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Abstract Zhigancao decoction is a traditional prescription for treating irregular pulse and palpitations

in China. As the monarch drug of Zhigancao decoction, the bioactive molecules of licorice against heart

diseases remain elusive. We established the HRESIMS-guided method leading to the isolation of three

novel bicyclic peptides, glycnsisitins AeC (1e3), with distinctive CeC and CeOeC side-chain-to-

side-chain linkages from the roots of Glycyrrhiza uralensis (Licorice). Glycnsisitin A demonstrated

stronger cardioprotective activity than glycnsisitins B and C in an in vitro model of doxorubicin

(DOX)-induced cardiomyocyte injury. Glycnsisitin A treatment not only reduced the mortality of heart

failure (HF) mice in a dose-dependent manner but also significantly attenuated DOX-induced cardiac

dysfunction and myocardial fibrosis. Gene set enrichment analysis (GSEA) of the differentially expressed

genes indicated that the cardioprotective effect of glycnsisitin A was mainly attributed to its ability to

maintain iron homeostasis in the myocardium. Mechanistically, glycnsisitin A interacted with transferrin

and facilitated its binding to the transferrin receptor (TFRC), which caused increased uptake of iron in

cardiomyocytes. These findings highlight the key role of bicyclic peptides as bioactive molecules of Zhi-

gancao decoction for the treatment of HF, and glycnsisitin A constitutes a promising therapeutic agent for

the treatment of HF.
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1. Introduction

As the end-stage consequence of almost all heart diseases, heart
failure (HF) is associated with significant morbidity and mortal-
ity1. Clinically, HF refers to a syndrome in which the structure or
function of the heart is impaired due to various causes, leading to
an insufficient pumping efficiency that fails to meet the basic
metabolic needs of the body2. The treatment of HF patients often
requires a combination of multiple drugs, such as cardiotonic,
diuretic, and vasoconstrictor drugs3. However, these symptom
relief strategies are insufficient to significantly prolong survival
and improve prognosis. Although numerous transcriptional and
signaling pathways have been identified in the regulation of
pathological HF, there is still a lack of novel effective drug
intervention targets for the treatment of HF4.

Iron is an essential micronutrient in the human body, and its
deficiency leads to a myriad of serious consequences5. Due to the
aberrant expression of hepcidin and frequent gastrointestinal
bleeding, patients with HF present a much lower iron content even
among those without anemia6. As a common comorbidity with HF,
iron deficiency significantly increase the mortality of HF patients7.
In the most recent prevention guidelines from the European Society
of Cardiology (ESC), regular testing of iron and hemoglobin con-
tent is recommended3. Indeed, accumulated studies have noted that
supplementation with ferric derisomaltose (FDI) could alleviate HF
symptoms and reduce rehospitalization8,9. Thus, targeting iron
homeostasis is expected to be an effective strategy for treating HF.
However, the low absorption rate, gastrointestinal side effects, and
risk of iron overload remain the major reasons limiting the wide-
spread application of iron supplements in the treatment of HF.
Therefore, the development of novel drugs that improve the specific
uptake of iron in cardiomyocytes and minimize adverse effects
might be a potential strategy for the treatment of HF.

Zhigancao decoction mentioned in the treatise on febrile diseases
(a classic Chinese medical book written by Zhongjing Zhang during
the late Eastern Han Dynasty) was the classic formula for treating
heart diseases10. Given that licorice is the monarch drug in the Zhi-
gancao decoction, it is anticipated to possess bioactive compounds
that could contribute to the therapeutic properties for heart diseases.
To date, numerous phytochemical studies have been conducted on
licorice, resulting in the isolation of triterpenoids, flavonoids, cou-
marins, and phenolic acids11e13. However, the effects of these
compounds against HF have not been scientifically established,
leaving the active compounds responsible for the cardio-protection of
licorice unclear. Hence, it is hypothesized that yet-undiscovered
bioactive compounds that hold potential against HF exist in licorice.

In this study, we implemented an HREISMS-guided approach
to reduce the redundant isolation of commonly occurring con-
stituents in licorice. As a result, three novel bicyclic peptides
glycnsisitins AeC (1e3) (Supporting Information Fig. S28),
featuring distinctive CeC and CeOeC side-chain-to-side-chain
linkages were isolated for the first time from the roots of Gly-
cyrrhiza uralensis. Among them, glycnsisitin A showed signifi-
cant potential to enhance the viability of cardiomyocytes and
inhibit the production of mitochondrial reactive oxygen species
(Mito-ROS) induced by doxorubicin (DOX), a potent chemo-
therapeutic agent. DOX is known for its dose-dependent and
irreversible cardiotoxicity, leading to cardiac dysfunction and HF.
Here, a mouse model of DOX-induced HF was employed to assess
the cardioprotective effects of glycnsisitin A. Our findings
demonstrated, for the first time, that glycnsisitin A exhibits
remarkable protective effects against DOX-induced cardiac
dysfunction and myocardial injury. Mechanistically, the TFRC-
dependent iron homeostasis pathway was involved in the car-
dioprotective function of glycnsisitin A. By interacting with
transferrin, glycnsisitin A increased its binding affinity with
transferrin receptor (TFRC) and improved iron content in
myocardial tissue of dysfunctional hearts. These results first
confirmed that TFRC is a potential therapeutic target of glycnsi-
sitin A for HF treatment. Moreover, our findings unveil the
bicyclic peptide as a pivotal bioactive molecule within the Zhi-
gancao decoction for the treatment of HF. The remarkable car-
dioprotective effects exhibited by glycnsisitin A position it as a
promising therapeutic agent for the treatment of HF.
2. Results

2.1. Discovery and identification of glycnsisitins AeC from
Glycyrrhiza uralensis roots

In the LCeHRESIMS2 analysis, a unique peptide (m/z 967.4191)
whose fragmentations included typical tyrosine (136.0755 Da),
valine (72.0816 Da), and proline (70.0660 Da) iminium ions was
discovered (Fig. 1). To identify its structure, targeted phyto-
chemistry research was carried out. As a result, glycnsisitin A (1)
was successfully isolated with 30.0 g. Its molecular formula was
inferred as C49H58O13N8 by HRESIMS data at m/z 967.4191 ([M
þ H]þ, calcd. for C49H59O13N8

