Cardiotoxicity of Iron and Zinc and Their Association
with the Mitochondrial Unfolded Protein Response in
Humans

Mirosevié, Vid; Svagusa, Tomo; Mati¢, Natalija; Maldini, Kresimir; Siljeg,
Mario; Mili¢i¢, Davor; Gasparovié, Hrvoje; Rudez, Igor; Sepac, Ana;
Gojmerac, Lucija; ...

Source / Izvornik: International Journal of Molecular Sciences, 2024, 25

Journal article, Published version
Rad u casopisu, Objavljena verzija rada (izdavacev PDF)

https://doi.org/10.3390/jms25179648

Permanent link / Trajna poveznica: https://urn.nsk.hr/um:nbn:hr:105:934941

Rights / Prava: Attribution 4.0 International/Imenovanje 4.0 medunarodna

Download date / Datum preuzimanja: 2025-03-22

Repository / Repozitorij:

Dr Med - University of Zagreb School of Medicine
Digital Repository

DIGITALNI AKADEMSKI ARHIVI I REPOZITORILII


https://doi.org/10.3390/ijms25179648
https://urn.nsk.hr/urn:nbn:hr:105:934941
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://repozitorij.mef.unizg.hr
https://repozitorij.mef.unizg.hr
https://repozitorij.unizg.hr/islandora/object/mef:10958
https://dabar.srce.hr/islandora/object/mef:10958

~ International Journal of

7
Molecular Sciences ml\D\Py

Article

Cardiotoxicity of Iron and Zinc and Their Association with the
Mitochondrial Unfolded Protein Response in Humans

Vid Mirosevic 117, Tomo Svagusa 27, Natalija Matic 31, Kresimir Maldini 4, Mario Siljeg 4, Davor Milicic ¢,

Hrvoje Gasparovic /8, Igor Rudez

and Filip Sedlic !

check for
updates

Citation: Mirosevic, V.; Svagusa, T.;
Matic, N.; Maldini, K.; Siljeg, M.;
Milicic, D.; Gasparovic, H.; Rudez, I.;
Sepac, A.; Gojmerac, L.; et al.
Cardiotoxicity of Iron and Zinc and
Their Association with the
Mitochondrial Unfolded Protein
Response in Humans. Int. J. Mol. Sci.
2024, 25,9648. https://doi.org/
10.3390/ijms25179648

Academic Editor: Julian

Markovich Rozenberg

Received: 11 August 2024
Revised: 27 August 2024
Accepted: 4 September 2024
Published: 6 September 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

7,9 1

, Ana Sepac %1%, Lucija Gojmerac >, Ana Kulic {7, Petra Bakovic

Department of Pathophysiology, School of Medicine, University of Zagreb, 10000 Zagreb, Croatia;
vid.mirosevic@gmail.com (V.M.); bakovicpetra@gmail.com (P.B.); filip.sedlic@mef.hr (F.S.)

Department of Cardiovascular Diseases, Dubrava University Hospital, 10000 Zagreb, Croatia

Department of Development and Water Management, Croatian Waters, 10000 Zagreb, Croatia;
nmatic@voda.hr

Josip Juraj Stossmayer Water Institute, 10000 Zagreb, Croatia

School of Medicine, University of Zagreb, 10000 Zagreb, Croatia; davormilicic0l@gmail.com (D.M.)
Department of Cardiovascular Diseases, University Hospital Centre Zagreb, 10000 Zagreb, Croatia
Department of Surgery, School of Medicine, University of Zagreb, 10000 Zagreb, Croatia; rudi@kbd.hr (L.R.)
Department of Cardiac Surgery, University Hospital Centre Zagreb, 10000 Zagreb, Croatia

Department of Cardiac and Transplant Surgery, Dubrava University Hospital, 10000 Zagreb, Croatia
Department of Pathology, School of Medicine, University of Zagreb, 10000 Zagreb, Croatia

Ljudevit Jurak Department of Pathology, Sestre Milosrdnice University Hospital Centre, 10000 Zagreb, Croatia
Department of Oncology, University Hospital Centre Zagreb, 10000 Zagreb, Croatia

*  Correspondence: ana.sepac@mef.hr

w

O N o Ul

11
12

Abstract: This study was designed to examine the association between myocardial concentrations of
the trace elements Cu, Fe, Mn, Mo, and Zn and the expression of mitochondrial unfolded protein
response (UPRmt) elements and the age of patients who received heart transplantation or a left-
ventricular assist device (ageHTx/LVAD). Inductively coupled plasma mass spectrometry was used
to determine the concentration of Cu, Fe, Mn, Mo, and Zn in the myocardium of control subjects and
patients undergoing heart transplantation or left-ventricular assist device (LVAD) implantation. We
used ELISA to quantify the expression of UPRmt proteins and 4-Hydroxynonenal (4-HNE), which
served as a marker of oxidative-stress-induced lipid peroxidation. Concentrations of Cu, Mn, Mo,
and Zn were similar in the control and heart failure (HF) myocardium, while Fe showed a significant
decrease in the HF group compared to the control. A higher cumulative concentration of Fe and Zn
in the myocardium was associated with reduced agepy /1 vap, Which was not observed for other
combinations of trace elements or their individual effects. The trace elements Cu, Mn, and Zn showed
positive correlations with several UPRmt proteins, while Fe had a negative correlation with UPRmt
effector protease YMEILL. None of the trace elements correlated with 4-HNE in the myocardium.
The concentrations of the trace elements Mn and Zn were significantly higher in the myocardium
of patients with dilated cardiomyopathy than in patients with ischemic cardiomyopathy. A higher
cumulative concentration of Fe and Zn in the myocardium was associated with a younger age at
which patients received heart transplantation or LVAD, potentially suggesting an acceleration of HF. A
positive correlation between myocardial Cu, Mn, and Zn and the expression of UPRmt proteins and a
negative correlation between myocardial Fe and YME1L expression suggest that these trace elements
exerted their actions on the human heart by interacting with the UPRmt. An altered generation of
oxidative stress was not an underlying mechanism of the observed changes.
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1. Introduction

Elevated concentrations of trace elements, such as Cu, Fe, Mn, and Mo can be toxic
to the heart [1-3]. However, the mechanism(s) of their toxicity are not fully understood.
A recent study showed that patients with cardiomyopathy had significantly higher con-
centrations of Mn and Cu in their heart tissue than individuals without cardiomyopathy,
suggesting a cardiotoxicity of these trace elements [3]. An accumulation of Cu in mito-
chondria disrupts mitochondrial function, resulting in heart damage [4]. Trace elements
are vital for numerous physiological processes in the heart. For example, Fe functions as a
cofactor for various enzymes, including the antioxidant enzymes catalase and peroxidase,
and is found in the mitochondrial electron transport chain [5-7]. The trace elements Cu,
Mn, and Zn are important for antioxidant defense, acting as cofactors for different isoforms
of superoxide dismutase [8,9], while Cu is essential for cytochrome ¢ oxidase activity [10].

Mitochondrial dysfunction plays a central role in the pathogenesis of different heart
diseases [11-13]. Dysfunctional mitochondria overproduce reactive oxygen species (ROS)
that cause oxidative stress, which initiates cell death pathways including the opening of
mitochondrial permeability transition pores [14,15]. The homeostasis of mitochondria is
maintained by several mitochondrial quality control mechanisms, including mitochon-
drial unfolded protein response (UPRmt), whose effector element chaperones act by re-
pairing misfolded proteins, such as 10 kDa heat shock protein, mitochondrial (HSP10),
60 kDa heat shock protein, mitochondrial (HSP60), stress-70 protein, and mitochondrial
(mtHSP70/HSPAY), while proteases act by removing proteins beyond repair like ATP-
dependent Clp protease proteolytic subunit, mitochondrial (CLPP), serine protease HTRA2,
mitochondrial (HTRA2), Lon protease homolog, mitochondrial (LONP1), metalloendopepti-
dase OMA1, mitochondrial (OMA1), mitochondrial inner membrane m-AAA protease com-
ponent paraplegin (SPG7), and ATP-dependent zinc metalloprotease YME1L (YMEI1L) [16].
Impaired mitochondrial quality control leads to the accumulation of dysfunctional mito-
chondria, increased oxidative stress, and reduced ATP production, exacerbating cardiac
dysfunction [17]. We recently found that a large number of genes related to the UPRmt,
including regulatory elements and effector proteases and chaperones, are downregulated
in patients with heart failure (HF) [18].

