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Popular scientific summary

* Findings in this study revealed that elevated SF levels may increase the risk of SIC.

e And It is important to monitor SF levels of patients closely to prevent the occurrence of SIC
clinically.

Abstract

Objective: The study aims to investigate the causal relationships of serum iron (SI) metabolites with sepsis and
cardiomyopathy as two distinct outcomes.

Methods: Genome-wide association studies (GWAS) data for SI, serum ferritin (SF), serum transferrin (STF),
transferrin receptor (TFRC), sepsis, and cardiomyopathy were obtained from the EBI website. Transferrin
saturation percentage (TSP) data were from the Genetics of Iron Status Consortium. Due to lack of GWAS
for acute sepsis-induced cardiomyopathy (SIC), cardiomyopathy GWAS was used as a genetic proxy. Causal
relationships were analysed using inverse-variance weighting, MR-Egger, weighted median, simple mode, and
weighted mode methods. Power calculations, Cochran’s Q test, MR-PRESSO, and Steiger directionality test
were performed for quality control.

Results: In the analysis of iron metabolites and cardiomyopathy, there were 2 single nucleotide polymor-
phisms (SNPs) in SI (mean F-statistic = 12.3), 69 SNPs in SF (mean F-statistic = 28.7), 3 SNPs in STF (mean
F-statistic = 15.2), 2 SNPs in TFRC (mean F-statistic = 11.8), and 24 SNPs in TSP (mean F-statistic = 22.4);
and SF was a risk factor for cardiomyopathy (OR = 1.750, 95%CI: 1.152~2.657, P = 0.009). Furthermore, in
the analysis of iron metabolites and sepsis, there were 2 SNPs in SI, 86 SNPs in SF, 4 SNPs in STF, 4 SNPs in
TFRC, and 29 SNPs in TSP; and SF was a risk factor of sepsis (OR = 3.079, 95%CI: 1.420~6.679, P = 0.004).
The Steiger directionality test confirmed that the causal direction was from ferritin to both outcomes. The
results of quality control revealed no heterogeneity or horizontal pleiotropy among SNPs. In addition, there
was no significant change in the MR analysis results after the removal of single SNP.

Conclusion: SF may increase the risk of both sepsis and cardiomyopathy, potentially through inflammation—
iron metabolism pathways rather than direct iron toxicity.
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epsis is defined as a life-threatening organ dysfunc-
tion caused by abnormal immune responses to infec-
tion (1, 2). According to existing statistical data,
the mortality rate of sepsis patients is as high as 24.3%,
among which sepsis-induced cardiomyopathy (SIC) is one
of the major contributing factors for mortality in septic
patients (3). SIC is a common complication of sepsis, with
its incidence ranging from 30 to 70%. There is so far no
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effective treatment for this disease, and the mortality of
patients with SIC can reach 70% (4).

Sepsis-induced cardiac dysfunction mainly manifests as
left ventricular systolic and diastolic dysfunction, as well
as right ventricular dysfunction. Its underlying mecha-
nisms may include decreased myocardial perfusion (5), the
presence of myocardial depressant factors such as tumour
necrosis factor and interleukin 1B (6, 7), inflammatory
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responses such as multiple intracellular inflammatory path-
ways triggered by toll-like receptor signalling pathway in
response to 2-acrylamido-2-methylpropanesulfonic acid
(PAMPs) and deoxyadenosine monophosphate (DAMPs)
(8), decreased adrenosensitivity (9), dysregulation of cal-
cium ion response (10), mitochondrial dysfunction (11),
coronary microvascular dysfunction (12), etc. However, it is
still unclear with respect to the exact mechanism of cardiac
dysfunction, which requires further clarification.

Innormal physiological processes, iron is an active ingre-
dient widely involved in metabolism and biological func-
tions, affecting many cellular life activities (13). However,
excessive iron can lead to increased oxidative stress in
the host, causing damage to cells and tissues (14). It may
induce the production of free radicals that can damage
DNA, proteins, and membrane lipids (15). Ferroptosis, a
new form of cell death, is related to the occurrence and
development of myocardial ischemia-reperfusion injury,
adriamycin-induced cardiomyopathy, arrhythmia, and
diabetes-related cardiovascular diseases (16).

Prior research has documented that interference with
the normal iron metabolism activity of myocardial cells,
such as increasing iron uptake and reducing iron output,
can cause ferroptosis and hence damage to myocardial cells
(17). Conversely, inhibiting intracellular ferroptosis can sig-
nificantly alleviate related cardiac injury and inflammatory
response (18). Accordingly, maintaining normal regulation
of iron metabolism and inhibiting ferroptosis are of great
significance for the prevention and treatment of cardiovas-
cular diseases clinically (19). In general, the absorption,
transportation, and storage of iron are strictly regulated by
the human body. Nevertheless, iron metabolism disorders
may occur during sepsis. It hence highlights the importance
of clarifying the mechanism of iron metabolism changes
during sepsis affecting sepsis-induced myocardial damage.

