in hamsters, in this study, we crossed ApoC3-deficient hamsters
with a background of LDLR deficiency to generate a DKO
hamster model (Figures 1A,B). At the age of 12 weeks, both
LDLR™/~ hamsters and DKO hamsters with different genders
on standard laboratory diet were switched to the HCHF diet for
another 16 weeks to study diet-induced obesity, dyslipidemia,
and atherogenesis (Figure 1C). We found that ApoC3 deficiency
did not accelerate obesity in DKO hamsters when compared
to controls (Figure 1D). Before the HCHF diet challenge, both
female and male DKO hamsters on standard laboratory diet
showed lower levels of TG and TC in plasma (754 mg/dl
vs. 1272 mg/dl in females, 868 mg/dl vs. 1453 mg/dl in
males). Consistently, lipoprotein distribution analysis by FPLC
demonstrated that the contents of TG and cholesterol in
VLDL particles were significantly reduced in DKO hamsters
compared to LDLR™/~ hamsters (Supplementary Figure 1).
However, there were no significant differences in plasma TC
levels between two genotypes on the HCHF diet for 12 weeks,
but only TG level was partially decreased by 85% in female DKO
relative to corresponding controls (Figure 1E). Next, to avoid the
obstruction of FPLC by very large TG-rich lipoprotein particles
caused by HCHF diet application, we removed chylomicrons
from our pooled plasma samples and found that only female
DKO hamsters consistently showed reduced contents of TG
in VLDL fractions but no changes in LDL and HDL fractions
(Figure 1F). Additionally, western blots demonstrated that
compared to LDLR™/~ hamsters, lacking ApoC3 significantly
increased ApoAl levels; however, ApoB and ApoE were not
altered in both female and male DKO hamsters (Figure 1F).
ApoC3 has been reported to be an inhibitor of LCAT activity
in the previous study (11). Therefore, we measured the LCAT
activity in our hamster model after HCHF diet feeding. We found

Frontiers in Cardiovascular Medicine | www.frontiersin.org

February 2022 | Volume 9 | Article 840358


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Xu et al.

ApoC3 and Atherosclerosis in LDLR™/~ Hamsters

A N B T O LDLR/(n=4) O LDLR*XApoC3” (n=4) c
Q{b - = p=0.0374
& =T 400 ; ; i
v g < o Biochemical Pathological
N Y 5 E 3 300 HFD analysis analysis
<& < @) £ o 1 1
O\/ o\/ QO ~ - » L l
A% v ¥ QT 200 b PR . °
8_ N Hamster 0 weeks 12 weeks 16 weeks
< ® 100 —
—212bp o E Chow Diet
—175bp = HFD
g 2 o 12weeks
2=
=
Q@
D E
O LDLR* O LDLR*xApoC3" i i ) ) pm00620
~ 65000 C’)—‘ % 12000— © LDLR* O LDLR“xApoC3" .
—_— - LDLR* Female - LDLR* Male K]
[=)) == 45000 - é £ p=0.9012
2200 -8 LDLR**ApoC3* Female ©- LDLR*¥ApoC3" Male O P<0.0001 ~— 8000 & |
- 180 £ 25000 ’—| S ° y ﬁ
g 5 T =0.0002 S
o160 309 peoonor @ T % 4900\ R p<0.0001
D 140 = '_\ o I o]
; @ 1500 6 o 1500
120 o ¢ ) E
> > 1000 5 O ) 5 10004(5)
5 199 D soed | 2 o = 5007 ﬁ ﬁ
o 1 = ® = 0
m """ 0- T T T (<] T 4 :
0 246 8101216 e L e L = & L R &L
Weeks (=9)n=10) (h=B)(n=4)  (N=10)(n=10) (N=O)n=10) (n=9)(n=10)  (n=8)(n=4)  (N=10)(n=10) (n=9)(n=10)
(n=10) Female Male Female Male
F
Female Male
QT
L] —_
= .0 g
oG = .0
Om o *
>k o8
oS > L
T2 e
- = O
3
0 10 20 30 40 0 10 20 30 40
Fractions Fractions
< LDLR” HFD 12w “© LDLRxApoC3” HFD 12w O LDLR™ HFD 12w - LDLR”xApoC3™ HFD 12w
200 VLDL
5 = LpL 5 400 VLDL
a —_ ; —_
c
%™ % & 300
$3 85
2 ©100 O ® 200
o X < =
—_ o
S 250 = 2100
o -
= o
0 F [ ]
0 10 20 30 40 0 10 20 30 40
Fractions Fractions
7-9 10-12 13-15 16-18 19-21 22-24 25-27 28-30 7-9  10-1213-15 16-18 19-21 22-24 25-27 28-30
o g ™ A S —
% B«{ LDLR — ! ! . = 250 & B‘[ LDLR === 250
POB- LDLR* - _ ApoB1 LDLR* — =
Ap)(<)C3‘/‘ - g . ! = 250 Ap)t(DC?a'/' -= E E 250
7-9 10-12 13-15 16-18 19-21 22-24 25-27 28-30 7-9  10-12 13-15 16-18 19-21 22-24 25-27 28-30 31-33
LDLR"- e u LDLR" O —— 34
AQQE{ LDLR" ApoE{ |pLR*
Ap)(()C3'/' — ——— . 3 Ap)(()C3'/' —— e 34
7-9 10-12 13-15 16-18 19-21 22-24 25-27 28-30 7-9 10-12 13-15 16-18 19-21 22-24 25-27 28-30 31-33
LDLR™ 5 LDLR™ T — 26
ApOAl{ LDLR" APOAI‘[ LDLR"-
ApOC3-/- AT ApSC3- i —_—— 2
FIGURE 1 | Effects of ApoC3 deficiency on lipid metabolism in LDLR~/~ hamsters. (A) Generation of DKO hamster model. (B) Hepatic Apoc3 mRNA expression
levels were determined in indicated animals on chow at 12 weeks old. (C) Timeline of the whole experiments in this study. High-cholesterol/high-fat diet (HCHF)
contains 0.5% cholesterol and 20% fat. (D) Measurement of body weight during the 16-week experiment. (E) Fasting plasma TG and TC levels in the indicated animal
(Continued)

Frontiers in Cardiovascular Medicine | www.frontiersin.org

February 2022 | Volume 9 | Article 840358


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Xu et al.

ApoC3 and Atherosclerosis in LDLR™/~ Hamsters

or Student’s t-test after D’Agostino—Pearson’s normality test using Prism 8.0.

FIGURE 1 | on chow or HCHF diet. (F) The distribution of TG and cholesterol in pooled plasma samples from the indicated animals after 12-week HCHF diet feeding
and representative western blots of ApoB, ApoE, and ApoA1 in eluted fractions. n = 4-5/group. Data are expressed as mean + SEM, analyzed by two-way ANOVA

that compared to the corresponding LDLR™/~ hamsters, female
and male DKO hamsters showed an increase in LCAT activity
by 1.23 and 1.25 (ratio of fluorescence intensity at 390-470 nm),
respectively. These data suggested that targeting ApoC3 could
differentially influence lipid metabolism depending on gender
and dietary intervention.

ApoC3 Deficiency Aggravates HCHF
Diet-Induced Atherosclerosis in LDLR™~
Hamsters but Protects Against Fatty Liver

Only in Female LDLR™- Hamsters

Previously, our group found that ApoC3 deficiency generated
favorable lipoprotein profiles, then protecting against diet-
induced atherosclerosis in hamster (9); however, whether
ApoC3 inhibition still executed long-term beneficial function in
atherosclerosis, a major event in FH with hypercholesterolemia
due to lacking LDLR. Surprisingly, in HCHF-fed animals, we
found that both female and male DKO hamsters developed
more atherosclerotic plaques in the whole aorta when compared
to the corresponding LDLR ™/~ hamsters (46.04 vs. 16.25% in
females; 27.14 vs. 10.64% in males; Figures 2A,B). Consistent
with the results of atherosclerotic plaques observed in the
whole aorta, the areas of atherosclerotic lesions in aortic roots
were also significantly increased in DKO hamsters relative to
control animals (6.7x10° pm vs. 1.9x10° pm in females;
3.5%10° um vs. 1.7x10° pm in males; Figures 2C,D). To
better understand the composition of atherosclerotic lesions,
we performed immunofluorescence staining to analyze ApoB
and CD68, two key markers of lipid-loaded macrophages
accumulated in atherosclerotic lesions (Figure 2E). Our data
showed that more ApoB and CD68 were discovered in the
lesions of DKO hamsters regardless of gender, demonstrating
that loss of ApoC3 paradoxically accelerated atherosclerotic
development in both female and male DKO hamsters in a lipid-
independent manner, accompanied by abnormal infiltration of
lipid-loaded macrophages. Recently, the approach trial using
volanesorsen showed thrombocytopenia in patients of familial
chylomicronemia syndrome (FCS), who received ASO-mediated
inhibition of ApoC3. Thus, it was rational for us to determine
PLT indices in our animal model, which have been reported
to play an essential role in atherosclerosis. We measured the
number of PLT, MPV, PDW, and PCT and found that platelet
indices were abnormal to some extent in both female and male
DKO hamsters when compared to the corresponding LDLR ™/~
hamsters, implying that abnormal platelet function could be a
potential contributor to atherosclerosis in our study.

Since the relationship between ApoC3 and fatty liver is still
elusive in different mouse models, we also studied the hepatic
morphology in our hamster model. ORO staining revealed
that hepatic lipid accumulation was markedly increased in
female DKO hamsters compared to LDLR™/~ hamsters with

the same gender, but no obvious difference was observed in
male animals (Figures 2E,G). In agreement with the findings of
lipid contents stained by ORO, immunoflurorescent detection of
ApoB and CD68 in the liver showed that hepatic ApoB and CD68
levels were significantly reduced in only female DKO hamsters
(Figures 2H,I), accompanied by a reduced level of aspartate
aminotransferase (AST), one of the predictors of liver injury
(Figure 2J).

DISCUSSION

Although ApoC3 inhibition has been applied for the
treatment of HTG in different clinical trials, however,
unlike ANGPTL3, an inhibitory regulator of LPL activity
was recently accepted as a potential therapeutic target for both
HTG and hypercholesterolemia, whether targeting ApoC3
has beneficial effects on refractory hypercholesterolemia and
consequential outcome of atherogenesis in the context of FH due
to dysfunctional LDLR is still elusive. In this study, we developed
a DKO hamster model lacking both ApoC3 and LDLR. Our data
showed that depleting ApoC3 by CRISPR/Cas9 gene editing
significantly reduced circulating TG and TC levels in LDLR ™/~
hamsters on standard laboratory diet, but only lowered plasma
TG concentration in HCHF diet-fed female LDLR™/~ hamsters
without affecting severe refractory hypercholesterolemia.
Unexpectedly, diet-induced atherosclerosis was aggravated in
DKO hamsters independent of gender, whereas female DKO
hamsters were protected from fatty liver. Our findings indicate
that complete loss of ApoC3 plays favorable effects on HTG and
fatty liver in the setting of severe refractory hypercholesterolemia
only in female LDLR™/~ hamsters, but paradoxically elicits
atherosclerotic development regardless of gender.

A growing body of evidence demonstrates that increased
plasma ApoC3 levels are positively associated with elevated
circulating TG concentration and increased incidence of CVD
in independent population-based studies (12). Consistently,
transgenic mice overexpressing human ApoC3 also show HTG
and accelerated diet-induced atherosclerotic development in
atherosclerosis-prone LDLR ™/~ mice (13). However, whether
reduced plasma ApoC3 levels are cardioprotective is still under
debate because the results from both human and experimental
animal studies are contradictory. Human knockouts of ApoC3
study revealed that ApoC3 deficiency decreased plasma TG and
cholesterol levels, and increased HDL-C levels, suggesting an
atheroprotective lipoprotein profile (14). But recent Mendelian
randomization studies led by Goyal et al. discovered that only
one rare loss-of-function variant (rs138326449) was correlated
with reduced plasma TG levels and lower risk of cardiovascular
heart disease (CHD) in Europeans but not in Asian Indians.
Of note, another five common loss-of-function variants of
ApoC3, including rs373975305 (IVS1-2G-A), rs76353203
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aorta. Arrows indicate positive staining. (B) Quantification of the lesion sizes in the whole aorta. (C) Analysis of the components in atherosclerotic plaques by
immunofluorescence in HCHF diet-fed animals. Representative staining of ApoB and CD68 in the atherosclerotic lesions of the aortic root. The areas enclosed by

in LDLR~/~ and DKO hamsters on HCHF diet. (A) Representative en-face images of the whole
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or Student’s t-test after D’Agostino—Pearson’s normality test using Prism 8.0.

FIGURE 2 | white-dotted lines show the plaques in the aortic root. (D) Representative ORO staining of the aortic root. Black arrows indicate ORO-positive staining.
(E) Quantification of the lesion areas in the aortic root. (F) Representative images of ORO-stained cryosections from liver samples. n=4/group. (G) Quantification of
the ORO positive areas in the aortic root from (F). (H) Immunofluorescence analysis of macrophage infiltration (CD68) in the liver. n = 4/group. (l) Quantification of the
positive sizes in the liver. (J) Fasting plasma ALT and AST levels after 12-week HCHF diet feeding. Data are expressed as mean + SEM, analyzed by two-way ANOVA

(R19X), rs138326449 (IVS2+41G-A), rs147210663 (A43T), and
rs140621530 (IVS3+1G-T), did not show cardioprotective
property even though they differentially influenced plasma TG
levels in Asian Indians (15). In addition, Li et al. found that
deletion of ApoC3 from LDLR™/~ mice has no impact on lipid
metabolism and atherogenesis, indicating that targeting ApoC3
to treat hyperlipidemia and CVD needs to be further validated.

In our study, our results showed that ApoC3 deficiency
improved combined hyperlipidemia with elevated TG and
cholesterol in LDLR ™/~ hamsters on a standard laboratory diet,
which was consistent with the lipid-lowering effect observed in
HCHF diet-fed wild-type hamsters (10). Unfortunately, upon
HCHEF diet feeding, severe refractory hypercholesterolemia was
not ameliorated in DKO hamsters, whereas partial reduction in
TG was observed in only female DKO hamsters. These findings
demonstrated that loss of ApoC3 still attenuated severe HTG in
the setting of severe refractory hypercholesterolemia in female
FH hamster model after lipid-rich diet challenge, indicating
that sex hormone could potentially contribute to lowering TG.
Interestingly, in patients with FCS caused by loss-of-function
mutation P207L/P207L in LPL gene, TG reduction was more
prominent in females than in male patients after receiving
ISIS304801, an inhibitor of Apoc3 messenger RNA (mRNA) (16).
However, the molecular mechanism by which sex hormones,
including estrogen and testosterone, regulate TG metabolism
through ApoC3/LPL pathways has not been fully understood yet.
It will be tempting to perform ovariectomy in female hamsters
or castration in male hamsters to solve this unanswered issue in
future studies.

Although ApoC3 deficiency did not alter severe refractory
cholesterol levels in LDLR™/~ hamster on HCHF diet, we
observed an obvious increase in plasma ApoAl concentration
in HDL fractions separated by FPLC in both female and male
animals. We speculated that the elevated ApoAl levels could
be attributed to increased LCAT activity because a previous
study reported that LCAT activity was significantly reduced in
human ApoC3 transgenic mice, suggesting that ApoC3 was
an inhibitor of LCAT activity (11). In accordance with the
results gained from the mice overexpressing human ApoC3,
we found that LCAT activity was increased in DKO hamsters
when compared to LDLR™/~ hamsters after HCHF diet feeding.
However, although ApoAl levels were elevated in LDLR™/~
hamsters lacking ApoC3, TC and HDL-C levels did not change,
which was similar to the observations that overexpression of
LCAT in LDLR™/~; ob/ob mice only increased LCAT activity by
64%, but did not affect total lipid levels in plasma (17). Thus, we
speculated that a 24% increase in LCAT activity in our FH model
with ApoC3 deficiency was sufficient to elevate ApoA1l levels but
could not influence plasma cholesterol levels, including HDL-C.

Surprisingly, contrary to what was expected from TG-
lowering effect of ApoC3 deficiency in the context of severe
refractory hypercholesterolemia, our findings showed that DKO
hamsters displayed accelerated atherosclerotic plaques with more
lipid-load macrophage accumulation in the lesions, which was
independent of gender. This paradoxical result raised a possibility
that ApoC3 deficiency might enhance the uptake of lipid-
rich lipoprotein particles at the surface of the local vascular
wall through LPL activity dependent or independent manner
because the LPL-mediated catabolism of ApoC3-containing
lipoproteins was lower than ApoC3-deficient lipoproteins (16).
Adenovirus overexpressing active or non-active LPL in the
endothelial-intact artery caused lipid deposition in HTG mice
with LPL deficiency and hypercholesterolemic mice lacking
ApoE (18), which did not affect plasma lipid levels, suggesting
that endothelial-associated LPL was proatherosclerotic in vivo.
Moreover, another independent study led by Fernandez-
Hernando from Yale reported that lack of hematopoietic
cell-derived ANGPTL4, one of the inhibitors of LPL, also
promoted atherosclerosis by regulating monocyte expansion in
LDLR ™/~ mice (19). Collectively, these data demonstrated that
suppressing the inhibitory effect of LPL inhibitors at the vascular
wall might trigger atherosclerotic development. Importantly,
thrombocytopenia has been reported in FCS patients with
volanesorsen treatment; however, this study showed that
depleting ApoC3 by CRIPSR/Cas9 resulted in abnormal platelet
indices without thrombocytopenia, indicating that genetically
targeting ApoC3 could not significantly cause decreased platelet
number; however, the abnormal platelet function due to ApoC3
deletion would be considered as another potential contributor
to atherosclerosis in our study. It should be noted that in this
study, we only investigated atherosclerosis under the HCHF
diet condition, which predisposed LDLR™/~ hamsters and
DKO hamsters to severe refractory hypercholesterolemia that
could not be improved by the absence of ApoC3; however,
ApoC3 deficiency generates a favorable plasma lipoprotein
profile by reducing both TG and cholesterol levels in LDLR ™/~
hamsters, suggesting that currently, we cannot exclude the
long-term beneficial effect of ApoC3 inhibition on spontaneous
atherosclerosis in LDLR™/~ hamsters on standard laboratory
diet, which should be validated in future.

Non-alcoholic fatty liver disease (NAFLD) is the consequence
of hyperlipidemia in humans and experimental animals. Our data
clearly showed that ApoC3 inhibition obviously reduced lipid
contents in female LDLR™/~ hamsters after HCHF diet feeding,
which was consistent with plasma lipid levels, suggesting that the
TG-lowering effect of ApoC3 inhibition effectively ameliorated
fatty liver by reducing macrophage infiltration, then protecting
from liver damage. Again, although we still do not understand
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why TG was reduced only in female DKO, our data suggest the
need for future investigation of the effect of sex hormones in
our model.

In conclusion, we have demonstrated that targeting ApoC3
could reduce TG levels and ameliorate fatty liver only in
female FH hamsters with severe refractory hypercholesterolemia
after HCHF diet feeding, but paradoxically accelerated diet-
induced atherosclerotic development in dependent on gender.
Our unexpected findings provide new insight into the possibility
that targeting ApoC3 will be a potential therapeutic approach for
the treatment of FH with severe refractory hypercholesterolemia
and atherosclerosis.
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Aims: Thoracic aortic dissection (TAD) is a life-threatening disease with no effective drug
therapy thus far. New therapeutic targets and indications for timely surgical intervention
are urgently needed. Our aim is to investigate new pathological mechanisms and
potential biomarkers of TAD through global metabolomic profiling of aortic aneurysm
and dissection patients.

Methods and Results: We performed untargeted metabolomics to determine
plasma metabolite concentrations in an aortic disease cohort, including 70 thoracic
aortic aneurysm (TAA) and 70 TAD patients, as well as 70 healthy controls.
Comparative analysis revealed that sphingolipid, especially its core metabolite C18-
ceramide, was significantly distinguished in TAD patients but not in TAA patients,
which was confirmed by subsequent quantitative analysis of C18-ceramide in a
validation cohort. By analyzing our existing multiomics data in aortic tissue in a
murine TAD model and TAD patients, we found that an enhanced ceramide de
novo synthesis pathway in macrophages might contribute to the elevated ceramide.
Inhibition of the ceramide de novo synthesis pathway by myriocin markedly alleviated
BAPN-induced aortic inflammation and dissection in mice. In vitro studies demonstrated
that exogenous C18-ceramide promoted macrophage inflammation and matrix
metalloprotein (MMP) expression through the NLRP3-caspase 1 pathway. In contrast,
inhibition of endogenous ceramide synthesis by myriocin attenuated lipopolysaccharide
(LPS)-induced macrophage inflammation.

Conclusions: Our findings demonstrated that ceramide metabolism disturbance might
play a vital role in TAD development by aggravating aortic inflammation through the
NLRP3 pathway, possibly providing a new target for pharmacological therapy and a
potential biomarker of TAD.
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INTRODUCTION

Thoracic aortic dissection (TAD) is usually an acute onset and
life-threatening disease, characterized by any intimal tear in
the thoracic aorta that allows blood flow to enter the aortic
media. If untreated, its mortality is up to 33% within the first
24h and rises to 50% by the first 48h. An epidemiological
survey of aortic dissection in China shows that the incidence
rate in urban Chinese adults is 2.78 per 100,000 person-
years (1). Current pharmacological therapy can only delay
the expansion of aortic aneurysms rather than prevent aortic
dissection or aneurysm rupture. To date, prophylactic surgical
repair is so far the only effective strategy to avoid the occurrence
of malignant events. Most of the time, preventive surgical
intervention is recommended when the aorta diameter reaches
5.0-5.5cm. However, studies have shown that up to 60% of
acute type A aortic dissections occur when the diameter is
<5.5cm (2). Therefore, there remains an urgent need to explore
new pathological mechanisms in the pathogenesis of TAD and
biomarkers for timely surgical intervention.

In recent years, metabolomics has emerged as a useful
tool for deciphering new disease pathogenesis and identifying
novel biomarkers, as it situates downstream of physiological
and pathological changes and therefore reflects cellular
processes more directly and unbiasedly than genomic,
transcriptomic, and proteomic variations. This approach
has provided valuable insight into novel pathologic pathways
and potential biomarkers in several cardiovascular diseases
(3), such as cardiac hypertrophy, heart failure, coronary artery
disease, and cardiovascular risk prediction. To the best of our
knowledge, only a few studies (4-7) have focused on thoracic
aortic diseases, and the findings have suggested that several
bioactive lipids, such as glycerophospholipids, sphingolipids and
lysophosphatidylcholines (7), as well as some other metabolites,
such as fumarate (8) and succinate (9), are significantly altered in
aortic disease.

Bioactive lipids can play a variety of roles in regulating
cellular processes and functions, of which sphingolipids have
emerged as molecules of special interest. In recent years,
sphingolipids, especially their core metabolite ceramides, have
attracted much attention for their association with cardiovascular
diseases (10). Studies have shown that specific ceramides are
positively correlated with the incidence of cardiovascular disease
(11), secondary cardiovascular events (12), and mortality (13)
and may become a potential biomarker for predicting the
risk of atrial fibrillation (14) and poor prognosis of coronary
artery disease (15). Although the exact mechanisms underlying
these observations remain largely unknown, several studies
have implicated that ceramdies might promote cardiovascular
pathological progress through multiple pathways, such as
exacerbating the inflammatory response (16-18), promoting cell
apoptosis (17), and producing superoxide anions (16), as well as
some other pathways (10).

In this study, we performed untargeted metabolomics
analysis to delineate the metabolic landscape of patients with
thoracic aortic aneurysm and dissection and explored potential
biomarkers and novel mechanisms underlying TAD. The results

indicated that the specific C18-ceramide was significantly
increased in aortic dissection, but not in aortic aneurysm.
Subsequently, we further investigated the source and pathological
significance of excessive ceramides.

MATERIALS AND METHODS
Human Subjects and Specimens

Syndromic and non-syndromic thoracic aneurysm and
Stanford type A aortic dissection patients were enrolled
from Fuwai Hospital between August 2017 and December 2020.
Aneurysms and dissections were evaluated and diagnosed by
echocardiography or computed tomography (CT). Thoracic
aortic aneurysm (TAA) was defined as a localized dilation of the
thoracic aorta that was more than 50% of predicted, and Stanford
type A aortic dissection referred to dissections involving any part
of the aorta proximal to the origin of the left subclavian artery.
Patients with aortic trauma, pseudoaneurysm, or arteritis were
excluded. Healthy control subjects were recruited from physical
examination individuals at Fuwai Hospital, who had neither
significant systemic disease nor aortic dilation evaluated by
echocardiography. Two datasets were established to identify the
plasma metabolite features. In the discovery cohort, 140 patients
(70 TAA, 70 TAD) and age- and sex- matched healthy individuals
were enrolled. The validation cohort included 269 aortic disease
patients (183 TAAs, 86 TADs) with aortic diameters < 5.5 cm.
Blood samples were collected during outpatient service or after
anesthesia induction and before heparin during surgery. 3-4 ml
venous blood was collected in ethylene diamine tetraacetic acid
(EDTA)-anticoagulated tubes, and plasma was separated by
centrifuging at 3,000 rpm for 10 min at room temperature within
1 h and stored at —80°C until analysis.

This study conformed to the Declaration of Helsinki
principles and was approved by the ethics committee of the
institutional review board at Fuwai Hospital (Approval No.:2017-
877). All of the patients and healthy control subjects included in
this study assigned a consent form.

Untargeted Metabolomics Analysis

Plasma metabolomics was performed by Metabolon (Durham,
NC, USA) using a multiplatform system encompassing
tandem ultrahigh-performance liquid chromatography-mass
spectrometry as well as tandem gas chromatography-
mass  spectrometry  systems with  different
ionization parameters.

Plasma samples were prepared using the automated MicroLab
STAR system (Hamilton Company). Several recovery standards
were added before the first step in the extraction process for
quality control purposes. Plasma proteins were precipitated
with methanol under vigorous shaking for 2min (Glen Mills
GenoGrinder 2000) followed by centrifugation. The resulting
extract was divided into five fractions: two for analysis by two
separate reverse phase/ultra-performance liquid chromatography
(UPLC)-tandem mass spectrometry (MS/MS) methods with
positive ion mode electrospray ionization (ESI), one for analysis
by reverse phase/UPLC-MS/MS with negative ion mode ESI, one
for analysis by hydrophilic interaction liquid chromatography

column
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(HILIC)/UPLC-MS/MS with negative ion mode ESI and one
sample reserved for backup. Samples were placed briefly on a
TurboVap (Zymark) to remove the organic solvent. The sample
extracts were stored overnight under nitrogen before preparation
for analysis.

Several types of controls were analyzed in concert with
the experimental samples: a pool of well-characterized human
plasma served as a technical replicate throughout the dataset;
extracted water samples served as process blanks; and a cocktail
of quality control standards that were carefully chosen not
to interfere with the measurement of endogenous compounds
were spiked into every analyzed sample, allowed instrument
performance monitoring and aided chromatographic alignment.
Instrument variability was determined by calculating the median
relative s.d. for the standards that were added to each sample
before injection into the mass spectrometers. Overall process
variability as determined by calculating the median relative
s.d. for all endogenous metabolites (that is, non-instrument
standards) present in 100% of the pooled matrix samples
was 10%. Experimental samples were randomized across the
platform run with quality control samples spaced evenly among
the injections.

All methods utilized an ACQUITY ultra-performance liquid
chromatography (UPLC; Waters, Milford, MA, USA), a Q-
Exactive high resolution/accurate mass spectrometer interfaced
with a heated electrospray ionization (HESI-II) source (Thermo
Scientific, Waltham, MA, USA) and Orbitrap mass analyzer
operated at 35,000 mass resolution. The sample extract was
dried and reconstituted in solvents compatible with each of the
four methods. Each reconstitution solvent contained a series
of standards at fixed concentrations to ensure injection and
chromatographic consistency. One aliquot was analyzed using
acidic positive ion conditions, chromatographically optimized
for more hydrophilic compounds. The extract was gradient
eluted from a C18 column (Waters UPLC BEH C18—2.1 x
100 mm, 1.7 wm) using water and methanol, containing 0.05%
perfluoropentanoic acid (PFPA) and 0.1% formic acid. Another
aliquot was also analyzed using acidic positive ion conditions,
which was chromatographically optimized for more hydrophobic
compounds. The extract was gradient eluted from the C18
column using methanol, acetonitrile, water, 0.05% PFPA and
0.01% formic acid and was operated at an overall higher organic
content. Another aliquot was analyzed using basic negative ion
optimized conditions using a separate dedicated C18 column.
The basic extracts were gradient eluted from the column using
methanol and water with 6.5mM Ammonium Bicarbonate at
pH 8. The fourth aliquot was analyzed via negative ionization
following elution from a HILIC column (Waters UPLC BEH
Amide 2.1 x 150mm, 1.7 um) using a gradient consisting of
water and acetonitrile with 10 mM ammonium formate, pH 10.8.
The MS analysis alternated between MS and data-dependent
MSn scans using dynamic exclusion. The scan range covered
70-1,000 m/z.

Raw data were extracted, peak-identified and QC processed
by Metabolon (Metabolon, Inc., Morrisville, NC, USA).
Compounds were identified by comparison to library entries of
purified standards or recurrent unknown entities. Biochemical

identifications are based on three criteria: retention index within
a narrow RI window of the proposed identification, accurate
mass match to the library +10 ppm, and the MS/MS forward
and reverse scores between the experimental data and authentic
standards. The MS/MS scores are based on a comparison of the
ions present in the experimental spectrum to the ions present in
the library spectrum. Peaks were quantified by Metabolon, Inc.
using the area-under-the-curve with a data normalization step
was performed to correct variation resulting from instrument
inter-day tuning differences.

Statistical analysis was performed by Metabolon as well
as using MetaboAnalyst 5.0 (https://www.metaboanalyst.ca,
accessed date on 6 June 2021) for pathway and enrichment
analyses. Following log transformation and imputation of
missing values, if any, with the minimum observed value for
each compound, Welch’s two-sample t-test was used to identify
biochemicals that differed significantly between experimental
groups, while outliers were identified using the ROUT method.
Biochemicals that achieved statistical significance (p < 0.05) and
demonstrated a low estimate of false discovery rate (g > 0.10)
were included in this analysis.

Statistical analysis was performed by Metabolon as well as
using online MetaboAnalyst 5.0 (https://www.metaboanalyst.
ca) for pathway and enrichment analyses. Following log
transformation and imputation of missing values, if any,
with the minimum observed value for each compound,
Welch's two-sample t-test was used to identify biochemicals
that differed significantly between experimental groups, while
outliers were identified using the ROUT method. Biochemicals
with fold change (FC) > 1.3 or FC < 1/1.3 that achieved
statistical significance (p < 0.05) and demonstrated a low
estimate of false discovery rate (g > 0.10), were included in
this analysis.

Quantitative Measurement of Plasma

C18-Ceramide

The SHIMADZU Prominence UPLC system (Kyoto, JAPAN)
equipped with an Applied Biosystems 4500 Q-Trap mass
spectrometer (Foster City, CA, USA) with electrospray ionization
source was used. Chromatographic separation was achieved by
using a Phenomenex Kinetex C8 column, 50 mm x 2.1 mm,
5 um (phenomenex, USA). Mobile phase A was made of a 2-mM
ammonium acetate aqueous solution with 0.1% formic acid by
volume and mobile B 70:30 (v:v) acetonitrile: isopropanol with
0.1% formic acid by volume. The column temperature was set
at 40°C, and the flow rate was 0.3 ml/min. The gradient elution
program was set as follows, 0—1 min 65% B; 1-1.5 min 65-75% B;
1.5-3.5min 75-95% B; 3.6-4.5 min 65% B.

The mass detection and quantification was performed in a
positive electrospray ionization mode using multiple reactions
monitoring (MRM) method. The mass spectrometer working
parameters were optimized as follows: curtain gas at 35 psi,
Gas 1 at 55 psi, Gas 2 at 55 psi and a turbo ion spray
temperature of 550°C. The MRM transitions for C18-ceramide
and the isotope internal standard C18-ceramide-d7 was 548.5-
264.5 and 555.5-271.5. Data acquisition and procession was
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performed with Analyst 1.6.1 software version (AB SCIEX,
Concord, Ontario, Canada).

To get the precise concentration, a standard curve was
performed. An aliquot of 100 ul various concentration standards
(10-500 ng/ml) were analyzed with the same procedure. The
calibration curve was constructed by plotting the peak area ratios
of each analyte/IS vs. its nominal concentrations in standards,
using a linear regression. Standard curves were acceptable when
coeflicient of determination (R2) exceeded 0.990. Five replicates
(n = 5) of QC samples were analyzed in the same batch assay
to determine the intra-day precision and accuracy and in three
different batch assays to determine the inter-day precision and
accuracy of the method. The precision is expressed by relative
standard deviation (RSD) between the replicate measurements.
Accuracy is defined as relative error (RE) which is calculated
using the formula RE% = [(measured value-theoretical value)/
theoretical value] x100. The intra-day precision (RSD) ranged
between 1.08 and 13.20%, and accuracy (RE) ranged between
—11.83 and 5.78%. The inter-day precision (RSD) ranged
between —10.89 and 2.11%, and accuracy (RE) ranged from 0.05
to 11.10%, respectively. All inter- and intra-day precision and
accuracy were acceptable for working in biological media.

The quantitative detection limit (LOQ) of the method was
investigated by detecting the linear lowest point of the standard
curve. The lowest-concentration standard (10 ng/ml) was tested
for 6 consecutive times, and coeflicient of variation (CV)
and accuracy (RE) were 4.00 and —1.17%, respectively, which
was acceptable.

Animal Model and Treatment

Wild-type (WT) mice on a C57B/L6 background were obtained
from Vitalstar in Beijing. Three-week-old male mice were
fed a normal diet and administered with freshly prepared p-
aminopropionitrile (BAPN) solution (0.5 g/kg/day) dissolved
in the drinking water for 4 weeks. Myriocin (0.5 mg/kg;
APExBIO Inc.) or its solution was injected intraperitoneally
from the beginning of BAPN administration every other day
for 4 weeks. Then the mice were anesthetized to harvest
the aortas. Anesthetization and euthanasia were performed by
intraperitoneal injection of sodium pentobarbital (50 and 150
mg/kg, respectively).

All animal studies conformed to the NIH Guide for the
Care and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee (IACUC) at Fuwai
Hospital (Approval No.: FW-2019-0008).

HE Stating and Elastin Van Geison Staining
HE staining and elastin Van Geison (VG) staining were
conducted using kits (Zhongshan Golden Bridge Biotechnology,
Beijing, China) according to routine protocols. Briefly, for HE
staining, after deparaffinization and rehydration, aorta sections
were stained with hematoxylin solution for 3-5min followed
by 5 dips in 1% acid ethanol (1% HCI in 70% ethanol) and
then rinsed in distilled water. Then, the sections were stained
with eosin solution for 3 min, dehydrated with graded alcohol
and cleared in xylene. For elastin VG staining, potassium
permanganate was oxidized for 5min and bleached with oxalic

acid for 5 min. Then, the sections were washed with 95% alcohol
and stained with elastin dyeing at room temperature for 8-
24h. Differentiation was then performed with 95% alcohol or
1% hydrochloric acid, followed by washing with distilled water.
Contrasting staining was performed with Van Gieson staining
for 1 min, and rapid differentiation was performed with 95%
alcohol for a few seconds. Then 100% alcohol dehydration was
performed, followed by the use of transparent xylene and sealing
with neutral gum.

Immunohistochemistry (IHC)

Tissues were fixed in 4% paraformaldehyde (PFA) and embedded
in paraffin. Six-pm sections were deparaffinized and rehydrated
in an ethanol series, and antigen retrieval was performed in a
steamer. Non-specific binding was blocked by 5% BSA in PBS.
The sections were probed with primary antibody, washed and
then probed with secondary antibody. Primary antibody: CD68
(Abcam, ab201340). THC staining was developed using DAB
(Vector Laboratories) followed by hematoxylin counterstaining.
After mounting, the slips were visualized by microscopy.

Cell Culture and Treatment

RAW 264.7 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, 10569044) supplemented with 10%
fetal bovine serum (FBS), 100 U/mL penicillin and 100 pg/mL
streptomycin and incubated at 37°C under 5% CO,. For
ceramide treatment, cells were starved for 24 h and then primed
by 100 ng/ml LPS for 16h. After the pretreatment, cells were
incubated in Cer18 (GlpBio Inc.) at a concentration of 10 wmol/L
for 24 h. For LPS and myriocin treatment, cells were starved for
24 h and then incubated in 1 pg/ml LPS (Sigma) with or without
10 pmol/L myriocin.

RNA Isolation and Quantitative Real-Time
PCR

Total RNA from aortic tissues or RAW264.7 cells was extracted
with TRIzol reagent (Invitrogen, 15596018). Real-time PCR
samples were prepared by mixing ¢cDNAs, power-SYBR Mix
(ABI, A25742) and specific primer sets (Supplementary Table 1).
The initial denaturation step of PCR amplification was 95°C for
10 min, followed by 40 cycles of 95°C for 15 s and 55°C for 1 min,
then 95°C for 15s and 60°C for 1 min, and last at 95°C for 1s.
Gene expressions were normalized against Gapdh.

Western Blot

Cells were lysed with RIPA (Beyotime P0013B) lysis buffer. Equal
amounts of protein were separated by SDS-PAGE, transferred
to nitrocellulose membranes, blocked in 5% skimmed milk, and
incubated with the primary antibodies against NLRP3 (1:1000,
CST 15101S), Caspasel (1:150,), IL-1f (1:500, CST), MMP9
(1:500, Abcam), and B-actin (1:50000, Proteintech) overnight
at 4°C, followed by detection with Horseradish enzyme labeled
goat anti-rabbit IgG (H+L; ZSGB-BIO, ZB-2301). Visualization
was performed with Chemiluminescence imaging system (Bio
Rad, ChemiDocXRS+).
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Statistical Analysis

Data were analyzed using GraphPad Prism version 5.01
(GraphPad Software, San Diego, CA) and SPSS version 22.0
(IBM SPSS Statistics, Armonk, NY). The continuous variables
were described as the means and standard deviations (SDs)
with a normal distribution or as medians and interquartile
ranges (IQRs) with an abnormal distribution, and the categorical
variables were described as proportions. Statistical analysis was
performed by unpaired or paired t-test for two groups of data
and by one-way ANOVA for multiple comparisons. Statistical
significance among multiple groups was determined by post-hoc
analysis (Tukey honestly significant difference test). Proportions
were compared using the Chi-square test. Values of p < 0.05 were
considered statistically significant.

RESULTS

Global Metabolic Profiles Revealed a
Significant Increase in C18-Ceramide in
TAD Patient Plasma and Quantitative
Analysis Verified It

To explore novel mechanisms and potential biomarkers of
thoracic aortic aneurysm/dissection, 70 thoracic aortic aneurysm
(TAA) patients and 70 type A aortic dissection (TAD) patients,
as well as 70 age- and sex- matched controls, were subjected to
untargeted metabolomics by using ultrahigh performance liquid
chromatography-tandem mass spectrometry (UPLC-MS/MS)
method (Metabolon, USA). The demographic and clinical
information of all patients and healthy controls was listed in
(Supplementary Table 2). A total of 866 named biochemicals in
plasma were determined. Principal component analysis (PCA)
revealed that both TAA and TAD separated from controls, but
TAD showed more distant separation (Figure 1A), suggesting
that TAA and TAD display related metabolic signatures, with
TAD exhibiting the more extreme metabolic phenotype.

A total of 373 significantly differentiated metabolites were
observed between TAA and TAD (Supplementary Table 3), of
which 145 were elevated while 228 were decreased. Pathway
analysis of differentiated metabolites between TAA and
TAD was presented in Supplementary Figure 1. Metabolite
set enrichment analysis demonstrated that sphingolipid
metabolism was one of the most distinguished enriched
pathways (Figure 1B). Notably, its core metabolite, N-stearoyl-
sphingosine (d18:1/18:0; C18-ceramide), was ~2-fold higher
in TAD patients than in healthy controls, but not significantly
changed in TAA patients (Figure 1C), suggesting that it might
be a distinguished biomarker between TAA and TAD. After
excluding the 10 TAD patients who had already a history of aortic
surgeries before the dissection onset, the remaining 60 TAD
patients were divided into three groups based on the tirtile valule
of C18-ceramide relative amount (low, moderate, high) and we
observed that the rate of early-onset dissection in moderate- and
high-level ceramide group was higher than in low-level group
(Table 1) (90, 85 vs. 45%, n = 20, p = 0.002).

To confirm the association between C18-ceramide content
and ealry-onset aortic dissection, we subsequently enrolled 269

TAAD patients (183 TAA and 86 TAD) with aortic diameters
< 5.5cm and quantitatively detected their plasma C18-ceramide
content. The demographic and clinical information of all patients
was listed in Supplementary Table 4. The results showed that
C18-ceramide concentrations were elevated in ealry-onset TAD
patients (66.3 £ 30.9 ng/ml, n = 86) compared with those in TAA
patients (39.3 & 16.3 ng/ml, n = 183) (Figure 1D).

Multiomics Data Suggested That
Macrophage-Derived Ceramide de novo
Synthesis Contributed to the Increased

Ceramide Content

To investigate the source of elevated ceramide in plasma in
TAD, we tried to find clues from our two existing RNA-
sequencing (RNA-seq) datasets (19). In our previous study,
we had performed time-series single-cell RNA-seq of thoracic
aortic cells from B-aminopropionitrile (BAPN)-induced TAAD
mouse models. Genes in the ceramide de novo synthesis pathway,
such as Sptlc, Cers, and Degs, were significantly upregulated in
the proinflammatory macrophage subpopulation c13 (IlIrn™)
in BAPN-induced mice for 21 days (Figure2A). Genes in
the sphingomyelin hydrolysis and salvage pathways were not
significantly altered (data not shown). In addition, our other
aortic bulk RNA-Seq dataset from humans demonstrated that
higher expression of CERS6 (ceramide synthesis gene) and
ASAH1 (ceramide hydrolysis gene) was observed in CD11b*
macrophages than CD11b™ cells in aortic tissues from TAAD
patients (Figure 2B). Combining these two RNA-seq results,
we speculated that elevated ceramide content was due to
an enhanced ceramide de novo synthesis pathway in aortic
macrophages. Furthermore, we quantified the expression of all
major genes involved in ceramide synthesis in aortic tissues from
TAD mice and found that only de novo pathway genes, Sptlc2 and
Cers6, were significantly upregulated under BAPN-induced TAD
conditions (Figure 2C).

Inhibition of Ceramide de novo Synthesis
With Myriocin Prevented BAPN-Induced
Thoracic Aortic Dissections and Aortic

Inflammation in Mice

To determine the role of ceramide in TAD, we examined the
effect of the ceramide de novo synthesis inhibitor myriocin
on a BAPN-induced TAD mouse model. Forty-eight mice
were randomly divided into three groups: WT, BAPN, and
BAPN+myriocin. The results showed that BAPN-induced aortic
dissection and related death occurred in 68.75% (11/16) of
mice, while the rate in the BAPN+myriocin group was 12.5%
(2/16), suggesting that myriocin effectively prevented BAPN-
induced TAD (Figure 3A). HE and elastin VG staining staining
demonstrated that myriocin mitigated BAPN-induced aortic
damage and elastic fiber degradation (Figure 3B). Histochemical
staining of CD68™ in the aorta revealed that BAPN promoted
the accumulation of macrophages and that myriocin suppressed
this phenomenon (Figure 3C). Moreover, myriocin alleviated
BAPN-induced aortic inflammatory cytokine (IL-18, TNEF-
o, and IL-6) expression and NLRP3 inflammasome-related
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FIGURE 1 | The global metabolic profile revealed a significant change in sphingolipid metabolism, especially C18-ceramide in TAD patients. (A) Principal component
analysis (PCA) demonstrated distinguished metabolic signatures among TAA, TAD and healthy controls. (B) Metabolite set enrichment analysis showed the top 15
significantly altered enrichment pathways between TAAs and TADs. (C) Untargeted metabolomics result demonstrated that C18-ceramide was significantly elevated in
TAD patients but not significantly changed in TAA patients (ctrl, n = 70; TAA, n = 70; TAD, n = 70), One-way ANOVA, **p < 0.001. (D) Quantitative analysis
confirmed the increase in C18-ceramide in early-onset TAD patients (TAA, n = 183; TAD, n = 86), unpaired t-test, **p < 0.001.

TABLE 1 | The proportion of early-onset TAD in each group of TAD patients with

different amount of C18-ceramide level.

Ceramide Accelerated Inflammation

C18-ceramide group

Through the NLRP3-Caspase1 Pathway in
Macrophages

To further investigate the underlying mechanism of ceramide

Low Moderate High p-value

in inflammation, we performed in vitro studies in the mouse
Numbers 20 20 20 macrophage cell line RAW264.7. Treatment of RAW 264.7
Age (year-old) 52 (39-62.75) 54.5(47.25-64.75) 49 (43-67.25) 02926  cells with exogenous Cl8-ceramide at 10 pmol/L for 24h
Male (%) 11 (55%) 12 (60%) 16 (80%)  0.2147  upregulated the expression of NLRP3, Caspase 1, Il1b, and
Hypertension (%) 14 (70%) 16 (80%) 16 (80%) 0.689 Mmp9 and coincidingly promoted IL-18 and MMP9 cleavage
Hyperlipidemia (%) 12 (60%) 12 (60%) 15 (75%)  0.5171 (Figures 4A,B). Conversely, myriocin impeded LPS-induced
Diabetes (%) 0 (0%) 1 (5%) 3 (15%) 0.1534 NLRP3-caspase 1 cascade activation and subsequent IL-1f and
Eary onsetaortic 9 (45%) 17 (85%") 18(90%") 00020 ~ MMP9 cleavage (Figures 4C,D).

dissection

**p < 0.01 when compared to the low-level C18-ceramide group.

gene expression and protein (Figures 3D,E). Altogeth
present results suggested that inhibition of ceramide d

synthesis could alleviate BAPN-induced aortic inflammation

and dissection.

DISCUSSION

TAD is often a life-threatening condition with high morbidity
and mortality, and is characterized by smooth muscle cell
loss, extracellular matrix degradation and increased vascular
inflammation. Metabolomics has developed rapidly and
offers an opportunity to explore new advances and potential
biomarkers underlying TAD. Several lipid species alterations,

er, the
e novo
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FIGURE 2 | Enhanced ceramide de novo synthesis in macrophages contributed to the increased ceramide content in plasma. (A) Split violin plot showed the
expression of genes involved in ceramide synthesis pathways in mouse aortic cell subpopulations of the BAPN and CTRL groups in the 21-day mouse model.

(B) Expression of ceramide synthesis and hydrolysis genes, CERS6 and ASAH1, was higher in CD11b™ aortic cells from TAAD patients than in CD11b™ cells (n = 4).
The statistical threshold of the differential expression test was set to be a g-value < 0.05. (C) Expression of ceramide de novo synthesis genes, Sptic2 and Cers6, was
elevated in aortas from BAPN-induced TAD mice (n = 5), unpaired t-test, *p < 0.01, **p < 0.001.

such as increased phosphatidylcholine (4, 6) and decreased  patients using an untargeted metabolomics approach. To our
lysophosphatidylcholines and sphingolipids (5), were observed = knowledge, this was the largest untargeted metabolomic study
in aortic dissection patients and were regarded as potential  on thoracic aortic disease so far. It allowed for investigating
biomarkers. However, these studies had some limitations. First,  the distinguished metabolites between TAA and TAD, so as
they had relatively small datasets and the results were not verified ~ to explore the specific pathophysiological process in TAD and
in larger cohorts. Second, they were observational studies, potential biomakers.

and the causal relationship between altered metabolites and From metabolite set enrichment analysis of differentiated
the disease was not investigated. Therefore, the relationship  metabolites between TAA and TAD, we observed vitamin B6
needs to be further confirmed. In the present study, we aimed  metabolism was the most enriched pathway. Its metabolite
to explore the differentiated metabolites in TAA and TAD  pyridoxate was significantly decreased in TAA, but not in
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FIGURE 3 | Inhibition of ceramide de novo synthesis with myriocin alleviated BAPN-induced aortic dissection and inflammation. Three-week-old mice were
administered with BAPN (0.5 g/kg/day) for 4 weeks, with or without intraperitoneally injected myriocin (0.5 mg/kg). (A) Incidence of TAD events and related death for
each group and representative aorta images (n = 16). (B) Representative HE and VG staining images for each group (n = 3). (C) Representative immunohistochemical
staining for macrophage marker CD68 (n = 3). (D) Quantification of the mRNA expression of //1b, /6, Tnf, and Nirp3 in the aorta by RT-gPCR (n = 5), One-way
ANOVA, *p < 0.05, **p < 0.01, **P < 0.001. (E) Representative western blot of NLRP3 in the aorta (n = 3), One-way ANOVA, *p < 0.05. Myr, myriocin.

TAD (Supplementary Table 3). Vitamin B was reported
to be associated with abdominal aortic aneurysm (20) and
to mitigate thoracic aortic dilation in Marfan syndrome
mice (21). Whether it was involved in aortic dissection
remained unclear. Beyond that, we were more interested
in another enriched pathway, sphingolipids, which were
recently focused as a variety of cardiovascular diseases

drivers and biomarkers. Consistent with previous studies,
most sphingolipids including various sphingomyelins were
significantly decreased in TAD (Supplementary Figure 2) (5, 7).
However, we noticed significantly increased C18-ceramide
content in the plasma of TAD patients, but not in TAA, from
which we hypothesized that ceramide might play a role in
TAD incidence.
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FIGURE 4 | Ceramide was involved in the activation of IL-18 and MMP9 by the NLRP3-caspase1 cascade in mouse macrophage RAW264.7. (A,B) Representative
western blots and their quantification showed that C18-ceramide induced the activation of IL-1p and MMP9 by the NLRP3-caspasel cascade, n = 4, unpaired t-test,
*o < 0.05, *p < 0.01, **p < 0.001. (C,D) Representative western blots and their quantification showed that myriocin prevented LPS-induced the activation of IL-18
and MMP9 by the NLRP3-caspase cascade, n > 3, One-way ANOVA, *p < 0.05, “*p < 0.01, **p < 0.001. Myr, myriocin; Cer18, C18-ceramide.

Ceramides are the central core of sphingolipid metabolism.
They can be synthesized by different pathways: (1) the de
novo synthesis pathway; (2) the complex sphingolipid (such
as sphingomyelin) hydrolysis pathway; and (3) the salvage
pathway (22). The former two contribute mostly to ceramide
production. Once generated, ceramides can participate in
numerous physiological and pathological processes, such as
cellular proliferation and migration, inflammatory responses,
apoptosis and senescence. Our existing single-cell RNA-Seq data

from a murine aortic dissection model revealed specifically
high expression of Sptlc, Cers, and Degs in a subpopulation
of macrophages, suggesting that elevated ceramide might
contribute to the enhanced de novo synthesis pathway in
macrophages. Therefore, we focused on the inflammatory impact
of ceramide in aortic dissection.

Aortic dissection is closely related to inflammatory
processes. A variety of inflammatory cells can invade the
vascular wall and cause arterial inflammation, among which

Frontiers in Cardiovascular Medicine | www.frontiersin.org

22

February 2022 | Volume 9 | Article 826861


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Yang et al.

Ceramide in TAD

macrophages are the core cells (23). Activated macrophages
secrete matrix metalloproteinases (MMPs), interleukins and
vascular endothelial cell growth factors to further magnify
the inflammatory response, matrix destruction and smooth
muscle cell dysfunction, resulting in aortic injury and
ultimately aortic dissection. After dissection, a large number of
inflammatory cells enter the site of dissection, aggravating the
local inflammatory response and participating in later aortic
remodeling. Lian et al. (8) and Cui et al. (9) Both revealed
that macrophage metabolic reprogramming was involved and
played a vital role in aortic dissection. Some metabolites in
the tricarboxylic acid (TCA) cycle, such as fumarate (8) and
succinate (9), were substantially elevated in aortic dissection
patients and aortic dissection mouse models induced by
BAPN or Angll stimulation. Reprogrammed macrophages
exaggerated vascular inflammation through the HIFla-
ADAM17 pathway and excessive ROS production, ultimately
leading to aortic dissection.

Ceramides can promote inflammation through a variety
of pathways (24). They can induce the expression or
activation of NF-kB, a ubiquitous transcription factor
involved in inflammatory and immune responses, and
then upregulate many proinflammatory genes, including
the cytokine genes IL-1fB, IL-6, and IL-8, and chemokine
genes, such as monocyte chemoattractant protein-1 (MCP-
1). Deficiency of serine palmitoyltransferase subunit 2, a
key enzyme involved in the ceramide de novo synthesis
pathway, could reduce murine atherosclerosis partly by
attenuating TLR4 recruitment and downstream NF-kB-
mediated inflammation (25). In addition, the NOD-like receptor
pyrin domain containing 3 (NLRP3) inflammasome is another
important pathway that is involved in ceramide-mediated
inflammation. Ceramides activate the Nlrp3 inflammasome
and IL-1p secretion through caspase-1 activation in a Nlrp3-
dependent manner in various tissues, including adipose
(26), thymus (27) and brain microglia (28), suggesting
that the Nlrp3 inflammasome could sense intracellular
elevated ceramide.

Recent studies have suggested that the NLRP3 inflammasome
plays an important role in TAD development (29-31). The
Nlrp3-caspase 1 complex is activated in the condition
of aortic dissection and participates in the process of
aortic damage by degrading smooth muscle cell contractile
protein (29), promoting macrophage inflammation and
MMP9 expression and intensifying extracellular
degradation. The NLRP3 inhibitor MCC950 effectively
prevented aortic aneurysm and dissection induced by Angll
in mice (30). However, the relationship between ceramide
and inflammasome activation in TAD development remains
unknown. Therefore, the present study sought to determine
whether ceramide promotes TAD development by inducing
NLRP3 inflammasome formation.