þ, 967.4196). The IR spectrum
vibrational peaks at 3313, 1665, 1513, and 1460 cm�1 suggested
the presence of hydroxyl, carbonyl, and phenyl groups. The 13C
NMR spectrum presented nine carbonyl carbons and eight typical
a-amino acid carbons, which suggested the presence of eight
amino acid residues in compound 1. The 1H NMR spectrum of 1
assigned three benzene rings including one ABX system and two
AA0BB0 systems. According to the HMBC correlations from a-H
(dH 6.12) of Gly4 to C-2 (dC 130.4)/C-4 (dC 154.9) in Tyr8, a CeC
nonpeptide bond between Tyr8 and Gly4 was confirmed. Apart
from eight carbonyl carbons of amino acid residues, another
carbonyl carbon (dC 176.3) was assigned to a pyroglutamic acid
residue. Because C-g (dC 75.4) was obviously shifted downfield,
C-g was an oxygenated methine. Furthermore, the HMBC cor-
relations from H-g (dH 5.10) of Pyroglu1 to C-4 (dC 154.7) of Tyr6

confirmed the presence of a CeOeC nonpeptide bond between
them. In addition, 163.0870 and 209.0922 Da ions also indicated
the presence of nonpeptide bond connections (Fig. 1). Finally,
eight characteristic amino acid residues were presented as Tyr
(3 � ), Val (2 � ), Gly, Pro, and PyroGlu by careful analysis of
NMR spectra (Supporting Information Figs. S1eS6). The re-
strictions of the molecular formula and the corresponding degrees

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Chemical structures of 1e3 and X-ray crystal structure of 1.
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of unsaturation indicated that 1 was a cyclopeptide. The sequence
of amino acid residues was established by deep analysis of HMBC
and ROESY spectra. The absolute configurations of Val7, Val5,
Tyr3, and Pro2 were determined to L through Marfey’s method
(Supporting Information Fig. S31). Only the absolute configura-
tions of chiral carbons at nonpeptide bond junctions must be
determined. In the ROESY spectrum, the correlation of H-a and
H-g in Pyroglu1 illustrated that the absolute configuration of C-g
was S. The absolute configuration of C-a in Gly4 was determined
to be R through comparison of ROESY correlations with opti-
mized conformations at the B3LYP/6-31G(d) level14 (Fig. 2 and
Supporting Information Fig. S29). Fortunately, this deduction was
substantiated by single-crystal X-ray diffraction (Fig. 1). There-
fore, the structure of 1 was established as a bicyclic peptide and
named glycnsisitin A.

Glycnsisitin B possessed the same molecular formula of
C49H58O13N8 as glycnsisitin A through the HRESIMS data at m/z
967.4191 ([M þ H]þ, calcd. for C49H59O13N8

þ, 967.4196). The
NMR data (Supporting Information Figs. S10eS15) suggested the
same planar structures of them. However, the chemical shifts of
PyroGlu1 residue were significantly shifted to downfield
comparing with same carbons of glycnsisitin A in the 13C NMR
spectrum. This suggested the absolute configurations of PyroGlu1

residue were different from glycnsisitin A. For the absolute
configuration of natural PyroGlu was L, only the absolute
configuration of C-g has changed. In the ROESY spectrum, the
key correlation of H-a and H-g in Pyroglu1 was not observed,
which indicated the relative configuration of these two protons
was trans. Therefore, the absolute configuration of C-g was
determined to be R. In addition, the absolute configuration of C-a
in Gly4 was established as R according to the consistent ROESY
correlations of H-a with glycnsisitin A. This was also confirmed
by Marfey’s method (Supporting Information Figs. S32, S34, and
S35). Finally, the structure of glycnsisitin B was confirmed as
shown in Fig. 1.

Glycnsisitin C was isolated as white amorphous powder.
Compared with glycnsisitin A, an additional hydroxyl was
observed in glycnsisitin C through HRESIMS data (m/z 983.4139,
[M þ H]þ, calcd. for C49H59O14N8

þ, 983.4145). This was also
confirmed by the NMR spectra (Supporting Information Figs.
S19eS24). In the 1H NMR spectrum of glycnsisitin C, two
ABX systems and one AA0BB0 system were presented that was
different from glycnsisitin A. This suggested that the additional
hydroxyl was attached to one of the benzene rings. The HMBC
correlation from H-5 (dH 6.48) of Tyr3 to C-3 (dC 145.6) of Tyr3

indicated this hydroxyl was attached at the C-3 of Tyr3. Besides,
the identical peptide sequences with glycnsisitin A were deter-
mined by analysis of the spectroscopic data of glycnsisitin C. The
absolute configurations of two chiral carbons at nonpeptide bond
junction were determined to R (C-a in Gly4) and S (C-g in
PyroGlu1) by the same method as glycnsisitin A through ROESY
correlations with optimized conformations at B3LYP/6-31G(d)
level (Supporting Information Fig. S30) and Marfey’s method
(Supporting Information Figs. S33eS35). Ultimately, the structure
of glycnsisitin C was verified.

2.2. Glycnsisitin A protects cardiomyocytes from DOX-induced
cell death and mitochondrial ROS accumulation

To test whether glycnsisitins AeC (1e3) possess cardioprotective
potential, we performed a cell viability assay in H9C2 car-
diomyocytes and found that all these bicyclic peptides could
significantly improve cell viability upon DOX treatment (Fig. 3a).
The EC50 of glycnsisitins A (GL-A), B (GL-B), and C (GL-C)
were determined to be 1.456, 6.730, and 3.735 mmol/L, respec-
tively (Fig. 3bed). Further investigations using ex vivo cultured