Mendelian randomization (MR) is a newly emerged strat-
egy in epidemiological studies recently. Based on Mendel’s
law of inheritance, MR explores the causal relationship
between exposure and outcome using genetic variation as
an instrumental variable. Therefore, also known as a ‘natural
randomized controlled trial’, this method can skilfully avoid
the impact of confounding factors in the acquired environ-
ment, and the false negative or false positive results due to
inevitable confounding factors and reverse causality in tra-
ditional observational studies (20, 21). It exhibits the advan-
tages of time-saving, cost-effectiveness, and efficiency, which
is highly concerned and widely applied (22). Accordingly,
this study employed MR analysis to explore the causal rela-
tionships of SI metabolites with sepsis and cardiomyopathy.

Subjects and methods

Study design

This study was performed to clarify the causal relation-
ships of SI metabolites with sepsis and cardiomyopathy
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using MR analysis, with ST metabolites as exposure factors,
as well as sepsis and cardiomyopathy as distinct outcomes.
Due to the lack of large-scale genome-wide association
studies (GWAS) data specifically for acute SIC, we used
cardiomyopathy GWAS as a genetic proxy for cardiac
injury, acknowledging that this represents chronic rather
than acute cardiac pathology as a limitation.

Data source

This study follows the STROBE-MR (23) guidelines and
the core recommendations of epidemiological study (24).
Several GWAS were collected to evaluate iron metabolites
[serum iron (SI), serum ferritin (SF), serum transferrin
(STF), transferrin receptor (TFRC), transferrin satura-
tion percentage (TSP)]. The GWAS data for SI, SF, STF,
and TFRC in this study were all downloaded from the
ebi website (https://www.ebi.ac.uk/gwas/downloads/sum-
mary-statistics). The GWAS data of SI (GCST90012683)
included 15,335 subjects with 6,240,610 SNPs; that of
SF (GCST90270865) included 270,794 subjects with
10,519,191 SNPs; that of STF (GCST90019443) included
10,708 subjects with 17,652,797 SNPs; and that of TFRC
(GCST90243053) included 15,335 subjects with 6,240,610
SNPs. Data on TSP were sourced from the Genetics of
Iron Status Consortium (GISC), with a sample size of
23,986 subjects and 18,939,104 SNPs.

Moreover, the GWAS data for sepsis, and cardiomyop-
athy in this study were also sourced from the same website.
Specifically, the GWAS data of sepsis (GCST90281177)
had 1,380 cases and 429,985 controls with 12,370,771
SNPs; and that of cardiomyopathy (GCST90399709)
enrolled 1,067 cases and 439,876 controls with 19,882,310
SNPs.

The vast majority of GWAS data in this study were
sourced from the European population. Both exposure
and outcome GWAS were derived from European ances-
try populations, primarily based on UK Biobank. As
individual-level data are unavailable in public summary
statistics, we cannot identify participant overlap precisely,
but estimate overlap to be < 10%, which may introduce
minimal bias in the direction of the null hypothesis.

Instrumental variable screening

1) This study first screened SNPs highly correlated with
iron metabolism indicators as instrumental variables (P <
1.0x10%). 2) SNPs in linkage disequilibrium were excluded
based on the criteria of clumping window = 10,000 kb, and
r?<0.01, followed by the elimination of palindromic SNPs
with intermediate allele frequencies according to the func-
tion of harmonise_data. 3) With the further exclusion of
weak instrumental variables, weak instrumental variables
were determined to have a lower risk of bias when the
F-value >10. Among them, F-value was calculated via the
formula of F-value = [(n — k — 1) /k] X [R% (1 — R?)], where
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n represents the sample size, k is the number of SNPs, and
R? is the proportion of variance explained for each SNP
(25). We set a threshold of F-statistic >10 to minimize weak
instrument bias. 4) Outliers in SNPs were identified by the
MR Pleiotropy RESidual Sum and Outlier (MR-PRESSO)
test (26), which were further eliminated.

Power calculation

Statistical power was calculated using the mRnd R pack-
age to determine the minimum detectable odds ratio at
80% power for each exposure-outcome combination. The
explained variance (R?) for each exposure and correspond-
ing F-statistics are reported in Supplementary Table S1.