Our in vivo study demonstrated that inhibition of ceramide
de novo synthesis by myriocin significantly alleviated BAPN-
induced aortic dissection, and NLRP3 mRNA and protein
levels were both decreased in BAPN-treated mouse aortae.

matrix

Consistently, in vitro studies in the murine macrophage cell line
RAW?264.7 indicated that myriocin impeded the LPS-induced
NLRP3-caspase 1 pathway, while exogenous C18-ceramide
promoted this pathway, suggesting that the NLRP3-caspase 1
pathway might be involved in ceramide-induced inflammation
and aortic injury.

Nevertheless, our present study had some limitations. First,
it was still a cross-sectional study, and further investigations in
prospective and longitudinal cohorts were needed to confirm the
association between ceramide and early-onset aortic dissection
risk. Second, ceramides in aortic tissues in human and mice
were neither determined in this study. Further, alleviating
BAPN-induced TAD through inhibition of ceramide de novo
synthesis pathway might be better proved using Sptlc2 deficient
mouse models.

In summary, our current study first revealed that ceramide
metabolism disturbance might play a vital role in TAD
development by aggravating aortic inflammation through
the NLRP3 pathway, possibly providing a new target
for pharmacological therapy and a potential biomarker
of TAD.
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Depression is a common comorbidity of type 2 diabetes mellitus (T2DM). T2DM
with comorbid depression increases the risk of cardiovascular events and death.
Depression and T2DM and its macrovascular complications exhibited a two-way
relationship. Regarding treatment, antidepressants can affect the development of T2DM
and cardiovascular events, and hypoglycemic drugs can also affect the development
of depression and cardiovascular events. The combination of these two types of
medications may increase the risk of the first myocardial infarction. Herein, we review
the latest research progress in the exacerbation of cardiovascular disease due to T2DM
with comorbid depression and provide a rationale and an outlook for the prevention and
treatment of cardiovascular disease in T2DM with comorbid depression.

Keywords: type 2 diabetes mellitus (T2DM), depression, cardiovascular disease, clinical evidence, outlook

INTRODUCTION

According to the 2021 International Diabetes Federation data (1), the global incidence of diabetes
is 10.5% and is expected to increase to 12.2% by 2,045, making it one of the fastest growing
global major health events of the 21st century. Depression is a common comorbidity of type 2
diabetes mellitus (T2DM). The International Prevalence and Treatment of Diabetes and Depression
(INTERPRET-DD) study (2) found that the incidence of major depressive disorder (MDD) in
patients with T2DM was approximately 10.6%. Depression also has a high incidence in patients
with cardiovascular disease (CVD) and is an important risk factor for CVD (3). Several clinical
studies have shown that T2DM with comorbid depression increases the risk of CVD morbidity and
mortality and is associated with secondary composite outcomes such as CVD mortality, myocardial
infarction (MI), and cardiovascular surgery (4-6). The view that “diabetes is a cardiovascular
disease risk equivalent” is now considered a consensus, and many studies have been conducted
on the relationship and mechanism between the two. However, as an adverse psychological factor
that affects T2DM and CVD, the effect of depression on T2DM with comorbid CVD remains to
be determined.
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In this mini review, the keywords “depression,” “depressive
symptoms,” “depressive disorders,” “major depressive disorder;,”
“type 2 diabetes,” “type 2 diabetes mellitus,” “diabetes,’
“cardiovascular disease,” “cardiovascular events,” “cardiovascular
risk,” and “cardiovascular outcomes” were searched in the
PubMed, MEDLINE, EMBASE, and Web of Science databases.
Clinical studies on the effect of T2DM with comorbid depression
on CVD published in the past 5 years (from January 1, 2017,
to January 1, 2022) were reviewed, and the effects of T2DM
with comorbid depression on cardiovascular disease were
summarized, providing a clinical reference for future studies on
the prevention and treatment of cardiovascular disease due to
diabetes with comorbid depression.

COMORSBIDITY CHARACTERISTICS

T2DM With Comorbid Depression
Increases the Risk of Cardiovascular
Events and Mortality

T2DM with comorbid depression increases the risk of
cardiovascular morbidity and mortality. A cohort study of
192,685 diabetic patients with or without depression showed
that the risk of macrovascular complications, such as acute
coronary syndrome and stroke, was 1.35-fold higher in diabetic
patients with depression than in those without depression.
This correlation was stronger in females than in males, and the
severity of depression had different effects on the outcome of
patients with T2DM. The correlation between recurrent MDD
and macrovascular complications was stronger than that of
isolated MDD and mild depression (7). A longitudinal study
evaluating the two-way relationship between depression and
macrovascular and microvascular complications of diabetes
found that depression increases the risk of MI, coronary artery
disease (CAD), congestive heart failure, cardiovascular surgery,
and other composite T2DM-associated macrovascular events
(8). A meta-analysis of 17 studies and over 1 million participants
(5) found that depression was strongly associated with the risk
of nonfatal and fatal CVD in patients with T2DM, providing
evidence for the relationship between depression in patients with
T2DM and cardiovascular events. Furthermore, depression
was associated with an increased risk of major adverse
cardiovascular events such as atherosclerotic cardiovascular
disease (ASCVD), heart failure (HF), and MI in patients with
early-onset T2DM. This association was not related to ethnic
groups or age, and the correlation was stronger in females than in
males (9).

These studies have underlined the association between T2DM
with comorbid depression and composite cardiovascular events,
and studies on the effects of T2DM with comorbid depression
on coronary heart disease, MI, HE, and other diseases have
also shown significant correlations. In patients with T2DM
and comorbid depression, the risk of coronary heart disease
and stroke increases by 36.8 and 32.9%, respectively, compared
to patients with T2DM without depression (4). T2DM with
comorbid depression increases the risk of MI compared to
T2DM without depression, and persistent depression has a

greater impact on the risk of MI than transient depression (10).
This study not only demonstrated that T2DM with comorbid
depression was associated with the development of MI but also
confirmed that the course of depression was positively correlated
with the risk of MI. Depression is prevalent in asymptomatic
elderly patients with T2DM. In a study of the new-onset HF
outcomes of 274 patients with asymptomatic T2DM followed up
for a median period of 1.5 years, Cox regression analysis showed
that comorbid depression increased the risk of HF in patients
with asymptomatic T2DM by 2.5-fold. Furthermore, depression
was a predictor of the incidence of HF in conjunction with
poor glycemic control, left ventricular hypertrophy (LVH), and
diastolic dysfunction (11).

In addition to predicting HE depression can also be a
predictor of cardiac ischemia in T2DM. In a 2-year follow-
up study of asymptomatic T2DM patients with and without a
history or symptoms of CAD, patients underwent myocardial
perfusion single-photon emission computed tomography (MPS)
and a depression and anxiety questionnaire. The results showed
that depression and anxiety scores were predictors of cardiac
ischemic events in patients with asymptomatic T2DM (12).
However, due to the small number of new-onset cardiac ischemic
events (n = 11) in the study, conclusions must still be verified
through large-scale clinical trials. Depression can also be an
independent predictor of all-cause mortality in T2DM. A large-
scale prospective cohort study of 3,923 patients with T2DM
in 56 primary health care centers (13) showed that the all-
cause mortality in patients with depression was 1.4-fold that in
patients without depression. The results of another large-scale
cohort study in the T2DM population (14) also confirmed that
depression increases the risk of mortality in patients with T2DM.
In addition, depression can affect all-cause mortality in patients
with prediabetes. Increased symptoms of depression increased
all-cause mortality not only in patients with diabetes but also in
patients with prediabetes; this correlation was stronger in patients
with prediabetes (15).

T2DM with comorbid depression not only increases the risk
of all-cause mortality but is also closely associated with increased
cardiovascular mortality. The results of a meta-analysis (4)
showed that patients with T2DM and comorbid depression had a
47.9% increase in cardiovascular mortality compared to patients
with T2DM alone. A follow-up study of 1,495 patients over a
median follow-up period of 7.7 years showed that patients with
diabetes and depressive symptoms 1 year after enrollment
were associated with increased eventual cardiovascular
mortality (16).

The Two-Way Relationship Between T2DM

and Depression

Several clinical studies have shown that depression increases the
risk of T2DM (17, 18) and that T2DM also increases the risk
of depression (19); more severe depression is associated with a
higher risk of T2DM (19). The 2020 guidelines of the Chinese
Diabetes Society (20) clearly cited a possible two-way relationship
between T2DM and depression and anxiety; T2DM exacerbates
the development of depression and anxiety, and depression
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and anxiety increase the risk of T2DM. In addition, the
guidelines also mentioned that specific populations of patients
with gestational diabetes or postpartum diabetes have a higher
risk of depression and anxiety. Gestational diabetes significantly
increases the risk of postpartum depression and may be a risk
factor for postpartum depression. Therefore, pregnant women
with gestational diabetes must be screened for postpartum
depression (21). Another prospective cohort study (22) found
that women with prenatal depression were more likely to develop
gestational diabetes than those without depressive symptoms.
Thus, gestational diabetes mellitus and perinatal depression
can also have a two-way relationship. Studies have shown that
gestational diabetes increases the risk of future CVD in mothers
(23). Currently, most studies have focused on the effect of
gestational diabetes mellitus or depression alone on CVD or the
effect of both on adverse pregnancy outcomes, and there have
been relatively few studies on the effect of gestational diabetes
mellitus with comorbid perinatal depression on CVD. Therefore,
high-quality clinical studies are needed to investigate the effect of
gestational diabetes mellitus with comorbid perinatal depression
on cardiovascular outcomes in this specific population of
pregnant women.

Depression increases the risk of macrovascular complications
of T2DM. In addition, macrovascular complications of diabetes
can also lead to an increased risk of depression (8). There are two-
way effects between depression and macrovascular complications
of diabetes, and the two are mutually influencing factors.

Potential Mechanisms

The exact mechanism by which depression affects the risk
of CVD in T2DM is unclear. Currently, it is believed to be
associated with multiple pathways, such as neuroendocrine
disorders and the vascular endothelial inflammatory response;
these mechanisms are interrelated and not isolated (24, 25).
Depression overstimulates the hypothalamic-pituitary-adrenal
(HPA) axis, leading to excessive cortisol secretion, which
aggravates vascular endothelial damage and promotes insulin
resistance. In patients with depression, poor adherence
to medications and poor lifestyle increase vulnerability
of hyperglycemia and hyperinsulinemia, thus, promoting
coagulopathy and fibrinolysis. Depression is also associated
with elevated levels of inflammatory factors such as C-reactive
protein (CRP), tumor necrosis factor-alpha (TNF-a), and
interleukin 6 (IL-6). Hyperglycemia and insulin resistance
in diabetes are known to promote endothelial dysfunction,
inflammation, and abnormalities of coagulation and fibrinolysis,
thus accelerating the development of atherosclerosis and
CVD. Depression promotes these mechanisms to accelerate
the development of CVD. Other studies have analyzed the
association between mood disorders and diabetes and CVD
(including hypertension and CAD) from a genetic perspective
(26), finding that depression, diabetes, and CVD may have
multiple shared potential pleiotropic genes, thus affecting
multiple signaling pathways such as corticotropin-releasing
hormone (CRH), adenosine monophosphate activated protein
kinase (AMPK), and 5 hydroxytryptamine (5-HT) pathways.

TREATMENT

Pharmacological Treatments

Antidepressants

Patients with depression who received selective serotonin
reuptake inhibitors (SSRIs), tricyclic antidepressants (TCAs),
heterocyclic antidepressants, and other antidepressants have
a significantly reduced the risk of developing T2DM (27).
Moreover, long-term use of SSRIs (>120 days) or TCAs (>35
days) was associated with a lower risk of developing T2DM.
Some researchers have studied the antidepressant dosage (28)
and found that in diabetic patients with poor glycemic control
with baseline hemoglobin Alc (HbAlc) of 9.29%, those treated
with the optimal therapeutic dosage of antidepressants were more
likely to achieve better glycemic control (HbAlc < 7%) after 12
months. Therefore, optimizing antidepressant dosage in patients
with T2DM may be beneficial for glycemic control.

Different classes of antidepressants have different effects on
mortality and cardiovascular events in T2DM with comorbid
depression. In a study of 36,276 patients with newly diagnosed
diabetes and depression treated with different classes of
antidepressants for 6 months, regular use of antidepressants was
associated with a reduced risk of macrovascular complications
and/or all-cause mortality (29). Another cohort study (30)
also reached the same conclusion of reduced mortality in
diabetic patients with comorbid depression with SSRIs and
tricyclic/tetracyclic antidepressant treatment. Furthermore, the
study also found that serotonin-norepinephrine reuptake
inhibitors  (SNRIs), norepinephrine-dopamine  reuptake
inhibitors, mirtazapine, and trazodone also significantly
decreased the mortality risk, but the use of reversible inhibitors
of monoamine oxidase-A (RIMA) increased mortality risk.

Oral Hypoglycemic Agents

Currently, numerous clinical studies have confirmed that
sodium-glucose cotransporter 2 (SGLT2) inhibitors and
glucagon-like peptide 1 (GLP-1) receptor agonists reduce the
risk of CVD, and their clinical indications have also been
included in treatment guidelines (31). However, few studies have
investigated the effects of hypoglycemic agents on depression
and no guidelines are available. Different classes of hypoglycemic
agents have different effects on the risk of depression in patients
with T2DM. The results of a retrospective cohort study of
40,214 adult patients with T2DM who were not treated or
treated with single or combined oral hypoglycemic agents
where depression was used as an outcome measure (32) showed
that dipeptidyl peptidase 4 (DPP-4) inhibitors and SGLT-2
inhibitors were both significantly associated with a reduced risk
of depression, while biguanides, sulfonylureas, a-glucosidase
inhibitors, thiazolidinediones, and glinides did not show to
be associated with a reduced risk of depression. Because only
one patient in the study was treated with SGLT-2 inhibitors,
and the study was a non-randomized retrospective study with
many confounding factors, the conclusions must be further
verified. There have also been different conclusions regarding
the effects of metformin on depression. In a case-control study
of 550 elderly diabetic patients in nine communities, Chen et al.
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(33) found that the risk of depression in patients treated with
metformin was decreased compared with those not treated
with metformin. However, this was a case-control study with a
small sample size; hence, it cannot be concluded that metformin
reduces depression in elderly patients with diabetes, but it only
shows that metformin may be a protective factor for depression
in elderly patients with diabetes. Danish researchers (34)
tracked patients receiving antidiabetic drugs or insulin therapy
between 2005 and 2015 through Danish population-based

registers and found that continued use of metformin and
combinations of drugs were associated with decreased rates
of depression.

Antidepressants and Hypoglycemic Agents

In the last 5 years, studies on the effects of antidepressants
combined with antidiabetic drugs on CVD remain lacking.
However, in 2016, a Swedish study investigating the risk of first
MI in patients undergoing antidiabetic and/or antidepressant

TABLE 1 | Guidelines for depression screening and interventions for patients with diabetes.

Guideline for the Prevention and Treatment
of Type 2 Diabetes Mellitus in China (2020
edition) (20)

Standards of Medical Care in
Diabetes—2022 (45)

Precision Medicine in Diabetes: A
Consensus Report from the American
Diabetes Association (ADA) and the
European Association for the Study of
Diabetes (EASD) (46)

Diabetes Self-management Education and
Support in Adults with Type 2 Diabetes: A
Consensus Report of the American
Diabetes Association, the Association of
Diabetes Care & Education Specialists, the
Academy of Nutrition and Dietetics, the
American Academy of Family Physicians,
the American Academy of PAs, the
American Association of Nurse
Practitioners, and the American
Pharmacists Association (47)

Consensus statement of the American
Association of Clinical Endocrinologists
and American College of Endocrinology on
the comprehensive type 2 diabetes
management algorithm —2020 Executive
Summary (48)

Japanese Clinical Practice Guideline for
Diabetes 2019 (49)

Diabetes Canada 2018 Clinical Practice
Guidelines for the Prevention and
Management of Diabetes in Canada:
Diabetes and Mental Health (50)

The mental status of patients with diabetes mellitus and
depression and anxiety disorders should always be
evaluated throughout the treatment. Early screening,
evaluation, and monitoring of psychological status,
especially in diabetic patients with a history of
depression and anxiety, should emphasize emotional
assessment when conditions change (e.g., development
of complications) or when other psychosocial factors are
present.

Providers should consider the annual screening of all
patients with diabetes, especially those with a
self-reported history of depression, for depressive
symptoms with age-appropriate depression screening
measures, recognizing that further evaluation will be
necessary for individuals who have a positive screening.

Providers must assess symptoms of depression using
appropriate standardized and validated tools at the initial
visit, at periodic intervals.

The identification of diabetes-related complications or
other individual factors (e.g., psychosocial factors such
as depression and anxiety) that may influence
self-management should be considered a critical
indicator of the need for DSMES that requires immediate
attention and adequate resources.

Healthcare professionals should assess the mood and
psychological well-being of patients.

After at-risk patients with diabetes are screened for
depression, systematically coordinated care is essential
for both diabetes and depression.

Individuals with diabetes should be regularly screened for
psychiatric disorders (e.g., depression) using validated
self-report questionnaires or clinical interviews. Children
and adolescents with diabetes should be screened for
major depressive disorder and screened regularly for
psychosocial difficulties, family distress, or mental health
disorders.

The collaborative care model can significantly improve
depression and glycemic control in patients with
diabetes and depression and reduce medical costs.
Diabetic patients with depression should be referred to a
psychiatrist with familiarity and knowledge of diabetes.
Selective serotonin reuptake inhibitors and serotonin and
norepinephrine reuptake inhibitors are often the first-line
drugs of choice for diabetic patients with depression and
anxiety and can improve glycemic control.

Referrals for the treatment of depression should be
made to mental health providers who have experience
using cognitive behavioral therapy, interpersonal therapy,
or other evidence-based treatment approaches in
conjunction with collaborative care with the patient’s
diabetes treatment team.

Psychological counseling can help patients understand
and manage their emotional reactions to major events by
developing a more optimistic outlook and more realistic,
modulated, and adaptive emotional reactions.

Focused emotional support may be needed for
depression. Additional mental health resources are
generally required to address clinical depression.

Healthcare professionals should refer patients with mood
disorders to a mental healthcare facility.

An intervention that addresses both depressive
symptoms and diabetes-related mental distress and
anxiety is required to improve self-care ability and
glycemic control in affected patients.

Depression with diabetes should be referred to
specialized mental healthcare professionals.
Collaborative care by interprofessional teams should be
provided for individuals with diabetes and depression.
Antidepressant medications should be used to treat
acute depression in people with diabetes and as a
maintenance treatment to prevent recurrence of
depression. Cognitive behavior therapy can be used to
treat depression in individuals with depression alone or in
combination with antidepressant medication.
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treatment (35) found that the combination of antidepressants
and antidiabetic drugs significantly increased the risk of first MI
compared to drugs alone or without drugs. This risk was greater
in middle-aged females (45-64 years) than in middle-aged males.

Non-pharmacological Treatments

Non-drug therapies for diabetes with comorbid depression,
such as psychosocial intervention and self-management, have
proven to be effective. A randomized controlled trial found that
a collaborative care model of behavioral activation and skills
to support self-management, such as adherence to diet plans,
exercise, medication, tobacco cessation, and follow-up visits
with physicians, improved depressive symptoms and resulted in
fewer cardiovascular events or hospitalizations than usual care
(36). A meta-analysis of 31 randomized controlled studies (37)
also indicated that psychosocial interventions could significantly
improve depressive symptoms in patients with T2DM and
depression, as well as improve glycemic control. Therefore,
including psychosocial interventions in the management of
T2DM may also be beneficial for glycemic control, but the impact
on CVD outcomes may have a lack of evidence from large RCTs.
In addition, another interesting study (38) suggest that rural
residence may have a protective effect on veterans’ mental health,
indicating that the environment is also an important aspect of
psychological influence, but the effect on T2DM is not yet known.
In recent years, neuromodulation methods such as transcranial
magnetic stimulation (TMS) (39, 40) and transcranial direct
current stimulation (tDCS) (41) have also been proved to be
effective treatments for depression. In the treatment of diabetes,
deep repetitive TMS can promote weight loss in obesity and
thus prevent T2DM (42), and tDCS treatment can improve the
quality of life and physical function of patients with diabetic
polyneuropathy (43). The results of a single-blind cross-over trial
showed that double tDCS improved both glucose tolerance and
stress axes activity in healthy men, so repetitive tDCS may be a
promising non-pharmacological treatment option for improving
glucose tolerance in patients with T2DM (44).

PERSPECTIVE

T2DM with comorbid depression has an increased risk of
cardiovascular events and death. Depression and T2DM and its
macrovascular complications influence each other and exhibit a
two-way relationship. Depression is involved in and accelerates
the development and progression of cardiovascular disease in
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Background: Heart failure (HF) is a leading cause of morbidity and mortality worldwide.
Metabolomics may help refine risk assessment and potentially guide HF management,
but dedicated studies are few. This study aims at stratifying the long-term risk of death
in a cohort of patients affected by HF due to dilated cardiomyopathy (DCM) using serum
metabolomics via nuclear magnetic resonance (NMR) spectroscopy.

Methods: A cohort of 106 patients with HF due to DCM, diagnosed and monitored
between 1982 and 2011, were consecutively enrolled between 2010 and 2012, and a
serum sample was collected from each participant. Each patient underwent half-yearly
clinical assessments, and survival status at the last follow-up visit in 2019 was recorded.
The NMR serum metabolomic profiles were retrospectively analyzed to evaluate the
patient’s risk of death. Overall, 26 patients died during the 8-years of the studly.

Results: The metabolomic fingerprint at enrollment was powerful in discriminating
patients who died (HR 5.71, p = 0.00002), even when adjusted for potential covariates.
The outcome prediction of metabolomics surpassed that of N-terminal pro b-type
natriuretic peptide (NT-proBNP) (HR 2.97, p = 0.005). Metabolomic fingerprinting was
able to sub-stratify the risk of death in patients with both preserved/mid-range and
reduced ejection fraction [hazard ratio (HR) 3.46, p = 0.03; HR 6.01, p = 0.004,
respectively]. Metabolomics and left ventricular ejection fraction (LVEF), combined in a
score, proved to be synergistic in predicting survival (HR 8.09, p = 0.0000004).

Conclusions: Metabolomic analysis via NMR enables fast and reproducible
characterization of the serum metabolic fingerprint associated with poor prognosis in
the HF setting. Our data suggest the importance of integrating several risk parameters
to early identify HF patients at high-risk of poor outcomes.

Keywords: metabolomics, heart failure, prognosis, NMR spectroscopy, precision medicine
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Metabolomics for Heart Failure Prognosis

INTRODUCTION

Dilated cardiomyopathy (DCM), one of the leading causes of
heart failure (HF) worldwide (1), is generally considered as
a “final phenotype,” resulting from miscellaneous genomic or
phenomic insults via activation of diverse DCM disease-causing
cascades (2). The DCM may remain asymptomatic for years (3),
eventually leading to progressive ventricular dilatation and both
systolic and diastolic dysfunctions, arrhythmias, sudden death,
and HF. The prevalence of DCM in observational studies of
HF patients varied between 8 and 47%, while in trials of Heart
Failure with Reduced Ejection Fraction (HFrEF), DCM etiology
accounted for 12-35% of individuals (4).

Heart failure is a complex clinical syndrome in which heart
function is inadequate to meet physiological demands and
it constitutes a massive health problem, with a considerable
residual disease burden due, at least in part, to a broad range
of disease courses and responses to therapy (5). Several studies
have aimed at defining the underlying pathophysiology of HF
using recent advances in system biology approach as well as at
discovering possible biomarkers to achieve a better prognostic
stratification of cardiac failure (6, 7), beyond left ventricular
ejection fraction (LVEF) evaluation. With this regard, several
survival prediction models have been created using clinical
risk scores and biomarkers, such as natriuretic peptides (8),
but important knowledge gaps remain regarding the complex
biological pathways determining individual variability. This
limitation hinders the identification of specific patient subsets
with different needs and fates.

In the era of precision medicine, Omics sciences could be
the instrument to meet this need. Metabolomics is one of the
latest omic technologies, broadly defined as the comprehensive
measurement of the complete ensemble of endogenous and
exogenous metabolites present in a biological specimen, which
is the so-called metabolome (9). Metabolites represent, at the
same time, the downstream output of the omics cascade,
and the upstream input from various external factors, such
as environment, lifestyle, diet, and drug administration (10).
Thus, metabolites have been described as the most proximal
reporters of any disease status or phenotype because their
concentrations in biospecimens are directly related to the
underlying pathophysiological landscape (11). Metabolomics
applications in biomedical research are manifold (12-17), and
this technology has already demonstrated its potentiality in the
setting of cardiovascular diseases (18-23).

Metabolic impairment has long been identified as an
intrinsic feature of HF pathophysiology and a detrimental self-
perpetuating cycle involving heart failure and altered metabolism
that promotes HF progression was postulated (24, 25). Energetic
and structural metabolic failure is not limited to the myocardium,
but it is reflected at a systemic level, and considerably contributes
to major HF symptoms and disease progression (26, 27).
Metabolomics has contributed to elucidating several systemic
metabolic impairments that occur in patients with HF: insulin
resistance, shift toward hyper-catabolism with blunting of
anabolic pathways, impaired glucose oxidation and a switch
toward glycolysis, impaired fatty acid B-oxidation, and urea

cycle dysfunction (27-30). In our previous paper on the same
cohort of patients, we showed that patients with HF were
characterized by higher serum concentrations of phenylalanine,
tyrosine, isoleucine, creatine, and low serum levels of lactate,
citrate, lysine, and L-dopa (28). Moreover, metabolomics has
been demonstrated to be a promising approach for the clinical
prognosis of patients with HF (31-33).

Here, we propose a strategy for the prognostic evaluation
of HF due to DCM based on the combination of serum
nuclear magnetic resonance (NMR)-based metabolomics
with traditional prognostic factors, such as N-terminal pro
b-type natriuretic peptide (NT-proBNP) and LVEF. For
this purpose, we retrospectively analyzed a well-defined,
homogeneous, single-center cohort of patients with DCM with
stable chronic HF diagnosed and monitored between 1982 and
2011 (median follow up time from DCM diagnosis: 15 years),
and consecutively enrolled for this study between 2010 and 2012
(Supplementary Figure S1).

METHODS

Patient Recruitment

In this retrospective study, a cohort of 106 adult patients (74
men, 32 women, median age 49, 95% CI 49-53 years) with
chronic heart failure (i.e., at least one previous heart failure
event, comprising hospitalization for HF and/or an urgent visit
resulting in intravenous therapy for HF due to DCM) was
examined. The present cohort is a sub-group of the population
analyzed in our previous publication (28). The HF has been
defined as a clinical syndrome characterized by fundamental
symptoms (e.g., breathlessness, ankle swelling, and fatigue)
and/or signs (e.g., elevated jugular venous pressure, pulmonary
crackles, and peripheral edema) related to a structural and/or
functional abnormality of the heart that results in elevated
intracardiac pressures and/or inadequate cardiac output at rest
and/or during exercise (34). A period of clinical stability of at
least 6 months in optimal medical therapy (OMT) was required
for enrollment. Patients were diagnosed between 1982 and 2011
(t0). In the period 2010-2012 (t1), patients were re-examined
or examined for the first time (only for patients diagnosed
between 2010 and 2012), blood serum samples were collected and
analyzed via NMR. Then, survival status was evaluated at the last
follow-up in 2019 (t2). In patients who died or were transplanted,
the end of follow-up was considered either the time of death or
heart transplantation. In the minority of patients lost to follow-
up (i.e., not traceable by June 2019), the last clinical evaluation
or the last telephone contact was considered. The experimental
design is graphically illustrated in Figure 1.

The enrolled patients were classified as idiopathic DCM,
defined by the presence of left ventricular (LV) or biventricular
dilatation and systolic dysfunction in the absence of abnormal
loading conditions (hypertension, valve disease) or coronary
artery disease sufficient to cause global systolic impairment
(1, 35). The patients with HF, judged to be secondary to
ischemic heart disease, systemic hypertension, chemotherapy,
alcoholic abuse, diabetes mellitus, cor pulmonalis, valve disease,
or other cardiac or systemic diseases, were excluded, as well
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FIGURE 1 | Graphical overview of the study design to investigate differences between survived and deceased patients with HF. Patients were diagnosed at time t0,
where t0 for each patient was in the range 1982-2011. Between 2010 and 2012 (t1), the patients were re-examined or examined for the first time, blood serum
samples collected and analyzed via nuclear magnetic resonance (NMR). Survival status was evaluated in 2019 (t2). Patients were, then, retrospectively split in two
groups according to the survival status (alive vs. deceased), and statistical analysis on NMR data was performed.
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as patients for whom a coronary angiogram was not available.
The patients were consecutively enrolled in the years 2010-
2012 at the Careggi University Hospital Florence, Italy. They
underwent half-yearly clinical assessments (median follow-up
from enrollment 8 years). All study patients were evaluated and
followed up by clinical history, physical examination, 12-lead
ECG, standard chest radiograph, routine laboratory tests, M-
mode, 2D, and Doppler echocardiography. For the entire study
period, the patients were seen by the same cardiologists who
assumed primary responsibility for their management.

Ethical Issues

This study was approved by the local Ethics Committee (Azienda
Ospedaliero—Universitaria Careggi, Florence, Italy). Written
informed consent was obtained from each participant at the time
of blood sample collection. The study adheres to the principles of
the Helsinki Declaration and its later amendments.

Collection of Samples

Each blood sample was collected through peripheral venous

access in a 10-mL tube (BD P100, BD Diagnostics, Franklin

Lakes, NJ). Subsequently, blood samples were centrifuged for

10min at 4,000 rpm at the temperature of 4°C, then, the

supernatant serum was aliquoted in sterile cryovials and stored
—80°C pending NMR analysis.

NMR Analysis

Serum samples were prepared for NMR experiments as described
in our previous publications (28, 36). One-dimensional 'H NMR
spectra of each sample were acquired using a Bruker 600 MHz

spectrometer (Bruker BioSpin) operating at 600.13 MHz proton
Larmor frequency and equipped with a 5 mm CPTCI 'H-13C-3!P
and 2H-decoupling cryoprobe, including a z-axis gradient coil, an
automatic tuning-matching, and an automatic sample changer.
A BTO 2000 thermocouple served for temperature stabilization
at the level of ~0.1K at the sample. Before measurement,
samples were kept for at least 3min inside the NMR probe-
head, for temperature equilibration at 310 K. For each serum
sample, a standard nuclear Overhauser effect spectroscopy
pulse sequence NOESY 1Dpresat (noesygpprld.comp; Bruker
BioSpin)(37), using 64 scans, 98,304 data points, a spectral
width of 18,028 Hz, an acquisition time of 2.7s, a relaxation
delay of 4s and a mixing time of 0.01s (total duration of the
NMR experiment 7 min), was applied to obtain a spectrum in
which both signals of low molecular weight metabolites and
high molecular weight macromolecules (i.e., proteins, lipids, and
lipoproteins) are detected.

Free induction decays were multiplied by an exponential
function equivalent to 1.0Hz line-broadening factor before
applying Fourier transform. The transformed spectra were
automatically corrected for phase and baseline distortions and
calibrated to the anomeric glucose doublet at § 5.24 ppm using
TopSpin3.6.2 (Bruker Biospinsrl).

Each 1D spectrum was segmented into 0.02 ppm chemical
shift bins in the range 0.2-10 ppm, and the corresponding
spectral areas were integrated using the AssureNMR software
(Bruker BioSpin). The regions of residual water signal
(4.37-5.13 ppm) and the signals of ethanol (1.12-1.23 ppm
and 3.53-3.73 ppm) were removed, and the dimension of the
system was reduced to 438 bins. The probabilistic quotient
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normalization (38) was applied on the remaining bins prior to
statistical analysis.

Statistical Analysis

Data analyses were performed using the open-source software
R. Multivariate analysis was performed on binned spectra (thus,
on the whole spectra, considering both assigned and unassigned
metabolites). Principal component analysis (PCA) was used as
the first unsupervised analysis to visualize data. Metabolomics
analysis was performed using a fingerprinting approach: the
metabolomic fingerprint is a global, rapid evaluation of an NMR
spectrum as a whole that considers all (assigned or unassigned)
detectable metabolites present in that biological sample (39).
Standard partial least square discriminant analysis (40) (PLS-
DA) was applied to discriminate the metabolomic fingerprints of
survivors and deceased patients using the first 7 PLS components,
and the PLS-DA model was validated using a Leave-One-Out
cross-validation scheme (LOOCYV, R script developed in-house).
Since the group size is unbalanced (survived 75.5%, deceased
24.5%), samples from 25 survivors and 25 deceased patients
were randomly chosen from the full dataset and subjected to
PLS-DA modeling. The resampling procedure was performed
100 times to account for variability in the sampling procedure,
and each model was cross-validated each time. Samples were
assigned to one of the two classes using the majority vote
algorithm (R library “mclust”) on the results obtained by the 100
iterations. Sensitivity, specificity, and accuracy were calculated
according to the standard definitions. Variable importance in
projections (VIP) was calculated using an R script developed in-
house, variables with a VIP score higher than 1 were considered
important in the PLS-DA model.

The predictive performance of the metabolomic PLS-DA
classification was compared with that of LVEF and NT-proBNP.
The LVEF classification followed the European Society of
Cardiology guidelines (34), identifying three classes: reduced
LVEF (<40%, high-risk: HiR), mid-range LVEF (40-49%,
intermediate risk: IR), and preserved LVEF (>50%, low risk:
LR). Patients with a baseline level of NT-proBNP higher than
400 pg/ml were considered at high-risk of death. Moreover,
the ability of the combination of metabolomics and LVEF in
predicting poor prognosis was also tested. Metabolomics was
used as the first screening method and then was adjusted
using ejection fraction: patients predicted as survivors by the
PLS-DA metabolomic model but with LVEF of <35% were
reclassified as high-risk of death, while patients predicted as
deceased but with LVEF of >50% were reclassified as low risk
of death. All the above-mentioned analyses were performed
using Kaplan-Meier (KM) curves, with the additional calculation
of the hazard ratio (HR) and p-value assessed by the Log-
Rank test (R library “survminer”). The performances and the
independence of metabolomics were evaluated by calculating
Cox proportional hazards regression models (41) (R library
“Survival”) and each model significance was assessed through
a likelihood-ratio test. These analyses were performed in a
univariate and multivariate fashion.

The untargeted quantification of 22 metabolites and 114
lipoprotein-related parameters was performed using the Bruker

IVDr analysis platform (42). The non-parametric Wilcoxon
Rank-Sum test was used to infer differences between the
groups of interest. The P-values were adjusted for multiple
testing using the false discovery rate (FDR) procedure with
Benjamini and Hochberg (43) correction at o = 0.05. Each
metabolite/lipoprotein feature was divided into three tertiles and
Cox regression models were calculated to estimate the association
between metabolites/lipoproteins and prognosis. Additional
models were calculated to adjust for additional covariates: sex,
age at DCM diagnosis, time from DCM diagnosis and last follow
up, NT-proBNP, LVEE, New York Heart Association (NYHA)
class at enrollment, systolic blood pressure (SBP), end-diastolic
diameter index (EDDi) at enrollment, and left atrial volume index
(LAVi) at enrollment.

Robust correlations were calculated among metabolomic
variables and clinical data following the 10% winsorized
correlation approach (44) using the function “wincor” of the R
package “WRC2.” The P-values were adjusted for multiple testing
using the FDR procedure.

RESULTS
Study Population

Baseline characteristics of the cohort are shown in Table 1.
The median age at enrollment was 58.5 & 14.1 years, with
a median age at DCM diagnosis of 49 + 11.9 years. The
patients were predominantly men (69.8%). The median time
from DCM diagnosis at last evaluation was 15 % 5.9 years.
The patients were mostly pauci-symptomatic at enrollment
(85.8% NYHA class I-II). Median systolic blood pressure (SPB)
was 120 + 14.8 mmHg, while echocardiographic parameters
showed a considerable LV (left ventricular) and LA (left
atrial) enlargement in most patients, with median indexed
LVEDDi and LAVi of 31.6 + 4.9 and 41.9 + 18 mm/m?
respectively. Median LVEF at enrollment was 44.5 £ 8.15%
with an NT-proBNP median value of 219.1 £ 237.8 pg/ml.
All patients were on ACE-inhibitors or angiotensin receptor
blockers inhibitors (ARBs) at enrollment, while 92.4% were
receiving beta-blockers (BB). The introduction of Angiotensin
Receptor Neprilysin Inhibitors (ARNIs) into clinical practice
has become significant only in the last 2 years of the study
follow-up, therefore, this agent has not been taken into
consideration. Diuretic treatment was administered in 71% of
patients at baseline.

At the last evaluation, 80 patients were alive, while 26
had died for HF-related causes (7 patients for sudden cardiac
death and 19 patients for refractory heart failure). Demographic
and clinical characteristics of the 106 patients with DCM
depending on survival status at t2 are shown in Table 1: age,
SBP, EDDi, LVEE, NT-proBNP, and diuretic administration at
enrollment were significantly different between survivors and
deceased patients.

NMR Metabolomics Prediction of HF

Prognosis
Before any supervised approach, PCA was used as an exploratory
analysis to visualize data. No outlier or relevant clustering
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TABLE 1 | Baseline characteristics of enrolled patients.

Overall at t; Alive at to Deceased at t» p-value*
(106 pts) (80 pts) (26 pts)

Age at enroliment (yrs), median (mad) 58.5 (14.1) 56.0 (11.9) 67.5(12.6) 0.004
Gender (M), n (%) 74 (69.8) 55 (68.8) 19 (73.1) 0.9
Age at DCM diagnosis (yrs), median (mad) 49 (11.9) 48.5 (11.1) 55.5(17.0) 0.1
Time from DCM diagnosis and last follow up 15 (5.9) 15 (5.9) 15 (7.4) 0.9
(yrs), median (mad)
NYHA class at enrollment 0.07

I, n (%) 38 (35.8) 31(38.8) 7 (26.9)

I, n (%) 53 (50.0) 41 (51.2) 12 (46.2)

I, n (%) 13(12.2) 8(10.0) 5(19.2)

IV, n (%) 2 (2.0) 0(0.0) 2(7.7)
SBP (mmHg) at enrollment, 120 (14.8) 120 (14.8) 110 (14.8) 0.02
median (mad)
EDDi (mm/ma) at enrollment, 31.6 (4.9) 30.8 (3.8) 36.9 (6.7) 0.004
median (mad)
LAVi (mL/maq) at enroliment, 41.9 (18.0) 41.3 (16.9) 47.8 (26.9) 0.09
median (mad)
LVEF (%) at enrollment, 44.5 (8.15) 46.0 (7.4) 37.5(9.6) 0.001
median (mad)
NT-proBNP (pg/ml) at enrollment, median (mad) 219.1 (237.8) 180.6 (176.0) 613.3 (741.9) 0.005
BB* at enrollment, n (%) 98 (92.4) 73(91.2) 25 (96.1) 0.8
ACE-I8 at enroliment, n (%) 106 (100) 80 (100) 26 (100) 1
Diuretic at enrollment, n (%) 75 (70.7) 51 (63.8) 24 (92.3) 0.02

DCM, dilated cardiomyopathy; NYHA, New York Heart Association Classification; SBF, systolic blood pressure; EDDi, indexed end diastolic diameter; LAVi, indexed left atrial volume;
LVEF, left ventricular ejection fraction; NT-proBNR, N-terminal pro b-type natriuretic peptide; BB, beta blockers; ACE-l, Angiotensin-converting-enzyme inhibitors. " bisoprolol-equivalent;
Sramipril-equivalent; *FDR adjusted with the Benjamini-Hochberg procedure. Data are reported for the overall population at enroliment (t1) and for alive and deceased patients at

follow-up separated (t2).

emerged from the score plot (Supplementary Figure S2).
Then, the differences in serum metabolomics 'H NMR
fingerprints of survivors and deceased patients were analyzed
using standard PLS-DA (Figure 2A). To ensure that the
calculated PLS-DA model was statistically robust, an internal
validation using a LOOCV was performed: the two groups
show a good clustering, yielding 70.8% accuracy, 76.9%
sensitivity, and 68.8% specificity (deceased patients wrongly
classified as survivors present, on average, a longer survival
time between enrollment and death: 5.7 vs. 4.3 years, see
Supplementary Figure S1). Based on the VIP score analysis
(Figure 2B) variables that mainly contributed to the PLS-DA
model, and, thus, to the risk of stratification, were related to
spectral regions of creatine, creatinine, lactate, trimethylamine-
N-oxide, and lipoproteins.

Analyzing the metabolomic classification with KM
curves (Figure2C), clear discrimination resulted between
patients who died and those who survived: p-value of
0.00002 and HR of 571 (95% CI 2.57-12.67). The use
of the majority vote algorithm for patient classification
produced a gray region in which patients were assigned
to a class or another with a small margin (50 &+ 10%). To
verify the robustness of our model, we repeated the KM
analyses after removing the 11 ambiguous patients that
were classified with a margin <10%. Removing borderline

patients did not significantly affect the overall model accuracy
(Supplementary Figure S3).

Comparison of Metabolomics With Known
Prognostic Factors: NT-ProBNP and

Ejection Fraction

The prognostic significance of NT-proBNP natriuretic peptide,
examined at enrollment, was analyzed. The results of the KM
analyses are shown in Supplementary Figure S4. Compared to
metabolomics results, NT-proBNP showed higher specificity
(71.2%) in discriminating deceased and survivor patients,
although with lower sensitivity (58.3%) and accuracy (68%). The
combination of NT-proBNP and metabolomics provided only a
slight improvement in the outcome prediction: 75% sensitivity,
68.5% specificity, and 70.1% accuracy.

The predictive performance of the metabolomic model was
also compared with that of left ventricular ejection fraction, and
the results are reported in Figure 3. Patients with reduced LVEF
showed a significantly higher risk of death (HRs of 7.47 and
4.26 and p-values of 0.0001 and 0.0002 concerning LR and IR,
respectively), whereas patients with mid-range and preserved
LVEF were both associated with a lower risk (HR 1.79, p-
value 0.38).

The potential of metabolomics in sub-stratifying LVEF classes
was then tested: mid-range and preserved LVEF were considered
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FIGURE 2 | (A) score plot of the first two components of the partial least square discriminant analysis (PLS-DA) model discriminating survivor (80 green dots) and
deceased (26 purple dots) patients. (B) The variable importance in projections (VIP) score plot indicating the most discriminating bins in descending order of
importance; only the bins that showed a VIP score>1 are reported in the plot. For each bin the starting ppm is reported. Green dots represent bins with intensity
higher in survivor patients, conversely purple dots represent bins with intensity higher in deceased patients. (C) Overall patients with HF, plotting actual survival over
time (in years) according to estimated metabolomic risk [Kaplan-Meier (KM) curves]. Low metabolomic risk (green) and high metabolomic risk (purple) patients are
significantly clustered with a p-value of 1.67-10~° (calculated with the Log-Rank test) and an HR of 5.71. Censored events represent either the time of last recorded
clinical follow-up, or the time of death. Number at risk: number of patients stratified according to the metabolomics classification at each time point. Cumulative
number of events: total number of deceased patients at each time point for each metabolomics risk group. PLS_PRED = S, predicted by PLS as survivor; PLS_PRED
= D, predicted by PLS as deceased.

as a single low-risk class, whereas reduced LVEF was considered
as a high-risk class. Although metabolomics showed to effectively
sub-stratify low- and high-risk patients in both classes (HRs 3.46
and 6.01, p-values 0.03 and 0.004, respectively), it showed the best
performance in the high-risk class (Figure 4).

Finally, the outcome prediction of the combination of
metabolomics and LVEF was tested. The resulting combined
score relies on LVEF for <35 or >50% values (i.e., when LVEF
appears highly prognostic), whilst it is based on metabolomics
for intermediate LVEF values, for which LVEF shows the
least predictive capacity. This combined approach led to an

improved prediction, with 75.5% accuracy, 73.8% sensitivity,
80.8% specificity, HR 8.09, and p-value 0.0000004 as shown by
KM analysis (Figure 5).

Analysis of Clinical Covariates

Possible covariates, such as advanced age at diagnosis (>60
years), sex, the time elapsed since the first diagnosis, NYHA
functional class, SBP and echocardiographic parameters (EDDi
and LAVi), were compared with the three main prognostic
parameters (metabolomics, NT-proBNP, and LVEF) via
univariate and multivariate Cox regression analyses (results
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intermediate risk; EF_PRED = HR: predicted by EF at high-risk.

FIGURE 3 | Censored events represent either the time of last recorded clinical follow up, or time of death. Number at risk: number of patients stratified according to
the left ventricular ejection fraction (LVEF) at each time point. Cumulative number of events: total number of deceased patients at each timepoint for each risk group
based on the LVEF. The P-values are calculated with the Log-Rank test. EF_PRED = LR: predicted by EF at low risk of death; EF_PRED = IR: predicted by EF at
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displayed in Table 2). After univariate analysis, metabolomics,
age at diagnosis, advanced NYHA classes (III-IV) at enrollment,
NT-proBNP, and reduced LVEF resulted to be statistically
associated with the outcome; however, after multivariate Cox
regression model, only metabolomics (HR 6.72, p 0.0007),
advanced age at diagnosis (HR 3.26, p 0.008), and reduced LVEF
(HR 2.6, p 0.001) maintained their correlation with prognosis,
regardless of other variables.

Correlations among metabolomics (metabolites and
lipoprotein main parameters) and clinical variables are
shown in Supplementary Figure S5. Several statistically
significant correlations emerged from this analysis. In
particular, succinic acid, acetone, and trimethylamine-N-
oxide show a strong correlation pattern with NT-proBNP
and with several echocardiographic (ECO) parameters

(ECO left the atrial end-diastolic area, ECO left atrial end-
diastolic diameter, ECO left atrial end-diastolic, and systolic
volume). Also, glucose, lactic acid, and citric acid present

correlations with the abovementioned echocardiographic
parameters. Glycated hemoglobin (Hb1AC) significantly
correlates with 12 metabolites. The LVEF anticorrelates

with trimethylamine-N-oxide and correlates with creatine,
Apo-Al, and Apo-2. Trimethylamine-N-oxide and creatine
show the same trend of correlation with systolic blood
pressure. Estimated glomerular filtration rate anticorrelates
with creatinine and correlates with high-density lipo-protein
(HDL) cholesterol, body mass index (BMI) correlates with
phenylalanine and tyrosine, and electrocardiogram QT
interval shows positive correlations with valine, pyruvic and
citric acids.
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predicted by the combined score of metabolomics and EF as deceased.

FIGURE 5 | (calculated with the Log-Rank test) and an HR of 8.09. Censored events represent either the time of last recorded clinical follow-up, or the time of death.
Number at risk: number of patients stratified according to the combined score at each time point. Cumulative number of events: total number of deceased patients at
each time point for each risk group based on the combined score. MET_EF = S, predicted by the combined score of metabolomics and EF as survivor; MET_EF = D,

TABLE 2 | Association with the outcome: unadjusted and adjusted hazard ratios

(HR).
Hazard ratio p-value Hazard ratio p-value
(univariate) (multivariate)
Metabolomics
High-risk 5.92 (2.37-14.76) <0.001 7.00 (2.28-21.51)  <0.001
Sex
Male 1.18 (0.49-2.80) 0.72 0.64 (0.24-1.73) 0.38
Age at DCM diagnosis
>60 yrs 2.22 (1.01-4.90) 0.048  4.40(1.64-11.79) <0.01
Time from DCM diagnosis and last follow up
>15yrs 1.02 (0.47-2.20) 0.96 0.91 (0.36-2.31) 0.84
NT-proBNP
>400 pg/mL 3.03(1.34-6.82) <0.01 1.30 (0.43-3.94) 0.64
LVEF
40 < EF <49 (R) 1.80 (0.48-6.78) 0.39 1.80 (0.41-7.94) 0.44
<40 (HiR) 8.09 (2.34-27.99) <0.001 9.35(1.81-48.26) <0.01
NYHA class at enroliment
Il 1.24 (0.49-3.14) 0.65 0.48(0.12-2.02) 0.32
-1V 3.52(1.23-10.06)  0.019 0.66(0.12-3.61) 0.63
SBP
>130 mmHg 0.80 (0.28-2.33) 0.68 0.85 (0.26-2.72) 0.78
EDDi at enroliment
>30 mm/mq 1.72 (0.69-4.28) 0.24 0.89 (0.28-2.84) 0.85
LAVi at enrollment
>40 mL/mq 1.76 (0.77-4.06) 0.18 0.60 (0.18-1.98) 0.40

Correlation with the outcome for prognostic features and metabolomics score using
univariate and multivariate Cox regression analysis. In the multivariate hazard ratios of
all the variables were included together in the analysis.

DCM, dilated cardiomyopathy; NYHA, New York Heart Association Classification; SBF,
systolic blood pressure; EDDJ, indexed end diastolic diameter; LAV, indexed left
atrial volume; LVEF, left ventricular ejection fraction; NT-proBNF, N-terminal pro b-type
natriuretic peptide.

Several statistically significant correlations also emerged
among quantified metabolites and many lipoprotein-related
parameters. In particular, amino acids, as well as lipoproteins, are
shown to be highly intercorrelated. All results are presented in
Supplementary Figure S6.

Association Between Metabolic Features

and Prognosis

Univariate analysis of the quantified metabolomic features
(Supplementary Table S1), using the Wilcoxon test, unraveled
that deceased patients as compared with survivors were
characterized at enrollment by lower levels of creatine,
apolipoprotein (apo-)A2 HDL, apo-A2, phospholipids HDL-3,
apo-Al HDL-3, apo-A1 HDL-4, apo-A2 HDL-4, phospholipids
VLDL, phospholipids HDL-4, apo-A2 HDL-3, free cholesterol

VLDL-3, triglycerides HDL-4, cholesterol HDL-3, and by higher
levels of trimethylamine-N-oxide, creatinine, lactate, LDL and
HDL Cholesterol ratio, triglycerides LDL-3, and triglycerides
LDL-2 (p-value <0.05 for all before FDR correction).

Concentrations of each metabolite/lipoprotein were used
to build Cox regression models for the evaluation of their net
effect on survived and deceased patients (Table 3). Multivariate
models adjusted for sex, age at DCM diagnosis, time from
DCM diagnosis and last follow up, NT-proBNP, LVEE
NYHA class at enrollment, SBP, EDDi at enrollment, and
LAVi at enrollment were also calculated. In the univariate
model, higher levels of trimethylamine-N-oxide (3rd tertile),
creatinine (3rd tertile), acetic acid (2nd tertile), succinic acid
(3rd tertile), triglycerides low-density lipoprotein (LDL) (2nd
tertile), and triglycerides LDL-3 (3rd tertile) are associated
with a higher risk of poor outcome, whereas higher levels
of triglycerides very-low-density lipoprotein (VLDL) (3rd
tertile), Apo-A2 HDL (2nd and 3rd tertiles), triglycerides,
VLDL-3 (3rd tertile), phospholipids (VLDL-1 (3rd tertile),
phospholipids VLDL-3 (3rd tertile), and triglycerides HDL-4
(3rd tertile) are associated with a good prognosis. Among
them, only the associations related to trimethylamine-N-oxide
(3rd tertile), triglycerides LDL (2nd tertile), phospholipids
VLDL-3 (3rd tertile), triglycerides LDL-3 (3rd tertile), and
triglycerides HDL-4 (3rd tertile) remain statistically significant
in the multivariate model adjusted for clinical covariates.
However, in addition to these variables, additional ones
(that were not significant in the univariate model) related to
various LDL subfractions 1, cholesterol HDL-2, and Apo-B100
Apo-Al ratio resulted to be significant in the multivariate
model (Table 3).

DISCUSSION

Heart failure is a complex syndrome and constitutes the ultimate
result of several cardiovascular injuries. The DCM is one of
the most frequent causes of HF and heart transplantation, and
in turn, constitutes the final phenotype derived from multiple
pathophysiological mechanisms that mainly involve the structure
and the energetic metabolism of cardiomyocytes. Prognostic
evaluation of patients with DCM, particularly when complicated
by HE is a crucial point in the clinical process. Among traditional
risk factors, LVEF still represents the cornerstone of prognostic
stratification and has an essential role in phenotyping and
guiding the therapy of patients with chronic HF (45), albeit
with limitations related to the operator-dependent variability and
scarce precocity. As regards to natriuretic peptides, there is a
considerable experience both in DCM and in HF (46): BNP or
NT-proBNP levels increase the accuracy of diagnosis of HF in the
emergency department (47), as well as the prognosis at the time
of hospital discharge (48).
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TABLE 3 | Association between metabolites/lipoproteins and the outcome: results of univariate and multivariate (adjusted for sex, age at DCM diagnosis, time from DCM

diagnosis and last follow up, NT-proBNP, LVEF, NYHA class at enroliment, SBP, EDDi at enroliment, LAVi at enrollment) Cox regression analyses are reported.