Figure 2 Key HMBC, 1He1H COSY, and ROESY correlations of 1‒3.
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primary cardiomyocytes were focused on glycnsisitin A.
Compared with the solvent control group, exposure of car-
diomyocytes to 8.6 mmol/L DOX for 24 h resulted in an approx-
imately fourfold increase in the number of trypan blue-positive
cells. However, the presence of glycnsisitin A significantly
attenuated the cardiotoxicity induced by DOX and reduced cell
death (Fig. 3e). In parallel, the cell survival assay results also
proved the primary cell protective function of glycnsisitin A
(Fig. 3f). Additionally, the introduction of DOX to car-
diomyocytes led to an elevation in the release of lactate
Figure 3 Glycnsisitin A protects against DOX-induced cardiotoxicity a

analyze the relative cell viability of DOX-injured H9C2 cells treated w

glycnsisitins A, B, and C. (e) Representative images of primary adult rat c

performed to determine the number of trypan blue-positive cells (indicati

primary cardiomyocytes treated with glycnsisitin A. (g, h) The LDH activi

in primary cardiomyocytes detected by flow cytometry with DCFH-DA

captured to characterize the generation of mitochondrial ROS by MitoSox
dehydrogenase (LDH), an enzyme indicative of cellular damage,
which could be significantly suppressed upon glycnsisitin A
treatment (Fig. 3g). Given that ATP serves as the primary energy
currency in cellular metabolism, particularly in energy-demanding
processes within cardiomyocytes, we measured total ATP contents
to evaluate cell respiration capacity and mitochondrial function.
Although glycnsisitin A treatment did not have an impact on ATP
levels in cardiomyocytes under normal conditions, a substantial
difference was observed in the presence or absence of glycnsisitin
A following DOX induction (Fig. 3h), highlighting the indirect
nd ROS production. (a) Alamar blue assay was used to quantitatively

ith glycnsisitins A‒C (1e3). (bed) The calculated EC50 values for

ardiomyocytes stained with trypan blue, and quantitative analysis was

ng dead cells). (f) Alamar blue assay was conducted on DOX-injured

ty and relative ATP levels of primary cardiomyocytes. (i, j) ROS levels

staining. (k) Representative images of primary cardiomyocytes were

fluorescence staining. The data are presented as the mean � SEM.
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cardiotonic effect of glycnsisitin A. Since the accumulation of
intracellular ROS is a significant contributor to necroptosis during
DOX-induced myocardial injury, total ROS accumulation in car-
diomyocytes was assessed by DCFH-DA staining. We observed
that the levels of ROS in cardiomyocytes were dramatically
increased following treatment with DOX, which could be turned
over by glycnsisitin A (Fig. 3i and j). Furthermore, we examined
the generation of reactive oxygen species (ROS) specifically
within the mitochondria using MitoSOX staining and found that
glycnsisitin A significantly attenuated the excessive generation of
mitochondrial ROS induced by DOX (Fig. 3k). These findings
confirm that glycnsisitin A provides protection to cardiomyocytes
against cell injury and oxidative stress induced by DOX.

2.3. Glycnsisitin A ameliorates DOX-induced cardiac
dysfunction and remodeling

To confirm our in vitro findings, we established an acute DOX-
induced HF mouse model to evaluate whether glycnsisitin A
could enhance cardiac systolic function and increase mouse sur-
vival. Indeed, mice subjected to intraperitoneal injection of
15 mg/kg DOX exhibited a 50% mortality rate. However, the
survival rate of mice intraperitoneally treated with glycnsisitin A
increased in a dose-dependent manner, with the highest dosage
(200 mg/kg) demonstrating an overall survival rate of 90%
compared to the control group (Fig. 4a). Both cedilanid and
glycnsisitin A (100 mg/kg) treatment resulted in a higher LV
ejection fraction (EF, Fig. 4b and c) and fractional shortening (FS,
Fig. 4d), as well as reduced LV internal dimension diameter
(LVIDd, Fig. 4e). Moreover, glycnsisitin A demonstrated thera-
peutic superiority to cedilanid in myocardial remodeling, as evi-
denced by a thicker diastolic LV anterior wall diameter (LVAWd,
Fig. 4f), lesser collagen deposition (Fig. 4g and h) and lower
pathology score (Fig. 4i and j). The protective effects of glycn-
sisitin A against myocardial injury were verified by detecting
serum CK and LDH activity, which are the primary predictive and
diagnostic markers in HF. As expected, the activity of the LDH
and CK enzymes markedly increased in DOX-induced HF mice,
which could be completely reversed by glycnsisitin A (Fig. 4k and
l). In addition, glycnsisitin A treated mice had lower levels of
brain-type natriuretic peptide (BNP) and N-terminal pro-brain
natriuretic peptide (NT-proBNP) in plasma as compared to
DOX-induced HF mice, indicating an alleviated myocardial
damage (Fig. 4m and n). These data provide strong in vivo evi-
dence for the protective effects of glycnsisitin A against cardiac
dysfunction and remodeling.

2.4. Glycnsisitin A attenuates DOX-induced HF by maintaining
myocardial iron homeostasis

To explore the mechanism underlying the protective role of
glycnsisitin A against DOX-induced cardiotoxicity, RNA
sequencing (RNA-Seq) analysis was performed to screen differ-
entially expressed genes, followed by gene functional analysis to
identify potential functional targets. We found that glycnsisitin A
treatment led to 1842 genes whose expression changed �1.3-fold
in healthy mouse heart tissue, while the number increased to 2258
genes under HF conditions, which is most likely caused by the
global change in gene expression (3045 genes) upon DOX treat-
ment (Fig. 5a). Venn diagrams were generated to further explore
the relationships among the distinct sets of differentially expressed
genes (DEGs) (Fig. 5b). KEGG pathway analysis of these DEGs
indicated that HF-related gene sets, such as hypertrophic cardio-
myopathy (HCM), dilated cardiomyopathy (DCM), and arrhyth-
mogenic right ventricular cardiomyopathy (ARVC), were most
enriched in the glycnsisitin A plus DOX cotreatment group
compared with the DOX group, implying the protective role of
glycnsisitin A against myocardial dysfunction at the gene
expression level. In addition, several biological process (BP) gene
sets, such as folate biosynthesis and mineral absorption, also drew
our attention (Fig. 5c). To prevent the loss of significant infor-
mation due to inappropriate fold change and P-value threshold
definitions, we performed GSEA by sorting the entire ranked gene
list based on significant differences. Following glycnsisitin A
treatment, the gene sets related to iron metabolism, such as iron
homeostasis and iron transport, exhibited the highest levels of
enrichment (Fig. 5d). Consequently, a heatmap was derived using
the FPKM values of the enriched gene sets to visually illustrate the
variations among the specified groups (Fig. 5e). Collectively, these
findings indicate that iron homeostasis might be involved in the
cardioprotective function of glycnsisitin A.