MR analysis

MR analysis in this study used the “Two Sample MR’ pack-
age in R 4.3.1 software. The specific steps are introduced
as follows: 1) MR methods: Methods for analysis included
inverse-variance weighting (IVW) (27), MR-Egger regres-
sion (28), weighted median method (29), simple mode
method, and weighted mode method. The results of IVW
analysis would be considered if there was no horizontal plei-
otropy among SNPs (30). 2) Statistical heterogeneity: The
Cochran’s Q test was applied to assess statistical heteroge-
neity among different SNPs, with the presence of statistical
heterogeneity when P < 0.05 (31). 3) Horizontal pleiotropy:
The horizontal pleiotropy of SNPs was evaluated using the
intercept of MR-Egger regression, MR-PRESSO test (with
global test P values reported), and funnel plots. There was
no horizontal pleiotropy in the SNPs when there was no
statistical significance between the intercept and 0; when

Iron metabolites and cardiac outcomes

P > 0.05 in the MR-PRESSO global test; or the distribu-
tion of SNPs on both sides was basically symmetrical in
the funnel plot. 4) Sensitivity analysis: The leave-one-out
analysis was employed to assess whether the IVW results
were caused by any single SNP. If there was no significant
change in the IVW results after removing a single SNP,
the SNP was thought to have no significant impact on the
results (32). Additionally, Steiger directionality test was
performed to confirm that the causal direction was from
exposure to outcome rather than reverse causation.

Results

MR analysis of serum iron metabolites and cardiomyopathy

In the analysis of iron metabolites and cardiomyopa-
thy (Table 1), there were 2 SNPs in SI, 69 SNPs in SF,
3 SNPs in STF, 2 SNPs in TFRC, and 24 SNPs in TSP;
and SF was a risk factor for cardiomyopathy (OR = 1.750,
95%CI: 1.152~2.657, P = 0.009). While there was no sig-
nificant impact of SI, STF, TFRC, and TSP on the inci-
dence risk of cardiomyopathy. Figure 1 shows the scatter
plot with improved visualization using larger fonts and
colour-blind friendly palettes.

MR analysis of serum iron metabolites and sepsis

In the analysis of iron metabolites and sepsis (Table 2),
there were 2 SNPs in SI, 86 SNPs in SF, 4 SNPs in STF, 4
SNPs in TFRC, and 29 SNPs in TSP; and SF was a risk
factor of sepsis (OR = 3.079, 95%CI: 1.420~6.679, P =
0.004). However, no significant impact of SI, STF, TFRC,
and TSP was observed on the incidence risk of sepsis. A
corresponding scatter plot is presented in Fig. 2.

Table 1. Mendelian randomization analysis of serum iron metabolites and cardiomyopathy

Exposures Number MR method log(OR) SE OR 95%Cl P value Q PQ 12 (%) Mean
of SNPs F-stat
SI 2 VW 0.191 0.569 1211 0.399~3.666 0.734 0.89 0.346 0 12.3
SF 69 MR-Egger 0.479 0.397 1.614 0.734~3.545 0.237 68.2 0.398 32 287
Weight median 0.476 0.325 1.610  0.850~3.046 0.144 - - -
VW 0.560 0.213 1.750  1.152~2.657  0.009 69.1 0.376 1.6
Simple mode 0.190 0.619 1.209  0.361~4.051  0.759 - - -
Weighted mode 0.291 0.453 1.338  0.545~3.279  0.527 - - -
STF 3 MR-Egger —-1.432 0.821 0.239  0.072~1.789  0.256 1.92 0.383 0 15.2
Weight median —0.148 0.262 0.863 0.516~1.442 0.575 - - -
VW —0.101 0416 0.904 0.398~2.052 0.810 245 0.294 18.4
Simple mode —0.044 0.392 0.957  0.441~2.075 0.922 - - -
Weighted mode —0.171 0.296 0.843  0.469~1.517 0.627 - - -
TFRC 2 VW 0.169 0.336 I.184  0.610~2299 0616 1.12 0.290 10.7 1.8
TSP 24 MR-Egger -0.333 0.520 0.717  0.258~1.991  0.530 23.6 0.428 2.5 224
Weight median —-0.098 0.346 0.907  0.459~1.790 0.779 - - -
VW 0.079 0.241 1.082  0.672~1.744 0.743 239 0.405 3.8
Simple mode —-0.289 0.570 0.749  0.244~2.294 0.618 - - -
Weighted mode —-0.258 0.329 0.773  0.405~1.477 0.444 - - -
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Fig. 1. Scatter plots of Mendelian randomization. A: SF and cardiomyopathy; B: STF and cardiomyopathy; and C: TSP and
cardiomyopathy.