Hazard ratio p-value Hazard ratio p-value

(univariate) (multivariate)
Trimethylamine-N-oxide (2nd tertile) 3.33 0.0678 7.34 0.0148
Trimethylamine-N-oxide (3rd tertile) 5.94 0.0054 4.69 0.0323
Creatinine (2nd tertile) 1.28 0.6565 0.87 0.8352
Creatinine (3rd tertile) 2.69 0.0453 1.1 0.8673
Acetic acid (2nd tertile) 3.25 0.0414 2.39 0.1646
Acetic acid (3rd tertile) 2.90 0.0718 3.68 0.0534
Succinic acid (2nd tertile) 1.17 0.7895 0.67 0.5605
Succinic acid (3rd tertile) 4.24 0.0008 2.32 0.2101
Pyruvic acid (2nd tertile) 0.38 0.1000 0.09 0.0012
Pyruvic acid (3rd tertile) 1.24 0.6193 0.92 0.8852
Calculated Figures, Apo-B100/Apo-A1 (2nd tertile) 1.70 0.3048 3.26 0.0415
Calculated Figures, Apo-B100/Apo-A1 (3rd tertile) 1.97 0.1880 2.27 0.1732
Calculated Figures, LDL-1 Particle Number (2nd tertile) 1.21 0.7176 3.59 0.0494
Calculated Figures, LDL-1 Particle Number (3rd tertile) 1.78 0.2336 410 0.0192
Lipoprotein Main Fractions, Triglycerides, VLDL (2nd tertile) 0.98 0.9544 0.86 0.7625
Lipoprotein Main Fractions, Triglycerides, VLDL (3rd tertile) 0.32 0.0457 0.47 0.2199
Lipoprotein Main Fractions, Triglycerides, LDL (2nd tertile) 4.23 0.0110 4.02 0.0262
Lipoprotein Main Fractions, Triglycerides, LDL (3rd tertile) 2.30 0.1728 2.57 0.1579
Lipoprotein Main Fractions, Phospholipids, IDL (2nd tertile) 0.44 0.0967 0.42 0.1058
Lipoprotein Main Fractions, Phospholipids, IDL (3rd tertile) 0.58 0.1804 0.80 0.6833
Lipoprotein Main Fractions, Phospholipids, LDL (2nd tertile) 1.82 0.2466 3.22 0.0399
Lipoprotein Main Fractions, Phospholipids, LDL (3rd tertile) 1.77 0.2703 1.99 0.2403
Lipoprotein Main Fractions, Apo-A2, HDL (2nd tertile) 0.33 0.0222 0.41 0.1127
Lipoprotein Main Fractions, Apo-A2, HDL (3rd tertile) 0.28 0.0140 0.45 0.1562
VLDL Subfractions, Triglycerides, VLDL-3 (2nd tertile) 0.96 0.9173 0.93 0.8845
VLDL Subfractions, Triglycerides, VLDL-3 (3rd tertile) 0.24 0.0290 0.22 0.0573
VLDL Subfractions, Phospholipids, VLDL-1 (2nd tertile) 0.94 0.8898 0.48 0.1503
VLDL Subfractions, Phospholipids, VLDL-1 (3rd tertile) 0.32 0.0462 0.41 0.1622
VLDL Subfractions, Phospholipids, VLDL-3 (2nd tertile) 0.71 0.4346 0.84 0.7121
VLDL Subfractions, Phospholipids, VLDL-3 (3rd tertile) 0.30 0.0353 0.24 0.0358
LDL Subfractions, Triglycerides, LDL-1 (2nd tertile) 2.23 0.1435 3.44 0.0620
LDL Subfractions, Triglycerides, LDL-1 (3rd tertile) 2.65 0.0713 4.25 0.0243
LDL Subfractions, Triglycerides, LDL-3 (2nd tertile) 1.04 0.9447 0.55 0.3732
LDL Subfractions, Triglycerides, LDL-3 (3rd tertile) 2.88 0.0302 3.77 0.0418
LDL Subfractions, Triglycerides, LDL-6 (2nd tertile) 0.67 0.3796 0.32 0.0389
LDL Subfractions, Triglycerides, LDL-6 (3rd tertile) 0.49 0.1568 0.36 0.0859
LDL Subfractions, Cholesterol, LDL-1 (2nd tertile) 1.39 0.5176 2.95 0.0739
LDL Subfractions, Cholesterol, LDL-1 (3rd tertile) 1.55 0.3720 4.58 0.0161
LDL Subfractions, Cholesterol, LDL-2 (2nd tertile) 1.98 0.2112 2.15 0.2501
LDL Subfractions, Cholesterol, LDL-2 (3rd tertile) 2.23 0.1379 4.21 0.0287
LDL Subfractions, Free Cholesterol, LDL-1 (2nd tertile) 1.39 0.5176 2.84 0.1002
LDL Subfractions, Free Cholesterol, LDL-1 (3rd tertile) 1.65 0.3720 4.29 0.0251
LDL Subfractions, Free Cholesterol, LDL-2 (2nd tertile) 1.80 0.2938 3.55 0.0854
LDL Subfractions, Free Cholesterol, LDL-2 (3rd tertile) 2.43 0.0951 518 0.0211
LDL Subfractions, Phospholipids, LDL-1 (2nd tertile) 1.41 0.4965 3.47 0.0401
LDL Subfractions, Phospholipids, LDL-1 (3rd tertile) 1.60 0.3427 3.66 0.0460
LDL Subfractions, Phospholipids, LDL-2 (2nd tertile) 2.02 0.1998 2.05 0.2744
LDL Subfractions, Phospholipids, LDL-2 (3rd tertile) 2.25 0.1336 3.96 0.0374
LDL Subfractions, Apo-B, LDL-1 (2nd tertile) 1.21 0.7176 3.59 0.0494

(Continued)
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TABLE 3 | Continued

Hazard ratio p-value Hazard ratio p-value
(univariate) (multivariate)
LDL Subfractions, Apo-B, LDL-1 (3rd tertile) 1.78 0.2336 410 0.0192
HDL Subfractions, Triglycerides, HDL-4 (2nd tertile) 0.64 0.2996 0.45 0.1045
HDL Subfractions, Triglycerides, HDL-4 (3rd tertile) 0.28 0.0276 0.25 0.0433
HDL Subfractions, Cholesterol, HDL-2 (2nd tertile) 0.42 0.0830 0.26 0.0391
HDL Subfractions, Cholesterol, HDL-2 (3rd tertile) 0.62 0.2910 0.46 0.1834

For each variable the reference is the first tertile group.

Depending on LVEE, HF is currently classified into three
subgroups: reduced (HFrEF), mildly-reduced (HFmrEF), and
preserved ejection fraction (HFpEF) (34). The prognosis of HF
subtypes appears to be similar, although patients with HFmrEF
have higher readmission rates than patients with HFpEF, they
share comparable mortality rates with patients with HFrEF and
patients with HFpEF (49), even though ambulatory patients with
HFmrEF show lower mortality than those with HFrEE, more
akin to those with HFpEF. Moreover, patients with HFmrEF
may include patients whose LVEF is increased from <40% or
declined from >50% (50). Nonetheless, HF spans the entire
range of LVEF (as an abnormally distributed variable), and
measurement by echocardiography is subject to substantial
variability, making the complexity of the phenotypes as well as
their prognosis and management even more tricky. The level
of neurohumoral activity and the response to medical therapies
change among HF subtypes, suggesting differences in their
underlying pathophysiology (51), which could be captured by
the multiformity of the metabolomic fingerprints. Indeed, the
metabolome represents what is happening in the body, providing
the analysis of patients and their biological idiosyncrasies within
the dynamic context of a disease process like HF.

Given these premises, our study aimed to evaluate the
prognostic power of NMR metabolomic fingerprinting in
predicting survival in a well-defined cohort of oligosymptomatic
patients with HF with DCM over a median follow-up of 8
years. In our cohort, the overall mortality was 25%. Patients
who deceased at baseline were older and showed larger LV,
with lower LVEF and SBP values. Even if not reaching
statistical significance, they tended to be more symptomatic
and with larger LAVI. The NT-proBNP levels were significantly
higher in patients who died. There were no differences in
HF treatment among deceased patients concerning survivors.
The NMR fingerprinting well-discriminated the survived and
deceased patients with 70.8% accuracy (HR 5.71, p < 0.0001),
and the metabolomic parameters that mainly contributed
to the discrimination were trimethylamine-N-oxide, creatine,
creatinine, lactate, and several lipoprotein-related parameters
(Table 3; Supplementary Table S2).

Energetic metabolism plays a pivotal role in the onset and
evolution of HF (52). Creatine is a key player in sustaining
energy metabolism and functions of tissues with high energy
demand, such as the myocardium (53). Indeed, the primary
myocardial energy reserve pathway for generating ATP is the
creatine kinase reaction (54). Several studies report a significant
depletion of creatine, phosphocreatine, creatine kinase levels, and

creatine transporter activities in heart tissues (55, 56), and this
evidence has led to the hypothesis that the failing heart could be
energy-starved (57). Our data show a reduction of the creatine
levels in the sera of deceased patients with HF as compared
with survivors. We can hypothesize that long-survival of patients
with HF better compensates the hearts energetic demand by
enhancing creatine synthesis and transport, whereas deceased
patients could no longer cope with the myocardium energetic
needs, and, thus, the decrease of creatine levels may indicate a
state of energy depletion.

Creatine is non-enzymatically converted in creatinine by
muscle at an almost constant rate depending on muscle mass,
and, then, creatinine is excreted by the kidneys into the urine
(53). Elevated levels of serum creatinine are associated with
impaired kidney function and renal failure; thus, in clinical
practice, it is routinely used as a marker of renal function. In our
cohort, we observed higher serum creatinine levels in patients
with HF with poor prognosis, despite, at the time of blood sample
collection, only 4 (15.4%) out of the 26 deceased patients with
HF presented overt chronic renal failure (whereas none of the
survived patients with HF showed this comorbidity). The general
increment of creatinine in deceased patients, although within
the normal range for most of them, could be interpreted as a
very early prodromal sign of future renal damage, and it can be
associated with poor prognosis. This result is in line with the
evidence that a loss of glomerular filtration rate independently
predicts mortality and accelerates the overall progression of
cardiovascular disease and HF (58). Indeed, the heart and
kidneys interact in a complex, bidirectional, and interdependent
manner in both acute and chronic settings, by sharing several
inflammatory, metabolic, and hormonal pathways (59).

Interestingly, deceased patients with HF showed increased
levels of trimethylamine-N-oxide (TMAO), a metabolite
generated by gut microbiota from dietary precursors rich
in choline, phosphatidylcholine, and I-carnitine. The altered
intestinal function has long been associated with HF pathogenesis
(60), and a positive correlation between blood levels of TMAO
and 5-year risk of death in patients with HF was reported (61).
Furthermore, within the cardiovascular setting, the TMAO
accumulation has been linked with platelet hyperactivation,
atherogenesis, and future adverse cardiac events (i.e., myocardial
infarction, stroke, and cardiovascular death) (60).

The ability of the metabolomic fingerprint to distinguish
deceased and survived patients with HF is also significantly
affected by the levels of several HDL subfractions of apo-Al,
apo-A2, cholesterol, and triglycerides. In particular, the patients

Frontiers in Cardiovascular Medicine | www.frontiersin.org

April 2022 | Volume 9 | Article 851905


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Vignoli et al.

Metabolomics for Heart Failure Prognosis

with HF with poor prognoses were associated with reduced levels
of various HDL cholesterol subfractions and VLDL triglyceride
subfractions. These data are in agreement with the evidence that
low HDL-cholesterol, apo-Al, and triglycerides levels correlate
with adverse prognosis in patients with heart failure independent
of the etiology (62-64), probably because apo-Al may exert an
anti-inflammatory action in HF (65).

Although none of the just discussed metabolites has sufficient
diagnostic power by itself, each of them contributes to the
metabolic fingerprint of the patients with HF, and this is the
most innovative point of the approach described here. The
metabolic fingerprint can be thought of as a sort of holistic
super-biomarker with a discriminative power higher than the
simple sum of the few quantified metabolites because it takes into
account all the detectable signals of endogenous and exogenous
metabolites/lipoproteins present in the NMR spectra (66). The
metabolomic fingerprint, as a whole, represents, therefore, a
useful and innovative instrument that is able to accurately
identify the patients with HF with good and poor prognosis, even
when compared with more classical stratification approaches.
After univariate analysis, metabolomic fingerprint, advanced
(>60 years) age at DCM diagnosis, longer (>15 years) history
of DCM, NT-proBNP values, and LVEF were significantly
related to CV outcomes. With regards to the prognostic power
of known risk factors compared with metabolomics results,
our data showed higher specificity (71.2%) of NT-proBNP in
discriminating deceased from survivor patients, despite lower
sensitivity (58.3%) and accuracy (68%). Furthermore, only age,
metabolomics, and LVEF have maintained their prognostic
significance after multivariate analysis. As previously reported
in the literature, younger age is a known protective factor
in patients with HF (67, 68) and this finding is confirmed
by our results. The importance of LVEF in the prognostic
stratification of patients with HF is corroborated as well. In
particular, LVEF remains one of the most powerful prognostic
factors; indeed, patients with reduced LVEF were at higher
risk of death (HRs 7.47 and 4.26, p-values 0.0001 and 0.0002
as compared with LR and IR, respectively), whereas patients
with mid-range and preserved LVEF shared a lower risk (HR
1.79, p-value 0.38). When testing the potential of metabolomics
in sub-stratifying LVEF classes, we considered mid-range and
preserved LVEF as a unique low-risk class, whereas reduced
LVEF was considered as a high-risk class; though metabolomics
showed to effectively sub-stratify low and high-risk patients
in both classes (HRs 3.46 and 6.01, p-values 0.03 and 0.004,
respectively), it showed the best performance in the high-risk
class. Furthermore, the outcome prediction of the combination
of metabolomics and LVEF led to an excellent prognostic power
with 75.5% accuracy, 73.8% sensitivity, and 80.8% specificity,
(HR 8.09 and p-value 0.0000004), highlighting that metabolomic
fingerprinting and LVEF provide complementary prognostic
information, and, therefore, their combined use can improve
poor outcome prediction beyond the use of LVEF only.

In conclusion, the results of this retrospective and proof-
of-concept study demonstrate how metabolomic analysis via
NMR enables a fast and reproducible characterization of the
serum metabolic fingerprint associated with poor prognosis in

a population of oligosymptomatic patients with HF, improving
the cardiovascular risk assessment, and most likely identifying
patients with HF who need to undergo more aggressive
treatments. Thus, metabolomic fingerprinting could represent
a valid addition to the established prognostic instruments, like
LVEF. Furthermore, our results suggest that it would be advisable
to integrate more risk parameters to identify earlier the patients
with HF at high-risk of poor outcomes.

This study provides important insights into the HF setting
by analyzing a well-defined, homogeneous, single-center, cohort
of patients with DCM with stable chronic HF. As compared
to other studies aimed at using metabolomics as a prognostic
factor of mortality in patients with HF (31-33), in our study,
the patients were monitored for follow up time significantly
longer than the average follow ups time of clinical trials (median
follow up from enrollment 8 years, median follow up from
DCM diagnosis 15 years), most patients were pauci-symptomatic
at enrollment (85.8% NYHA class I-II) and 68.8% of patients
showed mid-range or preserved LVEF; this sub-group of patients
with HF is probably the one that could gain more benefits from
specific targeted therapies. However, some relevant limitations
of our study should also be mentioned: the population sample
was limited in size, the number of death events was low,
and the study lacks an independent external validation cohort.
These limitations prevent any definitive conclusion. However,
the results obtained in this pilot study provide a rational basis
for a future larger multi-center study, and further efforts in this
direction are guaranteed.
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Atherosclerosis has been the main cause of disability and mortality in the world,
resulting in a heavy medical burden for all countries. It is widely known to be a kind
of chronic inflammatory disease in the blood walls, of which the key pathogenesis
is the accumulation of immunologic cells in the lesion, foam cells formation, and
eventually plaque rupture causing ischemia of various organs. Non-coding RNAs
(ncRNAs) play a vital role in regulating the physiologic and pathophysiologic processes
in cells. More and more studies have revealed that ncRNAs also participated in the
development of atherosclerosis and regulated cellular phenotypes such as endothelial
dysfunction, leukocyte recruitment, foam cells formation, and vascular smooth muscle
cells phenotype-switching and apoptosis. Given the broad functions of NncRNAs in
atherogenesis, they have become potential therapeutic targets. Apart from that, ncCRNAs
have become powerful blueprints to design new drugs. For example, RNA interference
drugs were inspired by small interfering RNAs that exist in normal cellular physiologic
processes and behave as negative regulators of specific proteins. For instance, inclisiran
is a kind of RNAI drug targeting PCKS9 mRNA, which can lower the level of LDL-C and
treat atherosclerosis. We introduce some recent research progresses on ncRNAs related
to atherosclerotic pathophysiologic process and the current clinical trials of RNA drugs
pointed at atherosclerosis.

Keywords: non-coding RNA, atherosclerosis, inflammatory, biomarker, therapy

INTRODUCTION

Cardiovascular diseases (CVDs) have been the main cause of death worldwide for decades, and
atherosclerosis is a common etiology for various CVDs, such as myocardial infarctions and strokes
(1). Therefore, it is of great value to figure out the pathophysiologic progression and the treatments
for atherosclerosis. It is widely acknowledged that atherosclerosis is a chronic inflammatory
disease characterized by the accumulation of plenty of immune cells, typically monocyte-derived
macrophages, in the subendothelial space of arterial walls composed of three layers, namely intima,
media, and adventitia (2).
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Non-coding RNAs in Atherosclerosis

The pre-atherosclerotic lesion in humans is thought to be
diffuse intima thickening at the atherosclerosis-prone areas
of arterials caused by disturbed blood flow, occurring even
at an early age (3). The vascular smooth muscle cells from
the media migrate into the intima and produce a negatively
charged extracellular matrix that can interact with positively
charged apoB-containing lipoproteins (4). The lipid retention
in the subendothelial space initiates endothelial dysfunction and
endothelial activation, resulting in a higher permeability of the
endothelium and the production of inflammatory cytokines and
adhesion molecules (5). Besides, the lipid stuck in the intima
is susceptible to be modulated especially oxidation, resulting
in oxidized lipid (6). Therefore, the monocytes in circulation
are recruited to the lesion and enter the intima, where they
differentiate into macrophages, take lipids, become foam cells,
and are trapped here (2). The vascular smooth muscle cells
continue to migrate into the intima and proliferate as well as
synthesize collagen, which promotes the formation of fibrous
cap (7). However, in advanced plaques, apoptosis and necrosis
occur more frequently while proliferation and efferocytosis are
suppressed, making the plaque an acellular lesion and easy
to rupture.

The key cells in atherogenesis are endothelial cells,
macrophages, and vascular smooth muscle cells. The vascular
endothelium, composed of a single layer of endothelial cells
(EC) and coating the inner surface of blood vessels, plays a vital
role in the initiation of atherosclerosis. Studies have illustrated
that high-risk factors for atherosclerosis lead to endothelial
cell dysfunction and proinflammation activation eventually
promoting atherogenesis. For example, the low shear stress at
lesion-prone regions, arterial branches, and curvatures reduces
eNOS expression and can also induce ROS by suppressing
AT1R/eNOS/NO pathway (8, 9), both of which can impair
endothelial permeability. The co-pathway of endothelial cell
dysfunction is the activation of NF-kB (5, 10). It stimulates the
synthesis of chemokines such as IL-8 and MCP-1 to trigger
leukocyte recruitment (11). Furthermore, It can induce the
expression of adhesion molecules on the surface of endothelial
cells (12) such as VCAM-1 (13), ICAMI, and E-selectin (11)
which initiate leukocyte adhesion. The key mechanism of
atherosclerosis is the formation of foam cells in plaques as
a result of macrophages’ uptake of ox-LDL. The formation
of foam cells is associated with impaired lipid metabolism
and accumulation of lipid within macrophages. Scavenger
receptor class A (SR-A), cluster of differentiation 36 (CD36),
and lectin-like oxidized low-density lipoprotein receptor-1
(LOX-1) are upregulated in the atheroma (14, 15), mediating
the uptake of oxLDL, promoting lipid accumulation within the
macrophages, and finally exacerbating atherosclerosis (16, 17).
In addition to increased intake of lipid, cholesterol efflux is also
impaired in atherosclerosis contributed by lipid accumulation.
The transporters mediating cholesterol efflux, such as ABCA1
and ABCGI, are decreased in the macrophage-derived foam cells
(18). Consistently, deficiency of ABCA1 or ABCGI contributes
to damaged cholesterol efflux (19, 20), while their upregulation
protects macrophages from forming foam cells and slows down
plaques’ enlargement (21, 22). The vascular smooth muscle

cells (VSMCs) are normally located in the medial layer of
blood vessels, whose functions are controlling vessels tone by
contraction and producing extracellular matrix (ECM) (23).
With the development of atherogenesis, VSMCs switch their
phenotype from contractile to synthetic, partially because of
oxLDL stimulation (24). At the early stage of atherosclerosis,
VSMCs migrate from media and proliferate in the intima,
but cell cycle and growth are arrested reversely at advanced
plaques, which is termed as VSMC senescence (25, 26). Apart
from decreased proliferation rate, VSMCs turn to senescence-
associated secretory phenotype (SASP), characterized by
secreting several pro-inflammatory mediators such as IL-6,
IL-8, and producing metalloprotease, ending up with vulnerable
atheroma and plaque rupture (27, 28). VSMCs apoptosis and
necrosis are rare at the beginning but become common at
advanced plaques (29, 30). Loss of VSMCs and their ability to
synthesize ECM leads to plaque vulnerability (31).

Non-coding RNAs are RNAs that lack the ability to encode
peptides or proteins, some of which function as regulators of
other genes’ expression. They have been potential therapeutic
targets in the past few years because they can regulate
protein production (32). Since ncRNAs play an important
role in many diseases such as cancers, neurological diseases,
and cardiovascular diseases involving atherosclerosis (33), pre-
clinical studies and clinical trials for drugs targeting ncRNAs
involved in atherogenesis are emerging currently (34).

NON-CODING RNAS IN
ATHEROSCLEROSIS

With the development of full genome sequencing technology,
it is found that although the major part of the human genome
is transcriptionally active, only a little proportion of it can
encode protein and the remaining comprises non-coding RNAs
(ncRNAs) (35). Several ncRNAs are currently well studied, like
microRNAs (miRNAs), long non-coding RNAs (IncRNAs), and
circular RNA (circRNAs; Table 1). miRNAs are at the size of ~22
nucleotides and regulate gene expression post-transcriptionally.
In mammalian cells, they usually are incorporated into the RNA-
induced silencing complex (RISC) and they guide the complex
to the mRNA in which the 3° UTR region is complementary to
them, resulting in mRNA cleavage or translation regression (82).
When it comes to IncRNAs, they are characterized as transcripts
longer than 200 nt and without the ability to encode proteins.
After being transcribed from either intergenic regions or protein-
coding regions, both in the sense or antisense direction, they
function in different ways. For example, they can act as a scaffold
to help the assembly of protein complexes (83). They can also
serve as a decoy for RNA-binding proteins or miRNAs such
as transcription factors and prevent their functions. The ability
to bind miRNA is called the “sponge effect”. Besides, after
binding target proteins, they can guide the complex to specific
locations, which is called “guides” (84). CircRNAs are mostly
generated from precursor mRNAs undergoing back splicing
reactions where a downstream splice donor (5 splice sites) is
joined to a splice acceptor 3 splice site) of the intron because of
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TABLE 1 | Non-coding RNAs in atherosclerosis.

ncRNA name Model Functions Pro-/anti-atherogenesis Reference

hsa_circ_0003575 HUVECs Suppressing ECs proliferation and Not accessed (36)
promoting apoptosis

NEXN-AS1 ECs Reducing endothelial inflammatory Anti-atherogenesis 37)
activation

SENCR HUVECs and HCAECs Stabilizing membrane integrity and Anti-atherogenesis (38, 39)
permeability of ECs

LncRNA-FA2H-2-MLKL ECs and VSMCs Inhibiting autophagy and inflammation Anti-atherogenesis (40, 41)

miR-1a-3p and miR-1b-5p ECs Activating endothelial inflammation Pro-atherogenesis (42)

miR-181a-5p and miR-181a-3p ECs Inhibiting endothelial inflammation Anti-atherogenesis (43)

miR-126-5p ECs Suppressing endothelial inflammatory Anti-atherogenesis (44, 45)
activation and promoting ECs proliferation

circANRIL VSMCs and macrophages Preventing ribosome biogenesis by Anti-atherogenesis (46-48)
inhibiting proliferation

circ_Lrp6 VSMCs Inhibiting migration, proliferation and Anti-atherogenesis (49)
phenotype-switching

circACTA2 VSMCs Regulating SMCs contraction Not accessed (50)

SMILR VSMCs Promoting proliferation and mitosis Pro-atherogenesis (51, 52)

CARMN VSMCs Inhibiting VSMCs phenotype switching Anti-atherogenesis (53, 54)

miR-22 VSMCs Suppressing VSMCs phenotyping Not accessed (55, 56)
switching

miR-128 VSMCs Suppress VSMCs proliferation, migration Anti-atherogenesis (57)
and phenotype switching

miR-145 VSMC Preventing VSMCs phenotype-switching Anti-atherogenesis (58-61)

MALATH Macrophages Preventing inflammatory factors production Anti-atherogenesis (62-64)
and leukocytes retention

MeXis Macrophages Promoting cholesterol efflux Anti-atherogenesis (65, 66)

MAARS Macrophages Inducing apoptosis and impairing Pro-atherogenesis (67, 68)
efferocytosis

miR-181b Macrophages Stabilizing fibrous cap Pro-atherogenesis (69, 70)

miR-34a Macrophages Impairing cholesterol efflux Pro-atherogenesis (71-73)

miR-30c-5p Macrophages Promoting apoptosis Anti-atherogenesis (74)

miR-33 Macrophages and hepatocytes Impairing cholesterol efflux Pro-atherogenesis (75-78)

miR-144 Macrophages and hepatocytes Impairing cholesterol efflux Not accessed (79, 80)

CHROME Macrophages and hepatocytes Impairing cholesterol efflux Not accessed 81)

its slow slicing. Once generated, they are resistant to exonucleases
cleavage and become stable in cells. The functions of circRNAs
remain in research, but some of them can also serve as decoys
or sponges for miRNAs. As a result, the number of free targeting
miRNAs decreases, weakening their blocking functions (85).

NON-CODING RNAS IN ENDOTHELIAL
CELLS

miR-1a-3p and miR-1b-5p

Non-alcoholic fatty liver disease (NAFLD), associated with
increased triglycerides and decreased HDL in the blood, was
identified to be related to subclinical atherosclerosis, regardless
of traditional risk factors and metabolic syndrome (42). To
clarify the relationship between the two diseases, the exosomes
secreted from steatotic hepatocytes were analyzed by miRNA
deep sequencing, among which the clusters of miR-1, miR-1a-
3p, and miR-1b-5p were the most significantly raised miRNAs.

ECs were confirmed to absorb miR-1 involved in exosomes from
hepatocytes by co-culture. Subsequent experiments showed that
miR-1 mimics were able to activate endothelial inflammation
using the enhanced expression of E-selectin, ICAM-1, and
VCAM-1 at both mRNA and protein levels. In vivo studies
revealed that miR-1 knockdown by antagomiR-1 regressed
endothelial inflammatory activation as well as the lesion areas,
revealing a new therapeutic target for atherosclerosis (86).

miR-181a-5p and miR-181a-3p

Both miR-181a-5p and miR-181a-3p were found to descend
in atherosclerotic lesions of ApoE~/~ mice fed a high-fat
diet as well as the plasma of patients with coronary arterial
diseases, suggesting the potential role of the two miRNAs in
atherogenesis. The overexpression of miR-181a-5p and miR-
181a-3p in ApoE~/~ mice attenuated the plaque size as expected.
Further studies showed that the gain-of-function experiment
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suppressed inflammatory genes, such as ICAM-1 and VCAM-
1, as well as leukocytes infiltration in aortic intima rather
than impacting lipid metabolism. To explore the molecular
mechanism, algorithms were used to predict their potential
targets, among which NEMO for miR-181a-3p and TAB2 for
miR-181a-5p, involved in the NF-kB signaling pathway in ECs,
were confirmed by luciferase reporter assay. As a result, miR-
181a-5p and miR-181a-3p were decreased in atherogenesis to
activate endothelial inflammation (43).

miR-126-5p

Previous studies exhibited that the pro-atherogenic triglyceride-
rich lipoproteins from subjects having a high-fat meal suppressed
miR-126 expression in ECs and promoted VCAM-1 expression
as well as monocyte adhesion, suggesting the potential anti-
atherosclerotic role of miR-126 (44). Another research showed
that apart from suppression and endothelial inflammatory
activation, miR-126-5p, rather than miR-126-3p, could promote
ECs proliferation by decreasing Notchl inhibitor delta-
like 1 homolog (DIkl) expression so as to prevent plaque
formation, which was identified in Mir126~/~ApoE~/~ mice.
However, disturbed laminar flow downregulated miR-126 at
atherosclerosis-prone areas, abolishing its protective effect (45).

hsa_circ_0003575

To identify circRNAs participating in atherosclerosis, a circRNA
microarray analysis was performed in HUVECs stimulated
by oxLDL, among which hsa_circ_0003575 was mostly
upregulated. In vitro, loss-of-function experiments showed
that hsa_circ_0003575 was able to suppress ECs proliferation
and promote apoptosis. The bioinformatic assays revealed
that hsa_circ_0003575 might serve as a miRNAs sponge for
miR-199-3p, miR-9-5p, miR-377-3p, and miR-141-3p. However,
more in vivo evidence is still required for the precise mechanism
of hsa_circ_0003575 in atherosclerosis (36).

NEXN-AS1

A microarray analysis was performed to identify dysregulated
genes in atherosclerosis lesions, among which the NEXN gene, as
well as the IncRNA gene, NEXN-ASI was significantly decreased.
In vivo experiment revealed that NEXN-AS1 IncRNA could
enhance NEXN expression in ECs, and the overexpression
of NEXN-ASI1 reduced endothelial inflammatory activation by
inhibiting the NF-kB pathway. Nevertheless, the protective
functions of NEXN-AS1 disappeared when NEXN was knocked
down. The anti-atherogenic role of NEXN was determined with
the NEXNT/~ ApoE~/~ mice. After a Western diet for 12 weeks,
the NEXN T/~ ApoE~/~ mice presented a heavier plaque burden
and a stronger tendency to rupture than the controls. As a result,
NEXN-AS1 plays a protective role in atherosclerosis and has the
potential to be a treatment target (37).

SENCR

SENCR was found to be rich in the human coronary
artery smooth muscle cells (HCASMC) by RNA-sequencing.
Further studies showed that SENCR knockdown downregulated
the contractile gene expression in HCASMCs and promoted

proliferation and migration, on the contrary, revealing its
influence on phenotype switching of VSMCs (38). Another
research explored its impact on endothelial cells as the IncRNA
was also expressed in them (38). Exposed to laminar shear stress,
a protective factor for atherosclerosis, SENCR level was elevated
in both human umbilical vein endothelial cells (HUVEC) and
human coronary artery endothelial cells (HCAEC), but not
reversely decreased when subjected to disturbed shear stress. The
knockdown studies showed that the loss of SENCR impaired
membrane integrity and the permeability of endothelial cells.
Further experiments exhibited that SENCR was directly bound
to cytoskeletal-associated protein 4 (CKAP4) and stabilized
adherens junctions in ECs (39). Despite the lack of direct
evidence, the results above illustrate there is a high possibility that
SENCR is associated with atherogenesis.

IncRNA-FA2H-2-MLKL

It is broadly acknowledged that oxLDL is one of the strongest
inflammatory triggers for atherosclerosis, and autophagy is the
protective pathway of cells faced with stress to survive. Studies
revealed that oxLDL decreased the activity of enzyme mature-
Cathepsin D, as well as its number, accounting for decreased
lysosome activity, which is partially contributed to impaired
autophagic flux and less cell survival in atherogenesis. To
figure out the molecular mechanism, a microarray analysis
was carried out to find out dysregulated genes, among which
MLKL, responsible for autophagy and inflammation (40), was
overexpressed in ECs and SMCs. Subsequent analysis showed
that IncRNA-FA2H-2, which was decreased in human advanced
atherosclerotic plaque compared with normal arterial intima,
was adjacent to MLKL. Dual-luciferase assays exhibited that
IncRNA-FA2H-2 could directly bind to the MLKL promotor
and downregulate it. Further IncRNA-FA2H-2 knockdown
experiments in ApoE-deficient mice showed that the size of
plaques was enlarged and the cell death was enhanced, followed
by an increased level of MLKL protein, suggesting the protective
effect of IncRNA-FA2H-2 in atherosclerosis (41).

NON-CODING RNAS IN VASCULAR
SMOOTH MUSCLE CELLS

miR-22

Previous studies showed that miR-22 was identified to be
upregulated in embryonic stem cells and adventitia progenitor
cells, responsible for SMC differentiation through regressing
MECP2 expression (55). The miRNA was found to be
significantly decreased in atherosclerotic plaques, suggesting
that it might function in atherogenesis by manipulating VSMC
plasticity. Overexpression and silencing experiments revealed
that miR-22 was able to suppress VSMC proliferation and
migration as well as promote VSMC specific markers expression
such as SMaA, SM22a, SM-myhl11, and SMTN-B, suggesting its
function for maintaining VSMC contractile phenotype. To access
its therapeutic potential, miR-22 AgomiR and LNA-miR-22 were
immediately transfected into mice with injured femoral arteries
caused by the wire. The results exhibited that miR-22 could
prevent arterials from neointima hyperplasia by suppressing
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VSMC phenotyping switching (56). However, its direct protective
effect on atherosclerosis remains to be explored.

miR-128

miR-128 was identified as a conversed miRNA modulated by
VSMC DNA methylation status by miRNA profiling since it
was highly expressed, strongly changed, and less investigated
in VSMC biology. Overexpression experiments revealed that
miR-128 was capable of suppressing VSMC proliferation,
migration, as well as keeping VSMCs in contractile phenotype,
suggesting its protective effect for VSMC de-differentiation.
To explore the molecular mechanism, two different kinds of
bioinformatic algorithms were taken advantage of to look for
the targets of miR-128, with KLF4 identified by luciferase
reporter assays. The therapeutic potential for it was subsequently
investigated in ApoE~/~ mice with a perivascular carotid
collar to create stenosis. The results showed that miR-128
overexpression inhibited VSMC proliferation and neointima
formation, identifying its protective role (57).

miR-145

miR-145 were identified to be expressed specifically in the
heart and smooth muscle with the use of transgenic mice
and Bluo-gal staining. In vitro experiments exhibited that miR-
145 could determine the fate of the VSMC and keep them
in a contractile phenotype rather than a proliferative and
synthetic phenotype (58). Clinical studies revealed that miR-
145 was significantly reduced in patients with coronary arterial
diseases (59). Given its protective effects on the VSMC, several
therapeutic strategies focused on raising the level of miR-145 in
patients. In the beginning, the prevention effects of miR-145 were
explored. ApoE™/~ mice were injected with miR-145 lentivirus
regulated by the SMC-specific promoter SM22a, followed by
12 weeks high-fat diet. As expected, SMC-specific miR-145
protected arteries from atherogenesis by reducing the size of
the lesion, stabilizing the plaque, and hindering macrophage
infiltration (60). Another study utilized a novel nanoparticles
technology to ensure that miR-145 was precisely transfected
into VSMCs, namely the miR-145 micelles. To figure out its
therapeutic effect, both an early-stage and an advanced-stage
atherosclerotic ApoE™/~ mice were treated with the miR-145
micelles, resulting in the inhibition of phenotype switching of
VSMCs and preventing atherosclerotic progression (61).

circANRIL

Previous research showed that linear ANRIL transcripts at
chromosome 9p21 were strongly associated with chromosome
9p21 (46). As the gene locus at chromosome 9p21 was also
transcribed as circANRIL, which was more highly expressed in
cells than linANRIL RNA and also more stable, circANRIL was
worthy of investigation in atherosclerosis. In vitro overexpression
and knockdown experiments exhibited that circANRIL could
promote apoptosis and suppress proliferation in HEK-293 cells,
SMCs, and macrophages. Neither did circANRIL serve as a
miRNA sponge nor was it bound to Argonaute 2 to degrade
mRNAs mediated by miRNAs. It is directly bound to pescadillo
homolog 1, which is responsible for 60S preribosomal assembly,

preventing ribosome biogenesis. Further studies in human
atherosclerotic plaques confirmed that high circANRIL levels
were strongly correlated with the accumulation of 32S and 36S
pre-rRNA (47). A recent study also showed that circANRIL was
significantly negatively correlated with CAD risk and severity,
suggesting its value for diagnosis and prognosis (48).

circ_Lrp6

It is widely known that circular RNAs can act as miRNAs
sponges, which can downregulate miRNA expression, impacting
cell biology as well. By RNA sequencing and bioinformatic
analysis, circ_Lrp6 in VSMCs was identified because of the
abundant binding sites for miR-145 and its conservation between
humans and mice. With methods of RNA immunoprecipitation
and competitive luciferase assays, circ_Lrp6 was confirmed
to be a miRNA sponge for miR-145. In vitro silencing and
overexpression experiments exhibited that circ_Lrp6 reversed
miR-145-mediated inhibition of migration, proliferation, and
VSMC phenotype switching. In vivo study further identified the
pro-proliferative effect of circ_Lrp6. By injecting ApoE ™/~ with a
perivascular carotid collar with circ_Lrp6-shRNA, the neointima
hyperplasia was significantly attenuated (49).

circACTA2

In VSMCs, circACTA2 expression was induced by NRG-1-ICD,
the intracellular domain of Neuregulins, that was able to bind to
a-SMA and promote the cytoskeletal organization as a result. By
luciferase assay and pulldown assay, circACTA2 was identified
to bind to miR-548f-5p and reduce its expression. Subsequent
experiments revealed that miR-548f-5p could bind to 3-UTR
of a-SMA and inhibit its expression. Therefore, the NRG-1-
ICD/circACTA2/miR-548f-5p axis was built to regulate SMC
contraction. Further in vivo studies exhibited that circACTA2 and
its interaction with miR-548f-5p were decreased, while miR-548f-
5p was increased in intimal hyperplastic arteries, suggesting the
potential effect of circACTAZ2 in atherosclerosis (50).

SMILR

After being treated with IL1a and platelet-derived growth factor
(PDGF) for 72h to induce proliferation and inflammation in
human saphenous vein-derived smooth muscle cells, RNA-
seq was performed to identify subsequently varying IncRNAs.
Among them, SMILR was the most differently expressed one
with a particular location in the smooth muscle cells. In
vitro experiments showed that SMILR was related to SMC
proliferation and increased in human atherosclerotic lesions vs.
neighboring artery tissues (51). Further molecular mechanisms
were identified by fluorescence ubiquitin cell cycle indicator viral
system and SMILR pulldowns, revealing that SMILR was able
to promote mitosis by regulating late mitotic protein CENPF
mRNA. Since SMILR was a human-specific IncRNA, the usage of
animal models was limited. To access the therapeutic potential, a
siRNA approach was used in vein grafts before grafting, resulting
in reduced proliferation of SMCs (52).
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CARMN

CARMN was identified as a strongly expressed SMC-specific
IncRNA by transcriptome analysis and was highly conserved
in mice as well, which was confirmed in the GFP KI Reporter
Mouse Model that made the location of CARMN in cells
visible. Analysis of scRNA-seq data from human atherosclerotic
arteries showed that CARMN-positive cells, as well as CARMN
levels, descended, suggesting its role in atherogenesis (53).
The molecular mechanism was explored in another study. In
vivo CARMN knockdown experiments combined with RNA
sequencing analysis revealed that the dysregulated genes were
strongly associated with VSMC phenotype switching, thereby
promoting atherosclerosis. As CARMN was located exactly
upstream of miR-143 and—145, experiments were carried out
to figure out whether the effect of CARMN was dependent on
the two miRNAs. On silencing CARMN by GapmeR strategy
and overexpressing miR-143 and—145 by mimics at the same
time, hCASMCs migration and VSMC identifying markers were
observed to restore, whereas hCASMCs proliferation remained
increased, revealing the independent role of the IncRNA in
regulating VSMC proliferation. Further in vivo studies showed
CARMN was a protective non-coding RNA in atherogenesis
consistently (54).

NON-CODING RNAS IN MACROPHAGES
miR-181b

miR-181b was found to rise in unstable atherosclerotic plaques
compared with stable ones, which was associated with an obvious
fall in TIMP-3 protein. TIMP-3 was an inhibitor of matrix
metalloproteinases (MMPs), a variety of proteases produced by
macrophages. A previous study showed that in the fibrous cap of
human atheroma, TIMP-3 was increased to prevent ECM from
proteolysis by inhibiting MMPs (69). Thus, miR-181b may serve
as a pro-atherogenic miRNA. To confirm the hypothesis, ApoE-
deficient mice burdened with atherosclerotic lesions were treated
with miR-181b inhibitor, and the TIMP-3 levels, proteolytic
activity, and the lesion area were tested. As expected, macrophage
TIMP-3 expression was enhanced after the inhibition of miR-
181b, followed by attenuated lesion progression. However, this
kind of protective effect was abolished when Timp3 was knocked
out at the same time, revealing that miR-181b deteriorated
atherosclerosis by suppressing TIMP-3 expression (70).

miR-34a

miR-34a is widely expressed in macrophages, endothelial cells,
smooth muscle cells (SMCs), and hepatocytes. The previous
study showed that miR-34a was highly induced in hepatocytes
in NAFLD, which suppressed hepatic HNF4a in both mRNA
and protein levels, resulting in a fatty liver by preventing VLDL
from secreting but attenuating atherosclerotic plaques in both
ApoE~/~ and Ldlr~/~ mice on the contrary (71). In addition,
miR-34a was also induced in human and mice’s atheroma,
so its influence on atherogenesis was further explored later.
In VSMCs, miR-34a was able to promote cell senescence and
vascular calcification by decreasing Axl and SIRT1 (72). In
macrophages, miR-34a was targeted to ABCA1 and ABCGI,

which resulted in impaired cholesterol efflux and macrophage-
specific miR-34a deletion, which could prevent atherogenesis.
Given the contradictory effect on different tissues, a global miR-
34a deficient model was introduced to access its impact in total.
Dyslipidemia, atherosclerosis, and NAFLD were all reserved
subsequently, suggesting that miR-34a mainly played a negative
role in atherogenesis (73).

miR-30c-5p

To identify whether miRNAs were able to predict and promote
atherosclerotic progression, 99 volunteers from the PLIC
study free from atherosclerosis were randomly selected to
measure their plasma miRNA levels at first, among whom 44
participants developed atherosclerosis after a 5-year follow-up
and another 29 did after 6.5 years. Comparing the miRNA
basal line at the beginning, a total of 7 miRNAs were picked,
among which miR-30c-5p had the best ability to discriminate
patients with plaque burden with the highest AUC and to
predict atherosclerotic progression. Further, in vitro experiments
revealed that plasma miR-30c-5p contained in microparticles
secreted from macrophages was significantly reduced when
treated with oxLDL, resulting from CD36 activation and
inhibition of Dicer. Consequently, miR-30c-5p in cells fell,
resulting in the upregulation of its target Caspase-3 and inducing
IL-6B releasing, as well as the apoptosis of macrophages. In
vivo study also showed that the lack of miR-30c-5p worsened
endothelial healing response to injury, regarded as the first step
of atherogenesis (74).

MALAT1

The previous study identified the association between the long
non-coding RNA MALAT1 and cardiovascular innate immunity,
showing its potential regulating effect on monocytes and
macrophages (62). Two pieces of research revealed the protective
function of MALAT1 in macrophages at the same time. One of
the two utilized heterozygous MALAT1-deficient ApoE~/~ mice
to access the influence of the IncRNA on atherosclerosis. Even
with a normal diet, the knockdown mice showed a progressive
lesion and an increased level of inflammatory factors such as IFN-
v, TNE and IL6, revealing that the function of MALAT1 is related
to inflammation (63). The other study also measured the plaque
burden of ApoE~/~ Malatl~/~ mice fed with a high-fat diet for
12 weeks. However, the lesion showed no significant difference
compared with controls except for higher CD45" leukocytes
retention, differing from the former study, partially because of
compensatory upregulation of the adjacent IncRNA NEATI.
To identify the impact of MALAT1 on inflammatory cells, the
bone marrow of ApoE~/~ Malatl™/~ was transplanted into
ApoE~/~ Malat1*/* mice, resulting in enlarged atherosclerotic
plaques where more macrophage infiltrated. Further experiments
showed that MALAT1 served as a microRNA sponge for
miR-503 related to enhanced adhesion ability to activate
endothelial cells. Moreover, MALAT1 is highly decreased in
human atheroma, further demonstrating its anti-atherogenic
function (64).
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MeXis

The liver X receptors (LXRs) are transcriptional factors that
promote the expression of genes related to reverse cholesterol
transport containing Abcal when intracellular cholesterol was
elevated (65). It was noted that ABCA1l responsible for
cholesterol efflux was particularly increased in macrophages in
comparison with other cell types when treated with synthetic
LXR agonist. By transcriptional profiling, several kinds of
IncRNAs were also found to be increased, among which the
IncRNA MeXis was most raised and of which the promoter was
able to bind with LXRs, suggesting that LXRs could regulate
cholesterol efflux in macrophage by controlling the transcription
of MeXis. In vitro experiments exhibited that LXRs did induce
the expression of ABCA1 by promoting MeXis transcription.
To determine the effect of MeXis on cholesterol efflux and
atherosclerosis, bone marrow from MeXis~/~ was transplanted
into Ldlr~/~ mice, resulting in reduced Abcal expression and
enhanced atherosclerotic burden (66). According to the results
above, MeXis was supposed to be a protective IncRNA in
atherogenic progression.

MAARS

MAARS was a macrophage-specific IncRNA identified by RNA-
Seq profiling in the aortic intima of Ldlr~/~ mice. The level of
MAARS gradually increased after the high-fat diet and descended
strongly when the mice resumed a normal diet, suggesting its
potential role in atherosclerosis. Knockdown studies proved
MAARS to be a pro-atherogenic IncRNA due to the regression
of atherosclerotic lesions. In vitro and in vivo overexpression
and knockdown studies revealed that MAARS directly induced
apoptosis and impaired efferocytosis of macrophages. The
mechanism was that in atherosclerosis progression MAARS
emerged to directly bind with HuR, an RNA-binding protein
capable of stabilizing mRNA translation (67), resulting in the
increase of HuR targeting genes such as p53, caspase-8,—9 related
to apoptosis (68).

NON-CODING RNAS IN HEPATOCYTIC
LIPID METABOLISM

miR-33

miR-33 is one of the key regulators of lipid metabolism in
both macrophages and the liver and is observed to significantly
rise in human atherosclerotic plaques. By reducing ABCA1
expression in the liver or macrophages, cholesterol efflux was
impaired and plasma HDL was decreased, suggesting a pro-
atherogenic effect of the miRNA (75). To access its particular
impact on atherosclerosis, Ldlr~/~ mice fed with a high-fat diet
were treated with an antagonist of miR-33 for 4 weeks, resulting
in reversed ABCA1 in the liver and plaque macrophages,
improved plasma HDL level, and reduced lesion burden (76).
In addition, miR-33 was identified to regulate mitochondrial
metabolism by inhibiting mitochondrial regulatory genes related
to mitochondrial respiration and ATP production, which was
also contributed to cholesterol efflux in macrophages (77). Apart
from the impact on lipid accumulation in macrophages, the
capability of miR-33 to interfere with the balance between aerobic

glycolysis and mitochondrial oxidative phosphorylation led to
the suppression of M2 polarization as well as FOXP3™ Tregs
accumulation (78). According to the results above, miR-33 would
be a potential therapeutic target for atherosclerosis.

miR-144

Two independent studies almost revealed the important role
miR-144 played in cholesterol metabolism in both the liver
and macrophages at the same time (79, 80). The first one
found that the expression of miR-144 in the mice liver and
macrophages was significantly increased by the stimulation
of liver X nuclear receptor (LXR) angonists. LXRs regulated
cholesterol effluxes in hepatocytes and macrophages and the
plasma HDL level by regulating ABCA1 and ABCG expression.
In vivo experiments showed that the overexpression of miR-
144 could suppress ABCA1 expression and cholesterol efflux
in macrophages. Similarly, overexpressing miR-144 in male
C57BL/6 mice could also decrease the ABCA1 protein level in
the liver and reduce plasma HDL levels, while suppressing the
microRNA showed the reverse result. The later study found that
the expression of miR-144 in the liver could be activated by
another receptor called Farnesoid-X-Receptor (FXR) which was
also highly expressed in the liver. Given the negative correlation
between plasma HDL levels and atherosclerosis, miR-144 was
likely to play a pro-atherogenic role, but the accurate function
still reminds to be answered.

CHROME

CHROME was a primate-specific long non-coding RNA that
was found to be increased in the plasma of patients with
atherosclerosis as well as in the atherosclerotic plaques.
Suppression CHROME in human hepatic HepG2 cells revealed
that the expression of cholesterol metabolism-related genes such
as ABCAL in hepatocytes was significantly decreased. Algorithm
and in vivo experiments showed that CHROME could interact
with miR-33, miR-27, and miR-128 and decrease their expression.
These microRNAs had been proved to inhibit ABCA1 expression
and promote atherogenesis (87). As a result, CHROME could
promote cholesterol efflux in hepatocytes and increase plasma
HDL levels. In vivo experiments using African green monkeys
revealed that the expression of CHROME was regulated by
excessive dietary cholesterol. The above results demonstrated
the potential protective function of CHROME in atherosclerosis.
However, the precise role it plays still needs to be evaluated (81).

RNA Therapeutics in Atherosclerosis

Apart from small molecules and proteins, RNA drugs nowadays
are attached, thereby increasing their importance as they are
easy to design, synthesize, and be absorbed into the cells
(88). There are various types of RNA-targeted therapeutics
in atherosclerosis, such as antisense oligonucleotides (ASO),
small interfering RNA (siRNA), and microRNAs (Table 2) (89).
Classical ASOs are short, single-stranded DNA-like molecules
that are complementary to mRNA, forming a DNA-RNA duplex
that can be hydrolyzed by the enzyme Ribonuclease H (RNase
H) (90). ASOs can also be anti-miRs targeting miRNAs within
cells and blocking their functions, two examples of which
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TABLE 2 | RNA therapeutics in atherosclerosis.

Drug name Chemistry Target Clinical status NCT number
MRG-110 Antisense Oligonucleotides miR-92a-3p Phase | [EudraCT]No0.2017-004180-12
IONIS-ANGPTLS3-Lgx Antisense Oligonucleotides hepatic ANGPTL3 mRNA Phase | NCT02709850
AKCEA-APOCIII-Lgy Antisense Oligonucleotides hepatic APOC3 mRNA Phase I/lla NCT02900027
Inclisiran SiRNA hepatic PCSK9 mRNA Phase Il NCT03399370; NCT03400800

are antagomiRs and locked nucleic acid (LNA)-based anti-
miRs (91). siRNA are double-stranded RNA molecules with a
length of 20-25 nucleotides that can mediate the degradation of
complementary mRNA by an RNA-induced silencing complex
(RISC)-dependent pathway (92). miRNA mimics are double-
stranded RNAs that imitate native miRNAs to reverse the
protective molecules within cells (89).

Antisense Oligonucleotides

MRG-110

A previous study showed that miR-92a could directly bind
to 3 UTR of KLF2 and KLF4, which could partially reverse
endothelial inflammation in human arterial endothelial cells
(HAECs) (93). miR-92a-3p was one of the atheromas in
endothelial cells selected from large-scale miRNA profiling in
human umbilical vein endothelial cells (HUVECs) stimulated by
shear stress and oxLDL. miR-92a-3p was the most upregulated
microRNAs subjected to low shear stress with oxLDL. Inhibition
of it attenuates endothelial Inflammation in vitro. Consistently,
blockade of miR-92a in Ldlr-deficient mice with a high-fat diet
significantly reduced the atherosclerotic lesions (94).

According to the experimental results above, miR-92a-3p
showed therapeutic potential. As a result, a locked nucleic acid-
based anti-miR named MRG-110 targeting miR-92a-3p was
developed to be utilized in a human study. A randomized,
double-blinded clinical trial with a size of 49 persons at phase I
(European Clinical Trials Database [EudraCT] No. 2017-004180-
12) was conducted to estimate its functional efficiency to block
miR-92a-3p. The volunteers were healthy men at 18-45 years of
age without cigarette use for at least 3 months. The results showed
that the amount of miR-92a-3p was decreased in the peripheral
blood compartment with a low dose of MRG-110, revealing its
high efficiency (95). However, the safety and its effects to treat
atherosclerosis need to be accessed in later clinical trials.

IONIS-ANGPTL3-LRy

ANGPTL3 is the gene encoding angiopoietin-like 3 protein
reported to inhibit the activation of lipoprotein lipase and
endothelial lipase. Once produced in the liver, ANGPTL3 is
secreted for circulation and absorbed by other cells where it
is cleaved by furin and PACE4, and its N-terminal domain
is released to suppress the activity of lipoprotein lipase (96).
Using the exome sequencing, two nonsense mutations in two
patients with familial hypobetalipoproteinemia were identified,
revealing the potential role of ANGPTL3 in lipid metabolism and
atherosclerosis (97). To identify the hypothesis that ANGPTL3

deficiency protects atherogenesis, individuals with loss-of-
function mutations as well as Angptl3 knockout mice were
both tested for the size of their coronary atherosclerotic lesions,
proving its protective role in atherosclerosis (98).

IONIS-ANGPTL3-Lgy is an antisense oligonucleotide
targeting hepatic ANGPTL3 mRNA to reduce ANGPTL3
translation, decrease triglycerides and LDL cholesterol
in the blood, and eventually slow down atherogenesis.
The phase I clinical trial (NCT02709850) to access the
safety, effects, kinetics, and pharmacodynamics of IONIS-
ANGPTL3-Lgy, as well as animal experiments, have already
been completed. A total of 44 volunteers with a higher
fasting LDL cholesterol or triglyceride level had received a
single-dose or multiple-dose ASO drug for 6 weeks before
the indexes for lipid metabolism were tested, revealing
a significant reduction in pro-atherogenic lipid in the
blood. The results were consistent with those of Apoc3 and
Ldlr double-knockout mice which also showed a reduced
atherogenesis (99).