2.5. Glycnsisitin A increases the myocardial iron content by
enhancing the binding ability of transferrin with TFRC

To verify the iron metabolism regulatory activity of glycnsisitin A,
molecular docking was utilized to estimate the binding capacity
between glycnsisitin A and proteins associated with iron homeo-
stasis. The results showed a significant binding affinity (�9.3 kcal/
mol) between glycnsisitin A and transferrin (Fig. 6a). As shown in
Supporting Information Fig. S36, glycnsisitin A-bonding by
transferrin involved hydrogen bonding, alkyl, salt bridge, and Pi-
sigma interactions. Additionally, the molecular docking study
between glycnsisitin A and TFRC was also performed. The results
showed �8.9 kcal/mol binding affinity and revealed that hydrogen
bonds were formed between glycnsisitin A and amino acid resi-
dues (Supporting Information Fig. S37). Furthermore, during the
surface plasmon resonance (SPR) analysis, glycnsisitin A showed
a pretty strong response signal on transferrin-coated CM5 sensor
chips (KD Z 2.415 � 10�6 mol/L), indicating the direct physical
interaction between compound and protein target (Fig. 6b). Given
that both transferrin and TFRC play crucial roles in the trans-
portation of iron into cells for storage and subsequent utilization,
the iron content in the myocardium was further measured to verify
the regulatory function of glycnsisitin A. As expected, a signifi-
cant loss of iron was observed following DOX treatment, but the
iron levels could be effectively restored to normal by glycnsisitin
A (Fig. 6c). Immunoblotting was conducted to determine the
relative abundance of transferrin and TFRC in heart tissues, and
the statistical analysis revealed a significant decrease in transferrin
expression by over 50% in the heart tissues of DOX-treated mice.
However, regardless of the presence of DOX, glycnsisitin A
significantly increased the total transferrin levels in the mouse
myocardium, which is consistent with the trend observed for
TFRC (Fig. 6d and e). Transferrin is a 76-kDa glycoprotein that is
mainly produced in the liver, which carries iron in the circulation.
In this context, the protein level of transferrin in the heart can be
affected both by the transcription level and the uptake ratio of
serum transferrin. To address this concern, we determined the
relative mRNA level of cultured cardiomyocytes and found that
glycnsisitin A did not affect the mRNA content of transferrin but
increased the TFRC transcription (Fig. 6f). In order to deduce the
possible mechanisms behind the observed increase in TFRC
mRNA level, we used CHX to inhibit protein synthesis (Fig. 6g)



Figure 4 Glycnsisitin A attenuates DOX-triggered cardiac systolic dysfunction and myocardium fibrosis. (a) KaplaneMeier survival curves

were generated for mice treated with PBS, glycnsisitin A, or cedilanid following the induction of an acute HF model. #P < 0.05, compared with

normal group; *P < 0.05, compared with the DOX group. (b) Representative images of left ventricular (LV) M-mode echocardiograms. (c) LV

ejection fraction (EF), (d) Left ventricular fractional shortening (FS), (e) internal dimension diameter (LVIDd), and (f) anterior wall diameter

(LVAWd) were calculated by echocardiographic analysis. (g, h) Representative Masson trichrome staining images of heart tissue and quantifi-

cation of relative fibrosis area. (i, j) Representative hematoxylin-eosin (H&E) staining images of heart tissue and quantitative analysis of

myocardial histopathological scores. (k) Creatine kinase (CK) and (l) lactate dehydrogenase (LDH) activity in mouse serum. (m) Brain-type

natriuretic peptide (BNP) and (n) N-terminal pro-brain natriuretic peptide (NT-proBNP) content in mouse serum. The data are presented as

the mean � SEM.

3130 Jichao Zhou et al.
and found that glycnsisitin A could increase the half-life of
transferrin protein (Fig. 6h) but decreased TFRC stability (Fig. 6i),
which may be the consequence of increased clathrin-mediated
endocytosis and reduced endosome recycling. Subsequently, we
performed a cellular immunoprecipitation and found that the
content of immunoprecipitated transferrin is much higher in
glycnsisitin A treated group, suggesting that glycnsisitin A could
increase the proteineprotein interaction between transferrin and
TFRC (Fig. 6j). Moreover, the truncated recombinant TFRC-His
(residues 88e760) protein expressed in bacteria were purified
using Ni-NAT affinity chromatography (Fig. 6k). By coating
transferrin onto the surface of a 96-well plate, we detected the
relative change in captured TFRC-His proteins caused by glycn-
sisitin A according to the absorption intensity of the indicated
different groups. Glycnsisitin A saturated transferrin binds much
more TFRC than the negative control group, thereby



Figure 5 Glycnsisitin A attenuates DOX-induced HF by maintaining myocardial iron homeostasis. (a) Using RNA-Seq analysis, volcano plots

were generated to visualize the differentially expressed genes (DEGs) in heart tissues when comparing glycnsisitin A vs. Normal,

DOX þ glycnsisitin A vs. DOX, and DOX vs. Normal conditions. Red: upregulated genes; Green: downregulated genes; gray: no DEGs. n Z 3

per group. (b) A Venn diagram was constructed to illustrate the shared DEGs among various sets. (c) KEGG pathway bubble diagrams were

generated to visualize the enrichment of biological pathways in the comparisons of glycnsisitin A vs. normal and DOX þ glycnsisitin A vs. DOX.

The abscissa is the rich factor (sample number/background number), and the ordinate is the KEGG enrichment pathway. Bubble size indicates the

number of differentially enriched genes, and bubble color indicates the P-value of enrichment significance. (d) GSEA plots of the iron

metabolism-related gene modules in the myocardium of mice following treatment with DOX or glycnsisitin A and DOX. NES, normalized

enrichment score; FDR q, false discovery rate. (e) Heatmap displaying the expression of iron homeostasis-related genes in the four indicated

groups.
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demonstrating its capacity to enhance ligand and receptor affinity
(Fig. 6l). Taken together, these data suggest that glycnsisitin A is
an exceptionally effective iron metabolism-regulating compound
that can activate transferrin and significantly enhance its binding
affinity with TFRC.