Table 2. Mendelian randomization analysis of serum iron metabolites and sepsis

Exposures Number MR method log(OR) SE OR 95%Cl Pvalue Q PQ 12 Mean F-stat
of SNPs
SI 2 Ivw 0.221 0.603  1.247 0.381~4.082 0.714 091 0.340 0 12.3
SF 86 MR-Egger 0.318 0721  1.374 0.332~5.670 0.661 852 0462 0.2 28.7
Weight median 0.561 0.637  1.753 0.504~6.100 0.377 - - -
\A%% 1.125 0.395 3.079 1.420~6.679 0.004 858 0.445 1.0
Simple mode 0.363 1.168  1.438 0.113~18.152 0.779 - - -
Weighted mode 0.449 0.789  1.567 0.332~7.392 0.571 - - -
STF 4 MR-Egger —-0.061 0.812 0.940 0.188~4.699 0.947 3.12 0373 38 152
Weight median -0.202 0462 0817 0.328~2.036 0.665 - - -
\A%% -0.264 0.408 0.768 0.344~1.711 0518 328 0.35I 8.5
Simple mode -0.226 0.567 0.798 0.262~2.432 0.718 - - -
Weighted mode —-0.204 0.524 0816 0.291~2.283 0.724 - - -
TFRC 4 MR-Egger 2.201 1.359  9.034 0.551~148.052 0.262 351 0319 14.5 11.8
Weight median 0.272 0.394 1313 0.607~2.840 0.488 - - -
\A%% 0.228 0305 1.257 0.689~2.293 0455 389 0.273 22.9
Simple mode 0.518 0.533  1.679 0.587~4.800 0.404 - - -
Weighted mode 0312 0.488  1.366 0.524~3.562 0.568 - - -
TSP 29 MR-Egger -0.904 0.625  0.405 0.118~1.384 0.161 283 045I 1.0 224
Weight median —-0.555 0478 0.574 0.225~1.465 0.246 - - -
\A%% -0.375 0.341  0.687 0.352~1.341 0272 285 0436 1.8
Simple mode -0.402 0.688  0.669 0.173~2.581 0.565 - - -
Weighted mode —0.631 0.439  0.532 0.225~1.260 0.162 - - -
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Fig 2. Scatter plots of Mendelian randomization. A: SF and sepsis; B: STF and sepsis; C: TFRC and sepsis; and D: TSP and

sepsis.

Quality control and sensitivity analyses

Cochran Q test revealed no statistical heterogeneity
among SNPs highly correlated with SI metabolites (all
P > 0.05). Analysis of the intercept of MR-Egger regres-
sion and MR-PRESSO test both indicated no horizontal
pleiotropy among SNPs highly correlated with SI metab-
olites (MR-PRESSO global test P > 0.05 for all expo-
sures). Furthermore, the results of funnel plots suggested
that the distribution of SNPs highly correlated with SI
metabolites was basically symmetrical, indicating that
these SNPs had no significant horizontal pleiotropy.

The Steiger directionality test confirmed that the causal
direction was from ferritin to both sepsis and cardiomy-
opathy (P < 0.001 for both), supporting the validity of
our primary findings. Reverse MR analysis showed no
significant effect of sepsis on ferritin levels (OR = 1.02,
95%CI: 0.98-1.06, P = 0.35), further supporting the direc-
tionality of our results (Supplementary Table S2).
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Results of the leave-one-out analysis showed no signif-
icant change in the MR analysis results after removing a
single SNP (Note: The results can be visualized and plotted
only when more than 2 I'Vs were obtained, and some results
cannot be visualized consequently), as shown in Fig. 3.

Power calculation results indicated that for
SF-cardiomyopathy analysis, we had 80% power to detect
OR 2 1.45, and for SF-sepsis analysis, we had 80% power
to detect OR > 1.62 (Supplementary Table S1).

Discussion

This study was conducted to clarify the causal relation-
ships of iron metabolism disorder with sepsis and cardio-
myopathy. It is complicated to evaluate iron metabolism
parameters in the population (33). So far, there is no
available iron parameter serving as a biomarker indicat-
ing myocardial damage in sepsis. As evidenced by prior
studies, elevated SI, TSP (34), SF (35),, and other iron
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Fig. 3. Leave-one-out analysis results. A: SF and cardiomyopathy; B: SF and sepsis; C: STF and cardiomyopathy; D: STF and
sepsis; E: TFRC and sepsis; F: TSP and cardiomyopathy; and G: TSP and sepsis.
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metabolism related products may be associated with myo-
cardial damage; while STF and TFRC can bind to iron
ions and safely transport iron intracellularly through cir-
culation (36). Our study hence assessed the impact of these
iron-related indicators on sepsis and cardiomyopathy.

According to the results of MR analysis in this study,
high SF was associated with increased susceptibility
to sepsis and cardiomyopathy, yet without significant
correlations of STF, SI and other parameters with sep-
sis (37, 38). It is important to note that ferritin serves a
dual role as both an iron storage protein and an acute
phase reactant. Therefore, our findings likely reflect the
complex inflammation—iron metabolism regulatory loop
rather than direct iron toxicity. Compared with previous
studies, there was no significant effect of high iron-related
parameters on sepsis, but with statistical significance in
the results, which may be related to the expanded sample
size in the MR study. This study also evaluated the impact
of TFRC on sepsis, with the discovery of no correlation
between this indicator and the risk of sepsis. The results
of most sensitivity analyses were consistent with those of
primary IVW analysis, without the observation of hori-
zontal pleiotropy, indicating high stability of the results.