AKCEA-APOCIII-Lgx
ApoC-III is a 99-amino acid peptide with a 20 amino acid signal
peptide synthesized mostly by the liver. It plays a vital role in
the metabolism of triglyceride-rich lipoproteins (TRL) since it
helps the assembly of VLDL in the liver, inhibits the intake of
TRL in hepatocytes as long, and suppresses the activation of
LPL. A high level of plasma ApoC-III is strangely related to
hypertriglyceridaemia (100). To figure out its importance on
cardiovascular diseases, an exome sequencing for 18,666 genes
involving 3,734 participants was launched to find out mutations
deactivating ApoC-IIIL. The individuals with the loss-of-function
mutations presented lower levels of triglyceride as well as the risk
of coronary heart disease (101). Therefore, ApoC-III could be a
potential therapeutic target for atherosclerosis treatment.
AKCEA-APOCIII-Lgy is an ASO drug with a triantennary
N-acetyl galactosamine (GalNAc3) complex at its 5 terminal
for better stability targeting hepatic APOC3 mRNA. The Phase
I/Ia clinical trial (NCT02900027) aimed to evaluate its efficacy,
pharmacodynamics, and side effects has been conducted. A
total of 56 healthy participants with high triglyceride levels
were enrolled. After subcutaneous injection of the ASO drug or
placebo, every 6 weeks in single-dose cohorts or every 4 weeks
in multiple-dose cohorts, the laboratory parameters referred to
lipid metabolism were measured 3 months later, resulting in a
significant reduction of ApoC-III and an extensive improvement
in pro-atherogenic lipid (102). Therefore, further clinical trials
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aimed to access the effects on atherosclerotic patients are worthy
of launching.

siRNAs

Inclisiran

Proprotein convertase subtilisin-like type 9 (PCSK9) is a 692-
amino acid protein located mostly in the liver. It is a key
regulator of LDL metabolism as a serine protease that can
catalyze the degradation of LDL receptors in the liver (103). Its
importance in LDL metabolism was first identified in a family
with autosomal dominant hypercholesterolemia, where the gain-
of-function missense mutations of PCSK9 caused an increase of
low-density lipoprotein cholesterol levels in the blood (104). To
further determine the function of PCSK9 in LDL metabolism,
the coding regions of PCSK9 in 128 participants with low
plasma levels of LDL were sequenced. As expected, two nonsense
mutations of PCSK9 were founded, which was consistent with
the result above (105). Apart from that, variants in PCSK9 were
related to increased LDL cholesterol levels and higher risk for
coronary artery disease (106). So PCSK9 is supposed to be an
efficient therapeutic target.

Currently, there exist two kinds of drugs targeting PCSK9
recommend by AHA guidelines for patients with high levels
of LDL-C, namely the evolocumab and alirocumab (34).
Both of them are monoclonal anti-PCSK9 antibodies whose
benefits on lowering LDL-C and risk for cardiovascular events
were identified in two large clinical trials FOURIER (107)
and ODYSSEY (108). Despite its excellent efficacy, two main
disadvantages block their wide usage. Firstly, it is likely to be hard
to adhere to the antibody treatment since the drugs are required
to be injected every 2 weeks. Besides, it is not affordable for
everyone because of its high price and frequent injection (109).
As a result, inclisiran with lower cost and injection frequency
shpuld come out to exist.

Inclisiran is a small interfering RNA targeting PCSK9. Two
clinical trials at phage III, named ORION-10 (NCT03399370)
and ORION-11 (NCT03400800), were completed to evaluate the
benefit of inclisiran on patients with elevated LDL-C despite
statin usage. The former one was launched in the United States
including 1,561 participants, while the latter one was conducted
in Europe and South Africa with 1,617 volunteers involved.
In both studies, 300 mg of inclisiran was given to the patients
through subcutaneous injections at Day 1, Day 90, and then every
6 months. After a year and a half, the percentage change in LDL-
C from baseline was tested. The results showed a reduction of
52.3% in the ORION-10 trial and 49.9% in the ORION-11 trial
with a few slight side effects such as injection-site adverse events,
revealing the huge therapeutic potential for patients resistant to
statin therapy (110).

Cutting-Edge RNA Therapeutics in Atherosclerosis

Conventional RNA therapies treating atherosclerosis have their
disadvantages, such as the lack of target specificity, susceptibility
to degradation, and massive side effects. Nanotechnology is
likely to address these problems (111). Nanomedicine applies
nanotechnology for disease imaging, diagnosis, and treatment.
The nanoparticles are made up of biological materials such as

lipid as well as inorganic nanocrystals like iron oxide, providing
a stable environment for the drugs. Equipped with antibodies
or antibody fragments targeting specific ligand receptors on
the cellular surfaces, the risk for interfering with normal
physiological processes in irrelevant cell types declines, reducing
the occurrence of adverse effects (112, 113).

Due to of the broad benefits of nanomedicine, more and
more studies have focused on exploring nanoparticle strategies
targeting atherosclerosis, including nanomedicines containing
RNA drugs. siCAM (5) was a nanoparticle-based siRNA drug
targeting endothelial cells. It contains five siRNAs separately
inhibiting the expression of intercellular adhesion molecules
Icam1 and Icam2, Vcaml, E- and P-selectins. In vivo experiments
showed that monocytes recruitment was significantly decreased
in the atherosclerotic lesions in the ApoE-deficient mice,
revealing its therapeutic potential (114). SNALP-siApoB was
a stable nucleic acid lipid particle containing siRNAs directly
targeting ApoB mRNA in the livers, which were not accessible by
traditional therapies. The results revealed that this nanoparticle
drug could significantly reduce the ApoB expression and
serum cholesterol and LDL levels for 11 days in cynomolgus
monkeys (115).

CONCLUSION

The above studies have demonstrated that ncRNAs play a
vital role during atherogenesis. Atherosclerosis is a complicated
disease where different kinds of cell types participated in its
development. Among them, three kinds of cells are considered
to play important roles in atherogenesis, namely endothelial
cells, macrophages, and vascular smooth muscle cells. After
lipid retention and oxidation under endothelium of arterials,
ECs begin dysfunction, resulting in impaired permeability
and overexpression of adhesion molecules. The dysfunction
of ECs recruits monocytes from circulation to the lesion,
where they differentiate into macrophages. The macrophages
take in a mass of ox-LDL underneath the intima, resulting
in impaired cholesterol metabolism within the cells, which
promotes the formation of foam cells. The accumulation of
foam cells forms the necrotic cores in the plaque. During
the process, VSMCs continue to migrate from the media
to the intima, switch their phenotypes, and produce an
extracellular matrix, forming the fibrosis cap. However, their
constant loss by apoptosis and necrosis finally leads to plaque
rupture. ncRNAs participated in regulating all the mentioned
cellular progress.

Apart from regulating the pathophysiological development
of atherosclerosis, ncRNAs can also serve as therapeutic
tools to treat this disease. The most successful RNA
drug in atherosclerosis is Inclisiran, the siRNA drug
targeting PCSK9. It has entered phase III clinical trial and
showed a strong ability to reduce LDL levels. In addition
to traditional RNA therapeutic strategies, advancing
technologies are also used to improve the treatment
effects. For example, RNA drugs can be encapsulated into
nanoparticles to improve their specificity and stability,
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revealing the value of research to combine the RNA drugs
and nanomedicines together.
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Ewa Zalewska, Piotr Kmiec¢* and Krzysztof Sworczak

Department of Endocrinology and Internal Medicine, Medical University of Gdansk, Gdansk, Poland

Catestatin is a multifunctional peptide that is involved in the regulation of the
cardiovascular and immune systems as well as metabolic homeostatis. It mitigates
detrimental, excessive activity of the sympathetic nervous system by inhibiting
catecholamine secretion. Based on in vitro and in vivo studies, catestatin was shown
to reduce adipose tissue, inhibit inflammatory response, prevent macrophage-driven
atherosclerosis, and regulate cytokine production and release. Clinical studies indicate
that catestatin may influence the processes leading to hypertension, affect the course
of coronary artery diseases and heart failure. This review presents up-to-date research
on catestatin with a particular emphasis on cardiovascular diseases based on a
literature search.
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INTRODUCTION

The sympathetic nervous system is crucial in preserving homeostasis in humans. However, its
excessive activity has been recognized to underlie pathologic processes of many cardiovascular
diseases (CVDs), which are the leading cause of death globally (1). Among others, upregulated
sympathetic nervous system activity has been associated with hypertension (HT), adverse
myocardial remodeling, arrhythmias, sudden cardiac death, and overall poor prognosis in patients
with heart failure (HF) (2).

Basal and reflex control of the sympathetic activity associated with cardiovascular function
occurs in the rostral ventrolateral medulla (3). It sends catecholaminergic projections to the
sympathetic preganglionic neurons of the spinal cord. In turn, preganglionic neurons release
acetylcholine to activate postganglionic neurons and chromaffin cells of the adrenal medulla, which
synthesize and secrete catecholamines (CAs): norepinephrine and epinephrine (stored in sufficient
quantities within the cells, which is the reason for a positive chromaffin reaction, and, hence, their
name) (3, 4). CAs target a- and B-adrenergic receptors, a family of G protein-coupled receptors.
Adrenoceptors are divided into a1, a2, B1, B2, and B3 subtypes. In the smooth muscle cells of blood
vessels, there are mainly a1-adrenergic receptors, coupled to stimulatory Gq proteins, which induce
constriction by activating phospholipase C. In the heart, the predominant receptor subtype p1
activates the Gs-adenylyl cyclase - adenosine monophosphate - protein kinase A signaling cascade
to induce positive inotropic and chronotropic effects (5). a2 receptors are coupled to inhibitory Gi
proteins that inactivate adenylyl cyclase and are mainly found in the central nervous system, where
their activation lowers arterial blood pressure (BP) (5).
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In 1965, Banks and Helle reported that CA secretion from
chromaffin granules of the adrenal medulla is associated with
the release of soluble proteins (6). In July 1967, Blaschko’s
group coined the term “chromogranin A’ (CgA) for the
major component of these proteins (7, 8). In 1988, Simon
et al. reported for the first time that proteolytic hydrolysis
of CgA, obtained from cultured bovine adrenal medullary
chromaffin cells, generated a peptide product that is capable
of inhibiting CAs release, a promising and novel mechanism
for counteracting the sympathetic outflow (9, 10). However,
the exact identity of this functional peptide remained elusive
until 1997, when Mahata et al. synthesized 15 peptides spanning
~80% of the entire CgA molecule and demonstrated that
only one, bovine CgA344—364 [RSMRLSFRARGYGFRGPGLQL],
inhibited CA secretion induced by nicotine (11). They named it
“catestatin” (Cts) due to its high capacity to suppress the release
of CAs (11).

Cts was initially considered a regulatory peptide that inhibits
CA secretion by acting as a noncompetitive mediator of
the nicotinic cholinergic stimulation of chromaffin cells and
sympathetic neurite outgrowth (11, 12). Further studies showed
that Cts inhibits CA release also due to adenylate cyclase-
activating polypeptide stimulation and regulates dense core
vesicle quanta (13) (Figure 1). Moreover, Cts has emerged as a
pleiotropic peptide, which - among others - is involved in the
regulation of the cardiovascular and immune system, as well as
metabolic homeostasis (14, 17, 25-27).

This review presents up-to-date research on the role of Cts in
the cardiovascular system and metabolic disorders contributing
to CVDs, and Cts as a putative clinical biomarker. It is based
on an electronic literature search of PubMed database performed
April 20, 2022, using the key term ‘catestatin, which yielded
235 results. Papers were included based on screening of titles
and abstracts.

CATESTATIN BIOLOGY

Cts (human CgA3s,_372, bovine CgA3za4—364, and rat CgAse7—3s7)
is a neuroendocrine peptide that is derived from the proteolytic
cleavage of its precursor compound CgA. Human chromogranin
A (hCgA) consists of nine dibasic sites and is cleaved by
prohormone convertases, namely, cathepsin L, plasmin, and
kallikrein, which generates: 1) Cts, which is a 21-amino acid,
hydrophobic peptide derived from hCgA’s C terminal fragment,
2) a dysglycemic peptide pancreastatin (hCgA250-301), 3)
a vasodilating, antiadrenergic, and antiangiogenic peptide
vasostatin-1 (hCgA1-76), 4) a peptide that acts as an antigen for
diabetogenic CD4+ T-cell clones WE14 (hCgA324-337), and, 5)
a proadrenergic peptide serpinin (hCgA411-436) (15).

Abbreviations: Akt, Protein kinase B; AMI, acute myocardial infarction; BP, blood
pressure; Ca®*, calcium ions; CAD, coronary artery disease; CA, catecholamine;
CgA, Chromogranin A; Cts-KO, catestatin knockout; CVD, cardiovascular disease;
Chga-KO, Chromogranin knockout; Cts, catestatin; hCgA, human CgA; HE
heart failure; HT, hypertension; I/R injury, ischemia/reperfusion injury; nAChR,
nicotinic acetylcholine receptor; NO, nitric oxide; nNOS, neuronal nitric oxide
synthase; NYHA, New York Heart Association; OSA, obstructive sleep apnea;
PMNs, Polymorphonuclear neutrophils; WT, wild type.

Cts includes a sequence [SSMKLSFRARAYGFRGPGPQL]
that is highly conserved across various species and is flanked
by proteolytic cleavage sites (11, 28). Five single-nucleotide
polymorphisms have been identified in the hCgA gene (CHGA)
region expressing Cts: Gly364Ser (rs9658667), Pro370Leu
(rs965868), Arg374Gln (rs9658669) (29), Tyr363Tyr (rs9658666),
and Gly367Val (rs200576557) (15, 30, 31). Intriguingly, a
genome-wide association study identified two loci that affect Cts
concentrations in regions that include genes encoding kallikrein
and Factor XII; these enzymes participating in a proteolytic
cascade (Factor XII activates prokallikrein to kallikrein, which
activtes FXII) were shown to generate active compounds from
chromogranin A and B cleavage in vivo and in vitro (32). In
particular, kallikrein produced a 12-amino-acid CgA-fragment
(CgA361-372) with preserved biological activity of 21-amino-
acid Cts (32).

Apart from limiting CA secretion, Cts is a potent inhibitor
of the release of other chromaffin cell cotransmitters, including
neuropeptide Y, adenosine triphosphate, and CgA; it is widely
distributed in secretory granules of the chromaffin cells, diffuse
neuroendocrine system, neuronal cells, bone-marrow derived
cells, the auditory system, and the heart (20, 24, 33, 34)
(Figure 1). In the latter, processing of CgA can be carried
out by extracellular proteases on both cardiomyocyte cell
membrane and in the extracellular matrix (33, 35). In a rat
model, it was shown that the heart generates intracardiac
CgA fragments, including locally derived Cts, in response to
hemodynamic and excitatory challenges (36). Moreover, recently,
a CgAl-373 fragment that encompasses the Cts domain was
found to elicit direct cardiac effects both in vitro and ex
vivo (37).

CATESTATIN AND REGULATION OF
BLOOD PRESSURE

In vitro and in vivo Animal Studies

In vitro, it was shown Cts binds to «, §, 8, and y subunits of
nicotinic acetylcholine receptors (nAChR) with a high affinity
binding site on the B subunit near the membrane surface,
which blocks sodium ions’ uptake, thus inhibiting membrane
depolarization, and blocking the influx of calcium ions (Ca?t)
through voltage-gated calcium channels (38, 39). Inhibition of
Ca’* influx suppresses both CA release by exocytosis (all-or-
none secretion) and CHGA transcription through a pathway
involving the activation of protein kinase C and mitogen-
activated protein kinase (40) (Figure 1).

Human Cts polymorphic variants were shown to exhibit
varying potency of nAChR inhibition in vitro using a rat
pheochromocytoma cell line and the human receptor (30, 41, 42).
One should bear in mind that lower potency of a Cts variant in
this respect does not necessarily translate to higher plasma CAs,
since in such a case lower desensitization to CA secretion occurs
(i.e., an effect due to repeated exposure of the nAChR to Cts).
Further, since Cts blood-lowering effect depends partly on the
release of nitric oxide (NO), human Cts Gly364Ser variant (see
Clinical Studies) was shown to display lower NO-triggering and
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FIGURE 1 | Mechanism of action of catestatin based on in vitro and in vivo animal studies. (A) Injection of Cts into the CVLM or the central amygdala (not shown) of
rats decreases sympathetic barosensitivity and attenuates peripheral chemoreflex with consequent hypotension. On the other hand, injection of Cts into the RVLM
increases barosensitivity and attenuates chemosensitivity with consequent elevation of blood pressure (14). (B) Cts inhibits CA release by binding to nicotinic
acetylcholine receptors that block Nat uptake (15) as well as due to PACAP stimulation (13). (C) Cts inhibits the PKA/PLN signaling pathway and induces NO
synthesis in myocardiocytes, and the released NO reduces cellular Ca®*, resulting in decreased cardiac contractility (16) and relaxation of ET-1 preconstricted
coronaries (17). Cts also induces glucose uptake and Glut4 translocation (18). (D) Cts induces NO synthesis from endothelial cells, and activates ACE2, which has an
anti-atherogenic effect (15, 16, 19). (E) Cts induces histamine release leading to vasodepression and transient inotropic effect in myocardiocytes (16). (F) Treatment
with Cts results in polarization of macrophages toward an anti-inflammatory phenotype (20). Macrophages also produce Cts (21). (G) Cts up-regulates genes
promoting fatty acid oxidation (22) and enhances insulin-induced Akt phosphorylation, which helps in overcoming ER stress and achieving insulin sensitivity (23). (H)
Cts promotes lipid flux from adipose tissue toward the liver and lowers plasma leptin in Chga-KO mice leading to resensitization of leptin receptors (22). (I) PMNs are
able to produce and secrete CgA-derived peptides, including Cts, which may penetrate into PMNs and activate the release of innate immune factors (24). A1-7,

Angiotensin 1-7; All, Angiotensin Il; AC, Adenylyl cyclase; ACE2, activates angiotensin-converting enzyme-2; Ach, acetylcholine; Acox1, acyl-CoA oxidase 1;
(Continued)
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FIGURE 1 | Akt, Protein kinase B; AMPK, AMP-activated protein kinase; ARG1, Arginase 1 gene; B1AR, B1 adrenergic receptors; 2AR, B2 adrenergic receptors;
Ca?*, calcium ions; cAMP, adenosine monophosphate; CAs, catecholamines; CCL2, C-C Motif Chemokine Ligand 2; CD36, cluster of differentiation 36; CgA,
Chromogranin A; CgB, Chromogranin B; Chga-KO, Chromogranin knockout; cGMP, cyclic guanosine monophosphate; Cpt1a, Carnitine palmitoyltransferase 1a;
CREB, cAMP response element-binding protein; Cts, catestatin; CVLM, caudal ventrolateral medulla; DNL, de novo lipogenesis; eNOS, endothelial nitric oxide
synthase; ER, endoplasmic reticulum; ERK, extracellular signal-regulated kinas; ET-1, endothelin 1; ETAR, Endothelin receptor type A; ETBR, Endothelin receptor type
B; FAO, Fatty acid oxidation; FAU, Fatty acid uptake; Gpat4, lipogenic gene glycerol-3-phosphate acyltransferase; GTP, guanosine-5’ triphosphate; H, histamine;
ICAM1, Intercellular Adhesion Molecule 1; IFNG, Interferon Gamma gene; IL-4, interleukin 4; IL-6, interleukin 6; IL-10, interleukin 10; iPLA2, calcium-independent
phospholipase A2; ITGAX, Integrin Subunit Alpha X; LepR, Leptin receptor; LysoPL, lysophospholipids; MMP-2 Matrix Metallopeptidase 2; MMP-9, Matrix
metallopeptidase 9; MRC1, Mannose Receptor C-Type 1 gene; MRGPRX2, Mas-Related G Protein-Coupled Receptor-X2; Na+, sodium; NO, nitric oxide; NOS2,
Nitric Oxide Synthase 2; nNOS, neuronal nitric oxide synthase; NTS, Nucleus tractus solitarius; P, phosphor; PACAP, Pituitary adenylate cyclase-activating
polypeptide; PAC1R, Pituitary adenylate cyclase-activating polypeptide receptor; PDE2, Phosphodiesterase 2; Pi3K, Phosphoinositide 3-kinase; PKA, Protein kinase
A; PKC, protein kinase C; PKG, protein kinase G; PLN, phospholamban; PMNs, Polymorphonuclear neutrophils; Ppara, Peroxisome proliferator-activated receptor-a;
RVLM, rostral ventrolateral medulla; RyR, Ryanodine receptor; sGC, soluble guanylyl cyclase; SERCA, Sarcoplasmic reticulum Ca-ATPase; SOC, Store-Operated
Calcium Channels; STAT3, Signal Transducer And Activator Of Transcription 3; TAG, Triacylglycerols; TNFa, TNF alpha gene; Ucp2, uncoupling protein 2; VCAM1,
vascular cell adhesion molecule 1. Dashed arrow — inhibition; continuous arrow — stimulation.

absent anti-adrenergic activity compared to wild-type peptide
(WT-Cts) in vitro (31, 43).

This in vitro research concerning CA release suppression by
Cts is supported by in vivo studies with genetically modified
rodents. First, knockout of the CgA gene region encoding Cts
(Cts-KO) in mice resulted in HT, left ventricular hypertrophy,
and elevated CAs, yet, high BP was abated by intraperitoneal
injection of exogenous Cts (21). Moreover, this strain exhibited
marked cardiac and adrenal macrophage infiltration as well as
increased proinflammatory cytokine levels, which may trigger
CA release and escalate HT (21). Chlodronate depletion
of macrophages, and bone marrow transfer between Cts-
KO and WT mice demonstrated that immunosuppression of
macrophages by Cts partly underlies its antihypertensive and
anti-inflammatory effects (21).

Second, ablation of the CgA gene in another mouse model
(Chga-KO) led to - among others - high baseline BP and
elevated plasma CAs as well as exaggerated pressor and
depressor responses to phenylephrine and sodium nitroprusside
(44-46). Exogenous Cts replacement selectively diminished
stress-induced increments in BP and HR (45) and restored
the sensitivity of high-pressure baroreceptors, i.e., attenuation
of both reflex tachycardia (due to sodium nitroprusside-
induced hypotension) and reflex bradycardia (following
phenylephrine-induced HT) occured (45). This indicates Cts
functions efficiently as an antihypertensive peptide even under
stressful conditions.

Third, in a genomically humanized mice strain expressing
insufficient hCgA amounts, increased plasma CA levels as well as
elevated systolic and diastolic BP were recorded in comparison to
WT controls and a strain with sufficient hCgA expression (47).

However, Kennedy et al. showed Cts did not affect
plasma norepinephrine levels and actually significantly (11-fold)
increased those of epinephrine following electrical stimulation of
male Sprague-Dawley rats, although it did reduce BP increases
(even with anti-adrenergic pretreatment) (48). The possible
explanation of these results, which contrast with findings from
in vitro and Cst- and CgA-knockout studies, is that epinephrine
release was compensatory to effects triggered by Cts in acute
injury by electric stimulation, which could not have been
observed in vitro (due to study limitations) and in KO mice owing

to significant genetic alterations. Mitigation of pressor responses
by Cts in the study by Kennedy et al. was attributed to histamine
release: it increased 21-fold within 2 min of Cts injection, and the
BP lowering effect was abolished by hydroxizine pretreatment,
which was also the case for epinephrine elevation (48). Kriiger
et al. confirmed this hypothesis in vitro: Cts lead to histamine
release from rat mast cells via a peptidergic pathway - by
activating the G protein, because this effect was suppressed by
the pertussis toxin, a Gi/Go inactivator (49) (Figure 1).

Furthermore, although plasma Cts concentrations gradually
increased with the progression of HT in spontaneously
hypertensive rats, exogenous Cts reduced HR (indicating anti-
sympathetic activity) (50), as well as ameliorated vascular, renal
and cardiac proliferation (51). In vitro, Cts was also reported
to act as a potent inhibitor of isoproterenol- and endothelin-1-
mediated activities in the frog (52) and rat heart (53). Angelone
et al. showed that WT-Cts increased heart rate and decreased
left ventricular pressure, rate-pressure product, and, both positive
and negative left ventricular contractility. The authors suggested
that these negative inotropic and lusitropic effects of WT-Cts may
contribute to its hypotensive action (53) (Figure 1).

Concerning the central nervous system, Cts plays an
important role in cardiorespiratory control (14). Gaede
et al. showed that Cts antagonizes both nAChR and B-
adrenergic receptors involved in cardiovascular regulation
using urethane-anesthetized, vagotomized rats. Cts mitigated
the hypertensive effect of nicotine and prevented increased
splanchnic sympathetic activity caused by isoproterenol, a
non-selective f adrenergic receptor agonist (54). The results
of the study indicate Cts may affect BP levels in HT (54).
Further, depending on the region of the medulla, Cts exerted
sympathoexcitatory or cholinergic effects (3, 55, 56). Injection
of Cts into the rostral ventrolateral medulla (a key site for BP
control in the brain stem) resulted in increased barosensitivity
and attenuation of chemosensitivity with consequent BP
elevation (3). On the other hand, injection of Cts into the caudal
ventrolateral medulla (55) and the central amygdala (56) (both
contain inhibitory neurons of the rostral ventrolateral medulla)
of rats resulted in decreased sympathetic barosensitivity and
attenuation of the peripheral chemoreflex with consequent
hypotension (Figure 1).
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Effects of Cts based on in vitro and in vivo experimental
studies are presented in Figure 1. In summary, Cts may inhibit
CA release from chromaffin cells and noradrenergic neurons (11)
and induces desensitization of CAs (57); it also exhibits a potent
vasodilatory effect mediated - at least in part — by histamine
release (48, 49). Moreover, negative inotropic and lusitropic
effects of Cts may lower BP (53). Finally, Cts plays a role in central
cardiorespiratory control (3, 56). Taken together, experimental
studies point to Cts as a novel regulator of BP.

Clinical Studies

On the one hand, similarly to in vivo studies on rodents, it
was shown that infusion of Cts into the dorsal hand veins of
normotensive individuals, after pharmacologic venoconstriction
with phenylephrine, resulted in a dose-dependent vasodilation,
which was predominantly observed in female subjects (58). On
the other, clinical studies generated controversies regarding the
association between Cts levels and primary HT.

O’Connor et al. showed that normotensive offspring of
patients with HT had significantly lower Cts concentrations
compared to normotensive participants with a negative family
history of HT (1.32 % 0.038 vs. 1.5 & 0.076 ng/mL, p = 0.024).
Low plasma Cts levels predicted enhanced pressor response
to a sympathoadrenal stressor (59). Therefore, reduced Cts
levels were postulated to predispose to the development of
HT, although categorization by BP status (normotensive vs.
hypertensive) did not reveal differences in plasma Cts (1.36
£ 0.03 vs. 1.26 + 0.06ng/mL, p = 0.27) (59). In line with
the result, Durakoglugil et al. showed that the difference in
Cts concentrations between previously untreated hypertensive
patients and healthy controls was insignificant after adjusting for
age, gender, height, and weight (60). However, in another study
by the O’Connor group, in a larger cohort (452 normotensives,
215 primary hypertensives), Cts was significantly reduced in HT
patients (1.47 4 0.06 1.26 vs. 1.26 & 0.08; p = 0.036) (61). In
contrast, Meng et al. showed that Cts was significantly higher
in patients with essential HT than normal controls (1.19 =+
0.74 vs. 1.53 & 0.72ng/mL, p < 0.01) but found no correlation
between Cts and the degree of HT (1.56 £ 0.59 vs. 1.42 &+ 0.59
vs. 1.57 + 0.76 ng/mL, p > 0.05) (62). They also suggested Cts
level may serve as a prognostic factor for complications of HT,
as patients with left ventricular hypertrophy had lower Cts-to-
norepinephrine ratios than those without (3.63 &£ 1.62 vs. 2.76 £
0.86, p < 0.01) (62). In order to explain the contradictory results
concerning Cts levels in normo- and HT, it was hypothesized that
Cts decreases in prehypertension, however, sympathetic nervous
system activity increases as HT progresses, which contributes to
compensatory Cts elevation. Consequently, HT develops when
elevated Cts no longer inhibits CA oversecretion (62).

Cts genetic variants exert varying effects on BP (16). The
Gly364Ser variant was associated with lower diastolic BP
than the Gly364Gly variant (wild type) in two Caucasian
hypertensive groups of European ancestry and ca. 1.8% variance
of population diastolic BP was attributable to Cts single
nucleotide polymorphism (63). Conversely, in Asian populations,
Ser-364 allele carriers displayed elevated systolic (up to ~8 mm
Hg; p = 0.004) and diastolic (up to ~6 mm Hg; p = 0.001) BP

(Indian) (31) as well as systolic BP, pulse pressure and arterial
stiffness (Japanese) (64). In line with these, in a normotensive
Indian population, Ser-364 allele carriers exhibited much lower
plasma CA - by about 40% (consistent with its diminished
nAChR desensitization-blocking effect in vitro) - than Gly364Gly
carriers (30), yet, BP was similar in subjects with different alleles.
These contradictory results underscore the necessity of genetic
association studies for ethnically different populations.

Processing of CgA to Cts by endoproteolytic enzymes may be
involved in the pathogenesis of HT. O’Connor et al. showed that
CgA was increased by 117% (p < 0.001) in HT patients, whereas
Cts reduced by 15% (p = 0.036), which suggests diminished
conversion of CgA to Cts in HT (normotensives’ CgA/Cts ratio of
4.5+ 0.2vs. 5.9+ 0.4 in HT patients, p = 0.005) (61). Fung et al.
demonstrated that in women compared to men higher plasma
Cts (1.30 £ 0.033 vs. 1.14 £ 0.27nM, p < 0.001) combined
with lower CgA precursor concentrations (3.89 & 0.15 vs. 4.65
0.33nM, p = 0.006) may be associated with decreased processing
of CgA to Cts in the latter (female vs. male Cts/CgA ratio: 26.3 £
0.006 vs. 23.1 £ 0.006), which predisposes to HT (58).

Moreover, Biswas et al. showed that CHGA variants undergo
differential processing to produce Cts in the presence of the
endoproteolytic enzyme plasmin (65). Their study indicates that
less efficient processing of the Pro370Leu protein (product of
one of CHGA variants) can contribute to the prevalence of
CVDs (65).

CgA variants may also impact target organ damage in HT:
black people suffering from end stage renal disease exhibit
a common CHGA variant (3’-UTR C+87T), which decreased
reporter gene expression and subsequently lead to lower Cts
levels in this population (2.10 £ 0.88 vs. 3.23 £ 0.29 ng/mL,
p=0.01) (66).

Clinical studies concerning Cts in HT are presented in
Table 1. To summarize, Cts was shown to decrease during
prehypertension (59), however, the progression of elevated BP
was associated with a compensatory increase in its concentration
(62). Moreover, the development of HT may well be connected
with diminished conversion of CgA to Cts (58, 61, 65) and
depends on different variants of Cts exerting varying effects on
BP (16, 63).

CARDIAC FUNCTION OF CATESTATIN

In vitro and in vivo Animal Studies

Cts induces NO synthesis from endothelial cells and
cardiomyocytes (43, 53). In endothelial cells, NO is acquired
from both: (1) the endothelin receptor B - endothelial nitric
oxide synthase (eNOS) - NO, and (2) the protein kinase B
(Akt) - eNOS/neuronal nitric oxide synthase (nNOS) - NO
pathways. In cardiomyocytes, NO release results from the
extracellular signal-regulated kinase - eNOS - NO pathway
(53) (Figure1). NO reduces inotropism and lusitropism of
cardiomyocytes through various pathways (52, 53, 88, 89)
(Figure 1). It was demonstrated in vitro using frog (52), eel
(89), and rat (90) heart preparations that higher NO generation
due to Cts ameliorates the Frank-Starling response, which
is a compensatory mechanism to maintain adequate heart
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TABLE 1 | Clinical studies concerning catestatin.

References Study participants Main results
Catestatin and hypertension
O’Connor et al. 40 normotensives with positive HT family history, 176 Offspring of HT patients had lower Cts than normotensives without HT family history:
(59) normotensives without HT family history, 61 patients with HT ~ 1.32 4+ 0.038 vs. 1.5 4 0.076 (p = 0.024)
Plasma Cts was not different in normotensives vs. hypertensives (1.36 + 0.03 vs.
1.26 +£ 0.06 (p = 0.27)
O’Connor et al. 452 normotensives, 215 patients with HT Cts was reduced by 15% in hypertensives patients (o = 0.036), whereas CgA was

(61)

Salem et al. (66) Black patients with HT and ESRD (n = 150) and black
controls (n = 58)

Meng et al. (62) 136 HT patients (109 with and 27 without LVH 27) and 61
healthy controls

increased by 117% (p < 0.001); the ratio of CgA/Cts was thus increased by 31% (o
= 0.005), implying decreased conversion of CgA to Cts in PH.

ESRD patients had lower Cts: 2.10 4 0.88 vs. 3.23 & 0.29 (o = 0.01)

Cts was higher in hypertensives vs. controls: 1.19 & 0.74 vs. 1.53 £ 0.72 (p < 0.01)
There was a non-significant trend toward lower Cts in HT patients with LVH than
those without: 1.55 4+ 0.7 vs. 1.4 £+ 0.53 (p > 0.05).

Catestatin and coronary artery disease

Wang et al. (67) 50 STEMI patients and 25 non-CAD control patients

Meng et al. (68) 52 healthy controls 58 STEMI patients, 31 of whom were
assessed by echocardiography 3 months later to reveal 7
cases with LVR and 24 without LVR

Liu et al. (69) 30 healthy controls; 15 SAP, 47 UAP, 22 NSTEMI, and 36
STEMI patients

Pei et al. (70) STEMI patients with MA (n = 61) STEMI patients without MA
(n=64)
Zhuetal. (71) 30 non-CAD controls (n = 30) 100 AMI patients including 74

with adverse events on follow-up and 26 without

Xuetal. (72) 38 patients with CTO and 38 controls

Zhu et al. (73) 72 STEMI patients and 30 control patients without CAD on
imaging

Xu et al. (74) 46 STEMI patients, 89, 35 control patients without CAD on
imaging

Kojima et al. (75) 25 CAD patients: 20 with AMI and 5 with UAP; controls: 20
non-CAD patients with mild hypertension and 13
healthy volunteers

Chen et al. (19) 204 healthy volunteers 224 CAD patients

STEMI patients had lower plasma Cts on admission than controls: 16.5 4 5.4 vs.
21.4 £ 6.4 (p < 0.01), increased on day 3 t0 30.7 + 12.2 (p < 0.01), and on day 7
decreased to levels below than admission (13.8 + 5.3, p < 0.01) in Ml

Plasma Cts on admission higher in patients with AMI than in controls: 1.00 (0.66-1.50)
vs. 0.84 (0.56-1.17) (o < 0.05)

Mean Cts higher on day 3: 1.12 (0.76-1.70) vs. 1.00 (0.66-1.50) (p < 0.01) and on
day 7.: 1.32 (0.81-1.73) ng/ml vs. 1.00 (0.66-1.50) (o < 0.01)

Patients with LVR 3 months after AMI vs. those without had higher Cts:

-on admission: 2.02 (1.14-5.87) vs. 0.94 (0.39-1.66) (o = 0.001),

-on day 3: 2.47 (1.10-5.95) vs. 1.16 (0.31-1.95) (p = 0.006), and,

-on day 7 after STEMI: 3.08 (0.41-6.77) vs. 1.20 (0.30-3.73) (p = 0.021)

Plasma Cts was higher in CAD patients than controls: 0.41 + 0.14 vs.

SAP patients: 0.72 4+ 0.50 (p < 0.05)

UAP patients 0.88 + 0.58 (p < 0.05)

NSTEMI patients 1.05 + 0.48 (p < 0.05)

STEMI patients 1.31 £ 0.91 (p < 0.05)

Plasma Cts was higher in patients with STEMI complicated by MA compared with
those without MA: 0.083 £ 0.011 vs. 0.076 + 0.007 (p < 0.001)

Cts lower in MI patients on admission vs. controls: 16.7 + 5.4 vs. 21.8 + 6.3 (p
<0.0001), higher on day 3 at 30.9 + 12.1 (p < 0.0001 vs. admission), and again
lower on day 7: 13.9 &+ 5.2 (p = 0.00083 vs. admission)

Cts on admission and day 3 in the adverse events group (19.4 + 6.7 ng/ml, 44.6 +
13.0, respectively) higher than in the non-adverse events group (15.8 +£ 4.5 (p =
0.003), 26.1 £ 7.5 (p < 0.0001), respectively).

Cts higher in CTO patients than in controls 1.97 £+ 1.01 vs. 1.36 £ 0.97 (p = 0.009)

Patients with Cts level above median at day 3 (28.71 ng/ml) developed worse
ventricular function during the 65 months follow-up (o < 0.0001).

Cts in patients with STEMI (0.80 + 0.62) and UAP (0.99 + 0.63) lower than in
controls (1.38 £+ 0.98; p = 0.001).

Plasma Cts levels were lower in CAD patients (2*) than in non-CAD patients (4*; p <
0.05).

CAD patients had lower serum Cts than controls: 1.14 (1.05-1.24) vs. 2.15
(1.92-2.39); p < 0.001, and the levels decreased in a stepwise manner with
increasing number of diseased vessels: 1.95 (1.83-2.07) vs. 1.57 (1.42-1.73) vs.
1.13 (1.00-1.27), p <0.001 (for 1, 2, and 3 vessels, respectively)

Catestatin and heart failure

Zhu et al. (76) 300 moderate to severe HF patients:—108 in stage A; 76 in
Stage, 116 - Stage C
Liu et al. (77) 172 controls 228 HF patients in NYHA class | — IV

Cts decreased with higher HF stages and there was a significant difference between
stage Aand B: 21.29 + 7.10 vs. 14.61 + 4.69 (p < 0.05).

Plasma Cts increased with higher classes, NYHA class Ill and class IV patients had
higher Cts levels than controls: 0.848 (0.664-1.260); 1.54 (0.856-2.432), respectively
vs. 0.696 (0.504-0.883) (p < 0.05).

NYHA class | and class Il patients had similar Cts to controls: 0.612 (0.52 —0.844);
0.722 (0.532-1.112), respectively vs. 0.696 (0.504-0.883) (p > 0.05)

(Continued)
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TABLE 1 | Continued

References Study participants Main results
Peng et al. (78) Cohort of 202 HF patients followed-up for a median of 52.5  Plasma Cts was higher in non-survivors both for all and cardiac causes 1.06
months: 143 survived, 59 died — 49 for cardiac causes (0.66-1.82) and 1.18 (0.69-1.83), respectively vs. 0.75 (0.58-1.12) in survivors (p <
0.005)
Wotowiec et al. Upon a follow-up of 24 months out of 52 HFrEF patients 11 Cts lower in HFrEF patients who reached a CE than in those who did not — both before
(79) reached the composite endpoint (CE) of unplanned and after exertion: 14.23 (11.05-15.82) vs. 16.86 (14.25-19.46) (p = 0.03) and 4.81
hospitalization and all-cause death 24 healthy volunteers (2.20-6.25) vs. 7.82 (5.81-63.48) (p = 0.002), respectively;
served as controls Cts in patients similar to controls: before exertion 15.95 (13.89-18.81) vs. 16.6

(14.75-22.20) (p = 0.12), after: 7.04 (4.97-11.08) vs. 9.26 (6.11-140.23) (o = 0.13)
Borovac et al. (80) 96 HF patients hospitalized due to an acute worsening of HF,  Cts was significantly higher among non-survivors than survivors: 19.8 (9.9-28) vs. 5.6
6 did not survive (8.4-9.8) (p < 0.001)
Catestatin and other diseases affecting the cardiovascular system
Sun et al. (81) 330 controls; 329 hemodialysis patients followed-up for 36 Cts higher in hemodialysis patients (1.9 + 0.3) vs. controls (1.2 + 0.2), p < 0.001
months — 29 died for cardiac and 28 for non-cardiac causes  Cts higher (2.2 & 0.1) in patients who died for cardiac causes than in survivors (1.8 £+
0.2) and non-cardiac death non-survivors 1.8 £+ 0.3), p < 0.001
Izci et al. (82) 97 controls 160 APE patients: 72 with sPESI > 1 and 88< 1 Plasma Cts higher in APE patients than controls: 27.3 £ 5.7 vs. 17.5 £ 6.1 (p <
0.001); Cts higher in patients with sSPESI > 1 than with SPESI < 1: 37.3 + 6.1 vs.
24.2 +£ 5.3 (p < 0.001)

Tuten et al. (83) 100 women with preeclampsia 100 women with Plasma Cts was significantly increased in the preeclampsia patients compared to the
uncomplicated pregnancy as controls. controls: 0.29 + 0.096 vs. 0.183 £+ 0.072 (p < 0.001)
Liu et al. (84) 260 healthy workers Plasma CgA-to-catestatin ratio correlated with effort, reward (negatively),

overcommittment, and efford-reward imbalance: r = 0.218, —0.249, 0.275, and
0.279, respectively, p < 0.001 for all

Catestatin and metabolic syndrome

Simunovic et al. 92 obese subjects (BMI Z score >2), age 10-18; 39 controls  Lower plasma Cts concentrations in obese subjects compared to controls: 10.03 +

(85) 5.05 vs. 18.13 £ 6.25 (p = 0.004); lower Cts in the subgroup of obese patients with
MS: 9.02 + 4.3 vs. 10.54 £+ 5.36 vs. 13.13 &+ 6.25 (o = 0.008).

Cts negatively correlated with DBP (r = —0.253, p = 0.014), HOMA-IR (r = —0.215,
p = 0.037) and hsCRP (r = —0.208, p = 0.044).
Kim et al. (86) 85 subjects with mild OSA, 26 with moderate-to-severe OSA, Children with OSA have reduced plasma Cts levels (Log Cts in moderate-to-severe
102 were controls, mean age 7.7 &+ 1.4 years OSA: 0.12 £ 0.22 vs. mild OSA: 0.23 4 0.20 vs. controls: 0.28 4 0.19; differences
among three groups: p < 0.01).
Cts levels were inversely correlated with AHI (r = —0.226; p < 0.01) and with mean
arterial BP level (r = —0.184; p < 0.05).

Borovac et al. (87) 78 OSA patients; 51 controls Plasma Cts higher in OSA patients compared to controls: 2.9 + 1.2 vs. 1.5 £ 1.1 (p
< 0.001). In OSA patients Cts correlated with neck circumference (r = 0.318, p
<0.001; B = 0.384, p < 0.001) and HDL cholesterol (r = —0.320, p < 0.001; B =
—0.344, p < 0.001).

Catestatin concentrations are given in ng/mL and the results are shown as median (interquartile range) or mean =+ standard deviation; AHA, American Heart Association; AMI, acute
myocardial infarction; APE, Acute pulmonary embolism; AWHF, acute worsening of heart failure; BF, blood preassure; CAD, coronary artery disease; CD, Crohn’s disease; CE, composite
endpoint including unplanned hospitalization and death for all causes; CPET, Cardiopulmonary Exercise Testing (6-minut walk test); Cts, catestatin; CTO, chronic total occlusions; DBR,
diastolic blood pressure; ERI, effort, reward imbalance; ESRD, end stage renal disease; HDL, high-density lipoprotein; HF, heart failure; HFrEF, Heart Failure with Reduced Ejection
Fraction; HOMA-IR, homeostatic model assessment of insulin resistance; hsCRF, high sensitivity C-reactive protein;, HT, hypertension; IBD, inflammatory bowel diseases; LVH, left
ventricular hypertrophy; LVR, left ventricular remodeling;, MA, malignant arrhythmia; MS, metabolic syndrome; NSTEMI, non-ST segment elevation myocardial infarction; NYHA, New
York Heart Association; OSA, obstructive sleep apnea; SAR stable angina pectoris; STEMI, acute ST- segment elevation myocardial infarction; sPESI, simplified PESI; UAR unstable
angina pectoris; UC, ulcerative colitis. *Mean value (standard deviation was not provided).

function in response to changes in venous return (90). Moreover,  a transient positive inotropic effect followed by a negative
Cts exerts counterregulatory action against B-adrenergic and  antiadrenergic effect (43). The transient positive effect was
endothelin-1 stimulation pointing to Cts as a novel, beneficial ~ probably related to histamine release from mast cells induced by
cardiac modulator (53) (Figure 1). Cts. Histamine exerts a positive inotropic effect on rat ventricular
In line with this research, in vitro, Cts attenuated myocardium and H1 histamine receptor antagonist mepyramine
norepinephrine-mediated hypertrophic responses in H9c2  blocked the positive effect induced by higher doses of WT-Cts
cardiac myoblasts and at 10-25nM signaling was moderated (10 nM). In turn, WT-Cts at a minimal concentration (5nM)
primarily by PB1/2-adrenoceptors (91). Interestingly, Bassino  reduced isoproterenol-induced enhancement of papillary muscle
et al. observed that a low (5nM) WT-Cts concentration  contractility via HI receptor activation without altering basal
reduced P-adrenergic stimulation in bovine aortic endothelial  contractile ability (43).
cells, although it exhibited no significant effect on myocardial Several studies point at a cardioprotective role of Cts in
contractility. Higher concentrations (10-50 nM) of Cts induced  ischemia/reperfusion (I/R) injury of the heart in rodent models.
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It was apparent for Cts pretreatment (25nM, 50nM, and
100 nM infused for 15min before ischemia) (92) and chronic
administration of Cts after MI (0.25 mg/kg/12h injection
intraperitoneally 24h after AMI for 28 days) (67). Further,
infusion of a Cts dose of 75nM for 20 min at the beginning
of reperfusion significantly reduced infarct size, limited post-
ischemic contracture, and improved recovery of developed
left ventricular pressure (93-96). Protection due to Cts in
I/R-injured myocardium was related to salvage of oxidative-
stress-induced apoptosis by activation of the B2-adrenergic
receptor, and PKB/Akt pathway (96). It must be highlighted
that infusion of a higher dose WT-Cts (100 nM) for 120 min
during reperfusion caused deleterious effects and did not activate
Akt (97). Interestingly, the Gly364Ser variant of Cts at a
higher dose (100 nM for 120 min) lowered infarct size, which is
probably associated with lower inhibitory activity on the nicotinic
cholinergic receptor of the Cts-Gly364Ser variant (97). It is
worth underlining that cardioprotection achieved by ischemic
preconditioning in wild-type mice was absent in Cts-KOs (21).

Modulation of cardiac glucose metabolism is another
cardioprotective mechanism of Cts, in particular, improvement
of glucose uptake early during post-ischemic reperfusion (18).
In physiological conditions, cardiomyocyte metabolism depends
mainly on fatty acid oxidation, although the heart shifts toward
glucose metabolism in response to ischemia to ameliorate
myocardial contractile efficiency. In isolated rat cardiomyocytes,
Cts induced Akt and AS160 phosphorylation and significantly
enhanced glucose uptake (18), which may be crucial for recovery
of contractile function during post-ischemic reperfusion (98).

A recent study involving an in vivo and in vitro approach
investigated Cts in acute pulmonary embolism (99). Its
administration in mice with this pathology increased survival
as well as augmented thrombus resolution by attenuating
endothelial inflammation (99).

In summary, based on in vitro and in vivo animal models, it
was demonstrated that Cts exhibits a potential cardioprotective
effect by acting directly as a cardiodepressing peptide through
multiple signaling pathways (52, 53, 88-90), it may also reduce
apoptosis of cardiomyocytes induced by oxidative stress (67,
92-96), and is beneficial in acute pulmonary embolism (99).
However, more studies are needed in these areas, in particular,
regarding Cts in I/R injury of the heart (67, 92-97).

Clinical Studies

Coronary Artery Disease

Wang et al. (100) were the first to investigate Cts in patients
with coronary artery disease (CAD) by measuring its plasma
concentration in 58 acute myocardial infarction (AMI) patients
on admission, day 3 and day 7, and in 25 control subjects
who were admitted to the same hospital for atypical chest
pain but with normal coronary arteries confirmed by coronary
angiography. Compared with controls (21.4 & 6.4 ng/ml), plasma
Cts concentrations were significantly lower on admission due to
AMI (16.5 £ 5.4 ng/ml, p < 0.01), higher on the third day (30.7 &
12.2 ng/ml, p < 0.01) and again lower on day 7 (13.8 & 5.3 ng/ml,
p <0.01).

Zhu et al. (71) and Xu et al. (74) obtained results consistent
with the above: compared to controls, Cts was lower on
admission due to AMI, it increased significantly on the third
day of hospitalization, but decreased 1 week following AMI. In
line with these studies, Kojima et al. showed in small samples of
patients that Cts was significantly lower in patients with AMI or
unstable angina pectoris than in non-CAD patients (75).

However, Meng et al. (68) and Liu et al. (69) showed that
plasma Cts levels at the time of admission were significantly
higher in patients with AMI compared to healthy controls. The
discrepancy between studies may result from different control
groups, which included patients with chest pain without CAD on
imaging in studies by Wang et al. (100), Zhu et al. (71) and Xu
et al. (74) vs. healthy volunteers in studies by Meng et al. (68) and
Liu et al. (69).

In addition, Chen et al. demonstrated serum Cts levels were
lower in stable angina pectoris (SAP) patients compared to
healthy controls (median (inter-quartile range) 1.14 (1.05-1.24)
ng/mL vs. 2.15 (1.92-2.39) ng/mL, p < 0.001). Moreover, a
stepwise decrease in serum Cts was found when classifying
CAD patients according to the number of diseased vessels (19).
However, Liu et al. showed that SAP patients (n = 15) had
significantly higher Cts levels compared to controls (0.41 +
0.14ng/mL vs. 0.72 & 0.50ng/mL, p < 0.05) (69). Divergent
findings are difficult to account for, perhaps these depend on
disease symptoms in patients of the latter study (Cts increases
as CAs are released when pain occurs); small SAP patient sample
size in the study by Liu et al. could have biased the results (69).

Further, Xu et al. demonstrated that mean plasma Cts in
coronary artery chronic total occlusion patients, who underwent
coronary angiography or percutaneous coronary intervention for
the first time, were significantly higher than in patients with chest
pain but with normal coronary arteries (1.97 & 1.01 vs. 1.36 +
0.97 ng/ml, p = 0.009) (72).

Of the 58 AMI patients mentioned above, Meng et al.
studied 31 by echocardiography 3 months after AMI onset,
and diagnosed 7 with left ventricular remodeling (LVR).
Interestingly, these patients had significantly higher plasma Cts
levels on admission, day 3, and day 7 than those without
LVR (68). In line with Meng et al., Dan Zhu et al. found
that AMI patients, whose Cts level exceeded the median at
day 3 of hospitalization (28.71ng/ml), exhibited worse left
ventricular function in echocardiography 65 months after
AMI (73).

In another study performed by Dan Zhu et al, adverse
events occurred more frequently in the 65-month follow-up
in patients whose Cts level on day 3 exceeded the median
as well as in those whose ratios of Cts on day 7 to day
3 were below the median (71). Moreover, plasma Cts level
turned out to be an independent prognostic factor for malignant
arrhythmia (MA) after AMI, and was significantly higher in
patients with AMI complicated by MA (70). However, Xu
et al. showed no significant differences in major adverse
cardiovascular events, including death from cardiovascular
causes, recurrent AMI, or hospital admission for HE or
revascularization between patients with high and low Cts
concentrations (72).
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Heart Failure

Concerning HE, Dan Zhu et al. showed that the higher
the severity stage of HF (according to the American Heart
Association, AHA), the lower the Cts level, and that Cts might
be a better predictive factor for stage B HF than brain natriuretic
peptide, a marker commonly used in clinical practice for HF
diagnosis and severity assessment (76). However, according to a
study by Liu et al., plasma Cts levels were increasingly higher in
patients with growing severity of the New York Heart Association
(NYHA) HF classes I to IV, and NYHA class III and IV patients
exhibited significantly higher plasma Cts levels than controls,
NYHA class I, and class II subjects (77). Seemingly contradictory
results may be a consequence of patient enrollment criteria: Zhu
et al. recruited asymptomatic chronic patients with stage C HF
(76), while NYHA IV patients had resting dyspnea (77). As
mentioned before, symptoms that trigger CA release can cause
a compensatory increase in Cts levels.

Peng et al. demonstrated that Cts was an independent risk
factor for all-cause death (hazard ratio 1.84 (95% CI: 1.02-
3.32, p = 0.042)) and cardiac death [hazard ratio 2.41 (95% CI:
1.26-4.62, p = 0.008)] during a median 52.5-month follow-up
(78). In line with their results, in the CATSTAT-HF Study, Cts
was found to be an independent and significant predictor of
in-hospital death, and its level was significantly higher among
non-survivors than survivors (80). However, in the study by
Wolowiec et al., patients who reached the composite endpoint
of unplanned hospitalization and death for all causes during a
24-month follow-up had lower Cts levels — assessed both before
and after physical exertion. Firth coefficient was 6.58 (penalized
95% CI 1.66-21.78, p = 0.003) (79). Again, the divergent data
could result from different study populations: Wolowiec et al.
enrolled only hemodynamically stable patients (79), while in
the CATSTAT-HF Study patients with acute decompensation of
chronic HF were included (80), and more than half of the patients
(55.9%) in the study by Peng et al. study were classified as NYHA
III-1V (78).

Catestatin in Other Diseases Affecting the
Cardiovascular System

In the scope of CVD, apart from studies on the role of Cts in HT,
CAD, and HE few other have been published.

Sun et al. studied hemodialyzed patients and demonstrated
that plasma Cts levels equal to or greater than the mean
(1.9ng/ml) were associated with higher cardiac death risk
(RR 6.13, 95% CI 2.54, 18.45) during a 36-month follow-up.
Moreover, there was no such association for non-cardiac death
(RR 1.29,95% CI 0.70, 2.85) (81).

Izci et al. showed that plasma Cts levels were higher
in patients with acute pulmonary embolism than in control
subjects. Also, there was a positive correlation between Cts and
right ventricular dysfunction, and between Cts and Simplified
Pulmonary Embolism Severity Index(£0.581, p < 0.001), a
score used to estimate 30-day mortality in patients diagnosed
with non-high-risk acute pulmonary embolism. Furthermore,
a Cts cut-off level of 31.2ng/ml predicted mortality with a
sensitivity of 100% and specificity of 52.6% (AUC = 0.883, 95%
CI: 0.689-0.921) (82).

In preeclampsia patients, plasma Cts was significantly elevated
compared to controls: 0.29 = 0.096 vs. 0.183 £ 0.072 (p < 0.001)
(83), and correlated positively with systolic and diastolic BP, urea,
creatinine and uric acid levels (83).