Here, we investigated whether concentrations of the trace elements Cu, Fe, Mn,
Mo, and Zn in failing human hearts are associated with heart transplantation or the
LVAD implantation recipient’s age (ageyrx/LvaD), the expression of several effector UPRmt
elements, and myocardial oxidative stress.

2. Results
2.1. Concentrations of Essential Trace Elements in Healthy and Heart-Failure Myocardium

There were no statistically significant differences in the myocardial concentrations
of Cu, Mn, Mo, and Zn between the controls and HF patients, although we observed a
trend (p = 0.08) for a decreased Mn concentration in the HF group (Figure 1). On the other
hand, the myocardial concentration of Fe was significantly lower in the HF than in the
control hearts.

2.2. Cumulative Concentration Index of Iron and Zinc and the Patient’s Age of Receiving Heart
Transplantation or LVAD

In this analysis, the HF samples were divided into two groups; the first contained
half of the samples with the highest concentrations of the individual trace elements or
their cumulative concentrations, and the second contained half of the samples with the
lowest concentrations of the individual trace elements or their cumulative concentrations.
Since this study aimed to analyze potential toxic effects of elevated concentrations of trace
elements, all samples with trace element concentrations below the control were excluded,
because a deficiency in trace elements may elicit different deleterious actions. We analyzed
the age of the patients when they received heart transplantation or LVAD (ageprx/1vap) as
an indication of HF progression. Compared to the samples with lower concentrations of
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the respective trace elements, the samples with higher concentrations of Cu, Fe, Mo, and
Zn had an agepTy/1vap reduced by 1.4, 0.74, 1.72, and 1.62 years, respectively, but these
differences were not statistically significant (Figure 2). The trace element Mn showed an
opposite trend (not significant, p = 0.067), and the group with a higher concentration had
a greater ageprx/Lvap than the group with a lower concentration by almost 3 years. The
group with a higher cumulative concentration index of Fe and Zn (a value representing the
“combined” concentration of Fe and Zn) had a significantly lower ageyry/Lyap by more
than 3 years than the group with a lower cumulative concentration index of Fe and Zn.
This suggests that an increased concentration of Fe and Zn together may exert cardiotoxic
actions. No other combination of trace elements showed a significant difference in the
ageyTx/LvaD between the groups with higher and lower cumulative concentrations.
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Figure 1. Trace element concentrations in human myocardium. (A-E) Concentrations of trace
elements Cu, Fe, Mn, Mo, and Zn in the myocardium of healthy human hearts (CTRL; N = 6) and in
hearts of patients with heart failure (HF; N = 126-128) are presented as summary data. (F) Shown are
summary data of cumulative Fe and Zn concentration indexes for CTRL and HF groups. Cumulative
Fe and Zn concentration index represents combined concentration of Fe and Zn in each sample.
Please see Section 4 for detailed description of the calculation of the cumulative concentration index.
Data are means 3= SEM. p < 0.05 was considered significant and is shown in red font.
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Figure 2. Myocardial concentrations of trace elements and the age at which patients received heart
transplantation or LVAD. (A-E) Mean values (indicated by a horizontal line) and individual data
points of the age when patients received heart transplantation or LVAD (ageprx,/LvaD) are presented.
Based on the myocardial concentration of each trace element, subjects were divided into groups with
higher (Hi.) and lower (Lo.) concentrations. Groups sizes (N) were as follows: Cu (Lo. =56, Hi. = 56),
Fe (Lo. =42, Hi. =42), Mn (Lo. = 32, Hi. = 31), Mo (Lo. =43, Hi. = 44), Zn (Lo. = 56, Hi. = 56),
and Fe-Zn (Lo. = 50, Hi. = 49) (F) Mean values (indicated by a horizontal line) and individual data
points of the ageyry/Lvap in subjects with higher and lower cumulative Fe and Zn concentration
indexes. This index represents the combined concentration of Fe and Zn in each sample. Please see
Section 4 for a detailed description of its calculation. p < 0.05 was considered significant and is shown
in red font.

2.3. Correlations between Myocardial Trace Elements and the Expression of UPRmt Proteins

The trace elements Cu, Mn, and Zn exhibited significant positive correlations with
the expression of UPRmt effector chaperones and proteases (Figures 3-5 and Table 1), Fe
showed a negative correlation (Figure 6), and Mo displayed no significant correlations
(Figure 7). Specifically, we observed significant positive correlations for Cu as follows:
Cu-CLPP and Cu-HSP60 (Figure 3); for Mn as follows: Mn-CLPP, Mn-HSPA9, Mn-HTRA?2,
Mn-OMA1, and Mn-SPG?7 (Figure 4); and for Zn as follows: Zn-HSPA9 and Zn-HTRA2
(Figure 5). A significant negative correlation for Fe was observed for Fe-YMEIL (Figure 6).
We also observed trends for a positive correlation for Cu as follows: Cu-HSPA9 (Figure 3);
and for Mn as follows: Mn-HSP60 (Figure 4). Interestingly, HSPA9 appeared to be positively
correlated (either significantly or as a trend) with all three of the trace elements that dis-
played positive trends, while HSP60 and HTRA2 were correlated with two trace elements,
suggesting that these three UPRmt elements could be a common mechanism of interaction
between Cu, Mn, and Zn and UPRmt. We also performed a multivariable regression anal-
ysis, where the independent variables were the trace elements, agepy,/1vap, and gender,
and the dependent variables were the nine tested UPRmt proteins (Table 2). Similar to the
simple linear regression above, the following two variables displayed significant positive
correlations: Mn-HTRA2 and Zn-HSPA9, while Fe-YMEI1L showed a significant negative
correlation. Positive correlation trends were observed between Mn-HSP60 and Mn-HSPA9,
which were significant in the simple linear regression analysis. A negative correlation
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trend was observed for Fe-HSPA9. Mn-HSP10 and Zn-OMAL1 displayed significant positive
correlations that were not identified by the simple linear regression analysis. Overall Cu,
Mn, and Zn showed positive correlations and Fe showed negative correlations with the
UPRmt proteins, similar to the linear regression analysis. The agepry/1vap variable showed
statistically significant associations with CLPP and SPG7. Patients’ sex was also found to
have significant associations with CLPP, HSP60, and LONP1. Protein HSPA9 showed both
significant correlations with Zn and agepry/1vap, but the standardized coefficient for Zn
(0.4323) was greater than that for agepy,/1vap (0.3264), indicating that the Zn levels had a
stronger relative influence on the HSPA9 expression compared to agerry/LvaD-

A CLPP B HSP10 Cc HSP60
= = (= ] =
§ 250+ R*p =0‘.]1 3 %5 g 4000+ Rp =06022_:,39 E 200- Rzp =0605542
. 5 . 5 . .
23000+ . . 2150+
3 X} %
2 2000- LI 2 1004 T
<] * . »
21000 gt T 2 50 ‘/,..‘—.-n“/—
-E . 3. .=' o * E . .l".. * -
o 0 « 8 . B 0 * seel o ..
1 [=} T T 1 T T 1
60 0 20 40 60 S o 20 40 60
Cu concentration Cu concentration Cu concentration
(ugl/g myocardial tissue) (ug/g myocardial tissue) {ug/g myocardial tissue)
D HSPA9 E HTRA2 F LONP1
£ _ R*=0.0544 = _ R2=0.0273 £ _ R?=0.0023
g 250 .y p=009% g 150 p =024 g 150 p =074
g 200 ¢ e % . s « s . g .
= L w 100 & 2,,°% w 100 *
:3 150_ - * ~.‘ ; 3 * E .-’..._‘__.-52*"'—-—-' :g - é..:.l . *
. . . L] (]
‘5 100 o« 3 5 50l : .' L v e k] 50 IR
o . . (1] o - o . 1) : .
E 504 . * . E - ™ . _E L ] . .
) > hd * o * hd
= 0 T T 1 [ =4 0 T T 1 o 0 T T 1
0 20 40 60 0 20 40 60 0 20 40 60
Cu concentration Cu concentration Cu concentration
(ug/g myocardial tissue) (ug/g myocardial tissue) (ug/g myocardial tissue)
G OMA1 H SPG7 | YME1L
£ _ R? = 0.0006 E no R?=0.0274 £ o0 R?=0.0075
g 1500 b= 0.86 g 50 p=0.24 g 80 p=0.54
& 540" . & 60-
T 1000+ o, . T 304 B "-.. e . B .
£ . ""~0= o. Ezo .‘-.-'f.. - “‘?40-. . :
3’500_ . ..:..- g T PR I . g’ *e .
£ e .o g1 .° " £ 20 —rix—gtpti—=
~— — ] . * L ] ~— 'y ° . . - .
g 0 T T 1 E" 0 T T 1 E’ 0 T T 1
0 20 40 60 0 20 40 60 0 20 40 60
Cu concentration Cu concentration Cu concentration
{ug/g myocardial tissue) (ug/g myocardial tissue) (ug/g myocardial tissue)