2.6. Functional antagonism of TFRC eliminates the
cardioprotective effects of glycnsisitin A both in vitro and in vivo

To further validate whether the cardioprotective effects of glycn-
sisitin A are exerted in a TFRC-dependent manner, we applied a
TFRC neutralizing antibody (NAb-anti-TFRC) to block the
normal iron transport process of primary cardiomyocytes.
Consistent with our in vivo findings, glycnsisitin A restored the
decline in iron content within DOX-treated cardiomyocytes,
which was completely abolished when cardiomyocytes were
pretreated with NAb-anti-TFRC (Fig. 7a). Given the sharp varia-
tion in the cellular iron content, it is worth investigating whether
NAb-anti-TFRC could impact the ability of glycnsisitin A to
enhance cardiomyocyte viability. We found that neutralizing
TFRC led to a higher ratio of cell death compared to treatment
with DOX and glycnsisitin A (Fig. 7b). Additionally, the LDH



Figure 6 Glycnsisitin A increases the myocardium iron content by enhancing the binding ability of transferrin with TFRC. (a) Molecular

docking of transferrin and glycnsisitin A to estimate the binding ability. Images were generated with Discovery Studio. (b) The indicated con-

centrations of glycnsisitin A were passed over immobilized transferrin on CM5 sensor chips. (c) The iron content in myocardial tissues was

assessed by colorimetrically detecting the formation of purple‒red compounds resulting from the binding of iron to ferrozine. (d, e) Immuno-

blotting analysis of the expression levels of transferrin and TFRC in heart tissues: (d) representative immunoblots and (e) the ratio of the indicated

protein to GAPDH. (f) Relative mRNA levels of transferrin and TFRC in cardiomyocytes. (g) Analysis of transferrin and TFRC levels after

inhibiting protein synthesis with CHX. (h, i) Protein half-life of transferrin and TFRC. (j) Cellular immunoprecipitation with anti-His and blotted

with anti-transferrin and anti-TFRC Abs. (k) Schematic illustration depicting the purification process of truncated TFRC-His recombinant proteins

expressed in bacteria. The constructed TFRC plasmid with the His-tag was transformed into competent E. coli, and IPTG was used to induce

recombinant protein production. After being passed through a Ni-NAT column (GE Healthcare), the purification of the target protein TFRC

(residues 88e760) was assessed using SDS‒PAGE. (l) Schematic illustration demonstrating the ELISA-based method used to verify the affinity

between transferrin and TFRC after adding glycnsisitin A. In high-affinity ELISA plates coated with the transferrin protein, TFRC-His was

incubated with or without glycnsisitin A, followed by HRP-conjugated anti-his antibody, and then the absorbance at 450 nm was read using a

microplate reader. The data are presented as the mean � SEM.
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content in the supernatant, an important marker of cell membrane
integrity, was much lower after glycnsisitin A treatment but
reversed when TRFC was blocked (Fig. 7c). ATP content analysis
revealed that glycnsisitin A treatment noticeably augmented ATP
production in cardiomyocytes injured by DOX, which was greatly
reduced due to the loss of cellular iron (Fig. 7d). To test the
conclusions drawn from primary cardiomyocytes, HF mice were
treated with a TFRC neutralizing antibody on Days 13, 16, 19, 22,
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and 25 after initial injection of DOX to block TFRC activity
(Fig. 7e). We observed that antagonism of TFRC totally elimi-
nated the beneficial effects of glycnsisitin A on cardiac function
(Fig. 7f), as evidenced by the reduction in left ventricular EF and
FS (Fig. 7g and h), along with a decrease in LV anterior wall
thickness and an increase in internal diameter at end-diastole
(Fig. 7i and j). Moreover, the inhibition of TRFC markedly
diminished both the iron content (Fig. 7k) and ATP levels (Fig. 7l)
in the myocardium of mice treated with DOX and glycnsisitin A,
Figure 7 Neutralization of TFRC abolishes the cardioprotective effects o

(d) relative ATP levels in primary adult rat cardiomyocytes. (e) Schematic il

(normal) was intraperitoneally injected on Day 0; NAb-anti-TFRC (2 mg/kg)

(100 mg/kg) was administered daily for two weeks by intraperitoneal injec

ventricular M-mode echocardiograms. (g) LV ejection fraction, (h) fraction

(LVAWd), and (j) internal dimensiondiameter (LVIDd)were calculatedbyech

ATP levels, (m) CK activity, and (n) LDH activity in myocardial tissues. The
which was accompanied by an elevation in serum CK activity
(Fig. 7m) and LDH activity (Fig. 7n). Together, these findings
suggest the essential and irreplaceable role of TFRC signaling in
the mechanism by which glycnsisitin A exerts its cardioprotective
activity. By augmenting the binding capacity of transferrin and
TFRC, glycnsisitin A preserves myocardial iron homeostasis in
the failing heart and notably enhances systolic function, indicating
that glycnsisitin A holds promise as a potential candidate for
future development of anti-HF drugs.
f glycnsisitin A. (a) Iron content, (b) cell viability, (c) LDH activity, and

lustration of the animal experimental timeline: DOX (15 mg/kg) or PBS

was injected through the tail vein every three days; PBS or glycnsisitin A

tion. Mice were sacrificed on Day 28. (f) Representative images of left

al shortening, (i) End-diastolic left ventricular anterior wall diameter

ocardiographic analysis. (k) Iron content inmyocardial tissues. (l)Relative

data are presented as the mean � SEM.
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3. Discussion

Currently, the treatment of HF mainly focuses on etiological and
surgical treatment. Positive inotropic drugs, diuretics, angiotensin
receptor-neprilysin inhibitors (ARNIs), and b receptor blockers
are well-established foundational medications used in the treat-
ment of HF15,16. However, importantly, while these drugs effec-
tively manage symptoms and slow disease progression, they may
not entirely halt the advancement of HF and be suitable for all
patients due to their distinct pathological characteristics17. Accu-
mulated evidence indicates that HF is usually accompanied by
iron deficiency, which in turn can affect the progression and
prognosis of various cardiac conditions18. Although great progress
has been achieved in understanding the mechanism of iron defi-
ciency during HF, finding safe and effective iron supplements or
agents to enhance iron absorption for HF therapy remains an
unconquered area in drug development19.