Stress may account for- at least in part-, the extent
of sympathetic nervous activation, deleteriously affects the
immune and coagulation systems, increasing the risk of CVDs.
Interestingly, it was demonstrated recently that plasma CgA
correlated positively with effort, overcommitment, and effort-
reward imbalance (r = 0.267, 0.319, and 0.304, respectively, p <
0.001 for all three), and negatively with reward (r = —0.237, p
< 0.001). Plasma CgA-to-Cts ratio was also associated with work
stress in a manner similar to CgA (84).

Summary of Clinical Studies

Clinical studies regarding Cts in CAD and HF are summarized
in Table1l. It must be highlighted that CAs release causes
an increase in Cts, which changes dynamically. Low levels
of Cts may play a pathogenic role in cardiac ischemia (74).
Research indicates that Cts is involved in the course of CAD
as well as HE, and, possibly, its concentration may be applied
in monitoring.

ROLE OF CATESTATIN IN METABOLIC
DISORDERS AND ATHEROSCLEROSIS

Metabolic disorders such as obesity, insulin resistance and
type 2 diabetes are associated with CVDs. Obesity with an
abnormal lipid profile may lead to insulin resistance and is
associated with higher cardiovascular risk. In turn, insulin
resistance correlates strongly with cardiovascular pathology and
is a powerful predictor of future development of type 2 diabetes,
an independent risk factor for CVDs (101).

Dysregulated immune system is involved in the
pathogenesis of these widely prevalent metabolic disorders.
The interdependence of adverse systemic metabolic

conditions and immune responses gave rise to the term
“immunometabolism,” which is currently also used to describe
pathologic reprogramming of immune cells not only in the
spectrum of metabolic syndrome, but also other diseases (e.g.,
neoplasms and autoimmunity). Here, the former meaning of
immunometabolism was adopted.

In vitro and in vivo Animal Studies

Based on in vitro and in vivo studies with rodent models,
Cts plays a role in the crosstalk between the immune and
metabolic systems (15), in particular, in the development of
atherosclerosis (19). Cts may act as an anti-atherogenic and
anti-inflammatory peptide that reduces leukocyte-endothelium
interaction by activating angiotensin-converting enzyme-2
and suppressing tumor necrosis factor-a-elicited expression
of inflammatory cytokines and adhesion molecules (19);
development of atherosclerosis attenuated by Cts
treatment in apolipoprotein E knockout mice fed a high-
fat diet (a mouse model of atherosclerosis) (19) (Figure 1).
Further, after vascular injury, Cts increased the expression
of Mrcl, a gene encoding an anti-inflammatory peptide, and

was
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prevented macrophage-driven atherosclerosis (75). Presumably,
anti-inflammatory actions of Cts partly depend on the
regulation of chemotaxis (102). In vitro and in vivo (rodent
models), Cts counteracted chemoattraction of monocytes
and neutrophils by inflammatory chemokines (102), likely
contributing to reduced immune infiltration in the heart
(21, 75). Regulation of chemotaxis by Cts is complex and
naturally occurring Cts variants differ in their chemotactic
properties (103, 104), which may influence the propensity
for CVD.

The liver plays both a critical role in metabolism, and
serves as an important site of immune regulation as it contains
resident immune cells as well as synthesizes a number of
inflammatory proteins (105). Both tissue-resident (Kupffer cells)
and recruited macrophages contribute to an inflammatory state
of the liver, e.g., in obesity-induced insulin resistance and type
2 diabetes. Using a rodent model, Ying et al. showed that Cts
may inhibit the function and infiltration of macrophages in the
liver, which suppresses hepatic gluconeogenesis and improves
insulin sensitivity (20). Moreover, the authors demonstrated
that treatment of diet-induced obese mice with Cts elicited
beneficial changes, including decreased plasma lipids and
insulin as well as hepatic lipid content, attenuated expression
of gluconeogenic and proinflammatory genes, and increased
expression of anti-inflammatory genes in both Kupffer cells
and recruited monocyte-derived macrophages in the liver (20)
(Figure 1). Furter in vivo research on both diet-induced obese
and normal chow diet mice showed that Cts decreased obesity-
induced endoplasmic reticulum dilation in hepatocytes and
macrophages, and enhanced insulin sensitivity in mammalian
cells (106).

Latest research in vivo on a rodent Cts-KO model has
shown that Cts directly promotes hepatic glycogen synthesis,
reduces gluneogenesis and glycogenolysis, as well as enhances
downstream insulin signaling (23). Positive effects of Cts were
observed in Chga-KO mice too, which - despite regular chow
diet - were obese, and had increased plasma CAs, leptin,
adiponectin, and ketone bodies at baseline (22). Moreover,
compared to WT controls, Chga-KO mice exhibited higher
glucose-stimulated insulin secretion, which was likely caused
by changes in secretory vesicles and mitochondria observed in
CgA-deficient p-cells (107). In this model, treatment with Cts
lowered circulating CAs and leptin as well as reduced adipose
tissue by about 25% resulting in a lean phenotype, increased
lipolysis, enhanced fatty acid oxidation and assimilation into
lipids in the liver (Figure 1). These beneficial metabolic effects
of exogenous Cts were presumed to result from reduction
of CA and adiponectin resistance; the effect was mediated
by the inhibition of a2 adrenergic signaling (22) (Figure 1).
In addition, Cts improved leptin signaling (determined by
phosphorylation of AMPK and Stat3 in Chga-KO mice) and
peripheral leptin sensitivity in both diet-induced obese mice
and in leptin-deficient ob/ob mice (22) (Figure 1). In another
model with genetically modified rodents, Cts was found
to restore natrium-glucose transporter 1 (SGLT1) expression
and abundance as well as intestinal turnover in double
knock-out leptin receptor b mice, an experimental model of

obesity, type 2 diabetes with hyperleptinemia. The effect was
possibly mediated by antagonistic binding of Cts to the leptin
receptor a (108).

To sum up, it is increasingly clear that Cts is vital for
maintaining metabolic homeostasis, which is partly achieved by
affecting the immune system. Based on in vitro and in vivo
experimental studies, Cts may inhibit inflammatory response
and leukocyte-endothelial cell interactions (19, 21, 75, 102, 103),
prevent macrophage-driven atherosclerosis (19, 75), regulate
monocyte migration (103), and cytokine production and release
(102-104). As a novel regulator of metabolism, in rodents, Cts
was shown to help in achieving insulin sensitivity, overcoming
endoplasmic reticulum stress (106), reducing adipose tissue by
increasing lipolysis, enhancing oxidation of fatty acids, and their
assimilation into lipids (22).

Clinical Studies

So far, only few studies have been conducted in humans on
the metabolic role of Cts. Clearly, more research is required in
this area.

In a study reported above, O’Connor et al. showed that plasma
Cts levels correlated negatively with BMI and plasma leptin
concentrations in hypertensive and normotensive subjects (59).
Durakoglugil et al. reported that plasma Cts was an independent
predictor of high-density lipoprotein cholesterol, and correlated
inversely with plasma triglycerides (60). Interestingly, the Ser-364
allele was strongly associated with elevated plasma triglyceride
and glucose levels (30).

Simunovic et al. compared plasma Cts levels in 92 obese
children and adolescent with those of 39 healthy (normal weight)
controls: it levels were significantly lower in the former (10.03
=+ 5.05 vs. 13.13 £ 6.25 ng/mL, p = 0.004) (85), and, in addition,
lower in the subgroup of obese patients with metabolic syndrome
vs. those without and controls (9.02 4= 4.3, 10.54 & 5.36,and 13.13
=+ 6.25 ng/ml, respectively, p = 0.008). Moreover, Cts negatively
correlated with diastolic BP (r = —0.253, p = 0.014), homeostatic
model assessment of insulin resistance index (r = —0.215, p =
0.037), and high sensitivity C-reactive protein (r = —0.208, p =
0.044) (85) (Table 1). In another study, children with obstructive
sleep apnea (OSA) had reduced plasma Cts levels (Log Cts in
moderate-to-severe OSA: 0.12 &= 0.22 vs. mild OSA: 0.23 £ 0.20
vs. controls: 0.28 & 0.19; p < 0.01) and Cts correlated negatively
with apnea-hypopnea index (r = —0.226; p < 0.01) as well as
mean arterial BP (r = —0.184; p < 0.05) (86) (Table 1).

Borovac et al. measured plasma Cts levels in 78 male OSA
patients aged 50.3 £ 8.8 years and 51 age-, sex- and BMI-
matched control subjects. They demonstrated that Cts serum
levels are higher in the former (2.9 + 1.2 vs. 1.5+ 1.1 ng/mL, p <
0.001) (87). Cts significantly correlated with neck circumference
(r =0.318, p < 0.001; B = 0.384, p < 0.001) and high-density
lipoprotein cholesterol (r = - 0.320, p < 0.001; B = - 0.344,
p < 0.001), as well as apnea-hypopnea index among non-obese
obstructive sleep apnea subjects (r = 0.466, p = 0.016; f = 0.448,
p =0.026) (87) (Table 1).

Evidently, reduced Cts levels seem to be associated with
an adverse metabolic profile, including obesity and metabolic
syndrome, abnormal lipid concentrations and insulin resistance.
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CONCLUSIONS AND PERSPECTIVES

In conclusion, current data indicate that the endogenous
bioactive peptide Cts is a vital regulatory factor of cardiovascular
and immunometabolic homeostasis. Possibly, in future, Cts can
be used in the diagnosis of CVDs and metabolic disorders
as a novel biomarker, which may aid in clinical decision-
making. Application of Cts in therapy might potentially
mitigate detrimental sympathoexcitatory effects, which underlie
cardiovascular and metabolic diseases. It should be highlighted
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Heart failure (HF) remains the leading cause of death, morbidity, and medical expenses
worldwide. Treatments for HF with reduced ejection fraction have progressed in recent
years; however, acute decompensated heart failure remains difficult to treat. The
transient receptor potential (TRP) channel family plays roles in various cardiovascular
diseases, responding to neurohormonal and mechanical load stimulation. Thus, TRP
channels are promising targets for drug discovery, and many studies have evaluated the
roles of TRP channels expressed on pain neurons. The natriuretic peptide (NP) family
of proteins regulates blood volume, natriuresis, and vasodilation and can antagonize
the renin-angiotensin-aldosterone system and participate in the pathogenesis of major
cardiovascular diseases, such as HF, coronary atherosclerotic heart disease, and left
ventricular hypertrophy. NPs are degraded by neprilysin, and the blood level of NPs has
predictive value in the diagnosis and prognostic stratification of HF. In this review, we
discuss the relationships between typical TRP family channels (e.g., transient receptor
potential cation channel subfamily V. member 1 andTRPV1, transient receptor potential
cation channel subfamily C member 6) and the NP system (e.g., atrial NP, B-type NP,
and C-type NP) and their respective roles in HF. We also discuss novel drugs introduced
for the treatment of HF.

Keywords: transient receptor potential cation channel subfamily V member 1, transient receptor potential cation
channel subfamily C member 6, natriuretic peptide, heart failure, angiotensin receptor-neprilysin inhibitor (ARNI)

INTRODUCTION

On October 4, 2021, American scientists David Julius and Ardem Patapoutian won the 2021
Nobel Prize in Physiology and Medicine Award owing to their outstanding contributions
to the discovery of receptors that sense temperature and touch. In particular, transient
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FIGURE 1 | Architecture of TRP channels. TRP can be activated by various
physical and chemical stimuli and consist of six transmembrane helices
(TM1-6), cytoplasmic N- and C-termini, and a pore area between TM5 and
TM6. Ankyrin repeats are found in the amino termini of TRPC and TRPV
channels. Currently, the functions and activation mechanisms of TRP family
proteins are unclear.

receptor potential (TRP) cation channel subfamily V member
1 (TRPV1) has been shown to act as a receptor for capsaicin.
TRP channel proteins can be divided into six families: canonical
TRP (TRPC), vanilloid TRP (TRPV), melastatin TRP (TRPM),
ankyrin TRP, mucolipin TRP, and polycystin TRP (Figure 1).
These proteins can be activated by various physical and chemical
stimuli and consist of six transmembrane helices (TM1-6),
cytoplasmic N- and C-termini, and a pore area between TM5 and
TMS6 (1, 2). Currently, the functions and activation mechanisms
of TRP family proteins are unclear.

The TRPV and TRPC subfamilies are the two most abundant
subfamilies and include ion channels that are involved in
neuronal pain pathways as well as heat sensing and permeability
functions (1). TRP channels are expressed in almost all
cardiovascular tissues and are a part of Ca?* entry channels
for store-operated channels, receptor-operated channels, stretch-
activated channels, and ligand-gated channels. The functional
significance of TRP channels may be related to the various gated
stimuli that induce Ca?™ entry by integrating various variety of
physical and chemical factors. Therefore, the participation of TRP
channels in cardiovascular disease is uniquely relevant because it
provides an opportunity to interfere with the Ca?>*-dependent
signal transduction process in the cardiovascular system.
Although the roles of most TRP channels in cardiovascular
diseases are largely unknown, there is no doubt that research
linking TRP channel functions with cardiovascular diseases will
become an important topic in the medical community in coming
years (3).

Natriuretic peptides (NPs) are a group of peptides involved
in maintaining the body’s water-salt balance, blood pressure,
and cardiovascular and kidney function. The NP system is
mainly composed of three well-characterized peptides, each of
which is a different gene product with a similar structure; atrial
NP (ANP) and B-type NP (BNP) are mainly derived from
cardiomyocytes (4, 5), whereas C-type NP (CNP) is mainly
derived from endothelial cells and kidney cells (6-9). These three
peptides protect the heart and kidneys. Notably, BNP is also

produced by cardiac fibroblasts and has antifibrotic effects in
the heart (10). Muscle cells release ANP and BNP when the
cardiac muscle is stretched, whereas endothelial cells release CNP
when cytokines and endothelium-dependent agonists, such as
acetylcholine, are released. Similar to ANP and BNP, CNP has
powerful systemic cardiovascular effects, including reduction of
cardiac filling pressure and output, secondary to reduction of
vasodilation and venous return, but with minimal renal effects
(11). CNPs have the strongest antifibrosis effects among the
three natural endogenous NPs. All NPs operate through a second
messenger, cGMP. ANP and BNP bind to guanylyl cyclase (GC)-
A, whereas CNP binds to GC-B (12). Furthermore, the three NPs
are all cleared by the clearance receptor NP receptor (NPR) C
(NPR-C), which is unrelated to GCs (13). However, new evidence
shows that NPR-C also participates in the antifibrotic effects
of NP through a mechanism independent of cGMP activation
(14). NPs are also eliminated from circulation by enzymatic
degradation of neprilysin (NEP) (12).

Recent studies have demonstrated the roles of NPs,
particularly the GC-A agonists ANP and BNP, in metabolic
regulation. Among the many potentially beneficial findings, GC-
A activation was shown to increase lipid oxidation in transgenic
rodents, inhibit fat cell growth, increase oxygen consumption,
enhance mitochondrial biogenesis in rodent skeletal muscle,
delay gastric emptying, activate adiponectin, convert white
adipocytes into brown adipocytes, reduce insulin levels, and
improve glucose tolerance (15-23). In addition, a specific human
ANP gene mutation, RS5068, increases circulating ANP levels
and protects against hypertension and metabolic syndrome (24,
25). Moreover, both hypertension and obesity are related to the
reduction of ANP and BNP levels, indicating that the NP system
is defective in these cases; therefore, NP treatment is required
(26-29). However, owing to the inherent biological properties
of NPs, these hormones are now considered to be effective for
the treatment of HF and other cardiovascular diseases (such as
hypertension) (30-33). Accordingly, in the treatment of human
cardiovascular diseases, enhancing the NP system and preventing
its degradation by NEP inhibition is a goal worthy of research.
The role of NEP inhibition has been explored in animal models
and humans, either alone or in combination with the inhibition
of other systems involved in cardiovascular disease progression.

In this review, we discuss the relationships between typical
TRP family channels and the NP system as well as their respective
roles in HF. We also discuss novel drugs introduced for the
treatment of HF.

TRANSIENT RECEPTOR POTENTIAL
CHANNEL PROTEINS AND ATRIAL
NATRIURETIC PEPTIDE

Transient Receptor Potential Cation
Channel Subfamily V Member 1 and

Atrial Natriuretic Peptide
TRPV1 is a complex component of the ANP cell signaling
pathway. The ANP receptor is a guanylate cyclase and antagonist
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of the renin-angiotensin-aldosterone system (RAAS). Interaction
trap data using the amino and carboxyl termini of intracellular
TRPV1 as bait suggested that TRPV1 interacts with NPRI1
(GC-A) (13, 34). Activation of the NPR1 and ANP pathway leads
to ¢cGMP-dependent stimulation of TRPV1 phosphorylation,
thereby inhibiting TRPV1 and reducing the surface current.
NPR1-knockout experiments effectively demonstrated the
presence of the ANP/NPRI1 antihypertrophic pathway in the
heart (35). Therefore, the ANP/NPR1/cGMP/protein kinase G
(PKG)/TRPV1 linkage mechanism may represent a target for
the antifertilization effects of ANP/NPRI1. However, further
studies are needed to clarify the effects of PKG phosphorylation
on TRPV1 (sGC-PKG) because there are two ways to regulate
cardiomyocyte function. The PKG pathway, which is regulated
by sGC (NO) and pGC (NP), involves PKG phosphorylation, and
PKG negatively regulates TRPV1. Data from our recent studies
support the negative regulatory effects of NPR1/PKG/TRPV1
phosphorylation; however, in general, compared with protein
kinase A and protein kinase C (PKC), the effect of PKG
phosphorylation on TRPV1 have not been extensively studied
(36-38).

Transient Receptor Potential C6 and
Atrial Natriuretic Peptide/B-Type

Natriuretic Peptide

In our recent studies, we used an in vitro culture system and
an in vivo genetic engineering model to reveal the functional
negative correlations between the ANP/GC-A/cGMP/PKG
and TRPC6 calcineurin/fat pathways in cardiomyocytes.
ANP directly inhibits the activity of TRPC6 through the
c¢GMP/PKG pathway, thereby blocking the hypertrophic
signaling pathway. The selective TRPC inhibitor BTP2
significantly reduces myocardial hypertrophy in GC-A-
knockout mice, which are sensitive to the hypertrophic
signals caused by TRPC6 overexpression. BTP2 significantly
inhibits myocardial hypertrophy caused by chronic infusion
of angiotensin II (Ang-II). PKG also inhibits L-type calcium
channel (LTCC) activity and calcineurin/nuclear factor of
activated T cells (NFAT) signaling (39). In fact, activation
of TRPC3/6 has been shown to lead to the activation of
LTCC (40), and ANP may inhibit this activation, thereby
suppressing calcineurin/NFAT signal transmission. Therefore,
the ANP/BNP/cGMP/PKG signaling pathway may inhibit
the hypertrophic signaling pathway through multiple steps.
ANP and BNP have been used clinically in patients with
acute heart failure (31, 41), and the ANP/GC-A/cGMP/PKG
signal transduction pathway is a complex pathway involving
multiple mechanisms. Therefore, our research shows that
inhibition of TRPC6 activity mediates the antihypertrophic
effects of ANP/BNP and suggests that inhibition of TRPC6 may
prevent pathological effects, providing insights into potential
effective treatment strategies for myocardial hypertrophy and
remodeling (42).

TRANSIENT RECEPTOR POTENTIAL
CHANNEL PROTEINS AND B-TYPE
NATRIURETIC PEPTIDE

Among membrane proteins that detect harmful stimuli, sensory
neurons (pain receptors) of small and medium diameters
express capsaicin (and heat)-sensitive TRP and allicin-1 (TRPV1)
channels and/or ATP-gated P2 x 3 subunit receptors (43, 44)
to transmit pain. Some studies have shown that TRPV1 is
essential for the development of inflammatory heat pain (45-
47). The activity of TRPV1 and P2 x 3 receptors is upregulated
by endogenous peptides, such as bradykinin, calcitonin gene-
related peptide, substance P, and nutritional factors (48-52).
The functional effects of these modulators manifest as receptor
sensitization, thereby helping to lower the pain threshold and
trigger pain, particularly chronic pain.

The NP family, including ANP, BNP, and CNP, are involved in
pain sensing. ANP does not affect sensitivity to radiant heat (53)
or mechanical ectopic pain (54, 55), whereas CNP is considered
an active regulator of chronic pain (56). By contrast, microarray
genetic analysis have shown that chronic pain enhances BNP
expression and NPR-A, a receptor for BNP, in the rat dorsal root
ganglion (DRG). In addition, in a rat model of inflammatory
pain, application of BNP reduced the excitability and hyperalgesia
of DRG allodynia receptors, suggesting that BNP may have
inhibitory roles in chronic pain (57). BNP functions by binding
to NPR-A, which is a guanosine cyclase receptor (also sensitive
to ANP), and increases intracellular cGMP levels (58, 59). These
studies have not explored the molecular mechanisms of GC-A
activation and TRPV1 and P2 x 3 receptor changes, and further
research is therefore needed to demonstrate whether and how
BNP regulates TRPV1 and P2 x 3.

Several intracellular cascades are involved in the trigeminal
ganglion (TG). Moreover, TG neurons strongly express NPR-
A (in the absence of BNP binding), making TG particularly
sensitive to BNP released from various peripheral tissues under
physiological and pathological conditions (60). Therefore, the
NPR-A system may act as a slow regulator of sensory excitability.

TRANSIENT RECEPTOR POTENTIAL
CHANNEL PROTEINS AND C-TYPE
NATRIURETIC PEPTIDE

NPR is an enzyme-linked receptor (GC); NPR-A and NPR-B
mediate the conduction effects of all NPs in via a conventional
GC/cGMP/PKG pathway. However, unlike NPR-A and NPR-B,
NPR-C lacks the GC kinase domain and therefore acts as an NP
clearance receptor (61, 62). Our research shows that functional
NPR-A/B/C is expressed in mouse DRG neurons, and CNP
and ANP, but not BNP, induce sensitization of TRPV1 channel
activity, independent of classic NPR-A/NPR-B/cGMP/PKG
signaling. By contrast, NP sensitization of TRPV1 proceeds
through atypical NPR-C/GBy/phospholipase C (PLC) B/PLC-
mediated signaling modules. Specific drugs block these signaling
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components, and CNP attenuates the regulation of TRPV1
activity. This modulation of TRPV1 channel activity causes
nociceptors to be sensitive to mildly and pathophysiologically
related acidic conditions. However, this modulatory mechanism
is absent in TRPV1-deficient DRG neurons. In addition, plantar
injection of CNP induces thermal hyperalgesia in wild-type mice,
but not in TRPV1-deficient mice. GBy and TRPV1 inhibitors can
be systemically administered to modulate these effects. Overall,
these findings indicate that CNP is involved in a novel non-
classical GBy/PLCB/PKC/TRPV1 signaling pathway to induce
hyperalgesia and thermal hyperalgesia, which may occur under
various tissue damage and inflammatory conditions (56).

In general, NPs have substantial effects on inflammatory
heat and mechanical allergies. The NPR-A/NPR-B/cGMP/PKG
signaling pathway in the central axon of DRG neurons projected
to the dorsal horn of the spinal cord promotes mechanical
ectopic pain (55, 63, 64), whereas intrathecal BNP induces
thermal hyperalgesia and has analgesic effects (57). Our research
shows that the PKC/TRPV1 signal in the peripheral afferent
nerve is involved in the occurrence of thermal hyperalgesia
via CNP/GPy and NPR-B/NPR-C, which is widely expressed in
neurons of all sizes in the DRG. Additionally, the increase in
c¢GMP production in CNP-induced neurons jointly indicates that
CNP may be involved in the peripheral sprouting/bifurcation of
sensory afferent nerves and induces mechanical effects, including
dyskinesia and hyperalgesia. Further studies are required to verify
these findings (56).

CNP and ANP have higher affinities for NPR-C than BNP (14,
65). This can explain the lack of BNP-induced TRPV1 currents
observed in our work. Based on these findings, we propose a
signal module mediated by NPR-C/GBy/PLCB/PLC (56). High
concentrations of morphine can directly activate and enhance the
TRPV1 currents in mouse DRG neurons (66). Considering that
many opioid receptors induce Gai-coupling downstream signals
(67, 68), the sensitization of TRPV1 channel activity by high doses
of morphine (66) may involve the Gai/GBy/PLCB/PKC signaling
pathway. This hypothesis still needs to be verified experimentally.

TRANSIENT RECEPTOR POTENTIAL
CHANNEL PROTEINS AND HEART
FAILURE

Calcium ions participate in many physiological reactions in
the human body and play important roles in many cellular
reactions. For example, calcium acts as second messenger and
blood coagulation factor IV, participates in excitation and
contraction coupling, and modulates muscle contraction. Altered
intracellular Ca?* helps modulate impaired systolic HF (69, 70).
In the myocardium, intracellular Ca>* storage and Ca?* ATP
enzymes [sarco endoplasmic reticulum Ca?t-ATPase (SERCA)
2 subtype] play important roles in contraction activation and
relaxation. However, in HE an increase in sodium-calcium
exchange (NCX) levels is associated with downregulation of
SERCA. In addition, an in vitro study using small interfering
RNA against myocardial SERCA showed that decreased SERCA2
expression is related to TRPC4, TRPC5, and NCX upregulation,

suggesting that deficiency of intracellular storage may be
compensated for by entry of Ca?™ through the plasma membrane
(71). In fact, induced expression of TRPC5 or TRPC6 can
be observed in patients with HF (72, 73). The importance of
this compensatory mechanism may be related to its universal
participation in the Ca?" signaling mechanism, not only for
excitation-contraction coupling but also for heart remodeling
and hypertrophy.

Myocardial apoptosis is an important process leading to
HF; therefore, inhibition of apoptosis is a promising treatment.
Apoptosis is induced by various stimuli, including oxidative
stress, pro-inflammatory cytokines, catecholamines, and Ang-II
(74). Elevated intracellular Ca2% is considered a key initiator
of intracellular apoptosis signal transduction (for example,
activation of endogenous endonucleases dependent on Ca’%).
Currently, there are two reports of TRP channels being involved
in myocardial apoptosis in animal models. Activation of the
TRPM2 channel and poly (ADP-ribose) polymerase (PARP) is
involved in cardiomyocyte death induced by oxidative stress
(75, 76). The apoptotic component is caused by activation of
the clotrimazle-sensitive NADT/ADP ribose/PARP-dependent
TRPM2 channel, which induces mitochondrial Nat and
Ca?* overload, leading to mitochondrial membrane rupture,
cytochrome release, and caspase-3-dependent chromatin
condensation/fragmentation. Moreover, TRPC7 may be the key
initiator of AT1 activation, leading to myocardial apoptosis, and
could then participate in the progression of HF (77). Although
these findings provide possible strategies for regulating cardiac
apoptosis, further research is needed to clarify the complex
relationships between TRP and HF.

NATRIURETIC PEPTIDES AND HEART
FAILURE

NPs, particularly BNP, play critical roles in the diagnosis
of HF. The accuracy of HF severity assessment is directly
related to clinical outcomes of treatment in patients. BNP
levels are the most commonly used index in clinical practice.
The diagnostic roles of NPs in acute and chronic HF have
been confirmed. In particular, ANP and BNP levels increase
in parallel with the degree of left ventricular dysfunction
and hemodynamic pressure, although they are not helpful
in distinguishing between systolic and diastolic HF (78). In
addition, in cases of acute and chronic HEF, the value of NPs as
reliable markers for long-term prognostic stratification has been
demonstrated. In a study of patients with acute HF, BNP, NT-
proBNP, and mid-region (MR) proBNP levels showed significant
diagnostic performance, although only MR-proBNP had long-
term prognostic value (79). In patients hospitalized due to
acute decompensated HF (ADHF), the prognostic performance
of NT-proBNP and MR-pro-ANP levels was confirmed by
evidence of the increased prognostic value of clinical risk
factors for predicting mortality within 1 year of onset (80).
In patients with chronic HF, subsequent measurements of
BNP or NT-proBNP levels provide independent information
about the risk of disease progression, which involves a series
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FIGURE 2 | Mechanisms of action of novel therapeutics for heart failure. The ARNi LCZ696 is split into the ARB valsartan and the neprilysin-inhibitor sacubitril.
Valsartan abrogates signaling via the AT1 receptor, inhibiting deleterious effects mediated by Ang-Il such as vasoconstriction, hypertrophy, and fibrosis in major
cardiovascular organs. Sacubitril prevents breakdown of endogenous natriuretic peptides (ANP, BNP, and CNP), thereby augmenting their beneficial actions in
cardiovascular disease. The overall effects of ARNi are vasodilatation, natriuresis, and diuresis, as well as inhibition of fibrosis and hypertrophy. Ularitide selectively
targets NPR-A, whereas cenderitide activates both NPR-A and NPR-B. Both peptides increase intracellular cGMP, which in turn leads to inhibition of the
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NPR-A, activation of the NPR1 and ANP pathway leads to cGMP-dependent stimulation of TRPV1 phosphorylation. PDE3 antagonists (enoximone, milrinone),
calcium sensitizers (levosimendan), and a direct activator of cardiac myosin (omecamtiv mecarbil). ACE, angiotensin-converting enzyme; TRPV1, transient receptor
potential cation channel subfamily V member 1; Ang-I/Il, angiotensin I/1l; ARB, angiotensin-receptor blocker; ARNi, angiotensin receptor-neprilysin inhibitor; AT1,
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of adverse consequences, including ventricular remodeling,
malignant ventricular arrhythmia, HF-related hospitalization,
transplantation need, and death (81). In the longest follow-
up study of patients with chronic HE, the prognostic ability of
multiple biomarkers was evaluated, and the results showed that
the plasma ANP level was the strongest long-term predictor of
death during all disease stages (82). NPs have prognostic value in
patients with HF with reduced ejection fraction (HFrEF) and HF
with retention of ejection fraction (HFpEF) (83). Recent studies
have shown that screening based on BNP has preventive effects
on HF development. In patients with cardiovascular risk factors
and those at risk of HE, BNP assessment related to combination
therapy reduces the combined incidence of left ventricular
systolic dysfunction, diastolic dysfunction, and HF (84).

The clinical significance of NPs in HF indicates that NP
level measurement is an effective tools for hormone-guided
treatment of HF. In ADHE, BNP measurement improves the
accuracy of diagnosis, reduces the hospitalization and admission
rates in the intensive care unit, and has beneficial effects on
treatment costs and mortality (85). A useful algorithm was
developed to treat ADHF guided by BNP (85). Additionally,
in chronic HE NP levels are useful markers for monitoring
disease progression related to the benefits of different treatment
strategies (86). However, because of uncertainty among studies,
the American Heart Association/American College of Cardiology
HF guidelines recommend a low level of NP-guided treatment for
patients with chronic HF (87). A recent meta-analysis attempted
to overcome existing controversies, including randomized
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clinical trials, which showed that in patients with chronic HF,
NP-guided treatment reduces all-cause mortality and HF-related
hospitalization (88).

ANGIOTENSIN RECEPTOR-NEPRILYSIN
INHIBITORS AND HEART FAILURE

NEP is a neutral endopeptidase responsible for the degradation
of endogenous vasoactive substances in the body, including
NPs (ANP, BNP, and CNP), bradykinin, and adrenal medulla
hormones. BNP, which is synthesized and secreted by ventricular
myocytes, can promote sodium excretion and diuresis and
has strong vasodilator effects. The use of pharmacological
drugs to reduce the catabolism and elimination of endogenous
NPs has been applied in clinical practice. Indeed, sacubitril
combined with valsartan to inhibit NEP has been shown to be
a successful method for the treatment of arterial hypertension,
chronic congestive HF, and myocardial fibrosis. Sacubitril
and valsartan sodium are novel types of anti-HF drugs.
Valsartan is an angiotensin receptor antagonist that inhibits
the RAAS, thereby expanding blood vessels, lowering blood
pressure, inhibiting myocardial remodeling, and blocking
abnormal activation of the nerve and endocrine system. By
contrast, sacubitril is an NEP. The three types of NPs are
inactivated by receptor-mediated internalization and lysosomal
degradation, followed by enzymatic neutral endopeptidase or
NEP degradation. Recent studies have shown that, compared
with enalapril, NEP inhibition can moderately increase
BNP levels and enhance levels of endogenous brain NP,
thereby dilating blood vessels, inducing diuresis, improving
myocardial remodeling, and exerting other cardioprotective
effects. The combination of the two constitutes sacubitril
and valsartan sodium can be used for the treatment of
various cardiovascular diseases, including hypertension,
HE and coronary heart disease (Figure 2). Sacubitril and
valsartan sodium can also inhibit the adverse effects of the
RAAS and activate the cardiovascular protective effect of
enkephalins. Therefore, drugs involving the combination of
both of these components may be suitable for the treatment of
patients with HF.

In a prospective study, the effects of angiotensin receptor-
neprilysin  inhibitors and angiotensin-converting-enzyme
inhibitors (ACEIs) on the global mortality and morbidity of heart
failure (PARADIGM-HF) were compared. In this multicenter
trial, 8,442 patients with reduced ejection fraction and NYHA
class II-IV were randomly assigned to the treatment group
and received valsartan/sacubitril 200 mg/2 days or enalapril
10 mg/2 days (89-91). After a median follow-up of 27 months,
21.8% of patients in the valsartan/sacubitril group died from
cardiovascular causes or were hospitalized for HF compared
with 26.5% in the enalapril group; the risk was reduced by
20% (p < 0.001) (89). There were no differences between the
two groups in the incidence of new-onset atrial fibrillation
or decreased renal function. In terms of drug side effects, the
incidence of symptomatic hypotension in the valsartan/sacubitril
group was higher than that in the enalapril group (14% versus
9.2%, p < 0.001), whereas patients in the enalapril treatment

group had cough and increased serum creatinine (2.5 mg/dL
or higher). Additionally, the incidence of hyperkalemia was
significantly higher in the valsartan/sacubitril group than in
the enalapril group. During the double-blind treatment, 19
patients in the valsartan/sacubitril group developed angioedema,
and 10 patients in the enalapril group developed angioedema.
Compared with ACEIs alone, the combined use of ACEIs
and the heparanase inhibitor omapatrilat increased the risk
of angioedema threefold (92). Thus, valsartan/sacubitril, the
first combined ARNI/nephrase inhibitor, can reduce mortality
in patients with HFrEF. Ongoing clinical trials will determine
its efficacy in other conditions, including hypertension and
HEFpEF (93).

At present, heart failure is divided into three categories. The
first category is heart failure with preserved ejection fraction, the
second category is heart failure with reduced ejection fraction,
and the third category is heart failure with intermediate ejection
fraction. The diagnosis standard needs to be calculated according
to 50 and 40%, that is, if the patient’s ejection fraction >50%,
it belongs to heart failure with preserved ejection fraction. If
the patient’s ejection fraction is less than or equal to 40%,
it is classified as heart failure with reduced ejection fraction.
If the patients ejection fraction is between 40 and 50%, 50
and 40% are not included, which belong to the heart failure
in the middle position of the ejection fraction. Under normal
circumstances, the earliest occurrence of heart failure is diastolic
dysfunction, and with the gradual decline of diastolic function,
it will gradually progress to heart failure with median ejection
fraction or heart failure with reduced ejection fraction. Heart
failure with preserved ejection fraction refers more to the early
stage of heart failure.

For patients with chronic HFrEF, ACEI, ARB, and ARNI
can be used as first-line therapy. The PARADIGM-HF study
confirmed that ARNI can bring greater benefit to patients with
chronic HFrEF than ACEI; but a large number of previous
studies have confirmed the efficacy of RAAS inhibitors in
patients with HFrEE, but these two types of drugs have
poor efficacy in patients with HFpEE, which may be due to
the low importance of RAAS system abnormalities in the
pathophysiological mechanism of HFpEF. Among them, ARNI
can significantly reduce the rate of heart failure hospitalization,
but fails to reduce the composite endpoint of cardiovascular
death and total heart failure hospitalization in patients with heart
failure with LVEF > 45% (94).

SUMMARY AND PERSPECTIVES

The TRP family is closely related to the NP family; however,
the specific molecular mechanisms remain unclear. TRPs are
activated by similar prohypertrophic or profibrotic stimuli and
are related to or interact to activate hypertrophy-, fibrosis-, and
conduction disorder-related signaling pathways. Unfortunately,
common agonists and antagonists used to modulate TRP
have not been able to determine which TRP channel proteins
may be the correct targets and potential therapeutic tools.
Decades of research have outlined the important contributions
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of NPs in cardiovascular diseases. In addition to evaluating
their diagnostic functions, particularly in HF, TRP channel
proteins have important predictive significance for HF and
hypertension. Based on the extensive effects of these hormones in
the cardiovascular system, NP-derived treatments are currently
considered reasonable treatments for cardiovascular diseases.
Drugs to treat HF have always been limited and are typically
based on RAAS and SNS suppression. In recent years, with
the development of ARNI, i.e., sacubitril/valsartan (LCZ696),
as the first combined angiotensin receptor antagonist/renal
protease inhibitor, the mortality rates in patients with HFrEF
have decreased, and its effectiveness and safety have been
confirmed. However, the specific mechanisms are still unclear.
Moreover, it is still unknown whether the clinical benefit
of valsartan/sacubitril is driven by reducing the degradation
of NPs or whether other mechanisms function to alleviate
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A Tryptophan Metabolite of the
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Fei Wang*
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Diabetes mellitus (DM) is accompanied by a series of macrovascular and microvascular
injuries. Ciritical limb ischemia is the most severe manifestation of peripheral artery
disease (PAD) caused by DM and is almost incurable. Therapeutic modulation of
angiogenesis holds promise for the prevention of limb ischemia in diabetic patients
with PAD. However, no small-molecule drugs are capable of promoting diabetic
angiogenesis. An endogenous tryptophan metabolite, indole-3-aldehyde (3-IAld), has
been found to have proangiogenic activity in endothelial cells. Nevertheless, the
role of 3-IAld in diabetic angiogenesis remains unknown. Here, we found that 3-
IAld ameliorated high glucose-induced mitochondrial dysfunction, decreasing oxidative
stress and apoptosis and thus improving neovascularization.

Keywords: diabetes mellitus, limb ischemia, indole-3-aldehyde, mitochondrial dysfunction, oxidative stress,
apoptosis

INTRODUCTION

Diabetes mellitus (DM) continues to be an epidemic affecting people worldwide. Globally, nearly
500 million people live with diabetes, and the number is expected to increase by more than 50
percent in the next 25 years (1). DM is a major risk factor for cardiovascular disease, and prolonged
diabetes leads to an increased incidence of peripheral artery disease (PAD; 2, 3). Critical limb
ischemia (CLI) is a common pathological manifestation of PAD characterized by ischemic rest pain,
foot ulcers and gangrene, with a high risk of lower limb amputation and poor prognosis (4). Current
therapies, such as surgical revascularization and medication, have limited benefits for CLI patients.

Microbiota-dependent tryptophan catabolites are abundantly produced within the
gastrointestinal tract and are known to exert profound effects on host physiology, including
the maintenance of epithelial barrier function, endothelial cell (EC) angiogenesis and immune
homeostasis (5, 6). Several of the indole derivatives produced by the gut microbiota, including
indole-3-aldehyde (3-IAld), are suggested ligands for the aryl hydrocarbon receptor (AHR), a
xenobiotic response receptor (7). Notably, endogenous tryptophan metabolism produces several
metabolites that are AHR ligands that have been implicated in autoimmunity and cancer (8, 9).
Recent analyses suggest that 3-IAld has anti-inflammatory activity and proangiogenic effects,
which apparently may involve mechanisms not dependent on AHR (5).

Angiogenesis is critical for the repair of ischemic wounds and tissues (10). Reactive oxygen
species (ROS) are a heterogeneous group of highly reactive ions and molecules derived from

Frontiers in Cardiovascular Medicine | www.frontiersin.org 84

June 2022 | Volume 9 | Article 910323


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2022.910323
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcvm.2022.910323
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2022.910323&domain=pdf&date_stamp=2022-06-02
https://www.frontiersin.org/articles/10.3389/fcvm.2022.910323/full
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Ma et al.

A Tryptophan Metabolite

molecular oxygen (O3; 11), and various lines of evidence support
the fact that the biological roles of ROS are complex and
paradoxical (12, 13). Excessive production of ROS can cause
oxidative stress, which may damage cellular lipids, proteins, and
DNA (11, 14), thus promoting apoptosis and decreasing cell
proliferation, migration and angiogenesis. Therefore, balancing
the ROS level is important for regulating cell proliferation,
apoptosis, migration, and angiogenesis. Mitochondrial damage
is an important source of ROS in most mammalian cells (15).
The production of ROS leads to mitochondrial damage in a series
of pathological processes and plays an important role in redox
signaling (16, 17).

It has been shown that 3-IAId promotes angiogenesis in
ECs. Nevertheless, very little is known about the function
of tryptophan metabolites, in particular 3-IAld, in diabetic
neovascularization. We therefore hypothesized that 3-IAId plays
a protective role in diabetic angiogenesis. In this study, we used
STZ-induced mice and HG (high glucose)-treated ECs to evaluate
the role of 3-IAId in modulating diabetic angiogenesis.

MATERIALS AND METHODS

Animals

Male C57BL/6 mice aged 8 weeks were purchased from
Shanghai JieSiJie Laboratory Animal Center (Shanghai, China).
As previously described, mice were kept at room temperature
on a 12/12 light/dark cycle with free access to water and
standard laboratory mouse diets. The animal experiment was
approved by the Animal Protection and Utilization Committee
of Shanxi Cardiovascular Hospital. Mice were intraperitoneally
injected with 50 mg/kg streptozotocin (STZ, Sigma-Aldrich) on
5 consecutive days to induce diabetic hyperglycemia (18). At
the 3rd month of DM induction, left hindlimb ischemia (HLI)
was induced by femoral artery ligation (19). 3-IAId (Sigma)
was dissolved in DMSO and delivered by oral gavage at a
dose of 150 mg/kg/day in a final mixture of DMSO (20%),
PEG 400 (40%), and citric acid (2%). 3-IAId treatment was
started on the 5th day after STZ injection and continued
throughout the experiment.

Femoral Artery Ligation

Mice were anesthetized by intraperitoneal injection of 1%
pentobarbital sodium. When the mice were unconscious and
the muscles were relaxed, the mice were placed supine and
fixed on the operative table. Alcohol (75%) was used for skin
disinfection. Hair removal cream was used to remove the hair
of both lower limbs. The skin was cut near the exposed oval to
expose the femoral artery. Then, the accompanying veins and
nerves were separated. The femoral artery and vein were ligated
with 4-0 silk thread. Then, ophthalmic scissors were used to
cut the artery below the ligation line, and the skin was sutured
with 6-0 thread.

Laser Doppler Perfusion Imaging
Blood flow restoration was assessed by laser Doppler perfusion
imaging (PeriScan PIM 3 system, Perimed, Sweden). Briefly,

mice were anesthetized with isoflurane and placed on a heating
pad at 37°C. Limb perfusion was detected on Days 1, 3,
7, 14 and 21 after ligation. Blood perfusion was quantified
as a percentage of blood flow in the ischemic versus non-
ischemic hind limb.

Wound Healing Assay

First, a straight line was drawn on the back of the plate to
mark the observation of each area under a mirror. Human
umbilical vein endothelial cells (HUVECs) were seeded onto 24-
well plates in complete medium until they were 95% confluent.
HUVECs were pretreated with or without HG for 24 h. Then,
the complete medium was replaced with serum-free medium.
Confluent cells were wounded by making a perpendicular scratch
with a 200 pL pipette tip. Then, the supernatant was discarded,
and fresh serum-free medium was added. The edges of the wound
were measured at 0 and 24 h after scratching at the same points
according to the markers. Image] software was used to calculate
the migration distance.

Tube Formation Assay

Human umbilical vein endothelial cells were seeded onto 6-
well plates in complete medium and were pretreated with
or without HG or 3-IAId for 36 h. Twenty-four-well culture
plates were coated with 200 pL of Matrigel (BD Biosciences,
San Diego, CA, United States). HUVECs were digested with
trypsin, and 1 x 10° cells/well were seeded onto Matrigel. The
cells were incubated for an additional 12 h in the absence or
presence of high glucose (25 mM; Sigma-Aldrich; 20) or 3-
IAId (0.5 mM; Sigma-Aldrich; 5). Images were captured by
microscopy (Olympus), and the lengths of the capillary networks
were quantified using Image]J software.

Aortic Ring Sprouting Assay

Aortas were isolated from the mice under sterile conditions and
flushed with saline to remove residual blood. Then, aortic tissues
were cut into 1 mm x 1 mm pieces. Twenty-four-well culture
plates were coated with 200 WL of Matrigel (BD Biosciences,
San Diego, CA, United States). The aortic tissue was plated
on the surface of the Matrigel, followed by addition of a drop
of matrix on the aortic tissue to sandwich the aorta in the
middle of the Matrigel. Then, complete culture medium (ECGE
5 U/ml heparin, 100 U/ml penicillin, 100 pg/ml streptomycin,
and 20% fetal calf serum) was added to the 24-well plate.
5 days later, sprouting of the vascular tissue was observed by
microscopy (Olympus).

Immunofluorescence Staining

Paraffin-embedded sections (6 wm) of ischemic hind
limb skeletal muscle from each group were subjected to
Immunofluorescence (IF) staining. The cells were rinsed with
PBS 3 times for 5 min each and then blocked with 10% goat
serum at 37°C for 1 h. Next, the cells were incubated with an
anti-CD31 (AF3628, R&D) antibody at 4°C overnight. Sections
were washed three times with PBS and labeled with a secondary
antibody (Invitrogen) at 37°C for 1 h. DAPI (Invitrogen) was
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used to stain the nuclei. Sections were imaged by confocal
fluorescence microscopy (Leica, Germany).

Intracellular and Mitochondrial Reactive

Oxygen Species Measurement

The production of ROS was evaluated by analyzing the
fluorescence intensity by dihydroethidium (DHE; Invitrogen),
DCFDA (Abcam), and MitoSOX (Invitrogen) staining. In brief,
frozen musculus gastrocnemius sections were stained with 5 uM
DHE at 37°C for 30 min, and then fluorescence intensity was
detected by confocal microscopy. HUVECs were stimulated with
high glucose (25 mM; Sigma-Aldrich; 20) or 3-IAId (0.5 mM;
Sigma-Aldrich; 5) for 24 h, subjected to DCFDA (20 pM), or
mitoSOX (5 wM) staining at 37°C for 30 min and then assessed
by fluorescence microscopy.

TUNEL Staining

TUNEL staining was performed to detect cellular apoptosis
in the gastrocnemius sections after femoral artery ligation
according to the TUNEL staining kit manufacturer’s instructions
(Abcam, Cambridge; United Kingdom; cat no. ab66110). In brief,
tissue samples were fixed in 4% paraformaldehyde, embedded
in paraffin, and cut into 5 mm transverse sections. Paraffin
sections of the aorta were stained with an in situ BrdU-Red
DNA Fragmentation (TUNEL) Assay Kit (ab66110, Abcam).
4/,6'-Diamidino-2-phenylindole (DAPI) was used for nuclear
counterstaining. HUVECs were stimulated with high glucose
(25 mM; Sigma-Aldrich; 20) or 3-IAId (0.5 mM; Sigma-Aldrich;
5) for 24 h and then subjected to TUNEL staining at 37°C for
30 min. The number of TUNEL-positive nuclei was analyzed
using Image]J software (NIH, Bethesda, MD, United States). The
TUNEL-positive cell number per field for each sample was the
average of 6 random fields.

Metabolic Analysis

To characterize metabolic changes in HUVECs from each
group, 20,000 cells/well were plated on gelatin-coated 96-well
plates for Seahorse analysis 36 h before detection in a 1:1
EGM2 (Promo Cell) and fully supplemented DMEM mixture.
A Seahorse XF96 analyzer was used for analysis according to
the Agilent protocol (Mito Stress Kit). The metabolic function
parameters shown in bars were calculated according to the
Agilent protocol: basal respiration: [(final rate before oligomycin
treatment) - (minimum rate after rotenone/antimycin A
injection) = (non-mitochondrial oxygen consumption)]; ATP
production: [(final rate before oligomycin injection) — (minimum
rate after oligomycin injection)]; and spare respiratory capacity:
[(measurement of maximum rate after injection of FCCP) -
(non-mitochondrial respiration)] = [(maximum respiration) -
(basal respiration)].

Statistical Analysis

Data were analyzed in GraphPad Prism 9.0 (GraphPad Software,
San Diego, CA, United States). Non-normally distributed data
were logarithmically converted prior to analysis and represented
in the median and quartile ranges. Data are expressed as the

mean + SEM. Statistical significance was assessed by two-way
ANOVA with Bonferroni correction for multiple comparisons.
p < 0.05 was considered statistically significant.

RESULTS

Indole-3-Aldehyde Improves Blood
Perfusion and Ischemic Angiogenesis in

Diabetic Hindlimb Ischemia

To determine the protective role of 3-IAId against diabetic
ischemia, a diabetic model was established by STZ induction,
and HLI was induced by femoral artery ligation. Mice in the
experimental group were given 3-IAId (150 mg/kg/day) by oral
gavage over 21 days. Blood perfusion of the hind limb footpad
was evaluated by laser Doppler perfusion imaging technology
on Days 1, 3, 7, 14 and 21 after surgery. The results showed
that diabetes impaired hind limb blood perfusion recovery
in both saline- and 3-IAId-treated mice in a time-dependent
manner (Figures 1A,B). However, 3-IAId administration in STZ
mice promoted greater flow recovery at Days 3-21 after HLI
surgery compared with that in diabetic Ctrl mice (Figures 1A,B).
Furthermore, on Day 21 after femoral artery ligation, the
number of necrotic toes in each mouse was counted. Then,
mice with different numbers of necrotic toes were classified
and quantified, yielding necrotic toe scores. The necrotic degree
reflected by the necrotic toe number was considerably lower
in 3-IAId and STZ-treated mice than in the corresponding
control mice (Figure 1C). Consistent with these results, 3-
IAld-treated mice with diabetes also had increased capillary
density in the gastrocnemius measured 7 and 14 days after HLI
compared with that in diabetic Ctrl mice (Figures 1D-G). Thus,
we conclude that 3-IAId improved blood flow recovery and
ameliorated necrosis.

Indole-3-Aldehyde Protects Endothelial
Cells From High Glucose-Induced
Angiogenic Dysfunction

Endothelial cell migration, sprouting and tube formation are
critical processes for angiogenesis, in which the formation
of capillary-like tubes by ECs is a crucial step for blood
flow recovery in vivo. We assessed the contribution of 3-
IAId to EC biological functions in vitro. Obviously, 3-IAId
treatment significantly reversed HG-induced damage to EC tube
formation, EC migration and angiogenic sprouting from the
aortic vascular wall (Figures 2A-F). Taken together, our findings
indicate that 3-IAId regulates EC biological functions essential
for angiogenesis, including enhanced migration, sprouting
and tube formation.

Indole-3-Aldehyde Alleviates Oxidative
Stress and Apoptosis in Diabetic

Hindlimb Ischemia
Oxidative stress and apoptosis are critical in angiogenesis.
Therefore, gastrocnemius sections from each group were
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FIGURE 1 | 3-IAld improves blood perfusion and ischemic angiogenesis in diabetic HLI. (A) Original laser Doppler perfusion images (LDPIs) displaying hindlimb
perfusion in each group at 1, 3, 7, 14, and 21 days after ligation of the femoral artery. (B) Perfusion recovery in mice of the control, STZ and STZ + 3-IAld groups at
1,3, 7,14, and 21 days after surgery. n = 10 for each group. (C) Necrotic toe score determined at Day 21 after ischemic injury. n = 7 for each group.
(D) Representative immmunofluorescence images showing CD31 density in gastrocnemius muscle at 1 and 14 days after artery ligation. (E-G) Capillary density was
evaluated as the ratio of capillary number per field; n = 6 for each group. Data are presented as the mean + SEM. *P < 0.05.

subjected to TUNEL staining, and the results showed that STZ
treatment exacerbated whereas 3-IAId administration attenuated
cell apoptosis (Figures 3A,B). Moreover, immunoblot analysis
of anti-apoptosis (Bcl2) and pro-apoptosis (Caspase3 and Bax)
molecules revealed that the apoptosis exacerbation induced by

STZ was rescued by 3-IAId supplementation (Figures 3C,D).
Additionally, DHE staining of gastrocnemius muscle sections
of each group showed that STZ treatment increased cell
ROS production (Figures 3E,F), while 3-IAId administration
reduced cell oxidative stress, which was further proven by
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FIGURE 2 | 3-IAld protects ECs from HG-induced angiogenic dysfunction. (A) Original micrograph of tube formation in HUVECs in the control, HG and HG + 3-lAld
groups; scale bar: 100 pm. (B) Quantitative analysis of relative tube length; n = 6 for each group. (C) Original micrograph of sprouts grown from aortic rings in the

control, HG and HG + 3-IAld groups; scale bar: 200 um. (D) Quantitative analysis of the relative sprouting area; n = 6 for each group. (E) Original micrographs of the
wound healing assay; scale bar: 200 um. (F) Quantitative analysis of wound healing assay in control, HG and HG + 3-IAld groups in HUVECs; n = 6 for each group.
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immunoblot analysis (Figures 3G,H). Collectively, our data
suggest that 3-IAId alleviates STZ-induced ROS production and
thus blunts cell apoptosis.

Indole-3-Aldehyde Protects Endothelial
Cells From High Glucose-Induced
Oxidative Stress and Apoptosis

Furthermore, we validated the antioxidant and anti-apoptotic
effects of 3-IAId ex vivo. Cultured ECs were treated with HG
for oxidative stress and apoptosis induction with or without 3-
IAId administration. ECs were subjected to DCFDA staining
for ROS detection. In accordance with previous results, 3-IAId
was able to attenuate the exacerbated oxidative stress induced
by HG stimulation (Figure 4A). Immunoblot analysis of oxidant
(Cytochrome ¢, CytoC) and antioxidant (HO-1 and SOD2)
molecules revealed that 3-IAId treatment reduced EC oxidative
stress (Figures 4B,C). TUNEL staining and immunoblot analysis
of EC apoptosis also led to the same conclusion as that

reached based on the in vivo results (Figures 4D-F). These
findings denote the protective role of 3-IAId in EC oxidative
stress and apoptosis.