During sepsis, massive pro-inflammatory mediators
(IL-6, TNF-a, etc.) drive hepatic acute phase response,
leading to dramatic elevation of SF. High SF can release
stored iron to the cytoplasm through NCOA4-mediated
ferritinophagy, expanding the labile Fe*" pool, which trig-
gers Fenton reaction and iron-dependent lipid peroxida-
tion, forming typical ferroptosis morphological changes
(mitochondrial cristae reduction, outer membrane rup-
ture) (39). Mouse models have confirmed that inhibiting
ferritinophagy (si-Ncoa4 or iron chelators) can signifi-
cantly alleviate LPS-induced cardiac contractile dysfunc-
tion and mortality (40).

Fe* released by ferritinophagy enters mitochondria
through carriers such as SFXN1, amplifying mitochon-
drial ROS in the context of electron leakage from ETC
complexes I/III, causing mtDNA damage, AYm loss,
and ATP production impairment. This has been verified
in clinical SIC myocardial biopsies and animal models:
compared with controls, SIC myocardium shows obvi-
ous mitochondrial swelling, cristae destruction, and ROS
burst, while mitochondria-targeted antioxidants or iron
chelators (such as Mito-TEMPO, DFO) can reverse these
abnormalities and restore left ventricular ejection fraction
(41, 42). Therefore, the ‘iron overload—mitochondrial
ROS—further iron-sulfur cluster damage’ positive feed-
back loop is a key pathological axis of SIC myocardial
suppression.

In summary, the ‘inflammation-ferroptosis’ axis
reflected by high SF and the ‘mitochondrial dysfunction’
axis jointly drive SIC. Previous studies have shown that
specific ferroptosis inhibitors such as Ferrostatin-1 and
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Liproxstatin-1, as well as mitochondria-targeted com-
pounds such as Dexrazoxane and Mito-TEMPO, can
improve 48-h survival rates and myocardial contraction/
relaxation indicators in mouse or rat models (43). These
findings suggest that in designing prospective clinical
trials, SF levels, myocardial-specific ferroptosis markers
(GPX4, ACSL4), and mitochondrial ROS could be con-
sidered as combined biomarkers to screen potentially ben-
efiting populations and monitor intervention effects.

This study has several limitations that should be
acknowledged. First, due to the lack of large-scale GWAS
specifically for acute SIC, we used general cardiomyopa-
thy GWAS as a proxy outcome. This represents chronic
rather than acute cardiac pathology, which may not fully
capture the acute inflammatory and metabolic changes
characteristic of SIC. Future studies would benefit from
ICU-specific GWAS datasets focusing on acute cardiac
dysfunction in sepsis.

Second, for some exposures (SI, TFRC), the number of
instrumental variables was limited (only two SNPs), which
requires cautious interpretation of these results despite
F-statistics > 10. Third, although we estimated sample
overlap to be minimal (<10%), we cannot completely rule
out bias from overlapping participants between expo-
sure and outcome datasets, as individual-level data were
unavailable. Fourth, this study used SNPs as instrumental
variables, which may produce a potential impact on the
outcomes via unknown pathways, although we applied
multiple methods for quality control in this study. Finally,
the vast majority of GWAS data in this study were
sourced from Europe, which is another possible limitation
that may compromise the general application of results
obtained in this study to populations in other regions.

Conclusion

In conclusion, SF may increase the risk of both sepsis
and cardiomyopathy. These findings provide evidence for
clarifying the causal relationships of SF with cardiac out-
comes from a genetic perspective, likely through inflam-
mation—iron metabolism pathways rather than direct iron
toxicity.

Declarations

Ethics approval and consent to participate
Not applicable.

Competing interests
The authors claim they have no conflict of interest.

Availability of data and materials

All data generated or analysed during this study are
included in this published article.

(page number not for citation purpose)


http://dx.doi.org/10.29219/fnr.v69.12623

Jian Zhang et al.

Consent for publication
The manuscript is not submitted for publication or con-
sideration elsewhere.

Author contributions

Zhang J and Cui J have made substantial contributions to
conception and design; Li QR helped in the acquisition
of data, analysis and interpretation of data; Tian G was
involved in drafting the manuscript and revising it criti-
cally for important intellectual content; all authors have
given final approval of the version to be published.

Funding
This research received no external funding.

Acknowledgments
Not applicable.

References

1.

10.

Singer M, Deutschman CS, Seymour CW, Shankar-Hari M,
Annane D, Bauer M, et al. The third international consensus
definitions for sepsis and septic shock (sepsis-3). JAMA 2016;
315(8): 801-10. https://doi.org/10.1001/jama.2016.0287

. Verdonk F, Blet A, Mebazaa A. The new sepsis definition:

limitations and contribution to research and diagnosis of sep-
sis. Curr Opin Anaesthesiol 2017; 30(2): 200-4. doi: 10.1097/
ACO.0000000000000446

. Fleischmann C, Thomas-Rueddel DO, Hartmann M, Hartog

CS, Welte T, Heublein S, et al. Hospital incidence and mortal-
ity rates of sepsis. Dtsch Arztebl Int 2016; 113(10): 159-66. doi:
10.3238/arztebl.2016.0159

. Beesley SJ, Weber G, Sarge T, Nikravan S, Grissom CK, Lanspa

MJ, et al. Septic cardiomyopathy. Crit Care Med 2018; 46(4):
625-34. doi: 10.1097/CCM.0000000000002851

. Rumery K, Yunus F, Frishman WH. Myocardial depres-

sion in sepsis: beneficial adaptation or sequelae that requires
treatment? Cardiol Rev 2020; 28(5): 256-61. doi: 10.1097/
CRD.0000000000000301.