In this study, we identified three novel bicyclic peptides
glycnsisitins AeC (1e3), from the roots of Glycyrrhiza uralensis,
which exhibited significant cardioprotective effects. Characteris-
tically, they possess unique CeC and CeOeC linkages, leading to
greater conformational rigidity and structural stability than con-
ventional peptides20,21. In addition, we accurately determined the
absolute configuration of glycnsisitin A by single crystal X-ray
diffraction using Cu Ka radiation, which establishes a solid
foundation for subsequent drug development efforts. Additionally,
the biosynthetic pathway for glycnsisitin A was proposed ac-
cording to the bicycle peptide (legumenin) reported in the refer-
ence14. First, the precursor peptide was cyclized between the
tyrosine and glycine in each core peptide. Then, the N-terminally
of the core peptide was cleaved by an endopeptidase. Subse-
quently, core peptides were N-terminally protected by pyrogluta-
mate formation, through catalysis of glutamine cyclotransferase.
Next, the modified core peptide was cyclized between another
tyrosine and pyroglutamate. Finally, glycnsisitin A was produced
by C-terminal proteolysis (Fig. 8). Due to the proposed biosyn-
thetic pathway not being verified by experiments, there still exist
other possible pathways. Pharmacological studies have demon-
strated that glycnsisitin A can effectively alleviate DOX-induced
HF by increasing iron uptake in cardiomyocytes and restoring
iron content to a normal level. We not only reveal a previously
Figure 8 Proposed biosyntheti
unidentified cardioprotective mechanism for licorice but also
propose an attractive therapeutic candidate for treating HF in in-
dividuals with iron deficiency.

Reportedly, enhancing erythropoiesis to correct anemia does
not provide beneficial effects to patients with HF22, while intra-
venous iron supplementation has been shown to improve the
quality of life in these patients23, suggesting that the relative
deficiency of iron in nonerythrocytic tissues may play an impor-
tant role in the pathophysiological mechanism of HF24. Indeed,
our study confirms the presence of abnormal iron metabolism in
hearts and cardiomyocytes injured by DOX, as observed by the
reduction in iron content and decreased levels of both transferrin
and TFRC, which are responsible for facilitating iron transport
and uptake. Our findings indicate that peptides or small molecules
that specifically enhance the affinity of transferrin and TFRC,
thereby improving iron uptake in cardiomyocytes, could offer a
novel therapeutic option for the treatment of HF.

Under pathological conditions, mitochondria serve as the main
origin of reactive oxygen species (ROS) in the heart, and excessive
generation of mitochondrial ROS leads to accumulation of mito-
chondrial superoxide and reduction of ATP25,26. In addition,
Melenovsky et al. observed that iron deficiency-induced mito-
chondrial dysfunction can also impair cellular energy supplement
and cardiac function27. The clinical use of DOX is significantly
hindered by its dose-dependent cardiotoxicity, leading to subse-
quent HF. This cardiotoxicity is characterized by excessive pro-
duction of ROS and impaired cardiac energy metabolism28.
Currently, dexrazoxane (DXZ) is the exclusive FDA-approved
drug for DOX-induced HF. However, its clinical application is
constrained by its potential to confer chemotherapy resistance to
cancer cells29. Although we did not specifically investigate the
potential of glycnsisitin A as a useful candidate for adjuvant
chemotherapy in DOX treatment, exploring this possibility may
offer valuable insights and is worth further investigation.

TFRC is a membrane-bound protein that plays a vital role in
maintaining intracellular iron homeostasis. The binding of iron-
carried transferrin with TFRC on the cell membrane typically
initiates the endocytosis of the TFRC-transferrin complex, thereby
accelerating cellular iron uptake and enclosure within endosomes.
If necessary, iron is transported across the endosomal membrane
by DMT1, located on the membrane of the endosome.
c pathway of glycnsisitin A.
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Subsequently, it is released into the cytoplasm, where it can
participate in a variety of cellular processes30. The mice lacking
the TFRC gene died during the second week following birth,
exhibiting cardiac enlargement, compromised cardiac function,
impaired mitochondrial respiration, and inhibited mitophagy31. In
our current investigation, we observed a decline in the protein
expression of transferrin and TFRC in HF tissue. However,
following the administration of glycnsisitin A, there was an in-
crease in the levels of transferrin and TFRC, which may be
attributed to the restoration of mRNA levels or the facilitation of
transcription and translation processes. Additionally, glycnsisitin
A enhanced the interaction between transferrin and TFRC,
resulting in the promotion of cellular iron uptake and restoration
of intracellular iron levels to normal, thus improving mitochon-
drial energy metabolism and restoring cardiac function. Never-
theless, the precise molecular mechanism by which glycnsisitin A
restores mitochondrial function following the restoration of iron
homeostasis requires additional investigation.

4. Conclusions

In summary, three novel bicyclic peptides that exhibited note-
worthy cardioprotective properties were isolated from the roots of
Glycyrrhiza uralensis. In comparison to glycnsisitin B and C,
glycnsisitin A demonstrates the most efficacious cardiomyocyte
protection against doxorubicin (DOX)-induced injury. Both the
findings from in vitro experiments using primary cultured car-
diomyocytes and data obtained from in vivo heart failure animal
models corroborate that the principal mechanism responsible for
the anti-heart failure (HF) pharmacological activity of glycnsisitin
A attributed to its capacity to modulate intracellular iron uptake
through the transferrinetransferrin receptor (TF-TFRC) pathway.
This investigation furnishes valuable insights into the develop-
ment of cardiotonic therapeutic strategies predicated on the
regulation of myocardial iron homeostasis, with glycnsisitin A
emerging as a promising candidate warranting further exploration
and development.

5. Experimental

5.1. General experimental procedure

The optical rotations and UV spectra were recorded with JASCO
P-2000 and V650 spectrometers (JASCO, Easton, MD, USA),
respectively. The infrared spectra were recorded on a Nicolet 5700
spectrometer (Thermo Scientific, Waltham, MA, USA). The NMR
spectra were recorded with Varian 500 MHz (Varian, Inc., Palo
Alto, CA, USA) and Bruker 600 MHz NMR spectrometers
(Bruker-Biospin, Billerica, MA, USA). HRESIMS reports were
obtained from Q Exactive Focus LC‒MS/MS system (Thermo
Scientific, MA, USA). ESIMS reports were obtained from UPLC
H-Class/SQ Detector 2 system (Waters, MA, USA). Preparative
HPLC was performed using a Shimadzu LC-6AD instrument with
an SPD-10A detector (Shimadzu Corp., Tokyo, Japan), using a
YMC-Pack ODS-A column (250 mm � 20 mm, 5 mm; YMC
Corp., Kyoto, Japan). HPLC-DAD analysis was performed using
an Agilent 1260 series system with an Apollo C18 column
(250 mm � 4.6 mm, 5 mm). Column chromatography was per-
formed on macroporous resin HP-20 (Diaion, Japan), RP-C18

(50 mm, YMC Corp.), and Sephadex LH-20 (Pharmacia Fine
Chemicals, Uppsala, Sweden). X-ray diffraction intensity data
were obtained on a Bruker APEX-II CCD single-crystal diffrac-
tometer using Cu Ka radiation.