Indole-3-Aldehyde Attenuates High
Glucose-Induced Mitochondrial

Dysfunction in Endothelial Cells

Mitochondrial dysfunction promotes ROS production, which
exacerbates mitochondrial damage (15, 16). We therefore
investigated whether 3-IAId would affect mitochondrial
function. Measurement of mitochondrial ROS by MitoSOX
staining revealed that 3-TIAId significantly alleviated HG-
induced mitochondrial ROS production (Figures 5A,B). The
mitochondrial membrane potential is the central bioenergetic
parameter that controls respiratory rate, ATP synthesis and the
generation of ROS (21). We further assessed the mitochondrial
membrane potential by JC-1 staining. As expected, 3-IAId
also played a role in the maintenance of the mitochondrial
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FIGURE 3 | 3-IAld alleviates oxidative stress and apoptosis in diabetic HLI. (A) TUNEL staining of diabetic mice in the control, STZ and STZ + 3-IAld groups at
7 days after ligation; scale bar: 50 um. (B) Quantification of TUNEL staining; n = 6 for each group. (C) Western blot analysis of apoptosis-related molecules in the
diabetic mice in the control, STZ and STZ + 3-IAld groups at 7 days after ligation. (D) Quantification of relative protein levels; n = 6 for each group. (E) DHE staining
of diabetic mice in the control, STZ and STZ + 3-IAld groups at 7 days after ligation; scale bar: 100 wm. (F) Quantification of DHE staining; n = 6 for each group. (G)
Western blot analysis of oxidative stress-related molecules in the diabetic mice in the control, STZ and STZ + 3-IAld groups at 7 days after ligation. (H) Quantification
of relative protein levels; n = 6 for each group. Data are presented as the mean + SEM. *P < 0.05.

membrane potential (Figures 5C-E). For detailed metabolic
characterization of ECs in each group, the respiratory capacity
of the ECs was assessed using a Seahorse extracellular flux (XF)
analyzer. As expected, the oxygen consumption rate (OCR)
was drastically reduced in HG-treated ECs, with a significant
reduction in the calculated basal and spare respiratory capacities
(Figures 5F,G). Furthermore, the proportion of basal respiration
used to drive ATP production was also dramatically reduced
(Figures 5F,G). 3-IAId supplementation significantly improved
cellular respiration in the mitochondria, as demonstrated by an
increased OCR. Collectively, our findings suggest the protective
role of 3-IAId in EC mitochondrial dysfunction.

DISCUSSION

The salient findings of our study confirmed for the first time
that 3-IAId supplementation improved diabetic angiogenesis

and limb perfusion. This finding was supported by data from
a limb ischemia model in STZ-induced diabetic mice and
in vitro experiments in HG-induced HUVECs. Our data further
revealed that 3-IAId improved EC migration, tube formation
and sprouting. 3-IAId supplementation improved angiogenesis,
in part possibly because it reduced apoptosis and oxidative
stress. Moreover, we confirmed that the beneficial effects of 3-
IAId on EC apoptosis and oxidative stress were due to the
improvement of mitochondrial function. This study described
both the critical role and potential mechanisms of 3-IAId in
diabetic angiogenesis.

Arterial occlusion leads to impaired angiogenesis in response
to ischemia, contributing to serious clinical complications in
diabetic patients with PAD or CAD (22, 23). The mechanisms that
explain impaired angiogenic responses after diabetic ischemia
vary, such as vascular degeneration characterized by either
endothelial or vascular smooth muscle cell dysfunction (24), the
reduced release or functional defects of endothelial progenitor
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cells in bone marrow (25), or the dysregulation of vascular
growth factor pathways (26). Although various factors have
been reported to be responsible for impaired angiogenesis in
diabetic ischemia, the microbial metabolites involved in diabetic

angiogenesis remain to be explored.

Recently, the microbiome affecting health and the
pathogenesis of disease has received extensive attention.
One of the modes by which the gut microbiota interacts with
the host is by means of metabolites. Microbial metabolites
affect immune maturation, immune homeostasis, host energy
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metabolism and mucosal integrity maintenance (27). It has been
reported that intestinal microbes selectively activate mucosal ECs
and mesenchymal cells to promote specific angiogenic responses
in a TLR- and Nod-like receptor-dependent manner (28). An
array of studies have elucidated that microbial metabolites
can regulate tumor angiogenesis. Butyrate, derived from
the microbiota, promotes angiogenesis (29). Nicotinic acid
effectively resists iodoacetamide-induced colitis by improving
pathological angiogenesis and inflammation in a GPR109A-
dependent manner (30). Another study demonstrated that
a polypeptide of Escherichia coli and its tripeptide analogs
promoted tumor cell invasion and angiogenesis, thus potentially
affecting tumor metastasis (31). Dysregulation of the intestinal
flora leads to increased intestinal permeability and chronic
inflammation, resulting in increased production of IL-6, IL-1B,
TNF-A, and VEGF-A, which ultimately intensifies pathological
angiogenesis (32).

Overall, accumulating evidence has implicated the angiogenic
process in various microbiota-associated human diseases.
Herein, we investigated diabetic angiogenesis influenced by
the microbiome, aiming to provide a broad understanding of
how angiogenesis is involved in the diabetic state and how the
microbiome regulates angiogenesis.

Tryptophan is an indispensable amino acid that can
be taken up only via the diet. Tryptophan metabolism in
different tissues is related to various physiological functions
(33). A tryptophan metabolite of the gut microbiota, 3-IAId
acid, attenuates inflammation (34). The potential benefits
provided by indole derivatives have been highlighted in
animal models of colitis and experimental autoimmune
encephalomyelitis (35, 36). Moreover, 3-IAId has been found
to promote angiogenesis in HUVECs (5). Our observations
are consistent with previous studies showing that 3-IAId
has proangiogenic properties. A study also showed that 3-
IAld could restore epithelial barrier integrity and function,
in turn ameliorating the metabolic complications (glucose
tolerance and obesity) associated with the intake of a HFD
(37). 3-IAId also significantly attenuated skin inflammation
in mice with MC903-induced AD-like dermatitis, and this
effect was blocked by an AHR antagonist and abolished in
AHR-null mice (34). Remarkably, a recent metabolomic study
showed that an increased fecal concentration of 3-IAld was
associated with resistance to radiation-induced pathology,
leading to hematopoietic, gastrointestinal, and cerebrovascular
injuries (38). This finding points to a biological function of
endogenous 3-IAld and suggests that its administration may
provide long-term radioprotection. Studies also indicate that
the therapeutic activity of 3-IAld, appropriately delivered
through targeted pharmaceutics, may encompass metabolic and
organ inflammatory pathology in murine models. Of interest,
a pantissue AHR signature has recently highlighted 3-IAld
among the metabolites downstream of the L-amino acid oxidase
catabolism of Trp that were associated with AHR-driven cancer
cell motility and immunosuppression (39). These studies qualify
3-IAld as a potent agent capable of strengthening epithelial
barrier function, immune homeostasis and colonization
resistance at mucosal and likely distal sites (40). Corresponding

with previous studies, our study also demonstrated the protective
role of 3-TAId in diabetic limb perfusion.

In conclusion, we have demonstrated that tolerance
against severe limb ischemia under hyperglycemia is at
least in part attributable to microbial metabolites and
that supplementation with 3-IAId is sufficient to improve
neoangiogenesis caused by limb ischemia in diabetic mice. We
have also shown that this angiogenic response is dependent
on mitochondrial function. Therefore, 3-IAId could be an
attractive molecule for treating PAD in patients with diabetic
vascular complications.

LIMITATIONS

The present study has several limitations. Here, we first
confirmed the protective role of 3-IAId in diabetic angiogenesis,
as evidenced by improved EC tube formation, alleviated cell
apoptosis, reduced ROS production and mitigated mitochondrial
dysfunction. However, the potential mechanisms are still elusive
and need further study. Additionally, male mice were used
in our experiments for the sake of less hormone variability.
The outcome in female mice may not be identical to these
findings. Furthermore, the effect of 3-IAld on control animals
remains unclear and needs to be addressed in future studies.
Nevertheless, the findings demonstrate an essential role of 3-IAId
in diabetic angiogenesis.
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Objective: A role for microBRNAs is implicated in several biological and pathological
processes. We investigated the effects of high-intensity interval training (HIIT) and
moderate-intensity continuous training (MICT) on molecular markers of diabetic
cardiomyopathy in rats.

Methods: Eighteen male Wistar rats (260 £ 10g; aged 8 weeks) with streptozotocin
(ST2)-induced type 1 diabetes mellitus (55 mg/kg, IP) were randomly allocated to three
groups: control, MICT, and HIIT. The two different training protocols were performed
5 days each week for 5 weeks. Cardiac performance (end-systolic and end-diastolic
dimensions, ejection fraction), the expression of miR-206, HSP60, and markers of
apoptosis (cleaved PARP and cytochrome C) were determined at the end of the
exercise interventions.

Results: Both exercise interventions (HIIT and MICT) decreased blood glucose levels
and improved cardiac performance, with greater changes in the HIIT group (p < 0.001,
n2: 0.909). While the expressions of miR-206 and apoptotic markers decreased in both
training protocols (p < 0.001, n2: 0.967), HIIT caused greater reductions in apoptotic
markers and produced a 20% greater reduction in miR-206 compared with the MICT
protocol (o < 0.001). Furthermore, both training protocols enhanced the expression of
HSP60 (p < 0.001, n2: 0.976), with a nearly 50% greater increase in the HIIT group
compared with MICT.
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Conclusions: Our results indicate that both exercise protocols, HIIT and MICT, have the
potential to reduce diabetic cardiomyopathy by modifying the expression of miR-206 and
its downstream targets of apoptosis. It seems however that HIIT is even more effective
than MICT to modulate these molecular markers.

Keywords: diabetes, apoptosis, miRNAs, exercise, cardiomyopathy

INTRODUCTION

Diabetes mellitus (DM) is a risk factor for cardiovascular disease
that is estimated to affect more than 439 million people by 2030
(1). Of note, patients are at increased risk of developing diabetic
cardiomyopathy (DCM) which is unrelated to risk factors such
as hypertension, coronary artery disease, and valvular heart
disease (2). DCM has been associated with disturbances in the
myocardial structure and function, involving left ventricular
hypertrophy and dysfunction, myocardial fibrosis, and cellular
signaling pathway abnormalities, eventually leading to heart
failure (3).

The available research suggests that the inhibition of
molecular signaling pathways involved in DCM may mitigate the
pathological changes in cardiomyocytes of patients with diabetes
(2). For instance, high glucose appears to induce early cellular
changes, including apoptosis, in cardiomyocytes in DCM (4).
Apoptosis and cell survival signals in diabetic cardiomyocytes
may be partly mediated by microRNAs (miRNAs) that regulates
gene expression post-transcriptionally (5). Cardiac/skeletal
muscle-specific miR-206 has been suggested to be involved in
apoptotic processes, and over-expression of miR-206 may even
accelerate cardiomyocyte apoptosis by ultimately leading to
DCM (6, 7). Hyperglycemic conditions up-regulate miR-206 in
diabetic heart disease (6). In turn, miR-206 negatively regulates
heat shock protein 60 expression (HSP60), which serves as a
protective component against diabetes-induced cardiac damage
and apoptosis (3).

Physical activity and exercise are effective means to
treat diabetes and its cardiovascular adverse effects (8).
Recommendations of the World Health Organization (WHO)
suggest a minimum weekly dosage of 150 min of moderate to
vigorous intensity physical activity (30 min, 5 days per week)
to prevent and improve diabetic adverse effects (9). There is
evidence however, that large proportions of patients do not
meet WHO guidelines (10) and ~50% of diabetics do not
participate in any physical activity, according to a research
(11). Accordingly, new intervention strategies are needed that
are attractive for individuals and effective in terms of health
outcomes at the same time. Patients, especially those with TIDM
do not take up exercise due to fear of hypoglycemia and also
lack of time (12). Recent evidence indicates that high-intensity
interval training (HIIT) has the potential to reduce blood
glucose levels (hypoglycemia) which is an established effect
for moderate-intensity continuous training (MICT) (13, 14).
Moreover, HIIT produces similar or greater improvements

Abbreviations: HSP60, heat shock protein 60; PARP, poly ADP-ribose polymerase.

in cardiovascular function, hyperglycemia, and other adverse
events of diabetes even with 60-80% less exercise time compared
with MICT (13, 15). Thus, HIIT may be considered a viable and
time-efficient alternative to MICT.

The molecular signaling processes associated with DCM
have recently received much attention. While the mechanisms
by which hyperglycemia effects cardiomyocytes are not fully
elucidated, it has been demonstrated that excessive glucose
triggers cellular death by increasing miR-206 expression (6).
Accordingly, we examined the effects of different glucose
concentrations on C2C12 skeletal muscle cells to examine the
differential effects of HIIT and MICT on the expression of
miR-206 in DCM by monitoring apoptosis-related markers,
HSP60, and cell viability. To better understand the mechanisms
underlying apoptosis and exercise-induced cardioprotection
against apoptosis, we tested the following hypotheses based on
the available literature (6, 16): (1) High glucose concentrations
in vitro up-regulate the expression of miR-206, leading to
decreased HSP60 and increased apoptosis-related markers, (2)
Both HIIT and MICT down-regulate the expression of miR-206
and apoptotic markers and up-regulate HSP60 levels, and (3)
HIIT produces greater benefits in the molecular and functional
markers of DCM.

MATERIALS AND METHODS

Animals

Male Wistar rats (8 weeks old, n = 18), weight 260 &= 10 g, were
acquired from the Pasteur Institute (Tehran, Iran). The rats were
kept in a room with 50% humidity, a temperature of 22°C,a 12h
light/12 h dark cycle, and had access to laboratory chow and water
ad libitum. All animal procedures were carried out humanely and
in accordance with the guidelines of the Tehran University of
Medical Sciences’ Animal Care Committee (EC-00312).

Induction of Diabetes

Rats received STZ (55 mg/kg IP; Sigma-Aldrich, St. Louis, MO) in
a 2% solution of cold 0.1 M citrate buffer (pH 4.5) to induce type
1 diabetes (17, 18). Blood glucose levels were measured using a
glucometer (Glucocard 01, Japan) 3 days after STZ treatment to
confirm diabetes. Rats were considered to be diabetic when blood
glucose concentrations were higher than 300 mg/dL (6, 18).

Training Protocol

Diabetic animals were randomly allocated to three groups (n = 6
in each group): control, MICT (Moderate-Intensity Continuous
Training), and HIIT (High-Intensity Interval Training). The
training was conducted 5 days per week for 5 weeks. After having
familiarized the animals to the treadmill, the velocity at VOzmax
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TABLE 1 | Intensity of HIIT (in meters per minute) based on WOzmax.

Exercise progression Main aspects of training

Training components Warm up High Recovery Cool down
intensity

Time of training 5min 3min 1min 5 min

Intensity of training 30-40% 85-90% 30-40% 30-40%

(% of WOgmax)

First week (m/min) 4.5-6 12.5-138.5 4.5-6 4.5-6

Second week (m/min) 5.5-7.5 16-17 5.5-7.5 5.5-7.5

Third week (m/min) 6.5-8.5 18.56-20 6.5-8.5 6.5-8.5

Fourth week (m/min) 7-9.5 20.5-21.5 7-9.5 7-9.5

Fifth week (m/min) 8-11 23-24 8-11 8-11

The slope of the treadmill was set at 0" at all stages of training. HIIT, High-Intensity interval
training; vVOomax, the velocity at VOomax.

TABLE 2 | Intensity of MICT (in meters per minute) based on WOsmax-

Exercise progression Warm up Main part of training Cool down
Time of training 5min 30min 5 min
Intensity of training (% 30-40% 60-65% 30-40%
of WOomax)

First week (m/min) 4.5-6 9-9.5 4.5-6
Second week (m/min) 5.5-7.5 11.5-12 5.5-7.5
Third week (m/min) 6-8.5 12.56-13.5 6.85
Fourth week (m/min) 7.5-10 15-16 7.5-10
Fifth week (m/min) 8-10.5 16-17.5 8-10.5

The slope of the treadmill was set at 0" at all stages of training. MICT, Moderate-Intensity
continuous training; VVOomax, the velocity at VOoma.

(vVO2max) was assessed every week by using a modified ramp test
protocol as previously reported (19, 20).

HIT

The HIIT program consisted of 5 min of a warm-up with running
at 30-40% of vVOymay, followed by the main training session
of 3min of running at 85-90% of vVOymax (the running speed
was increased from 12 m/min during the first week to 24 m/min
during week five), followed by 1min of recovery. This cycle
was performed four times per session and ended with a 5min
cool-down at 30-40% of vVOjax (Table 1).

MICT

The MICT protocol consisted of 40 min of continuous running.
Every session included 5 min of a warm-up with running at 30-
40% of vVOzmayx, followed by 30 min of running at 60-65% of
vVO2max (the running speed was increased from 9 m/min during
the first week to 18 m/min in week 5), and ended with 5 min
cool down at 30-40% of vV Oy max (Table 2). Exercise volume was
similar between the intervention groups.

Control
Animals in the control group did not participate in any exercise
intervention, but were positioned on a stationary treadmill for

10-15 min daily to simulate the environmental conditions of the
exercise protocols.

Echocardiography and Left Ventricular

Extraction

Animals were anesthetized with intraperitoneal injections of
ketamine (90 mg/kg body mass) and xylazine (10 mg/kg body
mass) before investigating cardiac function in vivo. After shaving
the anterior chest, the animals were positioned in the left lateral
decubitus position and a rectal temperature probe was inserted
so that the body temperature could be maintained between 37
and 37.5 C using a heating pad. Conventional two-dimensional
M-mode echocardiography images (GE Vingmed Ultrasound,
Horton, Norway) were obtained to assess markers of cardiac
function. Left ventricular end-diastolic dimensions and ejection
fractions were assessed using a 10-MHz probe (Horton, Norway)
in the short axis (papillary) views. At least three cardiac cycles
were used to conduct echocardiographic measurements. All
echocardiograms were completed by one operator who was blind
to genotype and treatment, using specialized software (EchoPac
V113.05, GE Healthcare, Horton, Norway). Blood samples were
taken directly from rat hearts, and serum was obtained after
centrifugation at 3,000g for 4min at 10 C. In addition, left
ventricular tissue was removed and washed in saline before
promptly frozen in liquid nitrogen.

Cell Culture

A mouse skeletal myoblast cell line (C2C12), which was
purchased from Iran’s Pasteur Institute, was maintained in
Dulbecco’s modified Eagle medium (DMEM) supplemented with
20% heat-inactivated fetal bovine serum (FBS) in growth medium
(GM) and 1% penicillin-streptomycin. DMEM containing 2%
heat-inactivated horse serum (differentiation medium, DM)
and 1% penicillin-streptomycin was utilized for myogenic
differentiation from myoblasts into myotubes. The MTT assay
was used to evaluate cell viability as previously described (21).

microRNA Mimic, and Antisense microRNA

Transfection

The miR-206 sequences were transfected into C2C12 cells
using RNAIMAX (Invitrogen) according to the manufacturer’s
instructions. Antisense (2/—O—methy1) oligonucleotides in a
serum-containing medium were transfected into C2C12 cells.
Serum depletion was used to differentiate the cells into muscle
cells after 72 h.

miRNA Expression by Real-Time-PCR

MicroRNA was extracted using a miRNeasy mini kit (Qiagen,
Hilden, Germany) using the manufacturer’s instructions.
MiScript I RT kit (Qiagen, Hilden, Germany) was used to
synthesize cDNA of the miR-206 genes. Polymerase chain
reaction (PCR) was performed using a Real-Time PCR machine
(Corbett Rotor-Gene 6000, Qiagen, Hilden, Germany). The Real-
Time program for miR-206 (miR-206 miScript Primer Assay,
Qiagen, Hilden, Germany) was based on the miScript SYBR
Green PCR Kit (Qiagen, Hilden, Germany), which included
a cycle of 95 C for 15min, followed by 40 cycles of 94" C for
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FIGURE 1 | Body mass and fasting blood glucose concentrations in the three experimental groups. (A) Body mass (B) Blood glucose. Data are presented as means
+ standard error of the mean (SEMs). *Significant differences between control and intervention groups, # Significant differences between MICT and HIIT. MICT,
moderate-intensity continuous training; HIIT, high-intensity interval training. Rats (n = 6 per group) were trained for 5 weeks.

155, 55 C for 30s, and 70 C for 30s. SNORD-61 (SNORD 61
miScript Primer Assay Qiagen, Hilden, Germany) was used
to normalize target gene transcript levels (22). The 2 —AACT
(delta-delta Ct) method was used to convert real-time CTs to
quantitative data.

Western Blot Analysis

Cellular protein was isolated from previously frozen left
ventricular tissue by homogenizing 70-100 mg of tissue in a
modified RIPA buffer (50 mm Tris-HCI, pH 7.4, 1% Triton X-
100, 0.2% sodium deoxycholate, 0.2% SDS, 1 mm Na-EDTA, and
1 mm PMSF) supplemented with protease inhibitor cocktail and
PMSF (Roche, Mannheim, Germany). Protein concentration was
determined with a Bradford assay, and equivalent amounts of
protein were subjected to SDS-PAGE and then transferred onto
a PVDF membrane. The membranes were then incubated for
2h at room temperature in blocking buffer (1: Tris-buffered
saline (TBS), 0.5% Tween-20, and 5% non-fat dry milk). Blots
were incubated overnight at 4' C with primary antibodies against
cleaved PARP, cytochrome C, HSP60 (Cell Signaling Technology,
Beverly, MA, USA), and B-actin (Abcam, Cambridge, MA, USA).
We utilized an enhanced chemiluminescent substrate (ECL) after
incubating with second HRP-conjugated antibodies to visualize
protein bands. Densitometry was used to analyze band densities
using Image J software.

Statistical Analyses

Results are presented as mean + SEM (standard error of
the mean). The Kolmogorov-Smirnov (KS) test was used to
assess data normality. The Levene test was applied to establish
variance homogeneity. After confirmation of data normality
and homogeneity, a one-way analysis of variance (ANOVA)
was conducted to verify significant differences between groups.
If ANOVA revealed significant outcomes, the Tukey post-hoc
test (least significant difference) was computed for pair-wise

comparisons to identify the potential difference between three
groups. Partial eta-squared (n?) was used as an effect size
measure. The statistical significance level for all comparisons was
set at p < 0.05. Statistical analysis was carried out using SPSS 19
(IBM SPSS, United Kingdom).

RESULTS
General Characteristics of Animals

The general characteristics of the animals used in this study are
shown in Figure 1. There were significant differences in body
mass between groups (Fy,15 = 167.053, p < 0.001, n?: 0.957),
with differences in body mass between the MICT and HIIT
groups (p < 0.003). There were also significant between group
differences in glucose levels (F,,15 = 74.625, p < 0.001, n%: 0.909).
Blood glucose levels were significantly lower in the HIIT and
MICT groups compared with the control group (36.5 and 18.9%,
respectively, p < 0.001). Glucose levels were significantly lower
in the HIIT group compared with the MICT group (p < 0.001) as
shown in Figure 1B.

In vivo Left Ventricular Function

The mean left ventricular end-diastolic diameters in control rats
were significantly greater than that observed in the MICT and
HIIT groups as shown by M-mode echocardiograms (7.56 +
0.41 vs. 6.20 = 0.40 and 5.78 % 0.41 mm, respectively, p =
0.01; Table 3). Moreover, the mean left ventricular end-systolic
diameters in both intervention groups (MICT and HIIT) were
significantly lower compared with the control group (3.1 %
0.17 and 2.90 £ 0.14 vs. 449 + 1.12mm, p = 0.002). In
addition, there were differences in ejection fractions between
control and exercise animals (66.67 & 0.93 vs. 75.59 £ 3.71%
and 80.38 £ 2.63%; p = 0.003). These findings indicate that
both exercise protocols (MICT and HIIT) improved heart
function in diabetic animals. Further, there were differences in all
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electrocardiography parameters (LVESD, LVEDD, and ejection
fraction; p = 0.002) between the MICT and HIIT groups. Overall,
our results indicate that the HIIT protocol enhanced cardiac
function more than the MICT protocol.

HIIT Decreases miR-206 Expression

We measured the expression of miRNA in the left ventricular
tissue to better understand the potential molecular mechanisms
for the beneficial effects of physical exercise on cardiac
parameters. Both exercise protocols significantly reduced miR-
206 expression compared with control (Fy 5 = 222.149, p <
0.001, 1?: 0.967). MICT and HIIT protocols reduced miR-
206 expression by 30.3 and 51.3%, respectively. In addition,
HIIT showed a 1.7 fold larged reduction in miR-206 expression
compared with MICT (p < 0.001; Figure 2A).

HIIT Enhances HSP60 Expression at the

Protein Level

The expression levels of HSP60 protein were determined to
investigate potential molecular links between physical exercise
and apoptosis in cardiac cells. Both MICT and HIIT protocols
enhanced HSP60 expression (1.68- and 2.21-fold, respectively)
(F2,15 = 306.781, p < 0.001, n?: 0.976). HIIT resulted in a ~50%
greater increase in HSP60 expression compared with MICT (p <
0.001; Figure 2B).

HIIT Program Mitigates Diabetes-Induced

Ventricular Apoptosis

We analyzed the protein expression of cleaved PARP and
cytochrome C to investigate the effects of the HIIT and MICT
on key intermediates of the apoptosis pathway. The expressions
of apoptotic marker (PARP and Cyt C) were reduced in both
exercise groups (p<0.001), with HIIT reducing cleaved PARP
(Fa,15 101.337, p < 0.001, n%: 0.931) (Figure 3A), and
cytochrome C protein levels (F5;5 = 129.552, p < 0.001, n%:
0.945) (Figure 3B) more than MICT. Our results indicate that
both exercise protocols reduced protein markers of apoptosis in
diabetic rat hearts, with greater improvements produced by HIIT
compared to MICT.

High Glucose Induces miR-206 Expression
and Reduces Cell Viability

We treated C2C12 cell lines with increasing concentrations of
glucose (5.5, 11, 22, 33, and 48 mM) to determine a potential
role of hyperglycemia on miR-206 expression. Increasing
concentrations of glucose enhanced miR-206 expression in a
dose-response manner (Fy35 = 339.240, p < 0.001; Figure 4A).
In addition, the viability of C2C12 cells was evaluated in the
presence of different glucose concentrations by using the MTT
assay. Increasing concentrations of glucose reduced cell viability
in a dose-dependent manner at glucose concentrations greater
than 11mM (Fa2s 182.212, p < 0.001; Figure4B). We
also assessed the effects of different concentrations of glucose
on HSP60 and protein markers of apoptosis. Increases in
glucose produced concentration-dependent reductions in HSP-
60 protein (F420 = 107.874, p < 0.001), and increases in cleaved

TABLE 3 | Echocardiographic changes produced by exercise in diabetic rats.

Variable Control MICT HIT

LVEDD (mm) 7.56 + 0.41 6.20 + 0.42* 5.78 + 0.41*#
LVESD (mm) 449 +1.12 3.10 £ 0.17* 2.90 + 0.14*#
Ejection fraction (%) 66.67 + 0.93 75.59 £ 3.71* 80.38 £+ 2.63"#

Data presented as means + SEMs "Significant differences between control and exercise
groups, #Significant differences between MICT and HIIT. MICT, Moderate-Intensity
continuous training; HIIT, High intensity interval training; LVEDD, Left ventricular end-
diastolic diameter; LVESD, Left ventricular end-systolic diameter.

PARP (F420 = 533.231, p < 0.001) and cytochrome C (F459 =
293.547, p < 0.001) protein expression levels (Figures 5A-C).

We modulated miR-206 expression and analyzed apoptosis
markers to provide additional evidence for the role of miR-206
role in high-glucose-induced myocyte apoptosis. C2C12 cells
were transfected with a miR-206 mimic sequence and harvested
in the presence of 5.5 and 33 mM of glucose. The miR-206 mimic
reduced HSP60 protein expression and induced the protein
expression of apoptotic markers in the presence of normal
glucose. However, the transfection with the miR-206 antisense
sequence (inhibitor) reversed high glucose (33 mM) reduced the
expression levels of HSP-60 (F3,;6 = 215.402, p < 0.001), and
increased cleaved PARP (F3;6 = 1,866.64, p < 0.001), and the
cytochrome C (F336 = 200.5.6, p < 0.001) expression levels
(Figures 5D-F).

DISCUSSION

Physical exercise has long been considered an effective
cardioprotective strategy that improves the anatomical and
functional abnormalities of the diabetic heart (8). Our study
compared the effects of two different exercise protocols (high
intensity interval training [HIIT] vs. moderate-intensity
continuous training [MICT]) on cardiac function and apoptosis
signaling pathways, focusing on miR-206, HSP60, and apoptosis-
related markers. The main findings of this study were that: (1)
both HIIT and MICT improved blood glucose levels and cardiac
function, with the HIIT protocol producing greater benefits, and
(2) both exercise protocols reduced the expression of miR-206
expression and apoptotic markers and increased the expression
of HSP60, while HIIT induced greater changes than MICT.
Cardiomyocyte apoptosis is an underlying component of
various cardiac diseases, including in high glucose-induced
cardiotoxicity (3). MicroRNAs, or small non-coding RNAs
regulating gene expression, are potential diagnostic and
therapeutic molecules in diabetic individuals with cardiovascular
disease. High glucose concentrations increase the expression
of miRNAs, such as miR-1 or miR-206, in C2C12 cells and
rat cardiac myocytes (4, 23). Our in vitro findings suggest that
miR-206 may be a destructive miRNA that activates apoptosis
signaling pathways. In support of this are the findings of Shan et
al. who reported that treatment of cardiomyocytes with 25 mM
glucose induced apoptosis via miR-1/miR-206, and moreover,
that these microRNAs bind to HSP60, an anti-apoptotic protein,
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thereby downregulating HSP60 expression (6). Our findings also
suggest that exposure to high glucose concentrations induced
miR-206 expression, increased cytochrome C and cleaved PARP
protein expression, and inhibited HSP60 protein expression in
C2C12 cells. On the other hand, induction of miR-206 with a
mimic sequence inhibited the expression of HSP60 at normal
glucose concentrations, and the miR-206 antisense sequence
reversed the inhibitory effects of a high glucose concentration
(33 mM) on HSP60 and promoted HSP60 protein expression.
HSP60 is present in different intracellular compartments,
including the cytosol, plasma-cell membrane, extracellular space,
mitochondria, and also in the circulation (24). The localization
of HSP60 is an important consideration, as extracellular HSP60
can activate the innate immune system via Toll-like receptor

(TLR)-4 and increase cardiac myocyte apoptosis, while HSP60
acts as an anti-apoptotic factor when present in the cytosol
or mitochondria (25). Cytoplasmic HSP60 binds to Bax and
Bak (pro-apoptotic proteins) and inhibits their integration into
the mitochondrial membrane, thereby indirectly limiting the
activation of mitochondrial cytochrome C and the apoptotic
cascade (26). Additionally, our findings demonstrate that a miR-
206 mimic enhanced protein expression of apoptotic markers
at normal glucose concentrations, whereas miR-206 inhibitors
decreased the expression of apoptotic markers at higher glucose
concentrations. Therefore, miR-206 acts, at least to some extent,
targets the expression of cytochrome C and cleaved PARP, two
apoptosis-related proteins, and inhibits HSP60 (an anti-apoptotic
protein). Our results reinforce the concept that increased
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miR-206 expression can contribute to high glucose-induced
cell death.

The balance between cell survival and cell death signals is
complex, particularly in muscle cells. We hypothesized that high
glucose concentrations detrimentally impact cell survival; thus,
we investigated the adverse effects of high glucose concentrations
on cell viability. Concentrations of glucose >11mM decreased
cell viability, which can be attributed to increases in miR-
206 and apoptotic-related biomarkers, as well decreases in
HSP60 expression. However, cell viability was not affected at
11mM glucose despite increases in miR-206 and apoptotic
markers. Cell viability in 11 mM glucose may be interpreted as
a protective mechanism involved in cell survival at lower glucose
concentrations, but this remains untested as only a few studies
examined the cellular consequences of various concentrations
of glucose. Our findings are supported by previous in vitro
studies indicating that intermittent high glucose concentrations
exacerbate oxidative stress and apoptosis in endothelial cells (27).

Our study indicates that HIIT-induced improvements in
blood glucose levels and cardiac function were superior than the
effects of MICT in STZ-induced diabetic rats. Higher intensity
exercise protocols induce greater improvements in glycemic
control when compared to moderate-intensity protocols (28, 29).
A study by Chavanelle et al. reported that HIIT induced greater
insulin-stimulated Akt phosphorylation and muscle glucose
transporter 4 (GLUT4) expression than MICT, implying that
HIIT is more efficient in improving glucose metabolism (28).
The impact of the two different exercise protocols on glycemic
control is probably attributed to differences in the effects of
the skeletal muscle activity on stimulated glucose transport
(30). Moreover, enhanced hepatic glucose production is a key
contributor to hyperglycemia, and HIIT reduces hepatic glucose
production following exercise more than MICT (31). In addition,
high-intensity exercise depletes muscle glycogen concentrations

to a greater extent than low-intensity exercise (32). It is
probable that exercise-induced glycogen depletion stimulates
larger increases in glucose uptake to replenish glycogen stores.
Our study confirms these expectations in STZ-induced diabetic
rats, where HIIT was superior to MICT in improving blood
glucose metabolism (Figure 1B). Our results are also consistent
with the findings of Terada et al. who reported that HIIT caused
greater reductions in blood glucose levels than MICT in patients
with type 2 diabetes (T2DM) after 24 h of exercise (33). Similarly,
Mendes et al. observed that HIIT had a greater impact on
glycemic control than MICT in patients with T2DM treated with
metformin (34).

Other noteworthy findings from our study included the down-
regulation of miR-206 in the left ventricular tissues of both
exercise groups, HIIT reduced miR-206 expression by ~1.7-fold
more times than the effects of MICT (Figure 2). Exercise is
a powerful regulator of miRNAs expression, whose expression
depends on specific training parameters such as intensity,
duration, and volume (35). Since high glucose concentrations
increased miR-206 expression in vitro, it can be inferred that
lowering glucose levels, which is a goal of prescribing exercise
for patients with diabetes, could also decrease miR-206 following
exercise, specifically after high-intensity training. Preliminary
studies demonstrated an association between pathological heart
conditions and changes in myosin heavy chain (MyHC) proteins,
with transformation of the faster a-MyHC isoform to the slower
B-MyHC isoform (36). Elevated miR-206 expression correlates
with pathologic increases in B-MyHC expression in the left
ventricle, and miR-206 deletion leads to conversion of slow to fast
muscle MyHC isoforms (37). While the mechanisms by which
exercise protects cardiomyocytes from various cardiac insults are
unknown, it has been proposed that exercise increases a-MyHC
protein expression and suppresses the isoform shift to f-MyHC
in the left ventricle, hence aiding in the improvement of cardiac
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function (38). It should be noted that a recent study reported no
differences in the expression of miR-206 before and after physical
exercise (39). This discrepancy in findings could be attributed to
the induction of diabetes in the current study, the exercise modes,
intensity, and duration of the intervention.

Cardiac and skeletal muscle performance is highly dependent
on ATP-generating pathways for energy supply during exercise,
and signaling during high-intensity training may be the
consequence of alterations in the intracellular environment
during training adaptations. For example, the modulated
expression of miR-206 can stimulate AMP-activated protein
kinase (AMPK), a cellular metabolite-sensing protein kinase
(40). The AMPK signaling pathway is activated during physical
activity in an intensity-dependent manner in response to
fluctuations in the cellular energy states, thereby triggering
carbohydrate metabolism to replenish ATP levels (41). Another
key finding of our study was that both exercise training protocols
enhanced HSP60 expression in the left ventricular tissues, with
the HIIT protocol causing a ~50% greater expression of HSP60
MICT (Figure 2B). Overexpression of the chaperone protein

HSP60 can boost electron transport chain activity and ATP
generation in injured cardiomyocytes (42). HIIT improved
the expression of HSP60 more than MICT likely because
exercise enhances ATP turnover in an intensity-dependent
manner. The main mechanisms driving the effect of exercise on
apoptosis may include metabolic perturbations (e.g., oxidative
stress, low pH, muscle temperature, ROS, glycogen depletion,
and lactate concentration) experienced during the exercise,
particularly with HIIT (43). It is likely that these metabolic
challenges following training increase the expression of HSP60
as HSPs respond to stress. Another postulated mechanism is
that miR-206 contributes to cardiomyocyte apoptosis by post-
transcriptional repression of insulin-like growth factor 1 (IGF-1)
(16). Additionally, reduced HSP60 suppresses the IGF-1 signaling
pathway, resulting in diabetic cardiomyopathy (44). On the other
hand, exercise acts enhances the IGFI/PI3K/Akt survival pathway
in diabetic hearts (45).

Our findings indicate that the expression of apoptotic markers
was reduced in the left ventricular tissues of both training
groups, with HIIT decreasing cleaved PARP and cytochrome
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C protein levels more than MICT. A growing body of
evidence indicates that mitochondrial dysfunction may be a key
determinant of oxidative stress and consequently, myocardial
apoptotic signaling in pathological conditions (3). In particular,
exercise protects against the activation of apoptotic cascades by
improving mitochondrial function and structure. For example,
Veeranki et al. reported that exercise ameliorates mitochondrial
transmembrane potential and prevents cytochrome C leakage
into the cytoplasm, reducing cardiomyocyte apoptosis in
db/db mouse hearts (46). The intensity of exercise influences
mitochondrial function (47), suggesting that HIIT may be
more effective in improving mitochondrial function and
reducing apoptotic markers. Mitochondrial homeostasis requires
HSP60, a mitochondrial chaperone protein (24). Increases in
HSP60 following HIIT can prevent cardiomyocyte apoptosis by
improving mitochondrial function and homeostasis. The effects
of miR-206 on its downstream molecular target (HSP60) as well
as apoptotic markers suggests that exercise-induced reductions
in miR-206 can reduce apoptosis in vitro. Our in vitro data
supports our hypothesis that the exercise-induced decreases in
markers of cardiomyocyte apoptosis, and that increases in HSP-
60 (especially with HIIT) may be mediated, at least in part, by
reductions in miR-206 expression and blood glucose levels.

Diabetes-induced ~ cardiomyopathy  includes  cardiac
functional and morphological abnormalities that are
accompanied by myocardial fibrosis, ventricular systolic
and diastolic dysfunction, reduced ejection fraction, and
impaired cardiomyocyte contractility (2). Regular exercise
training promotes cardioprotective adaptations associated with
improved cardiac function and structure (8, 13, 14). We used
echocardiography to demonstrate that both exercise protocols
improved left ventricular function by reducing end-diastolic
and end-systolic parameters in STZ-induced diabetic rats. In
addition, exercise training also improved ejection fraction in
diabetes. Exercise training restores diabetic cardiac abnormalities
in an exercise intensity-dependent manner. The superior effect
of high-intensity exercise over moderate-intensity exercise on
cardiac adaptations is well-documented in both human (48) and
animal studies (49).

Hyperglycemia and disrupted energy metabolism are
responsible, at least in part, for diabetes-related cardiac
abnormalities. Given that both exercise training programs
were associated with improvements in cardiac functional
and morphological characteristics, it is reasonable to suggest
that improvements of blood glucose and underlying cellular
modifications induced by both exercise training, particularly
HIIT, could improve cardiac function. It has also been suggested
that exercise at a high intensity stimulates sympathetic activity,
with the greater sympathetic activity in HIIT promoting cardiac
contractile capacity and function (50). Our results are supported
by findings that HIIT was more effective than moderate exercise
training in improving systolic and diastolic function and
VOjpeak in T2DM (51) and that HIIT improves VOpcqk and left
ventricular remodeling more than moderate continuous training
in patients with prior myocardial infarction and left ventricle
systolic dysfunction (52) and also that HIIT improved cardiac
structure and function in T2DM patients by increasing left
ventricular wall mass, end-diastolic volume, and stroke volume

after 12 weeks of exercise (53). In addition, HIIT has a superior
effect on vascular endothelial function in patients with diabetes
(29). However, some studies reported no differences in VOjpeak
in patients with T2DM after HIIT and MICT (49). Nevertheless,
the majority of studies suggest that the intensity of exercise is an
important determinant in improving cardiac function in diabetic
patients, and that moderate-intensity exercise may be insufficient
to improve myocardial function.

Our study has some limitations that should be acknowledged:
(1) We did not assess markers of the apoptotic cascade, such
as caspase-9, caspase-3, caspase-8, Bax, Bak and p53. Future
research should also measure the influence of different exercise
programs on the expression levels of heart failure markers such as
ANE BNP, b-MHC, and (2) We tested LVEDD and LVESD using
echocardiography, with no independent confirmation using
cardiac tissue sections from the different experimental groups.

In conclusion, our study demonstrates that physical exercise
has the potential to reduce plasma glucose levels and miR-
206 expression. Suppression of miR-206 and the resulting
positive regulation of HSP60 expression leads to improved
cardiac function of diabetic rats following physical exercise.
Although it has been established previously that MICT
provides cardioprotection in diabetes, HIIT appears to stimulate
even greater adaptations. Our findings suggest that HIIT
should be preferred over MICT if the goal is to treat
adverse effects related to diabetes including cardiomyopathy.
Moreover, HIIT is a time-efficient exercise protocol compared
with MICT.
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Metabolic syndrome is a chronic systemic disease that is particularly
manifested by obesity, diabetes, and hypertension, affecting multiple organs.
The increasing prevalence of metabolic syndrome poses a threat to public
health due to its complications, such as liver dysfunction and cardiovascular
disease. Impaired adipose tissue plasticity is another factor contributing to
metabolic syndrome. Emerging evidence demonstrates that fibroblast growth
factors (FGFs) are critical players in organ crosstalk via binding to specific
FGF receptors (FGFRs) and their co-receptors. FGFRs activation modulates
intracellular responses in various cell types under metabolic stress. FGF21,
in particular is considered as the key regulator for mediating systemic
metabolic effects by binding to receptors FGFR1, FGFR3, and FGFR4. The
complex of FGFR1 and beta Klotho (3-KL) facilitates endocrine and paracrine
communication networks that physiologically regulate global metabolism. This
review will discuss FGF21-mediated FGFR1/B-KL signaling pathways in the liver,
adipose, and cardiovascular systems, as well as how this signaling is involved
in the interplay of these organs during the metabolic syndrome. Furthermore,
the clinical implications and therapeutic strategies for preventing metabolic
syndrome and its complications by targeting FGFR1/B-KL are also discussed.

KEYWORDS

diabetes mellitus, metabolic stress, multi-organ signaling, treatment, heart failure

Introduction

FGFR (Fibroblast Growth Factor Receptor) signaling is involved in various stages of
human development and metabolic health. In humans, there are 23 distinct fibroblast
growth factors (FGFs), 18 of which (FGF1-10 and 16-23) are mitogenic signaling
molecules that bind to four high-affinity cell surface receptors, named FGFR1, FGFR2,
FGFR3, and FGFR4 (1). The ligand-binding affinity and tissue distribution of these
receptors differ across organs (2). FGFR1 is found in a wide range of cell types and
tissues and is located on chromosome 8 at position 11.23 in humans (1, 2). Structurally,
FGFRs are single-transmembrane proteins that consist of an extracellular ligand-
binding domain and a split functional intracellular kinase domain (1). The intracellular
domain is responsible for FGFR tyrosine kinase activity, along with phosphorylation or
autophosphorylation of the receptor molecule (3). Studies have shown that the binding
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of FGFs and FGFRs on the cell membrane induces a variety of
biological responses, such as stimulating the formation of new
blood vessels, promoting the development and differentiation
of embryonic tissues, participating in wound healing and tissue
regeneration, neurotrophy and regulation of endocrine effects
(3, 4).

Among the FGF family, FGF19, FGF21, and FGF23 act as
endocrine hormones that diffuse into circulation to operate on
distal tissues (4). Particularly, FGF21 is expressed in numerous
organs and is a key regulator in the body upon metabolic
or environmental stresses, such as fasting, food overload,
autophagy insufficiency, oxidative stress and exercise (5). FGF21
has significant impacts and potential therapeutic applications in
several metabolically active tissue organs, including the heart,
liver and adipose tissue which are discussed in detail further.
Emerging experimental studies highlight the metabolic effects
of FGF21 in maintenance of energy homeostasis, glucose and
lipid metabolism, and insulin sensitivity (6-8). In addition,
FGFRs are diverse in their subtypes and functions. Thus,
endocrine FGF21 not only binds to FGFRI1 but also with
the obligatory co-receptor Peta-Klotho (B-KL) for signaling
specificity (9, 10). FGF21-FGFR1/B-KL signaling is therefore
involved in a variety of biological functions, including pro-
survival signals, anti-apoptotic signals, and cell proliferation and
migration stimulation (11, 12). This review discusses the current
understanding of the role of FGF21-FGFR1/B-KL signaling
pathway across multiple metabolic organs under metabolic
health and disease.

FGF21-FGFR1 signaling in liver

FGF21, along with B-KL is upregulated in the liver by
nutritional stresses like starvation, amino acid restriction, and
high-fat diet (HFD) or ketogenic diets, thereby mediating
hepatic response to nutritive stimuli (13-15). Moreover, acute
and chronic stress including exercise, oxidative stress and
liposaccharides content also increase FGF21 levels (16, 17).
Another contributor of hepatic FGF21 expression is hepatic
ER stress that is mediated by eukaryotic translation factor 2a-
activating transcription factor 4 (eIF2a-ATF4) pathway (18).
Many studies have highlighted the key role of FGF21-mediated
FGFR1/B-KL activation in the regulation of hepatic lipid
and glucose metabolism (15). The overexpression of hepatic
FGF21 in mice showed increased ketogenesis, gluconeogenesis,
and lipolysis, thereby regulating hepatic metabolism under
prolonged fasting (14). Mechanistically, FGF21 induced the
expression of peroxisome proliferator-activated receptor gamma
coactivator la (PGC-la) and improved B-oxidation of fatty
acids, thereby improving adaptive starvation response in the
liver in response to prolonged chronic fasting (19). Further,
exogenous FGF21 treatment improved liver metabolism (19)
and insulin sensitivity (20) in the obese C57BL/6 mice by
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inducing phosphorylation of downstream pathways, including
fibroblast growth factor receptor substrate 2 alpha (FRS2a)
and extracellular signal-regulated kinase (ERK) (20). These
studies thus indicate the role of FGF21 in improving obesity or
prolonged fasting induced metabolic stress. However, there is
a low level of endogenous FGFR1 expression in the liver (21),
so it is unclear whether the beneficial effects of FGF21-8-KL
signaling are mediated directly through FGFRI1. Also, FGF21
was shown to have no effect in isolated hepatocytes from mouse
and rat (22). This results from insufficient peripheral signals
from adipose tissue, modulating the liver’s response to FGF21
indirectly. Therefore, a deeper understanding of what extent
and how FGF21-FGFR1/p-KL signaling contributes to hepatic
metabolic responses needs to be obtained.

FGF21-FGFR1 signaling in adipose
tissue

Adipocytes express both B-KL and FGFRs (mainly FGFR1
and FGFR2) and are important targets for FGFs (23). White
adipose tissue (WAT) helps in storing energy, whereas brown
adipose tissue (BAT) helps in energy expenditure by generating
heat through a process called thermogenesis (24). FGF21
expression is induced by exposure to cold or stimulation
by PB-adrenergic receptors in the adipose tissue (25-28).
Multiple genetic and pharmacological studies highlight the
role of FGF21-FGFR1/B-KL signaling pathway in regulating
adipose tissue metabolism (10, 23, 29, 30). Studies showed
that long-term HFD-fed obese mice exhibited hyperglycemia,
hyperinsulinemia, and hyperlipidemia, with markedly reduced
FGFR1 and B-KL expression in adipose tissue (31). WAT-
specific knockout of p-KL/FGFRI1 reduced FGF21 response in
WAT and eliminated the beneficial effects, such as weight loss
and energy expenditure in the obese rodents (31). In addition,
Chen et al. found that anti-FGFR1/B-KL bispecific antibody
(acting as FGF21 mimetic) stimulated energy expenditure
in adipocyte-selective FGFR1-deficient mice, elucidating the
indirect role of FGF21 in BAT thermogenesis via uncoupling
protein 1 (Ucpl) activation (32). Thus, BAT has gained attention
as a novel target for treating obesity and Type 2 diabetes due
to its “fat-burning” properties (33), mediated by FGF21-FGFR1
signaling (34, 35). BAT-derived FGF21 either functions locally
or escapes into the systemic circulation, having an autocrine
as well as an endocrine role in thermogenesis via PGC-1a,
mitogen-activated protein kinase (MAPK) and ERK signaling
(27,28, 36). Moreover, prolonged treatment of FGF21 on brown
adipocytes increased glucose consumption (28) and insulin-
stimulated glucose uptake via hepatic adiponectin secretion
in a paracrine manner (22, 37, 38). This suggests a hepatic-
adipose crosstalk. However, two groups independently showed
that surgical removal of BAT did not alter the effects of FGF21
in obese rodents (7, 39), indicating that BAT activation and
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WAT browning alone are not responsible for the systemic
metabolic benefits of FGF21 treatment (40). Therefore, further
studies, especially clinical trial with existing FGF21 analogs
are needed to establish the underlying mechanisms by which
FGF21-FGFR1/ B-KL signaling governs systemic metabolism in
the adipose tissue.

FGF21-FGFR1 signaling in the heart

Emerging evidence shows that FGF21-FGFRI signaling
is also an important regulator in the heart. For instance,
it is stimulated via paracrine and endocrine FGFs and
exhibits anti-hypertrophic, anti-oxidative and anti-apoptotic
properties under physiological and pathological conditions (41-
44). Endocrine FGF21 has been shown to have cardiovascular
protective effects, specifically in ischemic/reperfusion injury
(45), isoproterenol-induced cardiac hypertrophy (46), alcoholic
cardiomyopathy (47), and hypertensive heart disease (48).
FGF21 activity in the heart is dependent on its binding to
FGFR1 and B-KL and induces cell survival via anti-oxidative
mechanisms and recovery of energy homeostasis in cardiac cells
(49). In clinics, myocardial FGF21 is increased in advanced
heart failure; however, in a pre-clinical ischemic mouse heart,
FGF21 induction is not apparent (43). Nevertheless, FGF21
inhibits cardiac remodeling by activating MAPK signaling in
an autocrine manner (41). Following myocardial infarction,
FGF21 exerts its cardioprotective action via ERK 1/2 and AMP-
activated protein kinase (AMPK) in an acute manner and
via Phosphoinositide 3-kinases (PI3K)/ protein kinase B (Akt)
in a sustained fashion (45, 50). Of note, cardiomyocytes can
also produce FGF21 in response to disturbances in cellular
metabolism (51). An earlier study demonstrated that FGF21 is
secreted into the culture media at a basal rate of 0.05ng/mL
per 24h, thereby establishing FGF21 as a cardiomyokine.
The cardiac FGF21 autocrine loop is likely a compensatory
mechanism initiated in response to oxidative stress (52).
Global FGF21 knockout results in heightened cardiomyocyte
inflammatory response via increased nuclear factor kappa B
activity and upregulation of interleukin 6, concomitant with
repressed fatty acid oxidation. Moreover, hypertrophic stimuli
induce transcriptional upregulation of cardiac FGF21 via Sirtuin
1- PPARa pathway (46). FGF21 directly affects the heart,
owing to FGFR1 and B-KL expression in the myocardium
(53); however, the molecular basis whereby the FGF21-FGFR1
pathway is involved in cardiac metabolism is elusive.

In streptozotocin (STZ)-induced diabetes, cardiac FGF21
mRNA level is increased significantly (54). FGF21 mediated
FGFR1 activation enhanced ERK1/2 phosphorylation, p38
MAPK activity, and AMPK activation, thereby impeding
diabetes-induced apoptosis (53). FGF21 global knockout
mice are more likely to develop STZ-induced diabetic
cardiomyopathy. This is accompanied by severe cardiac
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dysfunction, structural changes, oxidative stress, and cardiac
lipid accumulation via cluster of differentiation 36 (CD36)
upregulation owing to decreased lipid oxidation, and impaired
glucose oxidation. Conversely, using genetic or pharmacological
modulation, FGF21 displays cardioprotective properties under
dysregulated glucose and lipid metabolism (55-57) FGF21
also promotes lipophagy in mouse cardiomyocytes in obesity-
related cardiomyopathy by preventing lipid accumulation
(58). In addition, FGF21 protects the heart against Type 2
diabetes by either AMPK-protein kinase B (PKB, also known
as AKT)-nuclear factor erythroid 2-related factor 2 (NRF2)-
mediated anti-oxidative pathway or acetyl-CoA carboxylase
(ACC)-Carnitine palmitoyltransferase I (CPT-1) lipid-lowering
pathway, primarily attributable to managing lipotoxicity (59).

Moreover, upon hyperglycemia and hyperlipidemia,
endoplasmic reticulum (ER) stress is invoked by oxidative
stress, lipid deposition, and abnormal proteins synthesis
in cardiomyocytes (60). Maladaptive ER stress eventually
disturbs lipid synthesis, calcium homeostasis, protein quality
control, leading to cell death (61). FGF21 diminishes ER
stress-mediated myocardial apoptosis via reduction of
ATF4-C/EBP homologous protein (CHOP) pathway (62).
Although cardiac-specific overexpression of FGF21 does not
play a major role in cardiac energy metabolism under an
unstressed-state, FGF21 secretion is activated upon cardiac
ER stress altering cardiac glucose oxidation in an autocrine
manner (63).