. Hollenberg SM, Cunnion RE, Lawrence M. Tumor necrosis fac-

tor depresses myocardial cell function: results using an in vitro
assay of myocyte performance. Clin Res 1989; 37(8): 528A.

. Kumar A, Thota V, Dee L, Olson J, Uretz E, Parrillo JE. Tumor

necrosis factor alpha and interleukin lbeta are responsible for
in vitro myocardial cell depression induced by human septic
shock serum. J Exp Med 1996; 183(3): 949-58. doi: 10.1084/
jem.183.3.949

. Conway-Morris A, Wilson J, Shankar-Hari M. Immune activa-

tion in sepsis. Crit Care Clin 2018; 34(1): 29-42. doi: 10.1016/j.
ccc.2017.08.002

. Rudiger A, Dyson A, Felsmann K, Carré JE, Taylor V, Hughes

S, et al. Early functional and transcriptomic changes in the myo-
cardium predict outcome in a long-term rat model of sepsis. Clin
Sci (Lond) 2013; 124(6): 391-401. doi: 10.1042/CS20120334
Zhang C, Mo M, Ding W, Liu W, Yan D, Deng J, et al.
High-mobility group box 1 (HMGBI1) impaired cardiac exci-
tation-contraction coupling by enhancing the sarcoplasmic
reticulum (SR) Ca(2+) leak through TLR4-ROS signaling
in cardiomyocytes. J Mol Cell Cardiol 2014; 74: 260-73. doi:
10.1016/j.yjmec.2014.06.003

(page number not for citation purpose)

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Pinto BB, Dyson A, Umbrello M, Carré JE, Ritter C, Clatworthy
I, et al. Improved survival in a long-term rat model of sepsis is
associated with reduced mitochondrial calcium uptake despite
increased energetic demand. Crit Care Med 2017; 45(8): e840-8.
doi: 10.1097/CCM.0000000000002448

Joffre J, Hellman J, Ince C, Ait-Oufella H. Endothelial responses
in sepsis. Am J Respir Crit Care Med 2020; 202(3): 361-70. doi:
10.1164/rcem.201910-1911TR

Vela D. Keeping heart homeostasis in check through the balance
of iron metabolism. Acta Physiol (Oxf) 2020; 228(1): e13324.
doi: 10.1111/apha.13324

Ravingerova T, Kindernay L, Bartekova M, Ferko M, Adameova
A, Zohdi V, et al. The molecular mechanisms of iron metabo-
lism and its role in cardiac dysfunction and cardioprotection. Int
J Mol Sci 2020; 21(21): 7889. doi: 10.3390/ijms21217889
Murphy CJ, Oudit GY. Iron-overload cardiomyopathy: patho-
physiology, diagnosis, and treatment. J Card Fail 2010; 16(11):
888-900. doi: 10.1016/j.cardfail.2010.05.009

Javadi P, Buchman TG, Stromberg PE, Husain KD, Dunne
WM, Woolsey CA, et al. High-dose exogenous iron following
cecal ligation and puncture increases mortality rate in mice
and is associated with an increase in gut epithelial and splenic
apoptosis. Crit Care Med 2004; 32(5): 1178-85. doi: 10.1097/01.
ccm.0000124878.02614.4¢

Xie LH, Fefelova N, Pamarthi SH, Gwathmey JK. Molecular
mechanisms of ferroptosis and relevance to cardiovascular dis-
ease. Cells 2022; 11(17): 2726. doi: 10.3390/cells11172726

Liu Q, Wu J, Zhang X, Wu X, Zhao Y, Ren J. Iron homeostasis
and disorders revisited in the sepsis. Free Radic Biol Med 2021;
165: 1-13. doi: 10.1016/j.freeradbiomed.2021.01.025

LiJ, Xiao F, Lin B, Huang Z, Wu M, Ma H, et al. Ferrostatin-1
improves acute sepsis-induced cardiomyopathy via inhibiting
neutrophil infiltration through impaired chemokine axis. Front
Cell Dev Biol 2024; 12: 1510232. doi: 10.3389/fcell.2024.1510232
Wang WD, Cui XD, Wang Y, Li QX. Assessment of the causal
relationship between oesophageal cancer and periodontitis: a
two-way Mendelian randomised study. Asian J Surg 2024; 47(9):
4195-6. doi: 10.1016/j.asjsur.2024.04.149