Crystallographic data (CCDC 2254397) for Glycnsisitin A (1).
Empirical formula: C59H100N8O24, orthorhombic, crystal
sizeZ 0.23� 0.22 � 0.20 mm3, space groupZ P212121; unit cell
dimensions: a Z 10.4512(5) Å, b Z 18.9655(8) Å,
c Z 35.9881(14) Å, V Z 7133.3(5) Å3, rcalcd Z 1.216 g/cm3,
ZZ 4, TZ 150.00 K, m (Cu Ka)Z 0.788 mm�1, a total of 36,959
reflections were collected (6.772

� � 2q � 149.506
�
) with 14149

independent reflections (Rint Z 0.0500, Rsigma Z 0.0570).
ParametersZ 862 and restraintsZ 4. Final R indexes [I� 2s (I )]:
R1 Z 0.0949, wR2 Z 0.2514. Final R indexes [all data]:
R1 Z 0.1003, wR2 Z 0.2616. Largest difference peak and
hole Z 0.57 and �0.45 e Å�3. Flack parameter Z 0.00(9).

5.2. Plant material

The roots of Glycyrrhiza uralensis were purchased from Bozhou
City, Anhui Province, PRC in April 2019 and identified by Pro-
fessor Lin Ma. A voucher specimen (ID number: ID-S-2592) was
deposited at the Institute of Materia Medica, Peking Union
Medical College and Chinese Academy of Medical Sciences,
Beijing, China.

5.3. Extraction and isolation

The roots of Glycyrrhiza uralensis (200.0 kg) were exhaustively
extracted with 80% ethanol (2 � 1000 L) under reflux conditions.
The ethanol was evaporated by reduced pressure, and then,
another 80 L water was added to the remaining solvent (120 L).
The treated solvent was then subjected to a 24-h standing under
4 �C. The liquid supernatant was reserved and condensed under
reduced pressure to afford a brown concentrated solution, fol-
lowed by the first macroporous resin (Diaion HP-20) chroma-
tography column elution, and eluted with H2O, 15% ethanol, 50%
ethanol, and 95% ethanol. The liquid supernatant of 50% ethanol
was reserved and condensed under reduced pressure, followed by
Sephadex LH-20 chromatography column elution, and eluted with
water to afford six subfractions (Fractions A1 to A6). The bicyclic
peptides were found in subfractions Fra. A3 (109 g) according to
the HPLC and HRMS analyses. Then, Fra. A3 was chromato-
graphed over a RP-C18 column by eluting with H2O/MeOH (from
80:20 to 70:30, 0.05% CH3COOH) to give 64 subfractions.
Among them, there was colorless crystal precipitation in sub-
fractions 22e35 to give compound 1 (30.0 g). The rest of the
subfractions 22e35 were further purified by preparative HPLC
(MeCN/H2O, 21:79, v/v, HOAc, 0.1%) to give compounds 2
(20.3 mg) and 3 (8.5 mg).

5.4. Structure characterization

Glycnsisitin A (1): Colorless crystal; UV lmax (MeOH) (logε): 203
(4.86), 223 (4.45), 280 (3.76) nm (Supporting Information
Fig. S9); [a]20D þ49 (c 0.1 MeOH); HRESIMS m/z 967.4191 [M
þ H]þ (calcd 967.4196) (Supporting Information Fig. S7); IR
nmax: 3302, 2965, 1659, 1513, 1447, 1267, 1236, 1048, 826 cm�1

(Supporting Information Fig. S8); 1H NMR and 13C NMR data see
Supporting Information Tables S1 and S2.

Glycnsisitin B (2): White amorphous powder; UV
lmax (MeOH) (logε): 203 (4.74), 219 (4.45), 279 (3.60) nm
(Supporting Information Fig. S18); [a]20D þ37 (c 0.1 MeOH);
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HRESIMS m/z 967.4192 [M þ H]þ (calcd 967.4196) (Supporting
Information Fig. S16); IR nmax: 3385, 2964, 1659, 1514, 1445,
1267, 1228, 1105, 1031 cm�1 (Supporting Information Fig. S17);
1H NMR and 13C NMR data see Tables S1 and S2.

Glycnsisitin C (3): White amorphous powder; UV
lmax (MeOH) (logε): 203 (4.81), 226 (4.27), 282 (3.70) nm
(Supporting Information Fig. S27); [a]20D þ30 (c 0.1 MeOH);
HRESIMS m/z 983.4139 [M þ H]þ (calcd 983.4145) (Supporting
Information Fig. S25); IR nmax: 3302, 2966, 1659, 1512, 1446,
1266, 1223, 1117, 824 cm�1 (Supporting Information Fig. S26);
1H NMR and 13C NMR data see Tables S1 and S2.
5.5. Molecular docking and SPR assay

The crystallographic structures of transferrin (PDB: 1D3K) and
TFRC (PDB: 3S9N) were downloaded from the Protein Data Bank
(http://www.rcsb.org/pdb/). The energy of each compound was
minimized to its local minima using an MMF94X force field. The
protein was held rigid in the docking process and the compound
was flexible. Blind docking was carried out with AutoDock Vina
(http://vina.scripps.edu/)32. The initial grid box size was
15.0 Å � 15.0 Å � 15.0 Å in the x, y, and z dimensions. The grid
box center was put on x Z 36.8, y Z �63.0, and z Z 53.4 with
the protein positioned at the center of the box. The docking results
were analyzed with AutoDockTools using the cluster analysis tool
PyMOL (https://www.pymol.org).