Figure 3. Correlations between Cu concentration in human HF myocardium and UPRmt protein ex-
pression. (A-I) Correlations between Cu concentration and mitochondrial unfolded protein response
(UPRmt) protein expression in the myocardium of patients with heart failure. Included UPRmt
proteins are as follows: CLPP (N = 49), HSP10 (N = 53), HSP60 (N = 52), HSPA9 (N = 53), HTRA2
(N =53), LONP1 (N =50), OMA1 (N = 52), SPG7 (N = 53), and YMEIL (N = 53). Results of the simple
linear regression are shown. p < 0.05 indicates significant correlations that are marked by red font.
Abbreviations: CLPP = ATP-dependent Clp protease proteolytic subunit, mitochondrial; HSPA9
(mtHSP70) = stress-70 protein, mitochondrial; HSP10 = 10 kDa heat shock protein, mitochondrial;
HSP60 = 60 kDa heat shock protein, mitochondrial; HTRA?2 = serine protease HTRA2, mitochon-
drial; LONP1 = Lon protease homolog, mitochondrial; OMA1 = metalloendopeptidase OMA1,
mitochondrial; SPG7 = mitochondrial inner membrane m-AAA protease component paraplegin;
YMEIL = ATP-dependent zinc metalloprotease YME1L.
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Figure 4. Myocardial Mn concentration and UPRmt protein expression correlations. (A-I) Concen-
tration of Mn in individual samples of myocardium of patients with heart failure plotted against
the expression of effector proteins of mitochondrial unfolded protein response (UPRmt). Proteins of
UPRmt are as follows: CLPP (N = 49), HSP10 (N = 53), HSP60 (N = 52), HSPA9 (N = 53), HTRA2
(N =53), LONP1 (N = 50), OMAL1 (N = 52), SPG7 (N = 53), and YMEIL (N = 53). Results of the simple
linear regression are shown. p < 0.05 indicates significant correlations, which are marked by the red
font. Abbreviations: CLPP = ATP-dependent Clp protease proteolytic subunit, mitochondrial; HSPA9
(mtHSP70) = stress-70 protein, mitochondrial; HSP10 = 10 kDa heat shock protein, mitochondrial;
HSP60 = 60 kDa heat shock protein, mitochondrial; HTRA?2 = serine protease HTRA2, mitochon-
drial; LONP1 = Lon protease homolog, mitochondrial; OMA1 = metalloendopeptidase OMA1,
mitochondrial; SPG7 = mitochondrial inner membrane m-AAA protease component paraplegin;
YMEI1L = ATP-dependent zinc metalloprotease YME1L.

Table 1. Protein levels determined by ELISA. Means+ SEM and p-values are shown for control and
heart failure groups.

Protein Name Control Group Heart Failure Group p
CLPP 174.5 & 24.7 ng/mg 106.4 + 6.3 ng/mg 0.0015
HSPA9 163.3 + 17.8 ng/mg 135.4 + 6.3 ng/mg 0.1786
SPG7 352 +£79ng/mg 27.6 £1.2ng/mg 0.0028
OMAL1 947.2 & 61.5 pg/mg 665.7 &+ 24.2 pg/mg 0.0004

LONP1 109.5 + 21.6 pg/mg 58.0 + 3.3 pg/mg <0.0001
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Table 1. Cont.

Protein Name Control Group Heart Failure Group p
HSP10 2590 + 312 pg/mg 1075 £ 66 pg/mg <0.0001
HSP60 139 £ 55 ng/mg 46 £ 4 ng/mg <0.0001
HTRA2 775+ 8.7 ng/mg 745+ 3.6 ng/mg 0.0891
YMEIL 209 £4.3ng/mg 17.7 £ 1.1 ng/mg 0.4171
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Figure 5. Correlations between myocardial Zn and UPRmt protein expression. (A-I) Individual data
points and correlations between myocardial Zn concentration and the expression of mitochondrial
unfolded protein response (UPRmt) proteins in myocardium of patients with heart failure. Proteins
of UPRmt include the following: CLPP (N = 49), HSP10 (N = 53), HSP60 (N = 52), HSPA9 (N = 53),
HTRA2 (N = 53), LONP1 (N = 50), OMA1 (N = 52), SPG7 (N = 53), and YMEIL (N = 53). Results
of the simple linear regression are shown. p < 0.05 indicates significant correlations, which are
marked by the red font. Abbreviations: CLPP = ATP-dependent Clp protease proteolytic subunit,
mitochondrial; HSPA9 (mtHSP70) = stress-70 protein, mitochondrial; HSP10 = 10 kDa heat shock
protein, mitochondrial; HSP60 = 60 kDa heat shock protein, mitochondrial; HTRA2 = serine protease
HTRA2, mitochondrial; LONP1 = Lon protease homolog, mitochondrial; OMA1 = metalloendopepti-
dase OMA1, mitochondrial; SPG7 = mitochondrial inner membrane m-AAA protease component
paraplegin; YME1L = ATP-dependent zinc metalloprotease YME1L.
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Figure 6. Myocardial Fe and UPRmt protein expression correlations. (A-I) The concentration of Fe in
individual samples of myocardium of patients with heart failure plotted against the expression of
effector proteins of mitochondrial unfolded protein response (UPRmt). Included UPRmt proteins are
the following: CLPP (N = 49), HSP10 (N = 53), HSP60 (N = 52), HSPA9 (N = 53), HTRA2 (N = 53),
LONP1 (N =50), OMAT1 (N = 52), SPG7 (N = 53), and YMEI1L (N = 53). Results of the simple linear
regression are shown. p < 0.05 indicates significant correlations, which are marked by the red font.
Abbreviations: CLPP = ATP-dependent Clp protease proteolytic subunit, mitochondrial; HSPA9
(mtHSP70) = stress-70 protein, mitochondrial; HSP10 = 10 kDa heat shock protein, mitochondrial;
HSP60 = 60 kDa heat shock protein, mitochondrial; HTRA2 = serine protease HTRA2, mitochon-
drial; LONP1 = Lon protease homolog, mitochondrial; OMA1 = metalloendopeptidase OMA1,
mitochondrial; SPG7 = mitochondrial inner membrane m-AAA protease component paraplegin;
YMEI1L = ATP-dependent zinc metalloprotease YME1L.
Table 2. Results of the multivariable regression analysis. For each dependent variable, the table
reports the t-value and p-value of each independent variable, indicating the strength and statistical
significance of these relationships. Significant results (p < 0.05) are highlighted green, and trends are
highlighted in yellow (p < 0.1).
Dependent Variables
CLPP HSP10 HSP60 HSPA9
Independent Variable
t 4 t P t 4 t 14
Cu 1.25 0.22 —0.08 0.93 0.74 0.47 0.59 0.56
Fe 0.07 0.94 0.777 0.44 0.18 0.86 —1.86 0.07
Mn 0.53 0.6 2.24 0.03 1.738 0.09 1.893 0.06
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Table 2. Cont.
Dependent Variables
CLPP HSP10 HSP60 HSPA9
Independent Variable
t 4 t P t 4 t P
Mo —0.44 0.65 —0.19 0.85 —1.12 0.25 —0.84 0.41
Zn —0.11 0.91 0.62 0.54 0.88 0.38 3.11 0.003
Age of Htx/LVAD 2.81 0.008 0.92 0.36 04 0.69 2.27 0.03
Sex of patients 2.40 0.02 1.47 0.15 3.50 0.001 0.68 0.50
Dependent Variables
HTRA2 LONP1 OMA1 SPG7 YMEIL
Independent Variable
t 14 t P t 4 t P t 14
Cu 0.22 0.83 0.22 0.83 —0.69 0.50 0.24 0.81 0.40 0.69
Fe —-0.36 0.72 0.14 0.89 —-0.39 0.70 —1.31 0.20 —2.60 0.01
Mn 2.16 0.04 0.51 0.61 0.778 0.44 0.89 0.38 0.54 0.60
Mo —0.87 0.39 0.27 0.79 —0.49 0.63 —0.35 0.73 —0.12 0.91
Zn 1.44 0.16 0.23 0.82 1.978 0.049 1.20 0.24 0.10 0.92
Age of Htx/LVAD 1.23 0.22 1.43 0.16 1.642 0.11 2.31 0.03 0.59 0.56
Gender 1.56 0.13 2.08 0.04 0.04 0.96 143 0.16 —1.23 0.23
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Figure 7. Correlations between Mo concentration and UPRmt protein expression. (A-I) The myocar-

dial concentration of Mo plotted against the expression of mitochondrial unfolded protein response