Birney E. Mendelian randomization. Cold Spring Harb Perspect
Med 2022; 12(4): a041302. doi: 10.1101/cshperspect.a041302
Zheng J, Baird D, Borges MC, Bowden J, Hemani G, Haycock
P, et al.. Recent developments in Mendelian randomization
studies. Curr Epidemiol Rep. 2017; 4(4): 330-45. doi: 10.1007/
s40471-017-0128-6

Skrivankova VW, Richmond RC, Woolf BAR, Yarmolinsky J,
Davies NM, Swanson SA, et al. Strengthening the reporting
of observational studies in epidemiology using Mendelian ran-
domization: the STROBE-MR statement. JAMA 2021; 326(16):
1614-21. doi: 10.1001/jama.2021.18236

von Elm E, Altman DG, Egger M, Pocock SJ, Getzsche PC,
Vandenbroucke JP, et al. The strengthening the reporting of
observational studies in epidemiology (STROBE) statement:
guidelines for reporting observational studies. Lancet 2007,
370(9596): 1453-7. doi: 10.1016/S0140-6736(07)61602-X

Lu L, Wan B, Sun M. Mendelian randomization identifies age at
menarche as an independent causal effect factor for gestational
diabetes mellitus. Diabetes Obes Metab 2023; 25(1): 248-60. doi:
10.1111/dom. 14869

Verbanck M, Chen CY, Neale B, Do R. Detection of wide-
spread horizontal pleiotropy in causal relationships inferred
from Mendelian randomization between complex traits
and diseases. Nat Genet 2018; 50(5): 693-8. doi: 10.1038/
s41588-018-0099-7

Citation: Food & Nutrition Research 2025, 69: 12623 - http://dx.doi.org/10.29219/frv69.12623


http://dx.doi.org/10.29219/fnr.v69.12623
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1097/ACO.0000000000000446
https://doi.org/10.1097/ACO.0000000000000446
https://doi.org/10.3238/arztebl.2016.0159
https://doi.org/10.1097/CCM.0000000000002851
https://doi.org/10.1097/CRD.0000000000000301.
https://doi.org/10.1097/CRD.0000000000000301.
https://doi.org/10.1084/jem.183.3.949
https://doi.org/10.1084/jem.183.3.949
https://doi.org/10.1016/j.ccc.2017.08.002
https://doi.org/10.1016/j.ccc.2017.08.002
https://doi.org/10.1042/CS20120334
https://doi.org/10.1016/j.yjmcc.2014.06.003
https://doi.org/10.1097/CCM.0000000000002448
https://doi.org/10.1164/rccm.201910-1911TR
https://doi.org/10.1111/apha.13324
https://doi.org/10.3390/ijms21217889
https://doi.org/10.1016/j.cardfail.2010.05.009
https://doi.org/10.1097/01.ccm.0000124878.02614.4c
https://doi.org/10.1097/01.ccm.0000124878.02614.4c
https://doi.org/10.3390/cells11172726
https://doi.org/10.1016/j.freeradbiomed.2021.01.025
https://doi.org/10.3389/fcell.2024.1510232
https://doi.org/10.1016/j.asjsur.2024.04.149
https://doi.org/10.1101/cshperspect.a041302
https://doi.org/10.1007/s40471-017-0128-6
https://doi.org/10.1007/s40471-017-0128-6
https://doi.org/10.1001/jama.2021.18236
https://doi.org/10.1016/S0140-6736(07)61602-X
https://doi.org/10.1111/dom.14869
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1038/s41588-018-0099-7

27.

28.

29.

30.

31

32.

33.

34.

3s.

Burgess S, Butterworth A, Thompson SG. Mendelian random-
ization analysis with multiple genetic variants using summa-
rized data. Genet Epidemiol 2013; 37(7): 658-65. doi: 10.1002/
gepi.21758

Bowden J, Davey Smith G, Burgess S. Mendelian randomization
with invalid instruments: effect estimation and bias detection
through Egger regression. Int J Epidemiol 2015; 44(2): 512-25.
doi: 10.1093/ije/dyv080

Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent
estimation in Mendelian randomization with some invalid
instruments using a weighted median estimator. Genet
Epidemiol 2016; 40(4): 304-14. doi: 10.1002/gepi.21965
Burgess S, Thompson SG. Interpreting findings from Mendelian
randomization using the MR-Egger method. Eur J Epidemiol
2017, 32(5): 377-89. doi:  10.1007/310654-017-0255-x.
Erratum in: Eur J Epidemiol 2017; 32(5): 391-2. doi: 10.1007/
s10654-017-0276-5

Nagayoshi M, Hishida A, Shimizu T, Kato Y, Kubo Y, Okada R,
et al. BMI and cardiometabolic traits in Japanese: a Mendelian
randomization study. J Epidemiol 2024; 34(2): 51-62. doi:
10.2188/jea.JE20220154