Additionally, FGF21 signaling exerts anti-inflammatory
effects by inhibiting PI3K/AKT signaling in the diabetic
heart (56) and by promoting AMPK-paraoxonase 1 axis
(64). On the
other hand, FGFRI1 signaling is necessary for anti-fibrosis.
Endothelial FGFR1 knockout mice showed considerable
kidney and heart fibrosis (65). Moreover, FGF21 has anti-
oxidative properties via AMPK activation in endothelial
cells under diabetic stress (66). Furthermore, global B-KL
knockout mice show reduced serum levels of adiponectin,

in high-glucose stressed cardiomyocytes

known to modulate FGF21 signaling in several organs.

Accordingly, global adiponectin knockout mice display
diminished cardioprotective effects of FGF21 (67). In general,
current research points to the potential importance of
further investigating cardiac FGF21-FGFR1/p-KL signaling in

metabolic stress.

Multi-organ crosstalk mediated by
FGF21

FGF21 response in organs appears to be influenced by
tissue-specific interactions (68), summarized in Figure 1.
FGF21 stimulates adiponectin secretion from adipocytes,
which confers metabolic actions on the other cells/tissue,
such as blood vessels (69). The effects of FGF21 are due to
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induces secretion of adiponectin from WAT, and modulates systemic metabolism. Moreover, hepatic sourced FGF21 passes through the
blood-brain barrier and is involved in regulation of circadian rhythm and appetite response. In a feedback loop, B-KL signaling in the
VMH-specific glutamatergic neurons contributes to modulating hepatic nutrient uptake. The release of CRF and corticosterone from the brain is
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promotes thermogenesis in the adipose tissue, thus improving overall metabolic health. Under the adipo-hepatic communication, reduced
expression of adipose FGFR1 aggravates hepatic steatosis and adipose FGF21 (square) increases the expression of hepatic FGF21. Hence,
multi-organ crosstalk mediated by FGF21-FGFR1/B-KL signaling alleviates metabolic distress by improving insulin sensitivity, glucose, and lipid
levels in the body, along with increased energy expenditure in the adipose tissue and weight loss. BAT, brown adipose tissue; f-KL, beta-klotho;
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its direct action on hepatocytes or cardiomyocytes, and/or
indirect impacts on the brain-hepatic axis. Peripheral signals,
along with gastro-intestinal hormones, are responsible
for conveying metabolic information to the brain and
modulating glucose homeostasis and energy intake in
the body (70). Although FGF21 is not expressed in the
central nervous system (CNS), it can pass through the
blood-brain
peripheral tissues and the CNS (71). It was evidenced by a
study utilizing B-KLC2™K22 mouse, that lacks B-KL in the

hypothalamus and the hindbrain. This model confirmed

barrier, allowing communication between

central FGF21 signaling involved in the regulation of the
circadian rhythm and starvation response (72). Additionally,
p-KL- glutamatergic knockout mice elucidated that FGF21-
FGFR1/B-KL signaling in the ventromedial hypothalamus
decreases  sucrose  consumption/sweet-taste  preference,
eventually protecting the hepatic metabolism (73). FGF21

is also responsible for stimulating corticotropin-releasing
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factor and corticosterone in the brain, which subsequently
participates in energy expenditure in the BAT (74-76) and
hepatic gluconeogenesis, respectively (72, 77). Moreover, a
large cohort study conducted by Jiao et al. found that FGFR1
protein in adipose tissue increased in the obese women, and
the hypothalamic expression of FGFR1 was increased in the
diet-induced obese rats (78). This study thus highlighted FGFR1
as a novel obesity gene that influences adipose tissue and
the hypothalamus, thereby initiating obesity and modulating
appetite, respectively.
the

been documented in human heart failure samples.

has
This

Moreover, hepatic-cardiac  signaling circuit

study highlights the endocrine action of hepatocyte
sourced FGF21, resulting in enhanced binding of FGF21
to diseased cardiomyocytes. This increase in FGF21

binding was associated with reduced ketone metabolism
in the heart (11). cardiac-sourced FGF21
modulates the metabolic phenotype of BAT by promoting

In addition,
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thermogenesis in obese mice with cardiac muscle autophagy
deficiency (12). Collectively, further research is needed
to explore the role of hepatic- and/or cardiac-sourced
FGF21 on FGFRI1 signaling across multiple organs under
metabolic stress.

Moreover, adipocyte lipolysis releases fatty acids into the
bloodstream. These fatty acids subsequently enhance FGF21
expression via an indirect mechanism by activating PPARa
in hepatocytes (79). Interestingly, one study highlighted
that global B-KL knockout increases energy expenditure
from BAT, making the mice resistant to obesity (80).
Moreover, adipo-hepatic communication was noticed by
adipocyte ablation of FGFR1. Adipocyte-specific deletion of
FGFRI1 aggravates hepatic steatosis (81), indicating the plausible
FGFR1 regulation on maintenance of energy homeostasis across
multiple organs. Finally, the browning of epicardial adipose
tissue (EAT) contributes to atrial fibrillation under diabetic
stress. Mechanistically, micro-RNA (miR)-21-3p is significantly
upregulated in serum from diabetic patients and participates
in atrial fibrosis under hyperglycemia conditions by reducing
FGFR1 in EAT (82).

FGF21 resistance in obesity and
diabetes

Despite increased serum levels of FGF21 in obesity patients,
no metabolic benefits were observed. Therefore, the term
“FGF21 resistance” was examined in animal studies, showing
reduced FGFR1 and B-KL in adipose tissue in obese mice
(83). FGF21 effects on insulin sensitivity is then impeded (84).
In addition, FGF21 resistance was also observed post FGF21
administration in obese mice (85). Of note, regarding the role
of expression of B-KL in FGF21 resistance in adipose tissue,
different results have been reported in obese mice. Although
B-KL reduction is not associated with FGF21 resistance (86),
its overexpression enhances FGF21 action in adipocytes (87).
Additionally, B-KL has been shown to be an integral part
of the FGF21 machinery in the liver. In the mice lacking
p-KL, FGF21 was defective in regulating lipid and glucose
metabolism at the whole organism level in diet-induced obesity
(30). Thus, further preclinical and clinical studies are required to
determine the molecular basis of FGF21 resistance, particularly
in distinct cells.

Recently, serum FGF21 levels were associated with
diastolic cardiac dysfunction in humans with cardiovascular
diseases, such as dyslipidemic patients with coronary artery
disease (50), but only a few reports have examined FGF21’s
role in heart failure (88). Pre-clinical model shows that
FGF21 resistance is likely involved in the impairment
of glucose uptake in heart (50). Although there was no
discernible difference in FGFRI1 levels in hearts from obese
and lean rat, B-KL was less expressed in the heart, possibly
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explaining FGF21 resistance (50). However, exploration

of molecular basis and targeting potential of FGF21
resistance in heart is needed for therapeutic implications

of heart failure.

Targeting FGF21-FGFR1/B-KL
signaling to tackle metabolic stress

It is acknowledged that targeting the FGF21-FGFRI1
signaling pathway is advantageous for tackling metabolic stress.
Of note, there is an increase in circulating levels of fibroblast
activation protein alpha (FAP), a prolyl peptidase related
to the dipeptidyl peptidase IV (DPP-IV) enzyme. Increased
circulating FAP levels are associated with decreased levels of
bioactive to total FGF21, thus impairing its metabolic regulation
potential (89). Hence, using long-lasting FGF21 analogs and
targeting FGFR1 signaling to combat resistance in several
organs could be advantageous. However, the tissue specific
effects have not yet been investigated in detail. FGF21 analogs
are reported to adjust systemic metabolism in obese and
diabetes in clinical trials and pre-clinical studies. For instance,
LY2405319, improved dyslipidemia in obese patients with Type
2 diabetes (90) and diabetic monkeys (91, 92). Recently, AKR-
001, an Fc-FGF21 analog, also showed beneficial effects on
insulin sensitivity and lipoprotein profile in Type 2 diabetes
patients (93).

Because pharmacokinetic properties of FGF21 analogs
remain the most challenging for balancing therapeutic
benefits and mechanism-related toxicity, further research
on targeting FGFR1/B-KL signaling is crucial to identify
novel therapeutic potentials (94). For instance, endocrine
FGF23 bears structural similarity to FGF21 and FGF23 C-
terminal alteration to FGF21 C-terminal enhances the ability
of scaffold forming of FGF2l1-like molecule to FGFR1/f-
KL complex (95). In addition, one bi-specific avimer for
the complex of FGFR1 and B-KL, C3201, improves insulin
sensitivity and lipid profiles in male obese cynomolgus
monkeys (96). Of note, the FGFR1c/B-KL bispecific antibody,
BFKB8488A, demonstrated sustained improvements in cardio-
metabolism and weight loss, despite that insulin sensitivity
was not consistently improved and lipoprotein responses
varied in obese humans (97). However, it is necessary to
further investigate the tissue-specific effects of the above-
mentioned agents, including on cardiac, liver and adipose
tissue function.

Conclusion

FGF21 is an endocrine and cell-autonomous autocrine
regulator displaying a varied response across different organs
in a stress- and time-dependent manner (43, 98). Most

frontiersin.org


https://doi.org/10.3389/fcvm.2022.962561
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org

Kaur et al.

studies have focused on hepatic sourced FGF21 (endocrine
action) in the past. However, adipose- and cardiac muscle-
sourced FGF21 require further attention to delineate their
paracrine and/or autocrine roles in metabolic diseases. In
addition, downstream effectors of the FGF21-FGFR1 signaling
cascade in distinct cells also require further investigation.
Moreover, the molecular basis underlying FGF21 resistance
in organs is undocumented. Finally, the lack of improvement
in insulin sensitivity in humans, despite the beneficial effects
of FGF21 analogs, necessitates the development of novel
therapeutic approaches targeting FGFR1/B-KL signaling in
metabolic organs.
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Cardiovascular diseases (CVDs) have been attracting the attention of
academic society for decades. Numerous researchers contributed to figuring
out the core mechanisms underlying CVDs. Among those, pathological
decompensated cellular loss posed by cell death in different kinds, namely
necrosis, apoptosis and necroptosis, was widely regarded to accelerate the
pathological development of most heart diseases and deteriorate cardiac
function. Recently, apart from programmed cell death revealed previously,
ferroptosis, a brand-new cellular death identified by its ferrous-iron-
dependent manner, has been demonstrated to govern the occurrence and
development of different cardiovascular disorders in many types of research
as well. Therefore, clarifying the regulatory function of ferroptosis is conducive
to finding out strategies for cardio-protection in different conditions and
improving the prognosis of CVDs. Here, molecular mechanisms concerned
are summarized systematically and categorized to depict the regulatory
network of ferroptosis and point out potential therapeutic targets for diverse
cardiovascular disorders.

ferroptosis, cardiovascular disease, mechanism, pathology, metabolism

Introduction

Cardiovascular diseases (CVDs) mean an array of diseases, including
atherosclerosis, hypertension, acute coronary syndrome, heart failure (HF),
cardiomyopathy, arrhythmia, efc., as the major cause of morbidity and mortality in
the global population, imposing heavy economic pressure on families and community.
Therefore, to prevent the occurrence and development of CVDs, its pathological
mechanisms have become the focus of medical research in recent years.

Iron is an essential microelement for multiple life processes, and the imbalance of
iron homeostasis can cause many adverse consequences. Iron overload is associated
with iron deposition in various tissues including the heart, in 1981, Sullivan et al.
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formally proposed the hypothesis of iron-derived heart
disease (1). Since then, iron overload was shown to play
a pivotal role in the pathogenesis of CVDs and enhance
the risk of cardiovascular morbidity (2). Iron overload can
induce a novel iron-dependent form of cell death that
is neither apoptosis nor necrosis, called ferroptosis (3).
Cell death results in the onset and deterioration of acute
or chronic disorders, often accompanied by dysregulation
of inflammation, cellular dysfunction, and tissue damage.
Acute cardiomyocytes (CM) death can cause myocardial
infarction (MI) and ischemia-reperfusion (I/R) injury, while
chronic progressive CMs death can cause compensatory
hypertrophy, eventually leading to HF or cardiomyopathy (4).
Ferroptosis is distinguished from other forms of death. And
its main feature is the oxidative modification of phospholipid
membranes by iron-dependent mechanisms, coupled with a
substantial buildup of lipid peroxides. The pathological role
of ferroptosis in atherosclerosis, I/R injury, cardiomyopathy,
HF and other CVDs has been widely reported, and targeted
intervention of ferroptosis effectively prevented the occurrence
and development of these diseases (5-9). This review focuses
on the underlying pathological mechanism of ferroptosis in
CVDs, regarding oxidative stress, inflammation, metabolic
disorders and mitochondrial damage, and provides targeted

evidence for treatment.

Characteristics of ferroptosis

Dixon et al. (3) showed that the selectively RAS-lethal
small molecule erastin not only modulated the mitochondrial
voltage-dependent anion channel (VDAC), but also inhibited
the function of SLC7AIll, an important subunit of the
cystine/glutamate reverse transporter system Xc— (xCT),
reducing intracellular glutathione (GSH) synthesis, further
increasing the accumulation of iron-dependent lipid peroxide
and inducing the death of RAS mutant fibrosarcoma cell
lines. They formally named this new form of regulated cell
death triggered by erastin as ferroptosis: an iron-dependent
non-apoptotic form of cell death caused by the imbalance
of intracellular synthesis and degradation of ROS and
lipid peroxides (3). Different from typical cell death form,
ferroptosis cannot be inhibited by inhibitors of apoptosis
and pyroptosis, but can be inhibited by iron chelators
(e.g., deferoxamine), antioxidants (e.g., tea polyphenol)
(10, 11). Moreover, ferroptosis has unique morphological
features and biochemical markers. Morphologically, there
was no cell shrinkage, chromatin condensation, formation
of apoptotic bodies, or disintegration of the cytoskeleton,
but significant shrinkage of mitochondria and reduction
of mitochondrial cristae were observed (3). Regarding
distinguishing biomarkers, they are associated with the
accumulation of intracellular iron ions and ROS accompanied
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by the decrease in GSH metabolism, as exemplified in
Table 1.

Mechanisms of ferroptosis

Iron overload is a prerequisite for ferroptosis, and various
iron chelators can inhibit ferroptosis. Transferrin receptor 1
(TfR1) can promote the transfer of extracellular iron into cells,
and the silencing of its encoding gene prevented ferroptosis
caused by erastin. Iron supplementation accelerated erastin-
induced ferroptosis (12). Treatment of dopaminergic cells with
ferricammonium citrate to mimic the iron overload showed that
ferroptosis occurred before apoptosis and could be rescued by
ferroptosis inhibitors (13). These results further demonstrated
the necessity of iron overload in the process of ferroptosis.

The accumulation of lipid peroxide is another crucial
element in the execution of ferroptosis. Cellular or organelle
membranes are especially vulnerable to attack by ROS
due to their high polyunsaturated fatty acids, called lipid
peroxidation. An important source of ROS in mammalian cells
is mitochondria. Among mitochondrial metabolic activities,
tricarboxylic acid (TCA) cycle starts with acetyl-CoA from
glucose or fatty acid metabolism, and transfers electrons
to the electron transport chain (ETC), completing oxidative
phosphorylation (OXPHOS). Once the electrons are leaked
from ETC complexes I and III, superoxide will be produced
and converted to H,O; by superoxide dismutase (SOD) (14).
Subsequently, Fe?* released via divalent metal transporter 1
(DMT1) can react with H,O, to yield hydroxyl (-OH) or
alkoxy (RO-) radicals, known as “Fenton reaction,” resulting
in the production of reactive poisonous aldehydes, in the
form of 4-hydroxynonenal (4-HNE) and malondialdehyde
(MDA) (15-17). In addition, ROS can induce autophagy
to accelerate the degradation of ferritin and enhance the
expression of TfR1 leading to ferroptosis (18). In turn,
ferroptosis can also significantly increase ROS production,
disrupt mitochondrial membrane potential, and promote
mitochondrial fission (19). Accordingly, mitochondrial damage
and energy metabolism disorders exacerbate the vicious cycle
between lipid peroxidation and ferroptosis.

As confirmed by Dixon et al, xCT-mediated cystine
absorption from extracellular space accompanied by the export
of intracellular glutamate could regulate ferroptosis (3). In the
cytoplasm, cystine turns into cysteine, a main raw material
of GSH synthesis. GSH produced above serves as an electron
donor to reduce toxic lipid peroxides into non-toxic alcohols
under the enzymolysis of glutathione peroxidase 4 (GPX4)
(20). Hence, the xCT-GSH-GPX4 axis conducts the dominant
defensive mechanism against cellular ferroptosis. Upregulation
of p53 significantly reduced the expression of SLC7All,
which inhibited xCT mediated-cystine uptake and resulted in
ferroptosis (21). RSL3, erastin and sulfasalazine are direct targets
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TABLE 1 Major regulatory indicators and potential markers of ferroptosis.

Characteristics Indicators

10.3389/fcvm.2022.964034

Key biomarkers

Iron accumulation Total iron or ferrous ion

Lipid peroxidation

Decreased GSH metabolism Ratio of GSH to GSSG

Mitochondrial dysfunction
function, mtDNA damage

ROS, increased oxidized polyunsaturated fatty acids

Measurement of mitochondrial membrane potential and respiratory

Tf, TfR, ferritin, iron-sulfur protein, NCOA4, etc.

NQO1, NOX1, SOD, MDA, NRF2, Arachidonoyl-CoA,
PTGS2/COX-2, LOX, ACOT, ACSL, etc.

GPX4, GSH, xCT, SLC7A11, SLC3A2, p53, etc.
VDACI1, VDAC2, MPTP, ETC complexes, etc.

Tf, transferrin; TfR, transferrin receptor; NCOA4, nuclear receptor coactivator 4; MDA, malondialdehyde; ROS, reactive oxygen species; NQO1, NAD(P)H: quinone oxidoreductase 1;
NOX, NADPH oxidase; SOD, superoxide dismutase; NRF2, nuclear factor erythroid 2-related factor 2; GPX4, glutathione peroxidase 4; GSH, glutathione; GSSG, oxidized glutathione;
xCT, system Xc-; SLC7A11, solute carrier family 7 member 11; SLC3A2, solute carrier family 3 member 2; VDAC, voltage-dependent anion channel; PTGS2, Prostaglandin G/H synthase-2;
COX, cyclooxygenase; LOX, lipoxygenase; ACOT, acyl-CoA thioesterase; ACSL, acyl-CoA synthetases; MPTP, mitochondrial permeablity transition pore; ETC, electron transfer chain.

of GPX4 and make cancer cells more sensitive to ferroptosis
(22). It can be inferred that any methods causing xCT inhibition,
GSH or GPX4 depletion might promote ferroptosis. In addition,
ferroptosis suppressor protein 1 (FSP1), formerly known as
apoptosis-inducing factor mitochondria-associated 2, protects
cells from GPX4 deletion-induced ferroptosis (23). Treatment
of lung cancer cells with iFSP1, an inhibitor of FSP1, potentiated
ferroptosis (24). Therefore, antagonism of FSP1 can lead to the
occurrence of ferroptosis.

Moreover, ferroptosis as a type of necrotic cell death
is mostly accompanied by inflammatory manifestations.
Ferroptosis-related necroinflammation was observed in
mice with acute kidney injury (25). Ferroptotic cells can
release damage-associated molecular patterns (DAMPs) to
activate immune cells, which further amplify ferroptosis
by releasing inflammatory mediators such as interleukin
(IL)-1p and tumor necrosis factor (TNF)-a. In addition,
during ferroptosis, polyunsaturated fatty acids, especially
arachidonic acids, are prone to peroxidation. The lipoxygenase
(LOX) and cyclooxygenase (COX)-generated metabolites of
arachidonic acid (hydroxyeicosatetraenoic acid, leukotriene,
and prostaglandins) are also involved in inflammatory
response (26). The above shows that ferroptosis is closely
related to inflammation and immunity, and the persistence of
inflammation may form a self-amplifying circuit of ferroptosis.

In sum, oxidative stress, inflammation, metabolic disorders,
and mitochondrial damage are the main cellular and molecular
pathological mechanisms in ferroptosis.

Pathological mechanism of
ferroptosis in cardiovascular
diseases

Oxidative stress
Oxidative stress is involved in assorted CVDs like MI, I/R

injury, and HF. Excessive production of ROS impairs cellular
lipids, resulting in ferroptosis. In the cardiovascular system,
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the antioxidant system controls intracellular ROS and interacts
with biological components to maintain redox equilibrium. This
system contains counteroxidant enzymes such as SOD, catalase,
GPX, and thioredoxin (Trx), and non-enzymatic antioxidants
such as tocopherol and coenzyme Q10 (CoQ10) are shown
in Figure 1. This system eliminates ROS by chelating metal
ions, enhances the production of endogenous antioxidants, and
defends against ferroptosis in the cardiac tissues (27-30).

Superoxide dismutase system

Three isoforms of SOD system in mammals are SODI,
SOD2, and SOD3, as the first line of defense against oxygen-
derived free radicals in the cardiovascular system. Under the
exposure to oxidative stress, they can be rapidly activated to
catalyze superoxides into oxygen and H,O;. Among three
members of SOD family, SODI, an isoform located in the
cytoplasm containing Cu?>* and Zn?*, outweighs SOD2 and
SOD3 in the expression of abundance. A cohort study showed
that SOD1 allelic mutations in the population were linked with
an elevated risk of death from cardiovascular complications
(sudden death, fatal MI, or stroke) (31). SOD1 deletion
promoted the occurrence of ferroptosis (32). Sustained delivery
of SOD1 could improve myocardial I/R injury (33). SOD2 is a
manganese-containing isoenzyme found in mitochondria, also
associated with ferroptosis (34). Deficiency of SOD2 increases
ROS in CMs, leading to subsequent overproduction of 4-
HNE inside mitochondria and impairment of mitochondrial
bioenergy production, which is one of the causes of lethal
dilated cardiomyopathy (35). The structure of SOD3 is similar
to SOD1, and upregulation of SOD3 is conducive to rid the
vascular system of oxidative damage, alleviating the severity of
hypertension and coronary arteriosclerosis (36). Therefore, the
SOD system may protect from the occurrence of ferroptosis in
CVDs by reducing superoxides.

Catalase

Catalase located in the peroxisome varies in different
developmental stages of organisms, which is manipulated
by peroxisome proliferator-activated receptors (PPARs) and
decomposes H,O, into H,O and oxygen (37). Upregulation
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FIGURE 1
The anti-oxidative system inhibits ferroptosis to protect against cardiovascular disease by eliminating oxidative stress. The figure shows the
protective effects of the SOD family, catalase, Trx recycles, system Xc™ -GSH-GPX4 pathway, FSP1-CoQ10-NAD(P)H pathway, and tocopherol
on the elimination of ROS and reducing the conversion to lipid peroxide, such as toxic MDA and 4-HNE. ROS, reactive oxygen species; SOD,
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of catalase has been reported to increase ferroptosis
resistance in xCT-deficient mouse blast fibroblasts. Besides,
catalase activation is cardioprotective to H;O;-induced
stress in myocardial I/R injury by alleviating ferroptosis

(38, 39).

Glutathione peroxidase system

Glutathione peroxidase 4 family contain eight members,
namely GPX1-GPX8. The similar denominator among diverse
GPXs gifts their abilities to reduce HO, and hydroperoxides
to HyO. GPX4 is unique in the GPXs family which can
reduce phospholipid hydroperoxides of membranes using redox
equivalents from GSH. A proteomic analysis showed that GPX4
downregulation using specific siRNA or chemical inhibitor
RSL3 caused CMs ferroptosis during MI (40). Activation of
nuclear factor erythroid 2-related factor 2/xCT/GPX4 signaling
pathway attenuates CMs ferroptosis in doxorubicin-induced
cardiomyopathy and myocardial I/R injury by inhibiting
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oxidative stress (41, 42). Besides, the ferroptosis inhibitor
ferrostatin-1 markedly prevented pathological myocardial
remodeling and fibrosis in angiotensin II-induced hypertensive
cardiomyopathy by attenuating the upregulation of ferrous
ion levels and lipid peroxidation in mouse microvascular
endothelial cells (ECs) through modulating the xCT/GPX4
signaling (43). The Chinese herbal medicine, Tongxinluo,
prevented atherosclerosis, and the xanthohumol reduced
myocardial I/R injury as well, both through modulating GPX4
expression to decrease ROS (44, 45). Thus, chemicals targeting
GPX4 signaling pathway could act as potential drugs to various
CVDs by suppressing ferroptosis.

Thioredoxin system

Thioredoxin reductase (TrxR), Trx and NADPH together
constitute the Trx system. TrxR is an NADPH-dependent
dimeric selenozyme required for reducing and recycling the
oxidized Trxl. TrxR was verified to reduce cell sensitivity
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to erastin (46). Cardiac-specific TrxR knockout (KO) aged
mice were more prone to dilated cardiomyopathy due
to increased ROS and dysregulated mitochondrial energy
metabolism (47). Additionally, Trx-1 as a small molecule
protein participates in redox reactions. Overexpression of Trx-
1 could inhibit ferroptosis by increasing GPX4 and GSH (48),
which indicated the GSH-Trx cross-talk ensured cell survival.
In Trxl1 KO mice, increased oxidation of the mammalian
target of the rapamycin (mTOR) signaling leads to impaired
phosphorylation of substrates and mitochondrial respiratory
dysfunction, manifesting as systolic dysfunction in HF (49).
The Trx system delivers electrons for thioredoxin peroxidase
(TPX), whose function is similar to the GPX to remove ROS
by reducing H,O, and hydroperoxides at a rapid reaction
rate (50). Thus, it is speculated that the Trx system alleviates
ferroptosis to exert cardioprotective effects by modulating the
reduction/oxidative balance.

Tocopherol

Vitamin E has eight isomers that inhibit lipid peroxidation
by donating phenolic hydrogen to peroxyl radicals, producing
inactive tocopherol radicals. Alpha-tocopherol was the most
prevalent and physiologically type of vitamin E (51). In vitro,
alpha-tocopherol was demonstrated to rescue GPX4-deficient
cells from ferroptosis, indicating that GPX4 and vitamin E
synergistically maintain lipid redox equilibrium (52). Alpha-
tocopherol may decrease myeloperoxidase expression, reducing
oxidative and inflammatory reactions induced by I/R damage
in mice, ultimately, preserving heart function (53). However,
Keith et al. conducted a clinical trial showed that vitamin E
supplementation significantly elevated alpha-tocopherol plasma
concentrations in the treated group but failed to affect any
other markers of oxidative stress and prognosis or function
in class III or IV advanced HF (54). It is possible that alpha-
tocopherol supplementation alone is not sufficient to combat
severe oxidative stress and may achieve the desired therapeutic
effect in combination with other natural antioxidants.

CoQ10 system

CoQ10 is named because of the mammalian CoQ containing
10 isoprene units. CoQ10 mainly exists in two forms, namely
ubiquinone (oxidized form) and ubiquinol (reduced form).
Ubiquinone can be transformed into ubiquinol by losing two
electrons, and ubiquinol plays the main anti-oxidant role. FSP1
participates in the regulation of CoQ1l0 antioxidant system
to alleviate ferroptosis, in a GSH- and GPX4-independent
manner. The N-terminal end of FSP1 containing a typical
myristoylation motif can bind to the phospholipid bilayer of
cell membrane. The reduced form, ubiquinol, converts to the
oxidative form, ubiquinone, after chemically reacting with lipid
peroxide radicals released from the metabolism of membrane
lipid, and eventually shut down the ferroptosis. Furthermore,
under the catalysis of FSP1, ubiquinone can be reduced to
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ubiquinol in the cell membrane using NAD(P)H (23). Recently,
an in vivo experiment has proven that FSP1 upregulation
alleviates myocardial injury induced by septicemia through
inhibition of ferroptosis (54). In short, the FSP1-CoQ10-
NAD(P)H axis underlies another indispensable mechanism for
myocardium protection under CVDs.

Inflammation

Endogenous damage-associated molecular
patterns

Damaged or dead CMs can generate or release host-derived
danger signaling molecules DAMPs, which have been identified
as endogenous dangerous signals for the innate immune system
(55). The high mobility group box 1 (HMGB1) protein is a type
of DAMP that can be released by ferroptotic cells. Ferroptosis
inducers, erastin, sorafenib and RSL3, all trigger the release of
HMGBI, which recruits pro-inflammatory macrophages and
microglia via activating receptors for advanced glycation end
products (RAGE)-nuclear factor-kappa B (NF-kB) pathway.
Upregulation of HMGBI1 expression has been shown to
contribute to chronic HF and ischemic heart disease (56-59).
Besides, inflammasomes are multi-protein complexes involving
intracytoplasmic pattern recognition receptors. Inflammasomes
were activated by DAMPs, followed by activating pro-
inflammatory proteases and producing the corresponding
mature cytokines (60, 61). Englestrin, a selective sodium-
glucose cotransporter 2 inhibitor, significantly improved cardiac
function in adriamycin cardiomyopathy by attenuating CMs
ferroptosis through inhibition of the NOD-like receptor thermal
protein domain associated protein 3 (NLRP3) inflammasomes
related pathways (62). DAMPs are also processed by antigen-
presenting cells like dendritic cells (DCs) through Toll-like
receptors (TLRs) and presented to T cells to initiate an
immune response. Besides, DAMPs released from ferroptotic
ECs facilitates neutrophil adhesion to coronary vessels via
activating the TLR4/TIR-domain-containing adapter-inducing
interferon-p (TRIF)/interferon I (IFN I) pathway, resulting in
neutrophil recruitment to the damaged myocardium (63). These
discoveries shed light on the contribution of the immune cells
activated by DAMPs from ferroptotic cells leading to CVDs, as

summarized in Figure 2.

Pro-inflammatory factors

Inflammation is tightly associated with oxidative stress,
which triggers a range of pro-inflammatory factors such as
NF-kB, IL-6, IFN-y, TNF-a (64-67). Besides, studies have
confirmed that the NF-kB pathway and IL-6/JAK2/STAT3
pathway activation could induce ferroptosis (68, 69). IFN-
y could down-regulate the expression of two subunits of
xCT, SLC3A2 and SLC7All, through the ASKI1/JNK or
JAK1-2/STAT1 pathway, reducing cellular uptake of cystine
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cell.

The role of DAMPs released from ferroptotic CMs in inflammation. The release of DAMPs from ferroptotic cells activates the downstream NF-«B
inflammatory pathway through the TLR and RAGE receptors of inflammatory cells, leading to the production of inflammatory factors (e.g.,
NF-kB, IL-6, IFN-y, TNF-a, and IL-1B) which were also produced due to the increase of ROS to induce more CMs ferroptosis. In addition, ECs
respond to DAMPs via TLR4 receptors and release chemokines to promote more inflammatory cells entering the myocardial microenvironment.
CM, cardiomyocyte; ROS, reactive oxygen species; DAMP, damage-associated molecular pattern; HMGB, high mobility group box; RAGE,
receptor for advanced glycation end products; TLR, Toll-like receptors; MEK, mitogen-activated protein kinase kinase; NF-«B, nuclear
factor-kappa B; NLRP, NOD-like receptor thermal protein domain associated protein; NLRC, NLR family CARD domain containing; MyD88,
myeloid differentiation factor 88; IL, interleukin; TRIF, TIR-domain-containing adapter-inducing interferon-g; IFN, interferon; EC, endothelial

and thus promoting ferroptosis (70, 71). In cardiovascular-
related diseases, the inhibition of these inflammatory pathways
could rescue the ferroptotic CMs or ECs. For example, the
ferroptosis inhibitor ferrostatin-1 improved sepsis-induced
cardiac systolic dysfunction partly through alleviating the
TLR4/NF-kB signaling pathway and reducing TNF-a and IL-
6 (72). A hormone elabela significantly attenuated ferroptosis
in hypertensive mice by inhibiting the cardiac IL-6/STAT3
signaling pathway (43). Nevertheless, the involvement of IFN-
vy in the occurrence of ferroptosis has not been investigated in
CVDs and needs to be further studied.

Furthermore, membrane-bound arachidonic acid was
mainly found in the phospholipids of cell membranes and
subject to COX, LOX and cytochrome P450 to yield a series of
inflammatory mediators, like prostaglandins and leukotrienes,
causing aseptic inflammation (73, 74). Reducing intracellular
levels of arachidonoyl in CMs blocked neutrophil replenishment
and prevented the onset of ferroptosis. Eliminating oxidative
productions from arachidonic acid could also inhibit NF-kB
pathway activation (75). Thus, agents against metabolites
of arachidonic acid can play an anti-inflammatory or
cytoprotective role in CVDs caused by ferroptosis.
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Immune cells

During myocardial injury, different types of immune cells
interact with each other, and with CMs, fibroblasts, and ECs
to elicit inflammatory responses. Among these immune cells,
the macrophages and T cells are the two most studied types in
the cardiovascular field. Here, we focus on the possible effects
of these two types of cells on ferroptosis in CVDs, shown in

Figure 3.
Generally, the first immune cell type to respond to
myocardial injury is the tissue-resident macrophages.

Tissue-resident C-C motif chemokine receptor 2 (CCR2)~
macrophages originated from the embryonic developmental
CCR2*
macrophage repopulated by monocytes extravasating into

stage are distinguished from tissue-resident
the myocardium. Unlike CCR2™ macrophages, tissue-resident
CCR2™ macrophages could inhibit monocyte recruitment (76).
Apart from preventing fibrosis and stimulating angiogenesis
(77), CCR2™ macrophages also improve cardiac repair via
promoting clearance of apoptotic CMs, up-regulating anti-
inflammatory mediators IL-10 and TGF-f, and down-regulating
pro-inflammatory mediators IL-1B, TNF-a, IL-6 and IFN-y

after MI (78). Consumption of resident CCR2™ macrophages
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Immune cells involved in the regulation of CMs ferroptosis. This figure summarizes macrophages and T cells activity regulating the ferroptosis
following cardiac injury. The cross-talk between these immune cells and CMs depends on various inflammatory factors and exosomes. DC,
dendritic cell; CM, cardiomyocyte; IL, interleukin; TNF, tumor necrosis factor; IFN, interferon; TGF, transforming growth factor; CCR, C-C motif

chemokine receptor 2.

leads to activation of inflammasomes in CMs, abnormal
mitochondrial accumulation, and postinfarction ventricular
dysfunction (79). It can be inferred that cardiac resident CCR2™
macrophages may engulf CMs undergoing ferroptosis and
reduce the inflammation to inhibit ferroptosis. Subsequently,
the circulating CCR2* mononuclear macrophages infiltrate
into the myocardial injury environment in greater number than
the CCR2™ macrophages and polarize to M1 pro-inflammatory
phenotype and M2 reparative phenotype (80). Iron overload
(81). Ml
macrophages are more resistant than M2 macrophages to

promotes polarization of MI1 macrophages
ferroptosis due to high intracellular levels of inducible nitric
oxide synthase and nitric oxide radicals which inhibit lipid
peroxidation (82, 83). M1 macrophages secrete large amounts
of pro-inflammatory factors such as IL-1, TNEF, IL-12, and
IL-18, increase ROS and have the potential to induce ferroptosis

in adventitial hypoxic CMs (84, 85). Besides, exosomes derived
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from M1 macrophages in obese adipose tissue carry miR-
140-5p to induce ferroptosis in CMs by targeting xCT to
inhibit GSH synthesis, leading to abnormal left ventricular
contraction in obese mice (86). While it has been shown that
M2 macrophage-derived exosomes inhibit cell ferroptosis (87).
Hence, M1 macrophages may be a key inducer of ferroptosis
in the microenvironment of myocardial inflammation. Future
studies are needed to prove the effects of macrophages on the
onset of ferroptosis in CMs.

Infiltrating T cells activated by dendritic cells (DCs) may
also regulate the occurrence of ferroptosis in CVDs. Cytotoxic
CD8™ T cells can lead to poor cardiac remodeling after ischemia,
acute hypertensive heart injury, acute rejection of allogeneic
heart retransplantation and other CVDs, possibly by inducing
CMs ferroptosis through releasing IFN-y and promoting M1
polarization (88). For CD4™ effector T cells, the effects of
different subtypes are pleiotropic. T helper (Th)1 cells could
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activate cardiac fibroblasts to induce fibrosis; while regulatory
Treg cells could reduce the number of myofibroblasts through
inhibiting inflammation via anti-inflammatory cytokine IL-
10 in hypertension and HF (89-91). Additionally, Treg
cells beneficially influenced wound healing after MI by
regulating the polarization of M2 macrophages and inhibiting
proinflammatory cytokines production (92). Paracrine action of
Treg cells also promoted fetal and maternal CMs proliferation
to improve the prognosis of MI during pregnancy (93).
Thus, Treg cells may alleviate cellular ferroptosis in the
myocardial microenvironment by interacting with CMs and
inflammatory cells.

Metabolic disorders

Glucose metabolism disorder

As the Figure 4 shows that under aerobic circumstances,
glucose is initially transformed into pyruvate through the
glycolytic pathway and subsequently undergoes the TCA cycle
and mitochondrial OXPHOS processes to complete metabolism
(94, 95). At the initial stage of glycolysis, the glucose molecule is

10.3389/fcvm.2022.964034

phosphorylated by hexokinase to produce glucose 6-phosphate,
which is then further converted to fructose 6-phosphate by
glucose 6-phosphate isomerase, to subsequently produce
fructose 1,6-diphosphate catalyzed by fructokinase 6-phosphate
kinase 1, the main rate-limiting enzyme in the glycolytic process.
Simultaneously, fructose 6-phosphate is bypassed by glucose-
6-phosphate dehydrogenase and enter the pentose phosphate
pathway to produce the essential biosynthetic precursor and
NADPH, 60% of which required in animals is produced in this
manner. NADPH participates in multiple anabolic reactions,
responsible for the recycling of GSH, ubiquinone and Trx,
etc., which is crucial for ensuring the redox homeostasis in
the body (96). Pyruvate produced by glycolysis enters the
mitochondria to generate acetyl-CoA, which enters the TCA
cycle to generate NADH, FADH, coupled with OXPHOS.
Mitochondrial OXPHOS is accompanied by the transfer of
electrons in the ETC to molecular oxygen, leading to the
generation of ROS. Therefore, it can be speculated that glucose
metabolism in CMs is closely linked to ferroptosis. Echoing the
above hypothesis, appropriate blockade of glycolysis or TCA
significantly inhibited ferroptosis induced by erastin, cystine
depletion or RSL3 treatment, as manifested by stabilizing
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FIGURE 4

The role of glucose and fatty acid metabolic disorders in the regulatory network of ferroptosis of CVDs. The long-chain fatty acid is activated
and transformed into long-chain fatty acyl-CoA with the catalytic activity of ACSL/ACSVL. The long-chain fatty acyl-CoA combines with
carnitine and enters fatty acid g-oxidation in the mitochondrial matrix with help of CPT1, CPT2, and CACT. Then acetyl-CoA from the
B-oxidation cycle, anaerobic glycolysis, and glutaminolysis gather to strengthen the metabolism of the TCA cycle in mitochondrial matrix, which
activates downstream OXPHOS and ROS, eventually resulting in cellular ferroptosis. CVDs, cardiovascular diseases; ACSL, long-chain acyl-CoA
synthases; ACSVL, very long-chain acyl-CoA synthases; CoA, coenzyme A; CPT1, carnitine palmitoyltransferasel; CPT2, carnitine
palmitoyltransferase2; CACT, carnitine-acylcarnitine translocase; OXPHOS, oxidative phosphorylation; ROS, reactive oxygen species.
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mitochondrial membrane potential and decreasing lipid
peroxides accumulation (97, 98). According to the metabolomic
analysis, CMs exposed to the ferroptosis inducer RSL3 showed
markedly elevated isocitric acid and ketoglutarate (KG) contents
(99). Accumulation of some TCA circulating metabolites, alpha-
KG, succinate, fumarate and malate, can all contribute to lipid
ROS accumulation and ferroptosis. Additionally, alpha-KG
dehydrogenase/succinate/aconitase ~activity was enhanced
during the onset of ferroptosis due to cysteine deprivation
(97, 100). In the TCA cycle, glutamine can be catabolized to
glutamate by glutaminase, which is further metabolized to
alpha-KG for replenishment. The glutamine-fueled intracellular
metabolic pathway is required for ferroptosis induced by
cysteine deprivation (101). Inhibition of glutamine catabolism
reduces cardiac injury triggered by I/R, offering a prospective
therapy (102). These results suggest that glucose metabolism
products enhance the mitochondrial ROS generation, further

amplifying the ferroptosis signal.

Fatty acid metabolism disorder

Given that fatty acids are the core energy source for the
myocardium, concerns about lipid metabolism have crucial
implications in ferroptosis from CVDs (Figure 4). According
to the basic perspectives on fatty acid metabolism, three stages
are involved in this process, named activation, translocation
and p-oxidation. Some biomolecule evolved in the above three
stages, either metabolites or relative enzymes, can spark cellular
ferroptosis. As the first reaction of fatty acid catabolism, long-
chain acyl-CoA synthetases (ACSLs) and very long-chain acyl-
CoA synthetases (ACSVLs) converts different kinds of long-
chain fatty acid to corresponding fatty acyl-CoA. Among these
enzymes, ACSL4 mostly activates the long-chain fatty acids and
subsequently enriches cellular membrane with polyunsaturated
ones. Specifically, two long-chain fatty acids, arachidonic acid,
and adrenoic acid, can be both converted to arachidonoyl-
CoA and adrenoyl-CoA via ACSL4 and coenzyme A. Following
the activation of long-chain fatty acids, arachidonoyl-CoA and
adrenoyl-CoA are used to synthesize phosphatidylethanolamine
and phosphatidylinositol, composing negatively charged cell
membrane. Phosphatidylethanolamine can often be oxidized,
triggering the ferroptosis of cells, particularly under the
treatment with RSL3 (103). Consistent with the above findings,
ACSL4, iron and MDA level in reperfusion myocardium
gradually rose with the prolongation of myocardial ischemic
time (104). Serving as the functionally well-matched adversary
to ACSLs, Acyl-CoA thioesterases (ACOTs) accelerate fatty acid
synthesis with the substrate fatty acyl-CoA, and the balance
between ACSLs and ACOTs governs the dynamic equilibrium
of fatty acid metabolism. As reported in cardiovascular
basic researches, ACOT1, an isoform of ACOTs working in
cytoplasm, hydrolyzes fatty acyl-CoAs, varying from short-
chain ones to very long-chain ones, to free fatty acids
and conenzyme A in myocardium (105, 106). Under the
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condition of doxorubicin-induced cardiomyopathy, Acotl
knockdown sensitizes CMs to ferroptosis, whereas ACOT1
overexpression poses defensive effect on cellular ferroptosis.
This beneficial effect is conducted through ACOTS function
of lipid components alteration and acyl-CoA hydrolysis,
evidenced by increased anti-oxidative w-3 polyunsaturated fatty
acids and docosahexaenoic acid abundance in the hearts of
ACOT1-overexpressed mice (107). Meanwhile, in the stage of
fatty acid activation, the adipokine chemerin deriving from
adipose tissue inhibits fatty acid oxidation and maintains
fatty acid levels to confer ferroptosis resistance. Chemerin
inhibition shuts down the anti-oxidative CoQ system, followed
by ROS explosion, additionally, its deficiency remarkably
attenuates glycerophospholipid species accumulation, including
phosphatidic acid, phosphatidylcholine, phosphatidylglycerol
and intact sphingolipids, with an immediate increase in the
replenishment of their corresponding oxidative and catabolic
products (108, 109). Subsequent to the translocation stage,
the substrate, fatty acyl-CoA, enters the B-oxidation cycle in
mitochondrial matrix. After every four steps of p-oxidation, the
carbon chain of acyl-CoA is shortened by two carbons, with
acetyl-CoA released. Then, explosive acetyl-CoA production
from fatty acid P-oxidation accelerates downstream TCA
cycle and excites ROS-induced ferroptosis. Hence, ideal
component remodeling and maintenance of free fatty acids
metabolic balance are predicted to improve the sensitivity of
CMs to ferroptosis.

Iron metabolism disorder

The balance of iron homeostasis in the body depends
on the metabolic regulation of iron absorption, recycling and
release. The absorption of dietary iron into the blood is
regulated by DMT1 of intestinal epithelial cells. Iron recycling
is obtained from senescent red blood cells phagocytosed by
reticuloendothelial macrophages. Ferroportin (FP) is the only
known mammalian iron exporter capable of releasing iron
into the circulation. Hepcidin, a liver-derived hormone, can
degrade FP and reduce the release of iron to the circulation.
Therefore, in addition to nutritional iron deficiency, the
disorders of the process mentioned above such as FP mutation
and abnormal hepcidin levels (affected by inflammation,
hypoxia, hemochromatosis protein, TfR, and other factors)
can lead to the imbalance of iron homeostasis in the
body (110).

At the level of individual CMs, the metabolic mechanisms
maintaining iron homeostasis are mainly illustrated in Figure 5,
associated with CMs ferroptosis. The uptake and transport
of iron in the CMs mainly depend on TfR1, which takes
in the Fe>*-transferrin (Tf) complex into the cytoplasm via
endocytosis, and finally Fe** mainly stores in the form of
ferritin and hemosiderin. Ferritin controls the distribution
and storage of iron in cells, preventing iron-catalyzed Fenton
reaction and free radical production. Ferritin consists of
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antigen of the prostate 3.

Interaction of intracellular iron metabolism and ferroptosis. Fe3* and Tf bind to form Fe3+-Tf complex and enter the cell by means of TfR1 via
endocytosis. In endosomes, Fe3 is liberated from Tf and catalyzed by STEAP to Fe2*, while Tf is released extracellularly by exocytosis. The
process Fe2* released from endosomes or absorbed into the cells depends on DMTL. In mitochondria, the utilization of Fe2+ is mainly the
synthesis of Fe—S clusters and heme, which can be degraded by Hmox1 to regenerate Fe2*. Excess Fe2™ can store in ferritin by converting into
Fe3+, while ferritinophagy can re-release free iron. Intracellular Fe2* can also be exported through FP1. The above processes participate in the
regulation of intracellular Fe2* content to control Fenton reaction, thereby regulating the occurrence of ferroptosis. FP1, ferroportinl; DMT1,
divalent metal transporter 1; Tf, transferrin; TfR1, transferrin receptor 1; Hmox1, Heme oxygenase 1; STEAP3, six-transmembrane epithelial

24 subunits, including ferritin light chain (Ftl), and ferritin
heavy chain (Fth), the latter with ferrous oxidase activity
can oxidize poly(C)-binding protein (PCBP)-carried Fe?™ to
Fe*. In ferritin knock-out mice, ferroptosis induced by
decreased xCT expression in CMs predisposed the mice to
cardiomyopathy (9). BTB and CNC Homology 1 (BACH]1) is a
heme-binding transcription factor required for the appropriate
regulation of oxidative stress responses and metabolic pathways
associated with heme and iron. BACH1 inhibited Fth1 and Ftl1
encoding ferritin, exacerbating MI by promoting ferroptosis
(111). Degradation of ferritin, especially Fthl, through nuclear
receptor coactivator 4 (NCOA4) -mediated ferritinophagy
resulted in the release of ferritin-bound iron to replenish
free Fe2* (112). Inhibition of NCOA4-mediated ferritinophagy
contributed to myocardial hypertrophy through mitochondrial
iron overload (113). Regarding Fe?*, it can be taken up into
the CMs by DMT1. Additionally, Fe?* can be transformed
by Fe’* deoxygenation under the catalysis of the iron oxide
reductase six-transmembrane epithelial antigen of the prostate
3 (STEAP3), followed by releasing from the endosome mediated
by DMTI into the ferroptosis-associated unstable iron pool in
the cytoplasm. Furthermore, loss of cardiac iron exporter FP1
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rapidly caused an eventual fatal impairment of cardiac function
in mice, which is associated with intracellular iron deposition in
the myocardium (114). Salvia miltiorrhiza injection decreased
cardiac iron deposition and inhibited cardiac oxidation by
down-regulating DMT1 and TfR1 expression and up-regulating
FP1 protein levels (115). The above evidence suggests that
reducing cardiac iron uptake and increasing iron excretion is
one of the essential mechanisms for enhancing cardiac function.

Heme oxygenase 1 (Hmoxl) is a rate-limiting enzyme
in the metabolism of the iron porphyrin compound heme,
which is broken down into carbon monoxide, biliverdin, and
Fe?t. The myocardium is rich in heme for the synthesis
of myoglobin, cytochrome, etc., therefore, Hmox1 plays an
important role in the regulation of myocardial iron metabolism.
Hmox1 mediates ferroptosis induced by the release of Fe?* from
heme and is responsible for adriamycin-induced cardiotoxicity
or cardiac injury with sickle cell disease in mice (7, 116).
While Hmox1 also regulates intracellular oxidation levels by
stabilizing hypoxia-inducible factor la to prevent ischemia-
mediated injury (117). Consequently, excessive up-regulation of
Hmox1 is toxic, while moderate up-regulation of Hmox1 may
have a positive cytoprotective effect on the myocardium.
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Mitochondrial injury

Apart from serving as the primary organelle for intracellular
energy generation, mitochondria also play the central
role in utilization, catabolism, and anabolisms for iron.
Cellular iron homeostasis and mitochondrial homeostasis are
interdependent. Mitochondria must import and incorporate
iron ions to form iron-sulfur clusters, heme, and certain
mitochondrial proteins that underpin cellular respiration
(Figure 5) (118-120). While the deficiency in mitochondrial
iron-sulfur cluster biosynthesis also triggered intracellular
uptake and redistribution of iron (121). The absence of certain
RNA-binding proteins in mitochondria can disrupt cellular
iron homeostasis and lead to apoptosis (122). Therefore,
the following sections elaborated on the association between
mitochondria and ferroptosis in CVDs.

The role of ferroptosis in mitochondria
Mitochondrial morphology is an essential judge of cell
death. They are generally short rod-shaped or spherical, 1-2 pm
long, and consist of double membranes, an outer membrane
and an inner membrane with a cristae structure. Ferroptosis
is correlated with significant morphological alterations in the
mitochondria. After the onset of the ferroptotic stimulus,
fragmentation, condensed membrane density, lower volume,
reduced or absent cristae and rupture of the outer membrane
shortly occurs in the mitochondria (3, 123, 124). The tendency
for reduction in mitochondrial membrane potential leads to
mitochondrial dysfunction, as evidenced by increased ROS
production, mitochondrial membrane hyperpolarization and
mitochondrial swelling, ultimately leading to hypertrophy of
CMs (113, 125-127). Both Fe3* and Fe?t overload can
potentially cause mitochondrial disorders as described above,
but Fe?* has been proven to have more destructive effects
than Fe>t (128). Tadokoro et al. (129) revealed that excessive
accumulation of free Fe?™ in mitochondria of CMs in mice
with doxorubicin cardiomyopathy or I/R-induced HE, and
that chelating Fe>* in mitochondria prevented ferroptosis in
CMs. Hence, mitochondrial damage due to Fe?t overload
was the main mechanism of cardiac injury (129). On the
inner membrane of the mitochondria, the respiratory chain
carries out electron transfer via four protein complexes (I,
II, I, and IV) to produce ATP, which is the most basic
energy metabolism in the organism. Chronic iron overload
could additionally inflict damage on mitochondrial DNA and
impair the synthesis of respiratory chain subunit complexes
I and IV. These results explained chronic progressive cardiac
hypertrophy and cardiac insufficiency (130). Treatment with
the ferroptosis inhibitor liproxstatin-1 reduced myocardial
infarcted size in mice by controlling the entry and exit
of mitochondrial ROS via diminishing VDACI, a pore-like
protein in the outer mitochondrial membrane (131). Thus,
ferroptosis accounts for impaired cardiac function by causing
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deterioration of mitochondrial function and interfering with
mitochondrial dynamics.

The role of mitochondria in ferroptosis

Mitochondrial metabolism in the pathological state actively
facilitates the generation of lipid ROS, and remarkably increases
the level of loosely bound unstable iron ions, which is
a prerequisite for ferroptosis (132). Mitochondria contains
an abundance of GSH, accounting for about 10-15% of
total intracellular GSH. Two carrier proteins, mitochondrial
dicarboxylate and 2-oxoglutarate, have been identified as
GSH transporters (133). Inhibition of these two carrier
proteins resulted in the depletion of GSH and ultimately
ferroptosis in CMs. In detail, when GSH was depleted rapidly,
hyperpolarization of the mitochondrial membrane potential
caused the release of cytochrome C and the activation of
caspase, thus explaining the role of these two carriers in
regulating ferroptosis (97, 134). In mitochondria, there are
also organic compounds mitigating ferroptosis. Dihydrolipoic
acid acts as an essential cofactor for several mitochondrial
enzyme complexes, allowing the direct reduction of pro-
ferroptotic peroxidized phospholipids to hydroxyphospholipids
and scavenging oxygen radicals (135). It is speculated that more
effective pharmacological interventions to protect mitochondria
could be new therapeutic targets, improving clinical outcomes in
the treatment of CVDs.

Mitophagy and ferroptosis

Mitophagy is a process that selectively scavenges damaged
mitochondria and maintains normal mitochondrial activity.
Specifically, the serine/threonine kinase PTEN-inducible
kinase 1 (PINK1) and the E3 ubiquitin-protein ligase Parkin
synergistically sense the functional state of mitochondria and
label damaged mitochondria. The damaged mitochondria are
encapsulated into autophagosomes and fused with lysosomes,
thus completing mitochondrial degradation. Mitophagy was
detected to protect against the development of HE myocardial
I/R injury, and obese cardiomyopathy through the Pink1/Parkin
pathway (136-138). Mitophagy receptor deficiency can lead to
cardiac remodeling and dysfunction through ACSL4-mediated
activation of ferroptosis (134). However, overactivation of
mitophagy may also induced HF by activating TLR4/NADPH
oxidase 4 pathway (8), and mitophagy was also reported to
trigger necroptosis and ferroptosis in melanoma cells (139).
Therefore, mitophagy has diverse features under different
conditions and the regulation of ferroptosis in CMs mediated
by mitophagy may need to be further explored.