(UPRmt) effector proteins in myocardium of patients with heart failure. Analyses include following
UPRmt proteins: CLPP (N = 49), HSP10 (N = 53), HSP60 (N = 52), HSPA9 (N = 53), HTRA2 (N = 53),
LONP1 (N =50), OMAL1 (N = 52), SPG7 (N = 53), and YMEIL (N = 53). Results of the simple linear
regression are shown. Abbreviations: CLPP = ATP-dependent Clp protease proteolytic subunit,
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mitochondrial; HSPA9 (mtHSP70) = stress-70 protein, mitochondrial; HSP10 = 10 kDa heat shock
protein, mitochondrial; HSP60 = 60 kDa heat shock protein, mitochondrial; HTRA2 = serine protease
HTRA2, mitochondrial; LONP1 = Lon protease homolog, mitochondrial; OMA1 = metalloendopepti-
dase OMA1, mitochondrial; SPG7 = mitochondrial inner membrane m-AAA protease component
paraplegin; YME1L = ATP-dependent zinc metalloprotease YME1L.

2.4. Trace Elements and Oxidative Stress by 4-HNE Detection in the Myocardium of Failing Hearts

Myocardial oxidative stress was investigated indirectly by quantifying the lipid peroxi-
dation byproduct 4-HNE in the heart tissue. None of the tested trace elements nor the Fe-Zn
combination showed a significant correlation with the 4-HNE levels in the myocardium of
failing human hearts (Figure 8). This suggests that oxidative stress was not an underlying
factor in the observed changes in the age that the patients received heart transplantation or
LVAD or the expression of UPRmt effector proteins in the patients with failing hearts.
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Figure 8. Correlations between oxidative stress assessed by 4-HNE detection and concentrations
of trace elements. (A-E) Correlations between myocardial Cu, Fe, Mn, Mo, and Zn concentra-
tions and oxidative-stress-induced lipid peroxidation in myocardium of patients with heart failure
(N =110-113). Oxidative stress was assessed by quantifying 4-Hydroxynonenal (4-HNE) with ELISA.
(F) Correlation between cumulative Fe-Zn concentration index in the myocardium and 4-HNE levels.
This index represents the combined concentration of Fe and Zn in each sample. Please see Section 4
for detailed description of its calculation. Results of the simple linear regression are shown.

2.5. Trace Element Concentrations in ICM and DCM

The HF samples were divided into ICM and DCM groups for the analysis of trace
element concentrations (Figure 9). When the individual trace elements were analyzed, both
Zn and Mn showed a statistically significant difference and displayed higher myocardial
concentrations in the DCM group than in the ICM group. There was no statistically
significant difference between the ICM and DCM groups in terms of the Cu, Fe, and Mo
concentrations. The cumulative concentration of Fe and Zn was also significantly higher in
the DCM group than in the ICM group.
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Figure 9. Concentrations of individual tested trace elements and Fe-Zn combination in the my-
ocardium of patients with ICM and DCM. (A-E) Trace element concentrations in the myocardium of
patients with dilated (DCM; N = 55) and ischemic (ICM; N = 59-61) cardiomyopathy. (F) Myocardial
cumulative concentration index of Fe and Zn in myocardium of ICM and DCM groups. This index
represents the combined concentration of Fe and Zn in each sample. Please see Section 4 for detailed
description of its calculation. Data are means £ SEM. p < 0.05 was considered significant and is
presented in red font.

3. Discussion

The analyses of the myocardial concentrations of Cu, Mn, Mo, and Zn indicated that
none of them had significantly different concentrations between the HF patients and the
control subjects. Only the concentration of Fe in the myocardium showed a statistically
significant decrease in the HF patients. There were no significant differences in ageyrx /1vap
when higher and lower trace element concentrations in the heart were compared. However,
an elevated cumulative concentration of Fe and Zn was associated with a significantly
lower agepirx/rvap by more than 3 years compared to their lower cumulative concentration.
Positive significant correlations were observed between the individual myocardial Cu, Mn,
and Zn concentrations and the expression of several UPRmt proteins, while Fe displayed a
negative correlation with YME1L expression. Alone or in combination, the trace elements
did not display a statistically significant correlation with myocardial oxidative stress, as
assessed by 4-HNE staining. Zn and Mn were the only trace elements that were significantly
higher in the DCM than in the ICM group.

We did not observe any differences in the myocardial concentrations of Cu, Mn,
Mo, and Zn between the HF group and the control group. Only Fe showed a significant
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decrease in the HF group, which is in agreement with previous observations that up
to 50% of patients with HF have Fe deficiency [19]. This can be explained by different
mechanisms, including reports showing that mucosal edema and reduced blood flow
hinder iron absorption in patients with heart insufficiency [20].

We observed that the patients with higher cumulative myocardial concentrations of Fe
and Zn reached the terminal stage of HF earlier (indicated by a 3-year-lower agerryx/1vaD)
than the patients with lower cumulative Fe-Zn concentrations. We did not observe that
either Fe or Zn alone were significantly associated with the altered agepty,1vap. The
association between the myocardial cumulative Fe-Zn concentration and the reduced
agenTx/LVAD suggests the possibility that Fe and Zn may produce an additive toxic effect
on the human heart. An elevated deposition of Fe, as in hemochromatosis, is known to be
cardiotoxic by inducing ROS generation, which leads to cardiomyopathy [2]. However,
our study suggests that Fe could be cardiotoxic (in combination with Zn) in patients with
HF even when its concentrations are not elevated. Thus, our observation that the Fe
concentration was lower in the HF samples than in the control heart, could be beneficial for
patients, as it would limit potential Fe-Zn cardiotoxicity. This result should be interpreted
with caution, because it is known that sideropenic anemia may increase mortality risk in
HF patients. The inclusion of Cu, Mn, and Mo in the cumulative concentration analysis
did not result in a significant association with agepry/1vap. This implies that a moderate
increase in myocardial concentrations of Cu, Mn, and Mo, as observed in our study, may
not result in additional toxicity.

Here, we investigated the association between the myocardial expression of key ef-
fector proteins of UPRmt (activated by a mitochondrial damage [16]) and the myocardial
concentration of trace elements, because the accumulation of several trace elements like Fe
and Cu can lead to mitochondrial damage [21,22]. The analysis of the correlation between
UPRmt protein expression and the myocardial concentrations of three out of the five tested
trace elements (Cu, Mn, and Zn) revealed positive correlations with several UPRmt proteins.
Bearing in mind that mitochondrial damage triggers UPRmt, these results suggest that
Cu, Mn, and Zn may induce several UPRmt elements indirectly by causing mitochondrial
damage. In contrast, Fe showed a negative correlation with the UPRmt protein YME1L.
Considering that UPRmt is a stress-induced adaptive/compensatory response to impaired
mitochondrial proteostasis [16], our observation suggests the possibility that increased
concentrations of Cu, Mn, and Zn may disturb mitochondrial function and induce several
elements of UPRmt. This is supported by evidence from the literature demonstrating the
toxicity of these three trace elements [23,24]. Chaperone HSPA9 was significantly correlated
with both Mn and Zn, potentially reflecting a common response element. However, the
observed decrease in the expression of the UPRmt protein YME1L with elevated myocardial
Fe indicates a different mechanism of action of Fe, i.e., it indicates that an increasing Fe
concentration can suppress YME1L expression, a UPRmt protease known for its cardiopro-
tective actions [25]. Thus, our study suggests that suppressed YMEI1L expression may be
one of the deleterious effects of Fe in the heart. No correlation was observed between Mo
and UPRmt protein expression. The results of the simple linear regression were mostly
confirmed by the multivariable regression analysis. The ageyry/1yap and patient’s sex
variables were also correlated with the expression of several UPRmt proteins. UPRmt
proteases such as LONP1, YMEIL, and CLPP are responsible for the removal of misfolded
proteins [16]. For instance, Lonp1 protects cardiomocytes from ischemia-reperfusion in-
jury [26], while the deletion of Ymell causes HF [25]. The deletion of Clpp in the hearts
of DARS2-deficient animals contributes to the development of cardiomyopathy [27]. Fur-
thermore, a missense mutation causing the loss of HtrA2 protease activity in mice results
in the accumulation of misfolded and damaged proteins within mitochondria, leading
to mitochondrial dysfunction and HF [28]. Heat shock proteins, such as HSP60, are also
cardioprotective [29], and a deficiency in HSP10 is associated with cardiac diseases [30].