Liao Q, He J, Tian FF, Bi FF, Huang K. A causal relation-
ship between leukocyte telomere length and multiple sclerosis:
a Mendelian randomization study. Front Immunol 2022; 13:
922922. doi: 10.3389/fimmu.2022.922922

Musallam KM, Barella S, Origa R, Ferrero GB, Lisi R, Pasanisi
A, et al. Differential effects of iron chelators on iron burden and
long-term morbidity and mortality outcomes in a large cohort
of transfusion-dependent B-thalassemia patients who remained
on the same monotherapy over 10 years. Blood Cells Mol Dis
2024; 107: 102859. doi: 10.1016/j.bcmd.2024.102859

Elsayed ME, Sharif MU, Stack AG. Transferrin saturation:
A body iron biomarker. Adv Clin Chem 2016; 75: 71-97. doi:
10.1016/bs.acc.2016.03.002

Wang W, Knovich MA, Coffman LG, Torti FM, Torti SV.
Serum ferritin: past, present and future. Biochim Biophys Acta
2010; 1800(8): 760-9. doi: 10.1016/j.bbagen.2010.03.011

Citation: Food & Nutrition Research 2025, 69: 12623 - http://dx.doi.org/10.292 1 9/fnrvé9.12623

36.

37.

38.

39.

40.

41.

42.

43.

Iron metabolites and cardiac outcomes

Kawabata H. Transferrin and transferrin receptors update.
Free Radic Biol Med 2019; 133: 46-54. doi: 10.1016/.
freeradbiomed.2018.06.037

Hu Y, Cheng X, Mao H, Chen X, Cui Y, Qiu Z. Causal effects
of genetically predicted iron status on sepsis: a two-sample bidi-
rectional Mendelian randomization study. Front Nutr 2021; 8:
747547. doi: 10.3389/fnut.2021.747547

Mohus RM, Flatby H, Liyanarachi KV, DeWan AT, Solligard
E, Damas JK, et al. Iron status and the risk of sepsis and severe
COVID-19: a two-sample Mendelian randomization study. Sci
Rep 2022; 12(1): 16157. doi: 10.1038/s41598-022-20679-6

Fang X, Ardehali H, Min J, Wang F. The molecular and
metabolic landscape of iron and ferroptosis in cardiovascu-
lar disease. Nat Rev Cardiol 2023; 20(1): 7-23. doi: 10.1038/
s41569-022-00735-4

Li N, Wang W, Zhou H, Wu Q, Duan M, Liu C, et al.
Ferritinophagy-mediated ferroptosis is involved in sepsis-in-
duced cardiac injury. Free Radic Biol Med 2020; 160: 303-18.
doi: 10.1016/j.freeradbiomed.2020.08.009

Wang D, Qu X, Zhang Z, Zhou G. New developments in the role
of ferroptosis in sepsis-induced cardiomyopathy. Mol Med Rep
2025; 31: 118. doi: 10.3892/mmr.2025.13483

Yu X, Gao J, Zhang C. Sepsis-induced cardiac dysfunction:
mitochondria and energy metabolism. Intensive Care Med Exp
2025; 13: 20. doi: 10.1186/540635-025-00728-w

Wang C, Yuan W, Hu A, Lin J, Xia Z, Yang CF, et al.
Dexmedetomidine alleviated sepsis-induced myocardial ferro-
ptosis and septic heart injury. Mol Med Rep. 2020; 22(1): 175-
84. doi: 10.3892/mmr.2020.11114.

*Geng Tian

Department of Infectious Diseases,

Capital Medical University Xuan Wu hospital
No.45 Changchun Street, Xicheng District
Beijing, 100045, China

Email: tiangengbpt@ | 63.com

(page number not for citation purpose)


http://dx.doi.org/10.29219/fnr.v69.12623
https://doi.org/10.1002/gepi.21758
https://doi.org/10.1002/gepi.21758
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1007/s10654-017-0255-x.
https://doi.org/10.1007/s10654-017-0276-5
https://doi.org/10.1007/s10654-017-0276-5
https://doi.org/10.2188/jea.JE20220154
https://doi.org/10.3389/fimmu.2022.922922
https://doi.org/10.1016/j.bcmd.2024.102859
https://doi.org/10.1016/bs.acc.2016.03.002
https://doi.org/10.1016/j.bbagen.2010.03.011
https://doi.org/10.1016/j.freeradbiomed.2018.06.037
https://doi.org/10.1016/j.freeradbiomed.2018.06.037
https://doi.org/10.3389/fnut.2021.747547
https://doi.org/10.1038/s41598-022-20679-6
https://doi.org/10.1038/s41569-022-00735-4
https://doi.org/10.1038/s41569-022-00735-4
https://doi.org/10.1016/j.freeradbiomed.2020.08.009
https://doi.org/10.3892/mmr.2025.13483
https://doi.org/10.1186/s40635-025-00728-w
https://doi.org/10.3892/mmr.2020.11114.
mailto:tiangeng6pt@163.com