Several studies have come to the opposite conclusion
that mitochondria are dispensable for the execution of
ferroptosis induced by GPX4 inhibition, and mitochondria-
deficient cell lines show no difference in the susceptibility
of ferroptosis from control (3). Possible explanations are
that firstly, once GPX4 was eliminated, small amounts of
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02—, ¢OH, and H,0; will be quickly magnified by Fenton
reaction, causing full-scale ferroptosis whatever the activity of
mitochondria, and secondly, there may be some differences
in metabolism between cell lines, with varying degree of
dependence on mitochondria.

Discussion and conclusion

Rapid advances in current evidence-based medicine for the
treatment of CVDs firmly support the effectiveness of several
drugs, such as angiotensin-converting enzyme inhibitors, beta-
blockers and aldosterone receptor antagonists. Nevertheless,
certain adverse side effect of these drugs has caused the
administration restricted in specific patients. Recently, targeting
iron homeostasis and ferroptosis has become a new direction
for clinical treatment of CVDs. Two randomized clinical trials
(FAIR-HF and Confirm-HF) have provided clear evidence for
the benefit of iron supplementation in patients with chronic
HF and iron deficiency. Although oral iron supplementation
has no apparent effect, intravenous ferric carboxymaltose can
improve hospitalization and mortality from cardiovascular
events in iron-deficient HFrEF (LVEF < 45%) patients (140).
In terms of the secondary prevention of CVDs, a meta-
analysis failed to identify participants more likely to derive
clinical benefits from iron nutritional supplements in reducing
the risk of cardiovascular outcomes (141). The benefit of
iron supplementation in patients of acute CVDs without
iron deficiency is unclear, and this treatment may exacerbate
(I/R) injury. Conversely, administration of deferoxamine which
chelates redox-active iron to inhibit ferroptosis has been
shown to improve blood oxidative stress markers as an
adjunctive therapy for patients with ST-segment elevation MI
(142). Intravenous infusion of deferoxamine mesylate at the
initiation of thrombolysis was also effective in ischemic stroke
patients, with no apparent adverse effects (143). Therefore,
pharmacological treatment to maintain iron homeostasis
and inhibit ferroptosis may serve as a new therapeutic
strategy for CVDs.

Additionally, although indicators of ferroptosis have
predictive capacity on the prognosis of amyotrophic lateral
sclerosis (144), ferroptosis biomarkers for predicting early
diagnosis and prognosis of CVDs have not yet been reported
clinically. Classic CVD-related ferroptosis biomarkers validated
in animal models include GPX4, ROS, 4-HNE, COX-2, and
iron levels, but there are still some limitations of detection
(35, 45, 86). First, the activity of ferroptosis metabolites
is time-sensitive and should be detected in time after the
onset of CVDs. Second, oxidative stress also occurs during
necrosis and apoptosis, and simple ROS detection cannot
explain the occurrence of CM ferroptosis. Third, the great
challenge for COX-2 as a biomarker of ferroptosis is that
upregulation of COX-2 has been observed under a variety
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of inflammatory conditions, except in the case of myocardial
ferroptosis. Finally, iron levels may not represent the level of
ferroptosis and need to be measured in combination with other
indicators. Other potential ferroptosis biomarkers associated
with CVDs can be referred to Table 1. A recent bioinformatics
analysis also determined elevated key genes associated with
MI, ferroptosis, and hypoxia, such as Atf3, Socs3, Hspalb,
Cxcl2, and Myd88, which could serve as new biomarkers
for MI (145). Thus, indicators of pathophysiology based on
ferroptosis may have predictive potential for CVDs in the
future, providing better stratification for patient personalized
care and resource allocation.

In summary, ferroptosis-related pathological mechanisms
such as oxidative stress, inflammation, metabolic disorders and
mitochondrial damage are involved in the development of
CVDs. As research proceeds, inhibition of ferroptosis may be
an effective strategy for the treatment of CVDs.
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The multifaceted roles of ER and
Golgi in metabolic
cardiomyopathy
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United Kingdom

Metabolic cardiomyopathy is a significant global financial and health challenge;
however, pathophysiological mechanisms governing this entity remain poorly
understood. Among the main features of metabolic cardiomyopathy, the
changes to cellular lipid metabolism have been studied and targeted for
the discovery of novel treatment strategies obtaining contrasting results.
The endoplasmic reticulum (ER) and Golgi apparatus (GA) carry out protein
modification, sorting, and secretion activities that are more commonly studied
from the perspective of protein quality control; however, they also drive
the maintenance of lipid homeostasis. In response to metabolic stress, ER
and GA regulate the expression of genes involved in cardiac lipid biogenesis
and participate in lipid droplet formation and degradation. Due to the varied
roles these organelles play, this review will focus on recapitulating the
alterations and crosstalk between ER, GA, and lipid metabolism in cardiac
metabolic syndrome.

KEYWORDS

metabolic syndrome, metabolic cardiomyopathy, cardiac lipid metabolism,
endoplasmic reticulum, Golgi apparatus

Introduction

In the past five decades, the global prevalence of obesity, diabetes, and hypertension
has reached epidemic dimensions (1, 2). These disorders, collectively termed metabolic
syndrome, confer substantial morbidity and mortality of cardiovascular disease (3, 4). At
the same time, they are high-risk factors for the development of cardiomyopathy (5). The
metabolic syndrome encompasses a diverse set of conditions that exert chronic stress on
cellular functions, such as systemic dyslipidemia, hyperglycemia, and insulin resistance.
The pathophysiological changes induced in the heart by these stressors are termed
metabolic cardiomyopathy. Clinically, patients with metabolic cardiomyopathy initially
present diastolic dysfunction, followed by late-onset systolic dysfunction and, ultimately,
heart failure (HF) (6). Along with adverse structural remodeling and increased
presence of reactive oxygen species, cell death, and inflammation (7, 8), metabolic
cardiomyopathy features cardiac energetic impairment (9, 10). Lipid mishandling and
subsequent lipotoxicity are prominent effects of this alteration (11, 12). Efficacious
therapeutic options targeting cardiac lipid derangements are lacking, therefore advanced
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understanding of the pathogenesis is necessary. The
endoplasmic reticulum (ER) and the Golgi apparatus (GA) are
essential for lipid homeostasis, hosting and processing proteins
involved in triacylglycerol (TG) synthesis and lipolysis. Previous
reviews have focused on the central role the mitochondria
play in lipid oxidation in metabolic cardiomyopathy (13-16);
however, the role of the ER and GA in lipid metabolism in the

heart under metabolic stress remains poorly defined.

Cardiac lipid metabolism

Fatty acids (FAs) account for approximately 70% of the
energy sources required for ATP synthesis in cardiomyocytes. In
circulation, FAs are commonly found as triacylglycerols (TGs)
associated with lipoproteins or chylomicrons or as free FAs
bound to albumin. TGs are hydrolyzed by lipoprotein lipase
(LpL) Cardiomyocytes take up extracellular FAs by passive
diffusion across the plasma membrane or by surface receptors
such as protein cluster of differentiation 36 (CD36), fatty acid
transport protein 1, and fatty acid binding protein (17). Once
in the cytoplasm, FAs are shuttled into the mitochondria for
p-oxidation resulting in high energy molecules required for
cardiac function (18). Excessive FAs are converted back to
TGs by diacylglycerol acyltransferase (DGAT) and stored in
lipid droplets (LD). When required, FAs are released from
LDs by adipocyte triglyceride lipase (ATGL) and hormone-
sensitive lipase (HSL) (19). Lipid homeostasis also requires the
participation of other organelles. For example, peroxisomes
manage very long-chain fatty acid breakdown and B-oxidation,
lysosomes carry out lipid catabolism, and ER and GA handle
LD formation (20). It is widely accepted that in metabolic
syndrome the myocardium experiences an increase in lipid
consumption (9, 21), meaning that different organelles activate
stress responses to manage different stages of lipid homeostasis.

Lipotoxicity in cardiomyopathy

Cardiac lipotoxicity develops due to a build-up of FAs and
lipid intermediates that disrupt p-oxidation homeostasis.
Among such intermediates are ceramides and di-acyl
glycerol (DAG). In a mouse model of lipid-induced dilated
cardiomyopathy by LpL cardiac-overexpression, ceramides
were found to regulate substrate utilization, where inhibition of
ceramide biosynthesis normalized FAs and glucose oxidation
and improved survival. In addition, ceramides induce various
pathological processes that promote lipotoxicity, for instance,
insulin resistance, inflammation, and apoptosis (22).

Similarly, DAG induces apoptosis via mitochondrial
apoptotic pathways. It also impairs insulin signaling, an effect
that can be accelerated due to the reactive oxygen species
production (ROS) by free FAs (19). These pathological processes

associated with toxic lipid intermediates contribute to the
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development of metabolic cardiomyopathy; therefore, it is
important to study the mechanisms available in the cell to
counteract such conditions.

ER stress response and UPR

The ER is involved in protein quality control (PQC), calcium
homeostasis, and lipid metabolism. Chronic metabolic stress can
perturb ER homeostasis leading to ER stress and proteotoxicity
that consist of protein misfolding and protein accumulation.
Protein quality is vital to sustain cardiac function and in
metabolic cardiomyopathy it has been identified as an inducer of
cell death (23). ER stress triggers an adaptive signal transduction
pathway known as the unfolded protein response (UPR) which
neutralizes ER stress and sustains cellular function. Three
transmembrane proteins maintain ER homeostasis; inositol-
requiring enzyme la (IREla), protein kinase RNA-like ER
kinase (PERK), and activating transcription factor 6 (ATF6)
initiate the UPR (24). Under basal conditions, these sensor
proteins are associated with chaperone GRP78/Bip, rendering
them inactive (25). When proteostasis is disrupted, GRP78/Bip
detaches and these become active (26). IREla processes the
transcription factor X-box binding protein 1 (XBP1), forming
the transcriptionally active spliced-XBP1 (XBP1s) (25, 27).
XBP1s binds to a set of UPR-target genes that upregulate
organelle biosynthesis, PQC, and ER-associated degradation
(ERAD) (28). PERK phosphorylates the eukaryotic translation
initiating factor 2a (elf2a), attenuating protein synthesis (27,
29). In turn, elf2a also induces the translation of ATF4,
which regulates the expression of genes involved in autophagy,
apoptosis, antioxidant response, and the transcription factor
DNA damage-inducible 34 (GADD34). GADD34 can restore
protein synthesis by binding to protein phosphatase 1C (PP1C),
which dephosphorylates elf2a (27). PERK upregulates the
proapoptotic transcription factor CHOP/GADDI153. Finally,
ATF6’s transcriptional activity induces the expression of ERAD
and XBP1 genes (24). These transcriptional events act in a
well-choreographed manner to maintain ER equilibrium.

ER regulation of lipid metabolism

In addition to its protein-centric role, the UPR is an
essential nutrient sensing ER apparatus critical for maintaining
lipid homeostasis (30, 31). Palmitate activates the PERK-eIF2a-
CHOP pathway and decreases Bip expression in HepG2 liver
cells. Accordingly, Bip overexpression reduced CHOP levels
and attenuated palmitate-induced ER stress and apoptosis
(32). Moreover, GADD34-mediated dephosphorylation of eIF2a
reduces hepatosteatosis in Alb::GC transgenic mice upon high-
fat diet (HFD) feeding (33). Following this, depletion of ATF4,
the downstream effector of the PERK-eIF2a pathway, protects
mice against hepatic steatosis and hypertriglyceridemia in
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response to high-fructose diet feeding (34), suggesting that the
PERK pathway regulates lipogenesis in hepatocytes. Similarly,

Frontiers in Cardiovascular Medicine

132

PERK depletion inhibits lipogenesis during the differentiation
of mouse embryonic fibroblasts to adipocytes (35) (Figure 1).
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The IREla-XBP1 branch of the UPR is also a critical
regulator of metabolic-stress-induced lipid disequilibrium (36).
Adipocyte Xbpls overexpression prevents obesity in HFD-fed
mice and leptin-deficient ob/ob mice via increased uridine
biosynthesis (37). Added to this, ectopic adipocyte Xbpls
expression promotes systemic glucose homeostasis in both lean
and ob/ob mice by increasing adiponectin serum levels (38).
XBP1 deletion reduces hepatic steatosis and improves insulin
sensitivity in mice fed a high-fructose diet despite increased
ER stress (39). In accordance, Lee et al. (40) demonstrated
that XBP1 regulates lipogenesis. Finally, ATF6 modulates lipid
metabolism in an XBPl-independent manner (41). ATF6a-
knockout mice administered the pharmacological ER-stress
inducer tunicamycin exhibit liver dysfunction and steatosis,
ensued from aberrant f3-oxidation and suppression of very-
low-density lipoproteins (VLDLs) formation. However, these
abnormalities are obliterated by ATF6 overexpression (42). A
similar account is observed in ATF6a deficient hepatocytes
following a high-fat and high-sucrose diet feeding (43). During
adipogenesis, ATF6a deficiency reduces the expression of key
audiogenic genes needed for adipocyte differentiation (44).
These studies highlight the importance of the ER stress response
regulating lipid homeostasis in metabolically active peripheral
tissues, such as adipose and liver. The crosstalk between such
tissues and the heart is a major subject of study and their
influence in the development of metabolic cardiomyopathy has
been reported (45, 46). However, the amount of evidence also
suggests that similar mechanisms could be present in the heart
and be worth exploring for a better understanding of the disease.

ERAD factors’ involvement in lipid
metabolism

ERAD is an integral part of the ER stress response. It
recognizes and labels abnormal proteins in the ER directing
them to the cytosol for proteasomal degradation. Cell-type-
specific ERAD mouse model studies are limited. Adipocyte-
specific SellL deficient mice are resistant to HFD-induced
obesity, developing postprandial hypertriglyceridemia and
displaying hepatic steatosis (47). Here, in the absence of SellL,
LPL is retained in the ER in the form of ERAD-resistant
aggregates. Similar observations were made on other LPL-
expressing cells, including cardiomyocytes and macrophages
(47). Hepatocyte-specific ER degradation enhancing alpha-
mannosidase-like protein 3 (EDEM3) knockdown mice had
increased LRP1 expression leading to enhanced VLDL uptake,
thereby reducing plasma TG levels (48). Concurrently, data
obtained from Gan et al. (49) showed that ischemic heart-
derived small extracellular vesicles (sEVs) carrying miR-23-
27-24 suppress adiponectin biosynthesis by downregulating
EDEM3. This pathological communication causes adipocyte ER
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stress and endocrine dysfunction, which contributed to post-MI
metabolic disorders.

Furthermore, Choi et al. (50) reported that depletion of the
ER membrane-anchored E3 ligase gp78 stabilized DGAT2 in
hepatic cells, which increased LD levels. UBXDS8 is a protein
that interacts with p97 during ERAD to facilitate proteasomal
degradation of ubiquitinated proteins; however, UBXDS8 has also
emerged as a critical determinant of fatty acid (FA) metabolism
and TG storage (51-54). UBXDS8 acts as an unsaturated FA
sensor. In FA-depleted cultured cells, UBXDS8 inhibits the
conversion of DAGs to TGs; this effect is reversed upon
exposure to unsaturated FAs (53). Mechanistically, UBXD8
negatively regulates ATGL by promoting the dissociation of
its activator CGI-58 (51). Therefore, FAs increase TG content
by inactivating UBXDS. In line with this, UBXDS8 depletion
in murine hepatocytes leads to periportal steatosis upon HFD
feeding (55). Whilst there is a vast body of literature evidencing
ERAD involvement in lipid metabolism, the role of ERAD
proteins in metabolic cardiomyopathy remains unexplored.

ER stress and cardiac lipid
metabolism

ER stress has been identified as a crucial pathophysiological
driver of cardiovascular disease in preclinical and clinical
studies (23). ER stress is implicated in cardiac lipotoxicity
(56-58); however, the mechanisms by which ER disruptions
contribute to lipotoxic alterations in cardiomyocytes are
unclear. Recently, Schiattarella et al. (59) reported that
cardiomyocyte-specific overexpression of Xbpls ameliorates
cardiac dysfunction and reduces myocardial steatosis in a
preclinical model of HF with preserved ejection fraction. Further
investigations revealed that Xbpls promotes the ubiquitination
and degradation of Forkhead box protein Ol (FoxOl) via
E3 ubiquitin ligase STUBIL. FoxOl is a vital transcriptional
regulator of genes involved in cellular metabolism and its
transcriptional activity is increased in obese and diabetic animal
models (60, 61). In cardiac muscle cells, FoxO1 orchestrates
the
this accumulation remain unknown. Conversley, FoxOl

lipid accumulation; sequential events underpining
overexpression inhibits lipid accumulation in hepatocytes
by mediating ATGL-dependent lipolysis (62). CGI-58 is an
LD-associated protein that plays a vital role in TG hydrolysis
by activating ATGL (63). it is decreased in failing human
hearts (64). CGI-58-deficient mice display adverse cardiac
remodeling accompanied by accentuated cardiac TG levels,
ROS production, and inflammation when after HFD feeding
(65). The chemical chaperone 4-PBA attenuated HFD-induced
cardiac remodeling and dysfunction; alleviated mitochondrial
dissonance, oxidative stress, and lipid accumulation in cardiac-

specific CGI58- knockout mice (65). Moreover, inhibiting
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calpains, calcium-activated proteases, prevents lipotoxicity-
associated myocardial injury in HFD-challenged mice by
attenuating ER stress, thereby improving cardiac function
(66). These studies suggest ER stress regulates cardiac lipid
homeostasis and acts as a potential therapeutic target for
metabolic cardiomyopathy.

While ER stress alters lipid metabolism, FAs can also
induce ER stress in a bidirectional loop, creating a vicious
cycle (67). Saturated fatty acids instigate lipotoxic injury in
cardiomyocytes via ER stress-mediated apoptosis pathways
(68-70). Cardiomyocyte-specific PPARB/3 deletion perturbed
myocardial fatty acid oxidation, induced ER stress, and lead
to cardiac steatosis, hypertrophy, and congestive HF in a
preclinical mouse model (71, 72). The PPARP/3 agonist,
GW501516, attenuated palmitate-induced ER-stress in AC16
cells, underscoring the therapeutic potential of PPARP/®
for ER-stress mediated cardiac lipotoxicity (72). Moreover,
CTRPY, a highly conserved paralog of adiponectin, has
also been reported to regulate lipid metabolism. CTRPY-
knockout mice displayed augmented ER-stressed induced
CTRP9
exerted anti-ER-stress-related apoptotic effects and anti-

apoptosis; nevertheless, recombinant treatment
oxidative stress effects to abate lipotoxicity in neonatal rat

cardiomyocytes (73).

The physiological function of the GA

The GA comprises a series of stacked membranes that
process ER proteins and lipids. Its main functions include
protein glycosylation, sorting and secretion, and phospholipid
and sphingomyelin synthesis. The GA network can be divided
into the cis and trans components. While the cis network
is responsible for receiving cargo from the ER, the trans-
Golgi network (TGN), on the other end, regulates cargo exit
from the Golgi. The cargo is carried in transport vesicles
formed by protein complexes that regulate their content and
direction. From the ER exit sites, coat protein complex II
(COPII) vesicles travel through the ER-Golgi intermediate
compartment (ERGIC) to the cis-component via anterograde
transport. In retrograde transport, COPI-coated vesicles recycle
ER-resident proteins. Finally, cargo directed to other organelles
or the plasma membrane exit the TGN in clathrin-covered
vesicles (74). Like the ER, the GA can experience stress
when unable to keep up with the flux of proteins and lipids,
leading to the activation of the Golgi stress response. Even
though this response has not been as well-characterized as
the UPR in the heart, pathways such as transcription factor
binding to IGHM enhancer 3 (TFE3), CAMP responsive
element binding protein 3 (CREB3), and heat shock protein
47 (HSP47) have been found to regulate GA structure and
functions (75).
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GA regulation of lipid metabolism

The GA is mainly known for its role in lysosomal,
transmembrane, and secretory protein glycosylation and
trafficking activities. In addition to its protein processing
activities, its contributions to lysosomal function and membrane
dynamics are vital for lipid recycling, lysosomal lipid signaling,
and membrane composition, all of which are key to lipid
metabolism in the setting of metabolic disease (76-78).
Presently, manifestations of direct GA involvement in lipid
signaling and metabolism not associated to membrane
dynamics that have not been clearly defined will be discussed.
Recent observations from Fan et al. (79) demonstrated that
hyperglycemia affects myocardial GA protein expression and
causes fragmentation in a preclinical model of type 1 diabetes.
Proofs of how this could impair lipid metabolism have been
found in different animal models or cell lines. For instance,
the membrane lipid transporter CD36 is processed in the GA
before its transport to the plasmatic membrane. A mutation that
blunted its passing through the GA resulted in ER accumulation
and low lipid uptake (80).

Knocking down COPI subunits in flies (81) and Hep62
(82) cells showed they are required for lipolysis activation.
They regulate LD surface proteins that inhibit lipolysis, such
as Perilipins 2 and 3, and promote the formation of ER-
LD bridges through which ATGL is transferred to the LDs.
The deletion of oxysterol binding protein-like 2 (OSBPL2),
an intracellular lipid receptor, disrupted LD localization of
the subunit COPBI, leading to lipid accumulation in larger
LDs and hypercholesterolemia in zebrafish (82). Furthermore,
genetic or chemical interference with the ADP-ribosylation
factor (ARF1)-COPI pathway at different stages gave similar
results. Golgi-specific brefeldin A-resistance guanine nucleotide
exchange factor 1 (GBF1) interacts directly with ATGL (83), and
its deletion hindered ATGL transport to nascent LDs, inducing
the lipase’s proteasomal degradation (84). In addition, impeding
the function of the COPII complex also disrupted lipolysis, but
the effect was smaller than that of COPI. In different cells,
knockdown of ARF1, a COPI complex initiator, showed that
this machinery has the ability to form nano-buds from the
LD membranes and target TG synthesis enzyme to the LD
membrane (85), suggesting that it affects LD composition as well
as degradation.

Similar to the observations above, deletion of GRASP55,
another Golgi-resident protein, impaired the trafficking of
ATGL and MGL to LDs, impairing lipolysis. In mice, this
systemic deletion conferred resistance to HFD-induced obesity
due to a decreased formation and secretion of chylomicrons
and VLDLs from enterocytes resulting in low lipid uptake (86).
Hepatic deletion of the initiator of COPII complex GTP-binding
protein SAR1b (SAR1) in mice showed increased accumulation
of TGs and cholesterol in the liver with reduced lipid plasma
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levels protecting them from atherosclerosis (87). In this study,
Wang et al. (87) identified surfeit locus protein 4 (SURF4)
as a receptor for specific VLDL secretion downstream of the
COPII pathway and as a protein with a COPI sorting signal
for recycling. Comparable effects were observed in liver-specific
IRE1 knockout mice where COPII transport was reduced. In this
case, XBP1 overexpression restored COPII gene expression and
trafficking, resolving the fatty liver and hypolipidemia (88). The
significance of the GA transport role in lipoprotein secretion
was confirmed by a report showing eight different mutations
of SARA2 (coding SARI protein) in patients with severe fat
absorption disorders (89). These results indicate that the ER-GA
transport network can be targeted for the systemic regulation of
metabolic diseases.

Finally, in addition to its role in protein and LD processing,
the GA is involved in metabolic and cell death signaling. In
the heart, activating an alternative isoform of calcineurin
presenting a new Golgi-localization signal was found to
regulate metabolism through AKT phosphorylation, reducing
mitochondrial ~dysfunction and preventing myocardial
remodeling following transaortic constriction (90). AKT
signaling is impaired in the hearts of obese mice (91), and this
pathway inhibits cardiac lipolysis (92). Furthermore, GA stress
pathways have been found to promote apoptosis, particularly
in neurological diseases, by modulating caspase cleavage and
calcium influx (93). In Hela cells, the ferroptosis pathway was
also activated by inducers of GA stress (94). Ferroptosis is an
iron-dependent cell death process driven by lipid peroxidation,
making these observations relevant for the study of GA and
metabolic stress. There is clear evidence that the GA regulates
lipid metabolism and that it responds to stress in relevant
metabolically active tissues. However, the specific links involved
in metabolic cardiomyopathy, particularly taking place in the
myocardium, need further study to identify better potential
therapeutic targets.

Conclusion

The ER and GA regulation of lipid metabolism are complex
and largely unexplored. Both organelles have a clear role in
sustaining protein synthesis and processing during metabolic
stress conditions, which is essential for preventing HF. However,
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Background: Observational studies have shown inconsistent results of the
associations between type 2 diabetes mellitus (T2DM) and blood lipid
profiles, while there is also a lack of evidence from randomized controlled
trials (RCTs) for the causal effects of T2DM on blood lipid profiles and
lipoprotein subclasses.

Objectives: Our study aimed at investigating the causal effects of T2DM on
blood lipid profiles and concentration of particle-size-determined lipoprotein
subclasses by using the two-sample Mendelian randomization (MR) method.

Methods: We obtained genetic variants for T2DM and blood lipid
profiles including high-density lipoprotein-cholesterol (HDL-C), low-density
lipoprotein-cholesterol (LDL-C), triglycerides (TG), and total cholesterol (TC)
from international genome-wide association studies (GWASs). Two-sample
MR method was applied to explore the potential causal effects of genetically
predicted T2DM on blood lipid profiles based on different databases,
respectively, and results from each MR analysis were further meta-analyzed
to obtain the summary results. The causal effects of genetically predicted
T2DM on the concentration of different subclasses of lipoproteins that are
determined by particle size were also involved in MR analysis.
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Results: Genetically predicted 1-unit higher log odds of T2DM had a significant
causal effect on a higher level of TG (estimated B coefficient: 0.03, 95%
confidence interval [Cl]: 0.00 to 0.06) and lower level of HDL-C (estimated B
coefficient: —0.09, 95% Cl: —0.11 to —0.06). The causality of T2DM on the level
of TC or LDL-C was not found (estimated g coefficient: —0.01, 95% Cl: —0.02 to
0.01 for TC and estimated g coefficient: 0.01, 95% CI: —0.01 to 0.02 for LDL-C).
For different sizes of lipoprotein particles, 1-unit higher log odds of T2DM was
causally associated with higher level of small LDL particles, and lower level of
medium HDL particles, large HDL particles, and very large HDL particles.

Conclusion: Evidence from our present study showed causal effects of
T2DM on the level of TG, HDL-C, and concentration of different particle
sizes of lipoprotein subclasses comprehensively, which might be particularly
helpful in illustrating dyslipidemia experienced by patients with T2DM, and
further indicate new treatment targets for these patients to prevent subsequent
excessive cardiovascular events from a genetic point of view.

type-2 diabetes, dyslipidemia, cardiovascular disease, Mendelian randomization,

triglyceride, high-density lipoprotein (HDL)

Introduction

Type 2 diabetes mellitus (T2DM), a global serious condition
with reduced quality of life and life expectancy, is expected
to reach 550 million people by 2030 (1), and the estimated
global health expenditure on T2DM will be $490 billion in
2030 (2). The mortality of cardiovascular disease (CVD) in
patients with T2DM was 2-4 times higher compared with non-
diabetic population (3, 4). These observational studies arouse the
recognition of T2DM as an essential risk factor for CVD.

Dyslipidemia, one of the key cardiometabolic risk factors,
was found to be associated with excessive CVD risk in
patients with T2DM (5). Dyslipidemia included disorders
of high-density lipoprotein-cholesterol (HDL-C), low-density
lipoprotein-cholesterol (LDL-C), very low-density lipoprotein-
cholesterol (VLDL-C), triglycerides (TG) and total cholesterol
(TC). Among these blood lipid profiles, LDL-C was proved
to be a major atherogenic lipoprotein which was also a key
risk factor for CVD. Reducing the level of LDL-C of patients
with T2DM showed significant benefit in CVD risk reduction
according to previous randomized controlled trials (RCTs) (6, 7),
while evidence supporting the benefits of control of other blood
lipid profiles was inadequate. Only LDL-C lowering treatment
was recommended by current guidelines to reduce the excessive
risk of CVD among patients with T2DM (8-10). However,
the Framingham Heart Study found no statistically significant
difference in the level of LDL-C and TC in patients with T2DM
compared to those without T2DM. Significantly higher level
of TG and lower level of HDL-C were found among patients
with T2DM compared to patients with non-diabetes instead
(11), which were further supported by subsequent observational
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studies (12-15). The above studies indicated that the efficacy of
lowering LDL-C to attenuate excessive CVD risk among patients
with T2DM still needs to be reconfirmed, while potential effects
of other types of lipid profiles on excessive CVD risk should be
taken into consideration seriously. In addition, as the technology
of lipoprotein profiling advanced in recent years, measuring the
concentration of lipoprotein particles and sub-particles that are
related to cardiometabolic risks might provide better predictors
of CVD risks among patients with T2DM than traditional lipid
panels (16-18). However, the previous observational studies
only displayed the associations of T2DM with alterations of
blood lipid profiles, without uncovering the causal effects of
T2DM on various blood lipid profiles and different sizes of
lipoproteins sub-particles remained largely unexamined.
Mendelian randomization (MR) is a genetic epidemiological
method to explore the causality of an exposure on an outcome
using genetic variants as instrumental variables (19). Unlike
observational studies which are more prone to be biased by
reverse causality, measurement error, and other confounding
factors, the genetic variants used in MR were determined at
conception which had lifelong influence and thus could largely
avoid reverse causality and other confounding factors. MR could
provide efficient and robust results that closely resemble those of
RCTs as nature’s randomized trials as there is currently a lack of
well-conducted, high-quality RCTs through which to investigate
the causal relationships of T2DM and blood lipid profiles.
Therefore, to provide more efficient and precise treatment
strategies to reduce the excessive CVD risk in patients with
T2DM, we conducted a two-sample MR study by analyzing
genome-wide association studies (GWASs) summary statistics
from international genetic consortia to further explore the
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Mendelian randomization.
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Flow diagram of the overview of our study design. First, we conducted a two-sample MR study to investigate the potential causal effects of
genetically predicted T2DM on genetically predicted blood lipid profiles according to different large GWAS data resources, respectively. Then,
we performed the overall meta-analysis to obtain the summary results by meta-analyzing each MR result to determine those causal effects
more comprehensively across different data sources. In addition, the estimates of the causal effect of T2DM on each particle-size-determined
lipoprotein subclass were also made via the two-sample MR method. SNP, single-nucleotide polymorphism; T2DM, type 2 diabetes mellitus;
GWAS, genome-wide association study; HDL, high-density lipoprotein; LDL, low-density lipoprotein; TC, total cholesterol; TG, triglycerides; MR,

Two-sample MR analysis Estimate of the causal effect of T2DM (exposure) on

particle-size-determined lipoprotein subclasses

potential causal effects of genetically predicted T2DM on
genetically predicted various blood lipid profiles as well as
genetically determined different particle sizes of lipoproteins.

Methods
Overall study design

First, we conducted a two-sample MR study by using genetic
instrumental variables as proxies for T2DM and blood lipid
profiles to investigate the potential causal effects of genetically
predicted T2DM on genetically predicted blood lipid profiles
according to different large GWAS data resources, respectively.
Then, we performed an overall meta-analysis to obtain the
summary results by meta-analyzing each MR result to determine
those causal effects more comprehensively across different data
sources. An overview of our study design is shown in Figure 1.

Data sources

Genetic instrumental variable for T2DM

We searched GWAS summarized data and extracted 143
single-nucleotide polymorphisms (SNPs) from the latest analysis

Frontiers in Cardiovascular Medicine

141

including 62,892 patients with T2DM and 596,424 controls of
European ancestry (20). Among these SNPs, 118 were finally
used for genetic variants for T2DM which met the standard
of genome-wide significance (p-value<5 x 107%) and not in
linkage disequilibrium (r> < 0.001). The analysis we selected
was larger in scale than previous studies and explained 10% of
the heritability of T2DM (20) which was almost two times than
previous GWAS (21-23). Genetic variants used as proxies for
T2DM in our study are shown in Supplementary Table 1.

GWAS summary statistics for blood lipid
profiles

Genome-wide association studies’ summary statistics for
HDL-C, LDL-C, TC, and TG were obtained from various sources
including: (1) a GWAS including 1,88,578 European ancestry
individuals and 7,898 non-European ancestry individuals (24);
(2) 24,925 European ancestry participants from a GWAS (25);
(3) 9,961 European ancestry individuals from the UK Household
Longitudinal Study (26); and (4) a GWAS including 1,62,255
Asian ancestry individuals (27). The GWAS including 24,925
individuals further categorized LDL and HDL according to
the particle size of lipoproteins, and we took each category
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TABLE 1 Summary information of GWAS for blood lipid profiles.

Author Sample size Ancestry
1 Willer et al. (24) 18,8,578 Mostly European
2 Kettunen et al. (25) 24,925 European
3 Prins et al. (26) 9,961 European
4 Kanai et al. (27) 1,62,255 European

TABLE 2 Genetic association for the causal effect of T2DM on blood
lipid profiles using IVW method in each data source.

Author B SE P-value
Willer HDL-C —0.07 0.02 <0.001
LDL-C 0.01 0.01 0.418
TC 6.04 x 107% 0.02 0.969
TG 0.05 0.03 0.09
Kettunen HDL-C —0.08 0.02 <0.001
LDL-C 0.02 0.02 0.146
TC 525 x 1079 0.02 0.782
TG 0.06 0.03 0.02
Prins HDL-C —0.15 0.03 <0.001
LDL-C —0.07 0.03 0.008
TC —0.06 0.03 0.025
TG 0.14 0.03 <0.001
Kanai LDL-C 3.00 x 107% 0.01 0.974
TC —4.89 x 107 0.01 0.625
TG —0.02 0.03 0.41

T2DM, Type 2 diabetes mellitus; IVW, inverse variance weighted; HDL, high-density
lipoprotein; LDL, low-density lipoprotein; TC, total cholesterol; TG, triglycerides; SE,
standard error.

(e.g., small LDL, medium LDL, and large LDL) into subsequent
subgroup analysis. Summary information of the GWAS sources
for outcomes in our study are shown in Table 1.

Statistical analysis

All the analyses in our study were performed by using R
version 4.0.3 (The R Foundation for Statistical Computing)
through TwoSampleMR and Meta package.

Mendelian randomization

The MR method used in our study was based on three
assumptions: (1) the genetic variants used as instrumental
variables are associated with the exposure; (2) the genetic
variants are not associated with other confounders; and (3)
the genetic variants are only associated with the outcome
through the exposure (28). In addition, estimated SNPs were
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used to calculate the causal effects of exposure (genetically
predicted T2DM) on the outcome (genetically predicted level
of blood lipid profiles and concentration of particle-size-
determined lipoprotein subclasses) using an inverse-variance
weighted (IVW) which combined the estimates from each SNP
based on summarized GWAS database. For binary exposure
(T2DM), MR estimates are odds ratios (ORs) per genetically
predicted unit difference in log odds of having the relevant
exposure (T2DM). Thus, causal estimates are presented as the
association of one unit genetically predicted higher log odds
of T2DM with genetically predicted levels of various blood
lipid profiles and concentration of particle-size-determined
lipoprotein subclasses. We scaled genetically predicted effect
size of the genetic variant of exposure (T2DM) on the
continuous outcome (levels of various blood lipid profiles
and concentrations of particle-size-determined lipoprotein
subclasses) as one copy addition of the effect allele of exposure
on standard deviation units difference in outcome according
to the database resources we referred to. IVW method was
applied as the main analysis because of its efficiency, but it
must satisfy all three assumptions for MR (29). Results of IVW
were expressed as estimated S coefficient, standard error, 95%
confidence interval (CI) keeping two decimals and p-value. P-
value <0.05 indicates statistical significance. It is noteworthy
that even one invalid genetic instrument may cause bias for VW
results (29). In addition, if the strength of genetic variants is
not strong enough, this “weak instrument bias” may also cause
bias. Besides, horizontal pleiotropy may also greatly influence
the results of IVW. Therefore, we applied multiple sensitivity
analyses to evaluate those possible biases.

MR sensitivity analysis

We performed various MR sensitivity analyses to testify
whether our results were influenced by the violation of the
three assumptions of MR. F-statistic for each SNP was calculated
to examine whether weak instrument bias might influence
IVW results. F-statistic larger than 10 indicates less prone
to weak instrument bias (30). Simple median estimator and
weighted median estimator analysis were also performed and
the estimated results would be consistent with IVW if at
least more than half of the genetic variants were valid. Briefly
speaking, a simple median can be regarded as a certain situation
that weighted median estimators have equal weights (31). We
applied the weighted median method to explore whether the
results of IVW were influenced by an invalid instrument.
The p-value of both IVW and weighted median was <0.05,
indicating that the result of IVW was not likely to be
influenced by invalid instrument bias. MR-Egger regression and
the intercept of MR-Egger estimates the horizontal pleiotropy
which is the main source of bias for MR studies (32). The
p-value of MR-Egger regression larger than 0.05 indicated
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horizontal pleiotropy, and the p-value of MR-Egger intercept
suggested whether such pleiotropy was statistically significant.
Mendelian randomization pleiotropy residual sum and outlier
(MR-PRESSO) was designed to detect and correct for pervasive
horizontal pleiotropy (33). A unique test in MR-PRESSO called
“the distortion test” allows it to evaluate whether the difference
between the causal estimate before and after the removal of
outliers is significant. Whether our results were influenced by
horizontal pleiotropy was carefully examined according to the
results of MR-Egger regression, MR-Egger intercept, and MR-
PRESSO. Besides, we still applied single-SNP analysis to identify
the association between each genetic variant and the outcome
and leave-one-out analysis to explore whether the causality of
the exposure on the outcome is mainly credited to a certain
genetic variant. All the MR analyses were performed in the
“TwoSampleMR” package in R software.

Meta-analysis of the estimates from
various outcome sources

We performed MR analyses to identify the causality of
T2DM on each blood lipid profile according to each outcome
source, respectively, and these results were further meta-
analyzed to obtain the pooled estimates for the causality of
T2DM on each blood lipid profile. I? statistics were calculated
to quantify the heterogeneity between estimates from different
outcome sources. All meta-analyses were performed using the
“Meta” package in R software.

Results

Pooled estimate of the causal effect of
T2DM on blood lipid profiles

Estimate of the causal effect of T2DM on each data
source was made individually and details are shown in
Supplementary Tables 2-16, and genetic association for the
causal effect of T2DM on blood lipid profiles using the IVW
method in each data source is shown in Table 2. Pooled B for
HDL-C, LDL-C, TC, and TG per unit increase in log odds
of T2DM was —0.09 (95% CI: —0.11 to —0.06, = 62%, p-
value = 0.07), 0.00 (95% CI: —0.03 to 0.02, 12 = 67%, p-value
0.03), —0.01 (95% CI: —0.02 to 0.01, 2= 35%, p-value
= 0.20), and 0.06 (95% CI: —0.01 to 0.12, 2 = 80%, p-value
< 0.01), respectively (Figure 2). Random-effect model meta-

analyses were used due to the heterogeneity across databases
in terms of LDL-C and TG when pooling the primary analyses
results using the IVW method. Fix-effect model meta-analyses
were used because the heterogeneity in terms of HDL-C and
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Individual and pooled estimate of the causal effect of T2DM on
each blood lipid profile. Firstly we applied the two-sample MR
method to estimate the causal effect of T2DM on each blood
lipid profile. Then these individual estimates were further
meta-analyzed to obtain the pooled results. T2DM, type 2
diabetes mellitus; HDL, high-density lipoprotein; LDL,
low-density lipoprotein; TC, total cholesterol; TG, triglycerides;
Cl, confidence interval.
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TC was minor across databases when the primary analyses were
pooled using the IVW method.

Sensitivity analysis for heterogeneity

We noticed that the I? statistics for pooled f in regard
to LDL-C and TG were larger than 50% with a p-value
<0.05. After performing the senstivity analysis, we identified
that the source of heterogeneity was mainly from the UK
Household Longitudinal Study. After removing the data from
the UK Household Longitudinal Study, pooled B for LDL-
C and TG were 0.01 (95% CI: —0.01 to 0.02, 2 = 0%,
p-value 0.44) and 0.03 (95% CI 0.00 to 0.06, I*? =
66%, p-value 0.06), respectively (Figure 3). Overall, our
results showed that one unit higher log odds of T2DM was

associated with lower level of HDL-C and higher level of
TG. Pooled B did not support the causality of T2DM on TC
and LDL-C levels.

Estimate of the causal effect of T2DM on
different sizes of HDL and LDL particles

Our study further categorized HDL particles and LDL
particles into subgroups to investigate whether T2DM had
different causal effects on the levels of different particle
sizes. Results showed that T2DM had causal effects on the
level of medium HDL particles (B: —0.04, 95% CIL: —0.08
to —0.01, p-value = 0.019), large HDL particles (B: —0.09,
95% CI: —0.13 to —0.05, p-value < 0.001), and very large
HDL particles (8: —0.05, 95% CI: —0.08 to —0.01, p-value
= 0.016). In addition, the causality of T2DM on the level
of small LDL particles was also found (B: 0.04, 95% CI:
0.00 to 0.08, p-value 0.048). However, the causal effects
of T2DM on the level of small HDL particles or large LDL
or medium LDL-C particles were not found (p-value > 0.05)
(Figure 4).

MR sensitivity analyses

In MR sensitivity analyses, F-statistics of genetic variants for
T2DM in our study was larger than 10 which indicated that
genetic variants included in our study were strong enough to
avoid weak instrument bias.

For the estimate of the causality of T2DM on the level of
HDL-C (data source: Kettunen et.al), the MR-Egger intercept
was non-zero with a p-value larger than 0.05, and the p-
value for the distortion test of MR-PRESSO was larger than
0.05, which both indicated that the influence of horizontal
pleiotropy was not statistically significant, and the difference
between before and after removing outliers which caused
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horizontal pleiotropy was also not statistically significant either.
In addition, the p-value for weighted median was <0.05 which
was also consistent with the IVW method. Thus, we reckon
that the estimate of the causal effect of T2DM on the level
of HDL-C (data source: Kettunen) based on IVW results
was robust.

Likewise, for the estimate of the causality of T2DM
on the level of LDL-C (data source: Kanai, Kettunen,
Willer), TC (data source: Kanai, Kettunen, Willer), TG
(data source:Kanai, Willer), results of MR sensitivity analyses
showed no horizontal pleiotropy, while for the estimate of
the causality of T2DM on the level of LDL-C (data source:
Prins), TC (data source: Prins), TG (data source: Kettunen,
Prins), and MR sensitivity analyses indicated that the influence
of horizontal pleiotropy on our results was not statistically
significant either.

Results of single-SNP analyses and leave-one-out analyses
were also consistent with our main analyses. The only exception
was the estimate of the causality of T2DM on the level
of HDL-C (data source: Prins), for the p-value of MR-
Egger regression and distortion test in MR-PRESSO was both
<0.05, thus we reckon that IVW results might be influenced
by horizontal pleiotropy which we further discussed in the
limitation part. Details of MR sensitivity analyses are shown in
Supplementary Tables 24-69.

Discussion

In the present study, we explored the causal effect of
T2DM on blood lipid profiles and found that one additional
unit of log odds of T2DM was causally associated with a 4%
higher level of TG, 8% lower level of HDL-C, and also had
significant causality on the concentration of different sizes of
HDL and LDL lipoprotein particles. The above blood lipid
profiles causally influenced by T2DM might be more specifically
responsible for the excessive CVD risk among patients with
T2DM, and new treatments may be developed to target these
blood lipid alterations to further reduce secondary CVD risk
among patients with T2DM.

As MR studies that explored the potential causal effects
of T2DM on blood lipid profiles were lacking and RCTs were
also scarce due to the difficulties in design and ethics, thus
previous research which illustrated the relationship between
T2DM and blood lipid profiles was mainly observational. Results
of our study showed that T2DM had a positive causal effect
on TG, and a negative causal effect on HDL-C, which were
consistent with previous studies (11, 12, 15, 34-36). The causal
relationship between T2DM and TC level was not found in our
study which was also proved by the Framingham study (11),
but there were also opposite results from comparative studies
with 8-year follow-up claiming that TC levels of patients with
T2DM were higher than non-diabetic participants (men: 5.84 +
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Causal effect of T2DM on LDL

Study No.of Participants Beta 95%Cl Weight
Willer(22) 188,578 —a— 0.01 (-0.01t00.04) 33.4%
Kettunen(23) 24,925 —— 0.03 (-0.01t0 0.06) 20.4%
Kanai(25) 162,255 - 0.00 (-0.021t00.02) 46.2%
Summary s 0.01 (-0.01 to 0.02) 100.0%
-0115 -(;.1 -0105 ; 0.‘05 011 0.‘15
Causal effect of T2DM on TG
Study No.of Participants Beta 95%Cl  Weight
Willer(22) 188,578 —a— 0.05 (-0.01t00.10) 33.2%
Kettunen(23) 24,925 —a— 0.07 (0.01t00.12) 32.0%
Kanai(25) 162,255 —— -0.02 (-0.07 t0 0.03) 34.8%
Summary —— 0.03 (0.00to 0.06) 100.0%
—Dl 1 —OIDS I; 0. :15 DI1 0. I|5 ﬂ.'25
FIGURE 3

Individual and pooled estimate of the causal effect of T2DM on the level of LDL and TG after sensitivity analysis. We removed the study which
generated heterogeneity in our meta-analysis and the individual and pooled estimates of the causal effect of T2DM on the level of LDL and TG
were re-analyzed. T2DM, type 2 diabetes mellitus; LDL, low-density lipoprotein; TG, triglycerides; Cl, confidence interval.
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Causal effect of T2DM on different size HDL particles

Particle size Beta 95% CI P-value

Small — — 0.01 (-0.03 to 0.05) 0.657

Medium — — -0.04(-0.08 to -0.01) 0.019

Large — — -0.09(-0.13 to —0.05) <0.001

Very large — — -0.05(-0.08 to —0.01) 0.016
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Causal effect of T2DM on different size LDL particles
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FIGURE 4
Estimate of the causal effect of T2DM on different sizes of HDL and LDL particles. We used the two-sample MR method to estimate the potential
causal effect of T2DM on different sizes of HDL and LDL particles. T2DM, type 2 diabetes mellitus; HDL, high-density lipoprotein; LDL,
low-density lipoprotein; Cl, confidence interval.
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0.18 mmol/L, women: 5.84 4 0.18 mmol/L vs. men: 5.55 4 0.05
mmol/L, women: 5.20 &+ 0.05 mmol/L, p-value = 0.002) (12).
However, this difference may be due to the limited number of
participants (17 males and 26 females). Most previous studies
showed normal LDL-C levels among patients with T2DM (14,
36-38). A more recent study “PROCAM” also found little
difference in the occurrence of high LDL levels between patients
with T2DM and non-diabetic participants (22.7 vs. 21.7%) (15).

It is particularly noteworthy that the increasing number of
studies in recent years illustrated that there were little differences
in LDL-C levels between diabetic and non-diabetic population;
however, the level of small dense LDL particles was found to
increase instead (39-44) which were in accordance with our
MR results. As the increasing number of small dense LDL
is the consequence of lipolysis of increasing TG-rich VLDL
particles (44), it is rational to observe both the increase of small
LDL particles and TG levels in our study. Recent studies have
shown that increasing levels of small LDL particles were closely
associated with increased risk of CVD (45, 46) and a statement
also suggested that cardiovascular disease risk may be more
closely related to the number of atherogenic lipoprotein particles
than to LDL cholesterol (47). Thus, our MR results which further
indicated significant causal effects of genetically predicted
T2DM on the subclass of lipoprotein particles could provide
more robust evidence for better predictors of future CVD risks
than the traditional lipid panel, especially in subjects with
cardiometabolic diseases such as T2DM when traditional lipid
panel is relatively normal. In addition, previous observational
studies also showed that medium and large HDL particles were
associated with T2DM (44, 48) which is consistent with the
estimated B coefficient for genetically predicted medium, large,
and very large HDL particles in our study. Due to the close
relationship of atherogenic lipoprotein subclass particles with
non-alcoholic fatty liver disease (NAFLD) and subsequent CVD
events (49-51), our results may explain the excessive CVD risk
among patients with T2DM.

Including data from the UK Household Longitudinal Study
in meta-analyzing pooled g for TG and LDL-C could originate
significant heterogeneity in our study. After comparing with
other GWAS, we found patients taking statins and other lipid-
lowering treatments were excluded except for the UK Household
Longitudinal Study. Therefore, it might partly explain the lower
estimated B coefficient for HDL-C and higher for TG using
data from the UK Household Longitudinal Study, and lower
estimated 8 coefficient for LDL-C might be due to statin intake.

Strengths

First, to the best of our knowledge, the present study is
the first MR study to identify the potential causality of T2DM
on blood lipid profiles. MR studies can largely avoid bias
from reverse causation, measurement error, and other unknown
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confoundings which are responsible for less conclusive results
from observational studies. Besides, MR studies are less time-
consuming, less expensive, easier to design, and with lifelong
exposure compared with RCTs. Therefore, the uniqueness of
MR studies makes them an effective method to explore the
possible causal effect. Our MR study illustrated that T2DM had
causal effects on certain types of blood lipid profiles which
might provide help in exploring the complex mechanism of
dyslipidemia in patients with T2DM.

Second, using MR-based statistics, we further conducted a
meta-analysis to integrate different causal effects of T2DM on
blood lipid profiles across distinct data resources to provide a
more consolidated and desirable conclusion.

Third, the number of genetic variants used as proxies for
each blood lipid profile in the present study is considerable
and sensitivity analyses have confirmed the results of MR main
analyses are less prone to be biased by weak instruments and
less significant influence by horizontal pleiotropy, thus adding
to the robustness of MR estimates. In addition, genetic variants
for T2DM in the present study were identified from the latest
GWAS which was larger in scale and also explained double
heritability of T2DM than previous GWAS. Besides, data sources
for outcomes were thoroughly searched and carefully checked
for consistency, which further contributes to less heterogeneity
and more reliability for final pooled MR estimates.

In addition, we further involved MR analysis for genetically
predicted HDL and LDL into different subgroups according
to the genetically determined size of lipoprotein particles.
MR results showed the causal relationship between genetically
predicted T2DM with a higher level of small LDL particles, and
lower level of medium, large and very large HDL particles, which
shed new light on the treatment targets to reduce the CVD
risk of patients with T2DM despite the relatively normal level
of LDL-C.

Last but not least, the present study design is different from
normal MR studies that our individual estimates of the estimated
B coefficient for each blood lipid profile were subsequently meta-
analyzed to obtain a pooled estimated B coeflicient from various
data sources which made our results more persuasive.

Limitations

There are several limitations of our study. First of all,
the number of GWAS included for each blood lipid profile
is not large enough and the sample size of some GWAS was
also moderate. For example, the largest GWAS included in
the present study recruited 1,88,578 participants, while the
sample size of the UK Household Longitudinal Study was
<10,000 and the sample size of another GWAS included
was merely over 20,000. Second, although the number of
genetic variants used in the present study was from the latest
GWAS and was far more than previous studies, they could
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only explain a small proportion of T2DM heritability, leaving
almost 90% unexplained. Besides, MR studies can avoid most
biases affecting observational studies, but bias from horizontal
pleiotropy should always be considered. Horizontal pleiotropy
was generated when there were other pathways for the exposure
to influence the outcome and the assumption of MR studies
was violated, thus resulting in bias for MR main analysis. We
have examined that most of our results were robust, while the
estimate of the causal effect of T2DM on the level of HDL-C
(data source: Prins) might be biased. In addition, restricted by
the contradiction between the format of our data sources and
the R software codes, we did not perform MR analyses that could
detect correlated horizontal pleiotropy including Genome-wide
mR Analysis under Pervasive PLEiotropy (GRAPPLE) (52) or
Causal Analysis Using Summary Effect Estimates (CAUSE) (53).
Future investigators are encouraged to apply more sensitivity
analyses to detect both correlated and uncorrelated horizontal
pleiotropy in order to minimize bias. Lastly, inspite of the large
sample sizes of GWAS included in our study, the effect size of
LDL-C and TC was rather small; thus, we could not completely
rule out the causality of T2DM on LDL-C and TC. More
large-scale GWAS and well-conducted observational studies are
expected in future to provide more supportive evidence.

Clinical and public implications

The causal effect of T2DM on LDL-C is still unclear
and results from observational studies indicated an increase
of small dense LDL-C in patients with T2DM. Results of
our study were in accordance with previous studies and also
found lower level of very large HDL, large HDL, and medium
HDL, which might be indicative of the excessvie CVD risk of
patients with T2DM. Besides, statin treatment for lowering LDL-
C is widely recommended by various dyslipidemia guidelines
for patients with T2DM. The 2016 ESC/EAS Guidelines for
the Management of Dyslipidaemias regarded LDL-C as the
primary target of lipid-lowering treatment among patients with
T2DM (54). However, whether treatment for diabetic patients
with higher TG and lower HDL-C is beneficial for CVD risk
reduction remains controversial. These might be ascribable to
the negative effects on reducing major cardiovascular events
by using fenofibrate on patients with T2DM reported by
FIELD and ACCORD studies (55, 56). The present study
which was conducted in an MR framework indicated that
patients with T2DM were more inclined to experience higher
level of TG and lower level of HDL-C despite the relatively
normal level of LDL-C. Moreover, our MR analysis also
uncovered the causal effects of genetically predicted T2DM on
genetically predicted atherogenic lipoprotein sub-particles. As
the atherogenic lipoprotein sub-particles were closely related
to cardiometabolic diseases such as NAFLD and increased
subsequent risk of CVD, our results might provide new
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ideas for future RCTs to evaluate the impact of targeting
the concentration of atherogenic lipoproteins sub-particles to
attenuate CVD risk among patients with T2DM.

Conclusion

Evidence from our study supported higher level of TG and
lower level of HDL-C among patients with T2DM. Moreover,
T2DM was also causally associated with higher level of small
LDL particles, and lower level of medium, large, and very
large HDL particles. New evidence from a genetic point
of view for the causality of T2DM on these blood lipid
profiles and lipoprotein subclass particles based on our study
might be constructive for developing new therapeutic strategies
to reduce the excessive CVD risk experienced by patients
with T2DM.
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