We did not observe a correlation between oxidative stress, as assessed by 4-HNE
detection, and the individual trace elements nor their cumulative combination. 4-HNE
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is one of the byproducts of the lipid peroxidation of cell membranes [31]. Since lipid
peroxidation is induced by several ROS molecules, it is considered an indirect marker of
oxidative stress. Although the majority of studies that have investigated trace element
deficiency have found a negative correlation with ROS generation [32,33], it is reported
that high trace element concentrations can increase ROS production [34,35]. Excess Zn
ions have a limited ability to bind to metallothionein, thus inducing oxidative stress [35],
and elevated intracellular Fe also induces ROS production, leading to a unique form of
cell death called ferroptosis [36]. It seems, based on these findings and our results, that
moderate changes in trace element concentrations do not play a significant role in oxidative
stress and that the observed alterations in ageyryx,/1vap and UPRmt protein expression
were independent of oxidative stress.

We observed that the concentrations of Zn and Mn and the Zn-Fe cumulative con-
centration were significantly higher in the DCM group compared to the ICM group. To
our knowledge, this is the first study to show that these trace elements were in greater
concentrations in DCM than in ICM. Thus, our study suggests the potential roles of Zn,
Mn, and Zn-Fe cumulatively in the pathogenesis of DCM.

Most of the studies that have investigated the relationship between trace elements
and heart diseases have focused on analyzing their concentrations in the blood or urine.
A negative correlation between essential trace element concentrations in the blood and
HF was reported [36]. However, several factors could interfere with this finding. A large
number of HF patients use angiotensin-converting enzyme inhibitors or diuretics, such
as loop or thiazide diuretics, which could lower the blood Zn concentration, potentially
causing discrepancies between its concentration in the blood and tissues like the heart [37].
In patients with cardiovascular diseases, different factors could cause a redistribution
of trace elements from the blood to tissues, making it even more difficult to extrapolate
their blood concentrations to myocardial concentrations [33,38,39]. To our knowledge, our
study is the first to demonstrate the potential cardiotoxic effect of Zn in humans, which is
manifested in combination with Fe.

Trace elements may elicit different mechanisms of cardiotoxicity. The induction of
cardiac fibrosis that impairs diastolic heart relaxation is reported in an overload of Fe [40]
and Cu [41]. Excessive concentrations of Fe [24], Cu [24], Mn [24], and Mo [1] can also
stimulate pro-inflammatory processes known to promote the development of cardiomy-
opathy [42]. The toxicity of trace elements, such as Mn and Fe [43], and heavy metals like
Cd [44] is associated with an impaired differentiation of cardiac cells that relies on the
proper induction of cardiomyogenic genes [45,46], ultimately resulting in developmental
heart disorders [47]. The toxicity of Zn is related to oxidative stress, the dysregulation of
Ca, the depletion of glutathione, and reduced Cu absorption [23,48].

Our study suggests that clinicians should monitor Fe and Zn concentrations in patients
with heart insufficiency to eliminate their contribution to the advancement of HF, especially
in those with DCM, since the Zn concentration and Fe-Zn cumulative concentration were
higher in the DCM group than in the ICM group in this study. Concentrations of Fe and Zn
could be assessed in the blood or, even better, by myocardial biopsy.

This study has several limitations. It is a cross-sectional study, and the observed
associations cannot unequivocally indicate that trace elements cause earlier HF or induce
the expression of certain UPRmt proteins. However, based on the other data in the literature
showing the toxicity of these trace elements and their ability to impair mitochondrial
function, such a conclusion is plausible. Additionally, the relatively limited number of
myocardial samples, especially the six healthy control samples (only used in Figure 1),
leads to reduced statistical power, and this may have hindered the identification of some
significant associations whose effects were not large. Thus, the results from Figure 1 should
be analyzed with caution. A small number of control samples was used because of the
difficulty in obtaining a healthy human myocardium in a way that is appropriate for
experimental use. Although our results suggest that the excessive accumulation of Zn and
Fe could be considered as a significant risk factor for the acceleration of HF in patients, more



Int. J. Mol. Sci. 2024, 25, 9648

14 of 18

studies are required to investigate the causality between the Fe-Zn cumulative concentration
and the progression of HF.

4. Materials and Methods
4.1. Human Heart Samples

Myocardial samples were obtained from a transmural section of the left ventricles in
control heart samples (6 samples) without known cardiac disease, provided by the National
Disease Research Interchange (Philadelphia, PA, USA), and failing hearts acquired during
heart transplantation or left-ventricular assist device (LVAD) implantation at the University
Hospital Center Zagreb and Dubrava Clinical Hospital (128 samples). Congenital structural
heart abnormalities, known genetic heart diseases, and an age below 37 years as a potential
indication of a genetic heart disease were the exclusion criteria [49]. All patients included
in the study gave informed consent, and we followed the principles of the Declaration of
Helsinki. Prior to heart transplantation or LVAD implantation, an investigator approached
the potential donors of myocardia, explained the goals of the study, potential risks, and
benefits for the participants, and obtained a written consent from individuals who agreed
to donate myocardia for the study. The Ethical Committees of the University of Zagreb
School of Medicine (approval number: 380-59-10106-18-111/55), University Hospital Center
Zagreb (approval number: 02/21 AG), and Clinical Hospital Dubrava (approval number:
2017/2310-05) approved the study. Patients with HF, defined by a left-ventricular ejection
fraction below 35%, were subdivided into the ischemic cardiomyopathy (ICM) and the
dilated cardiomyopathy (DCM) groups. A verified coronary artery disease was used to
define the ICM. The absence of coronary disease, an uncontrolled arterial hypertension, and
a significant valvular heart disease in patients with increased left-ventricular dimensions
and a significantly reduced left-ventricular ejection fraction were the criteria for the DCM.
Table 3 shows the important clinical parameters of the patients included in this study.

Table 3. Clinical and laboratory data of patients with HE.

Number of patients 128

Male sex, n (%) 104 (81%)

Age (y), means - SEM 57 £1
BMI (kg/m?), means + SEM 27.04+ 0.3

Smoking, n (%) 59 (46)

AH, n (%) 81 (63)

DM, n (%) 44 (34)

Dyslipidemia, n (%) 76 (59)

AFE n (%) 47 (36)

IHD, n (%) 63 (49)

CKD, n (%) 39 (30)

TGD, n (%) 20 (15)

EF (%) means + SEM 25+1
LVIDd (cm), means + SEM 7.14+0.1
LVIDs (cm), means + SEM 6.3 +0.1

BMI—body mass index, AH-—arterial hypertension, AF—atrial fibrillation, DM-—diabetes mellitus,
IHD—ischemic heart disease, CKD—chronic kidney disease, TGD—thyroid gland disorder, EF—ejection fraction,
LVIDd—left-ventricular inner diastolic diameter, LVIDs—left-ventricular inner systolic diameter.

4.2. Analysis of Trace Element Concentrations in Human Myocardium

After drying heart tissue samples in a thermostat at 40 °C, they were weighed and
digested with suprapur nitric acid (7.5 mL), puriss hydrochloric acid (2.5 mL), and puriss
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perchloric acid (1 mL) in a Berghof speedwave XPERT Microwave Digestion System DAK-
100X (Berghof Products+ Instruments GmbH, Eningen unter Achalm, Germany). The
digested samples were diluted to 50 mL with deionized water. After submerging all
laboratory glassware in a HNOj3 solution (1%) for 24 h, the samples were rinsed with
deionized water. Inductively coupled plasma mass spectrometry (ICP-MS) with an Agilent
8900 ICP-MS Triple Quadrupole (Agilent Technologies, Santa Clara, CA, USA) device was
used to detect trace elements in the samples. A solution containing 30 nug/L of Y, Ge, In,
and Tb was used as the internal standard.

4.3. Calculation of the Cumulative Concentration Index of Trace Elements

To evaluate the cumulative effects of trace elements, their concentrations were stan-
dardized by calculating the “cumulative concentration index”. This represents the “com-
bined” concentration of Fe and Zn. This factor was determined for each trace element in
each sample as the ratio between its concentration in the sample and the average concen-
tration in the control samples. The cumulative concentration index of the trace elements
was then determined using the geometric mean of the sum of these concentration factors.
A previously published formula was modified for this calculation [50].

4.4. Quantification of Myocardial UPRmt Protein Expression and 4-HNE by ELISA

Samples of approximately 500 mg of the left-ventricular myocardium that were frozen
in liquid nitrogen were pulverized using a pestle and mortar. The pulverized tissue was
mixed with a tissue protein extraction reagent (T-PER, Thermo Scientific, Waltham, MA,
USA) containing a protease inhibitor (Halt Protease Inhibitor Cocktail, Thermo Scientific,
USA) at a 1:5 weight-to-volume ratio. The homogenate was vortexed, sonicated in an ultra-
sonic bath, and centrifugated at 4000 x g for 15 min at 4 °C. The supernatants were aliquoted
and stored at —80 °C until further analysis. Total protein levels were quantified using the
Bradford method. Briefly, the samples were mixed with Bradford reagent in a tube. The
mixture was incubated for 20 min at room temperature, and the absorbance was measured
in cuvette at 595 nm. A standard curve was generated using bovine serum albumin (BSA,
Roche, Basel, Switzerland). Commercially available enzyme-linked immunosorbent assays
(ELISAs) were used to measure the concentrations of following proteins according to the
manufacturer’s instructions: HTRA2 (EHHTRA?2), HSP60 (EH244RB), HSP10 (abx573810),
LONP1 (abx388296), OMA1 (abx381971), SPG7 (abx546984), HSPA9 (abx350060), CLPP
(abx251576), and YME1L1 (abx384347) for the analysis of UPRmt element expression and
the analysis of the concentration of the lipid peroxidation byproduct, 4-Hydroxynonenal
(4-HNE), for the indirect assessment of oxidative stress. All ELISA kits were obtained
from Abbexa (Cambridge, UK). Titration experiments with different amounts of total
proteins were previously conducted for each kit to ensure that the loaded total protein
level for the samples fell within the standard curve. In short, standards, diluted samples,
and biotin-conjugated reagent were loaded on plate and then incubated. After that, the
HRP-conjugated reagent was added, and the plate was incubated again. Unbound conju-
gates were removed using a wash buffer. TMB substrate was added to quantify the HRP
enzymatic reaction. Absorbance was read at 450 nm.

4.5. Statistical Analyses

The non-parametric Mann-Whitney test was used to test significance in comparisons
between the trace element concentrations in the healthy and HF hearts and in comparisons
of DCM vs. ICM due to an abnormal data distribution. Student’s t-test was used for
comparisons of agepry/vap and for comparisons of protein levels in the control group
versus the heart failure group. Correlations between trace elements and UPRmt protein
expression and between trace elements and 4-HNE were tested by simple linear regression
analysis and the Pearson correlation coefficient. Multivariable regression analysis was
also used, where trace elements were the independent variables and UPRmt proteins were
the dependent variables. Agepry/1vap and gender were also analyzed as independent
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variables. Standardized coefficients were used to compare the relative strength of the impact
of different variables on the dependent variable. p-values below 0.05 were considered
significant. All statistical analyses were conducted using the MedCalc statistical software
(Version 16.4.3).

5. Conclusions

In conclusion, our study demonstrated a significant association between the myocar-
dial cumulative concentration of Fe and Zn and a lower age when patients receive heart
transplantation or LVAD. This may indicate accelerated HF in individuals who have el-
evated cumulative myocardial concentrations of Fe and Zn. The trace elements Cu, Mn,
and Zn were associated with an elevated expression of UPRmt proteins, which suggests
that they may impair mitochondrial proteostasis and induce several UPRmt elements.
Conversely, Fe was linked to reduced YMELL expression, suggesting an inhibition of this
UPRmt element, while Mo displayed no effect on UPRmt proteins. None of the trace
elements were associated with myocardial oxidative stress, as assessed by 4-HNE staining,
indicating that the observed associations between the trace elements and ageyry/1vap Or
the UPRmt elements were independent of oxidative stress. The concentrations of Mn, Zn,
and Fe-Zn combined were higher in the DCM group than in the ICM group, suggesting
their potential role in the pathogenesis of DCM.

Author Contributions: VM., T.S.,, N.M., KM., A.S. and P.B. acquired the data; VM., T.S., AS,, L.G.
and A K. analyzed the data; M.S., D.M., H.G., LR. and ES. interpreted the data; A.S. and ES. designed
the work; VM. and ES. drafted the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This work is supported in part by the Croatian Science Foundation, grant IP-2019-04-1449
to ES.

Institutional Review Board Statement: The study was conducted in accordance with the Decla-
ration of Helsinki, and approved by the Ethical Committees of the University of Zagreb School
of Medicine (approval number: 380-59-10106-18-111/55; 22/03/2018), University Hospital Center
Zagreb (approval number: 02/21 AG; 16/07/2017), and Clinical Hospital Dubrava (approval number:
2017/2310-05; 23/10/2017).

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest. Croatian Waters had no role in
the design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript, and in the decision to publish the results.

References

1.

Pu, W,; Chu, X.; Xu, S.; Dai, X.; Xiao, L.; Cui, T.; Huang, B.; Hu, G.; Zhang, C. Molybdenum Exposure Induces Inflammatory
Response via the Regulatory Effects of IncRNA-00072124/miR-308/OSMR Crosstalk on JAK/STAT Axis in Duck Kidneys. Sci.
Total Environ. 2024, 912, 169374. [CrossRef] [PubMed]

Joshi, PK.; Patel, S.C.; Shreya, D.; Zamora, D.I; Patel, G.S.; Grossmann, I.; Rodriguez, K.; Soni, M.; Sange, I. Hereditary
Hemochromatosis: A Cardiac Perspective. Cureus 2021, 13, e20009. [CrossRef] [PubMed]

Cirovi¢, A.; Buha Pordevi¢, A.; Cirovi¢, A.; Jevtic, J.; Tasi¢, D.; Jankovi¢, S.; Antonijevi¢, B.; Petrovi¢, Z.; Orisakwe, O.E.; Tasi¢, N.
Trace Element Concentrations in Autopsied Heart Tissues from Patients with Secondary Cardiomyopathy. Biol. Trace Elem. Res.
2024, 202, 2442-2449. [CrossRef]

Pan, M.; Cheng, Z.-W.; Huang, C.-G; Ye, Z.-Q.; Sun, L.-].; Chen, H.; Fu, B.-B.; Zhou, K,; Fang, Z.-R.; Wang, Z.-].; et al. Long-Term
Exposure to Copper Induces Mitochondria-Mediated Apoptosis in Mouse Hearts. Ecotoxicol. Environ. Saf. 2022, 234, 113329.
[CrossRef]

Lipiniski, P.; Starzynski, R.R.; Sty$, A.; Stracito, M. Iron homeostasis, a defense mechanism in oxidative stress. Postepy Biochem.
2010, 56, 305-316. [PubMed]

Touati, D. Iron and Oxidative Stress in Bacteria. Arch. Biochem. Biophys. 2000, 373, 1-6. [CrossRef] [PubMed]

Kerins, ML].; Ooi, A. The Roles of NRF2 in Modulating Cellular Iron Homeostasis. Antioxid. Redox Signal. 2018, 29, 1756-1773.
[CrossRef]


https://doi.org/10.1016/j.scitotenv.2023.169374
https://www.ncbi.nlm.nih.gov/pubmed/38104808
https://doi.org/10.7759/cureus.20009
https://www.ncbi.nlm.nih.gov/pubmed/34987900
https://doi.org/10.1007/s12011-023-03857-z
https://doi.org/10.1016/j.ecoenv.2022.113329
https://www.ncbi.nlm.nih.gov/pubmed/21117319
https://doi.org/10.1006/abbi.1999.1518
https://www.ncbi.nlm.nih.gov/pubmed/10620317
https://doi.org/10.1089/ars.2017.7176

Int. J. Mol. Sci. 2024, 25, 9648 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Chen, P,; Bornhorst, J.; Aschner, M. Manganese Metabolism in Humans. Front. Biosci. Landmark Ed. 2018, 23, 1655-1679. [CrossRef]
Franklin, R.; Hare, M.; Beckman, J.S. Determining Copper and Zinc Content in Superoxide Dismutase Using Electron Capture
Dissociation under Native Spray Conditions. Methods Mol. Biol. 2022, 2500, 201-210. [CrossRef]

Horn, D.; Barrientos, A. Mitochondrial Copper Metabolism and Delivery to Cytochrome ¢ Oxidase. IUBMB Life 2008, 60, 421-429.
[CrossRef]

Miiller, M.; Donhauser, E.; Maske, T.; Bischof, C.; Dumitrescu, D.; Rudolph, V.; Klinke, A. Mitochondrial Integrity Is Critical in
Right Heart Failure Development. Int. J. Mol. Sci. 2023, 24, 11108. [CrossRef]

Bisaccia, G.; Ricci, F; Gallina, S.; Di Baldassarre, A.; Ghinassi, B. Mitochondrial Dysfunction and Heart Disease: Critical Appraisal
of an Overlooked Association. Int. J. Mol. Sci. 2021, 22, 614. [CrossRef] [PubMed]

Pravdic, D.; Sedlic, F; Mio, Y.; Vladic, N.; Bienengraeber, M.; Bosnjak, Z.]. Anesthetic-Induced Preconditioning Delays Opening of
Mitochondrial Permeability Transition Pore via Protein Kinase C-Epsilon-Mediated Pathway. Anesthesiology 2009, 111, 267-274.
[CrossRef]

Muravyeva, M.; Baotic, I.; Bienengraeber, M.; Lazar, J.; Bosnjak, Z.J.; Sedlic, E.; Warltier, D.C.; Kersten, J.R. Cardioprotection
during Diabetes: The Role of Mitochondrial DNA. Anesthesiology 2014, 120, 870-879. [CrossRef]

Sepac, A.; Sedlic, E; Si-Tayeb, K.; Lough, J.; Duncan, S.A.; Bienengraeber, M.; Park, F,; Kim, J.; Bosnjak, Z.]J. Isoflurane Precondi-
tioning Elicits Competent Endogenous Mechanisms of Protection from Oxidative Stress in Cardiomyocytes Derived from Human
Embryonic Stem Cells. Anesthesiology 2010, 113, 906-916. [CrossRef] [PubMed]

Svagusa, T.; Martini¢, M.; Martini¢, M.; Kovacevi¢, L.; éepac, A.; Mili¢i¢, D.; Bulum, J.; Starcevi¢, B.; Sirotkovié-Skerlev, M.;
Seiwerth, F; et al. Mitochondrial Unfolded Protein Response, Mitophagy and Other Mitochondrial Quality Control Mechanisms
in Heart Disease and Aged Heart. Croat. Med. ]. 2020, 61, 126-138. [CrossRef] [PubMed]

Qiu, Z.; Wei, Y.; Song, Q.; Du, B.; Wang, H.; Chu, Y.; Hu, Y. The Role of Myocardial Mitochondrial Quality Control in Heart
Failure. Front. Pharmacol. 2019, 10, 1404. [CrossRef]

Svagusa, T.; Sikiric, S.; Milavic, M.; Sepac, A.; Seiwerth, S.; Milicic, D.; Gasparovic, H.; Biocina, B.; Rudez, I; Sutlic, Z.; et al. Heart
Failure in Patients Is Associated with Downregulation of Mitochondrial Quality Control Genes. Eur. J. Clin. Investig. 2023, 53,
e14054. [CrossRef]

Rizzo, C.; Carbonara, R.; Ruggieri, R.; Passantino, A.; Scrutinio, D. Iron Deficiency: A New Target for Patients with Heart Failure.
Front. Cardiovasc. Med. 2021, 8, 709872. [CrossRef]

Sica, D.A. Pharmacotherapy in Congestive Heart Failure: Drug Absorption in the Management of Congestive Heart Failure: Loop
Diuretics. Congest. Heart Fail. 2003, 9, 287-292. [CrossRef]

Zischka, H.; Borchard, S. Chapter 8—Mitochondrial Copper Toxicity with a Focus on Wilson Disease. In Clinical and Translational
Perspectives on WILSON DISEASE; Kerkar, N., Roberts, E.A., Eds.; Academic Press: Cambridge, MA, USA, 2019; pp. 65-75, ISBN
978-0-12-810532-0.

Sumneang, N.; Siri-Angkul, N.; Kumfu, S.; Chattipakorn, S.C.; Chattipakorn, N. The Effects of Iron Overload on Mitochondrial
Function, Mitochondrial Dynamics, and Ferroptosis in Cardiomyocytes. Arch. Biochem. Biophys. 2020, 680, 108241. [CrossRef]
[PubMed]

Schoofs, H.; Schmit, J.; Rink, L. Zinc Toxicity: Understanding the Limits. Molecular 2024, 29, 3130. [CrossRef] [PubMed]
Tarnacka, B.; Jopowicz, A.; Masliriska, M. Copper, Iron, and Manganese Toxicity in Neuropsychiatric Conditions. Int. J. Mol. Sci.
2021, 22, 7820. [CrossRef] [PubMed]

Wai, T.; Garcia-Prieto, J.; Baker, M.].; Merkwirth, C.; Benit, P.; Rustin, P.; Rupérez, E].; Barbas, C.; Ibafiez, B.; Langer, T. Imbalanced
OPAT1 Processing and Mitochondrial Fragmentation Cause Heart Failure in Mice. Science 2015, 350, aad0116. [CrossRef]
Venkatesh, S.; Li, M.; Saito, T.; Tong, M.; Rashed, E.; Mareedu, S.; Zhai, P.; Barcena, C.; Lépez-Otin, C.; Yehia, G.; et al.
Mitochondrial LonP1 Protects Cardiomyocytes from Ischemia/Reperfusion Injury In Vivo. J. Mol. Cell. Cardiol. 2019, 128, 38-50.
[CrossRef]

Seiferling, D.; Szczepanowska, K.; Becker, C.; Senft, K.; Hermans, S.; Maiti, P.; Konig, T.; Kukat, A.; Trifunovic, A. Loss of CLPP
Alleviates Mitochondrial Cardiomyopathy without Affecting the Mammalian UPRmt. EMBO Rep. 2016, 17, 953-964. [CrossRef]
Chen, Z.; Huang, L.; Tso, A.; Wang, S.; Fang, X.; Ouyang, K.; Han, Z. Mitochondrial Chaperones and Proteases in Cardiomyocytes
and Heart Failure. Front. Mol. Biosci. 2021, 8, 630332. [CrossRef]

Smyrnias, I.; Gray, S.P.; Okonko, D.O.; Sawyer, G.; Zoccarato, A.; Catibog, N.; Lopez, B.; Gonzélez, A.; Ravassa, S.; Diez, J.; et al.
Cardioprotective Effect of the Mitochondrial Unfolded Protein Response During Chronic Pressure Overload. J. Am. Coll. Cardiol.
2019, 73, 1795-1806. [CrossRef]

Hu, X.; Van Marion, D.M.S.; Wiersma, M.; Zhang, D.; Brundel, B.].].M. The Protective Role of Small Heat Shock Proteins in
Cardiac Diseases: Key Role in Atrial Fibrillation. Cell Stress Chaperones 2017, 22, 665-674. [CrossRef]

Endale, H.T.; Tesfaye, W.; Mengstie, T.A. ROS Induced Lipid Peroxidation and Their Role in Ferroptosis. Front. Cell Dev. Biol.
2023, 11, 1226044. [CrossRef]

Li, L.; Yang, X. The Essential Element Manganese, Oxidative Stress, and Metabolic Diseases: Links and Interactions. Oxid. Med.
Cell. Longev. 2018, 2018, 7580707. [CrossRef]

Choi, S.; Liu, X.; Pan, Z. Zinc Deficiency and Cellular Oxidative Stress: Prognostic Implications in Cardiovascular Diseases. Acta
Pharmacol. Sin. 2018, 39, 1120-1132. [CrossRef] [PubMed]


https://doi.org/10.2741/4665
https://doi.org/10.1007/978-1-0716-2325-1_14
https://doi.org/10.1002/iub.50
https://doi.org/10.3390/ijms241311108
https://doi.org/10.3390/ijms22020614
https://www.ncbi.nlm.nih.gov/pubmed/33435429
https://doi.org/10.1097/ALN.0b013e3181a91957
https://doi.org/10.1097/ALN.0000000000000107
https://doi.org/10.1097/ALN.0b013e3181eff6b7
https://www.ncbi.nlm.nih.gov/pubmed/20823757
https://doi.org/10.3325/cmj.2020.61.126
https://www.ncbi.nlm.nih.gov/pubmed/32378379
https://doi.org/10.3389/fphar.2019.01404
https://doi.org/10.1111/eci.14054
https://doi.org/10.3389/fcvm.2021.709872
https://doi.org/10.1111/j.1527-5299.2003.02399.x
https://doi.org/10.1016/j.abb.2019.108241
https://www.ncbi.nlm.nih.gov/pubmed/31891670
https://doi.org/10.3390/molecules29133130
https://www.ncbi.nlm.nih.gov/pubmed/38999082
https://doi.org/10.3390/ijms22157820
https://www.ncbi.nlm.nih.gov/pubmed/34360586
https://doi.org/10.1126/science.aad0116
https://doi.org/10.1016/j.yjmcc.2018.12.017
https://doi.org/10.15252/embr.201642077
https://doi.org/10.3389/fmolb.2021.630332
https://doi.org/10.1016/j.jacc.2018.12.087
https://doi.org/10.1007/s12192-017-0799-4
https://doi.org/10.3389/fcell.2023.1226044
https://doi.org/10.1155/2018/7580707
https://doi.org/10.1038/aps.2018.25
https://www.ncbi.nlm.nih.gov/pubmed/29926844

Int. J. Mol. Sci. 2024, 25, 9648 18 of 18

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Yan, F; Li, K;; Xing, W.; Dong, M.; Yi, M.; Zhang, H. Role of Iron-Related Oxidative Stress and Mitochondrial Dysfunction in
Cardiovascular Diseases. Oxid. Med. Cell. Longev. 2022, 2022, 5124553. [CrossRef]

Marreiro, D.d.N.; Cruz, K.J.C.; Morais, ].B.S.; Beserra, J.B.; Severo, J.S.; de Oliveira, A.R.S. Zinc and Oxidative Stress: Current
Mechanisms. Antioxidants 2017, 6, 24. [CrossRef]

Rosenblum, H.; Wessler, ].D.; Gupta, A.; Maurer, M.S.; Bikdeli, B. Zinc Deficiency and Heart Failure: A Systematic Review of the
Current Literature. J. Card. Fail. 2020, 26, 180-189. [CrossRef] [PubMed]

Suliburska, J.; Skrypnik, K.; Szuliriska, M.; Kupsz, J.; Markuszewski, L.; Bogdariski, P. Diuretics, Ca-Antagonists, and Angiotensin-
Converting Enzyme Inhibitors Affect Zinc Status in Hypertensive Patients on Monotherapy: A Randomized Trial. Nutrients 2018,
10, 1284. [CrossRef] [PubMed]

Kamalov, G.; Bhattacharya, S.K.; Ahokas, R.A.; Sun, Y.; Weber, K.T.; Gerling, I.C.; Holewinski, J.P. Nutrient Dyshomeostasis in
Congestive Heart Failure. Am. J. Med. Sci. 2009, 338, 28-33. [CrossRef]

Ripa, S.; Ripa, R. Zinc and arterial pressure. Minerva Med. 1994, 85, 455-459.

Ahmed, S.; Peterson, S.J.; Parikh, M.A.; Frishman, W.H. Cardiovascular Manifestations of Hemochromatosis: A Review of
Pathophysiology, Mechanisms, and Treatment Options. Cardiol. Rev. 2023. [CrossRef]

Liu, Z.-Y; Liu, Z.-Y,; Lin, L.-C; Song, K.; Tu, B.; Zhang, Y.; Yang, J.-J.; Zhao, ].-Y.; Tao, H. Redox Homeostasis in Cardiac Fibrosis:
Focus on Metal Ion Metabolism. Redox Biol. 2024, 71, 103109. [CrossRef]

Harding, D.; Chong, M.H.A.; Lahoti, N.; Bigogno, C.M.; Prema, R.; Mohiddin, S.A.; Marelli-Berg, F. Dilated Cardiomyopathy and
Chronic Cardiac Inflammation: Pathogenesis, Diagnosis and Therapy. J. Intern. Med. 2023, 293, 23—47. [CrossRef] [PubMed]
Han, Z.; Xu, Z.; Chen, L.; Ye, D.; Yu, Y.; Zhang, Y.; Cao, Y.; Djibril, B.; Guo, X.; Gao, X,; et al. Iron Overload Inhibits Self-Renewal
of Human Pluripotent Stem Cells via DNA Damage and Generation of Reactive Oxygen Species. FEBS Open Bio 2020, 10, 726-733.
[CrossRef] [PubMed]

Wu, X,; Chen, Y,; Luz, A.; Hu, G,; Tokar, E.J. Cardiac Development in the Presence of Cadmium: An In Vitro Study Using Human
Embryonic Stem Cells and Cardiac Organoids. Environ. Health Perspect. 2022, 130, 117002. [CrossRef] [PubMed]

Sepac, A.; Si-Tayeb, K.; Sedlic, F.; Barrett, S.; Canfield, S.; Duncan, S.A.; Bosnjak, Z.].; Lough, ].W. Comparison of Cardiomyogenic
Potential among Human ESC and iPSC Lines. Cell Transplant. 2012, 21, 2523-2530. [CrossRef]

Sepac, A.; Bosnjak, J.Z.; Seiwerth, S.; Sikiric, S.; Regovic Dzombeta, T.; Kulic, A.; Karsaj, ].M.; Sedlic, F. Human C2a and Cé6a iPSC
Lines and H9 ESC Line Have Less Efficient Cardiomyogenesis than H1 ESC Line: Beating Enhances Cardiac Differentiation. Int. J.
Dev. Biol. 2021, 65, 523-536. [CrossRef]

Wang, M; Tian, Y; Yu, P; Li, N.; Deng, Y; Li, L.; Kang, H.; Chen, D.; Wang, H.; Liu, Z.; et al. Association between Congenital
Heart Defects and Maternal Manganese and Iron Concentrations: A Case-Control Study in China. Environ. Sci. Pollut. Res. Int.
2022, 29, 26950-26959. [CrossRef]

Piavchenko, G.; Alekseev, A.; Stelmashchuk, O.; Seryogina, E.; Zherebtsov, E.; Kuznetsova, E.; Dunaev, A.; Volkov, Y.; Kuznetsov,
S. A Complex Morphofunctional Approach for Zinc Toxicity Evaluation in Rats. Heliyon 2020, 6, e03768. [CrossRef]

Svagusa, T,; Sedli¢, E; Zupanié, S.; Manola, S.; Bakos, M.; Mirogevi¢, V.; Livun, A. A Rare Form of LIM Domain-Binding Protein 3
(LDB3) Mutation Causes Hypertrophic Cardiomyopathy and Myofibrillar Myopathy Type 4. Clin. Genet. 2024. [CrossRef]
Quiroz, C.J.C.; Choque, G.J.M.; Mamani, M.C.; Quispe, G.D.L.E. Evaluation of the Content of Metals and Contamination Indices
Generated by Environmental Liabilities, in Tacna, Peru. Contamination 2022. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1155/2022/5124553
https://doi.org/10.3390/antiox6020024
https://doi.org/10.1016/j.cardfail.2020.01.005
https://www.ncbi.nlm.nih.gov/pubmed/31935458
https://doi.org/10.3390/nu10091284
https://www.ncbi.nlm.nih.gov/pubmed/30208601
https://doi.org/10.1097/MAJ.0b013e3181aaee63
https://doi.org/10.1097/CRD.0000000000000622
https://doi.org/10.1016/j.redox.2024.103109
https://doi.org/10.1111/joim.13556
https://www.ncbi.nlm.nih.gov/pubmed/36030368
https://doi.org/10.1002/2211-5463.12811
https://www.ncbi.nlm.nih.gov/pubmed/32053740
https://doi.org/10.1289/EHP11208
https://www.ncbi.nlm.nih.gov/pubmed/36321828
https://doi.org/10.3727/096368912X653165
https://doi.org/10.1387/ijdb.210115fs
https://doi.org/10.1007/s11356-021-17054-9
https://doi.org/10.1016/j.heliyon.2020.e03768
https://doi.org/10.1111/cge.14585
https://doi.org/10.21203/rs.3.rs-2203478/v1

	Introduction 
	Results 
	Concentrations of Essential Trace Elements in Healthy and Heart-Failure Myocardium 
	Cumulative Concentration Index of Iron and Zinc and the Patient’s Age of Receiving Heart Transplantation or LVAD 
	Correlations between Myocardial Trace Elements and the Expression of UPRmt Proteins 
	Trace Elements and Oxidative Stress by 4-HNE Detection in the Myocardium of Failing Hearts 
	Trace Element Concentrations in ICM and DCM 

	Discussion 
	Materials and Methods 
	Human Heart Samples 
	Analysis of Trace Element Concentrations in Human Myocardium 
	Calculation of the Cumulative Concentration Index of Trace Elements 
	Quantification of Myocardial UPRmt Protein Expression and 4-HNE by ELISA 
	Statistical Analyses 

	Conclusions 
	References