SPR assays were performed on a Biacore T100 instrument.
The transferrin was immobilized on CM5 chips by amino coupling
under the catalyzation of N-hydroxysuccinimide (NHS). Then the
response units were recorded when different concentrations of
glycnsisitin A flowed through the chip. The dissociation constant
(KD) was calculated according to the Bia-evaluation software.
5.6. Primary adult rat cardiomyocyte isolation and culture

Primary adult rat cardiomyocytes were isolated from male
SpragueeDawley rats (about 280 g) through an optimized Lan-
gendorff perfusion system. The SD rat was anesthetized with an
intraperitoneal injection of 350 mg/kg avertin (Sigma, T48402),
and after pinching the toes without reaction, sufficient alcohol was
sprayed on the rat’s abdomen. The abdominal skin was cut open
and heparin (Solarbio, H8060, 100 IU in 1 mL saline) was injected
into the inferior vena cava. The sternum was cut open, the aortic
arch was cut off and the heart was separated in a plate containing
KHB buffer (118 mmol/L NaCl, 4.8 mmol/L KCl, 25 mmol/L
HEPES, 0.6 mmol/L KH2PO4, 1.25 mmol/L MgSO4, 11 mmol/L
glucose, 5 mmol/L Taurine, 10 mmol/L BDM, pH Z 7.35e7.55,
37 �C and sterile filtered) to remove excess tissue and trachea.
After perfusing the heart with solution E [1 mg/mL BSA (Sigma,
V900933), 0.7 mg/mL collagenase II (Worthington, LS004176),
0.2 mg/mL hyaluronidase (Sigma, H3506) and 25 mmol/L CaCl2]
for 10 min, 12.5 mL of 0.1 mol/L CaCl2 solution was added, 5 min
later, extra 25 mL 0.1 mol/L CaCl2 was added for the next 15 min
digestion. The heart was removed and placed in a dish with so-
lution E, gently torn with tweezers, and filtered through a 75 mm
cell strainer. The cardiomyocytes were purified by three times of
gravity sedimentation and cultured with M199 medium (Gibco9,
218712) containing 10% fetal bovine serum (Biological In-
dustries, BI199), 100 U/mL Penicillin‒Streptomycin (Livinen,
LVN1007) and 1% glutamine (Gibco, 35050-061) in Laminin-
coated (Gibco, 23017-015) plates.
5.7. Cell viability assay

Rat myocardial H9C2 cell was purchased from national biomed-
ical medical cell resource (BMCR) which is cultured in Dulbec-
co’s modified eagle media (DMEM, Sigma, D6429) supplemented
with 10% fetal bovine serum and 100 U/mL penicillin-
streptomycin in 5% CO2, 37 �C. H9C2 was seeded at
5000 cells/well/100 mL complete medium in 96-well black-sided
plates with clear bottoms (Labselect, 11514) and cultured over-
night. Then, H9C2 cells were treated with 8.6 mmol/L Doxoru-
bicin (DOX) and indicated compounds. After 12 h incubation,
discarded the supernatant and replaced it with a complete medium
containing 10% alamar blue assay (Solarbio, A7631) for another
4 h reaction. After the medium changed from non-fluorescent blue
to fluorescent pink, fluorescence values (IF) were detected on a
microplate reader with excitation at 530 nm and emission at
590 nm. The cell viability rate was calculated as Eq. (1):

Viability rate (%) Z [(IFA‒IF0)/(IFB‒IF0)]� 100 (1)

where IFA represents the IF value of compounds treated cells; IFB
represents the IF value of control cells; and IF0 represents the IF
value of the medium.

5.8. LDH and ATP assay

We collected the cells and supernatant treated with or without
DOX and Glycnsisitin A for 12 h and measured them using the
LDH activity Kit (Solarbio, BC0685) and ATP Assay Kit (Byo-
time, S002) according to the manufacturer’s instructions.

5.9. Mitochondrial superoxide detecting

Isolated primary rat cardiomyocytes were seeded in glass-
bottomed confocal dishes and incubated with 10 mmol/L glycn-
sisitin A and/or 8.6 mmol/L DOX for 6 h, and MitoSox™ Red
(Thermo Fisher, M36008) was prepared as stock solution and
working solution according to the manufacturer’s instructions.
Then incubate cells for 30 min at 37 �C and 5% CO2, protecting
from light and washing cells gently 3 times with warm buffer
(HBSS with calcium and magnesium). At last, view the cell’s
spectral properties which absorb and emit optimally at 396 and
610 nm through laser confocal microscopy.

5.10. Animal experiments

All animal studies were approved by the Animal Experimentation
Ethics Committee of the Chinese Academy of Medical Sciences
(ethics number: 00003623), and all procedures were conducted
following the guidelines of the Institutional Animal Care and Use
Committees of the Chinese Academy of Medical Sciences.

We used doxorubicin to induce the acute HF in ICR mice. The
ICR mice (male, about 40 g, 10-week-old, SPF grade, Sipeifu)
were administered with PBS in the normal group and the
remaining groups received a single intraperitoneal high-dose of
DOX (15 mg/kg). The mouse model of acute HF was successfully
prepared on Day 14. Then, the DOX-treated ICR mice were ran-
domized into 5 groups: DOX model group, glycnsisitin A low
dose (50 mg/kg) group, glycnsisitin A medium dose (100 mg/kg)
group, glycnsisitin A high dose (200 mg/kg) group, and positive
drug (cedilanid 150 mg/kg) group. Glycnsisitin A (low, medium,
high dose) or positive drug cedilanid was administered

http://www.rcsb.org/pdb/
http://vina.scripps.edu/
https://www.pymol.org
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intraperitoneally daily on Days 15e28 after DOX administration.
Meanwhile, normal and model groups were injected intraperito-
neally with the same volume of PBS (10 mL/kg). In the following
animal experiment of neutralization of TFRC, mice were
randomly assigned to experimental groups: normal group, DOX
model group, glycnsisitin A (100 mg/kg) treatment group, NAb-
anti-TFRC (2 mg/kg) group, and glycnsisitin A þ NAb-anti-TFRC
group. Glycnsisitin A (100 mg/kg) or the same volume of PBS
was given daily by intraperitoneal injection on Days 14e28 after
the initial injection of DOX. Meanwhile, NAb-anti-TFRC was
injected through the tail vein on Days 13, 16, 19, 22, and 25 after
DOX administration to block TFRC activity.

Mice’s heart structure and function were detected by the
echocardiography detection system at 8 h after drug administra-
tion on Day 28, and heart tissue and serum were collected at 8 h
after drug administration on Day 29. Mouse hearts were fixed with
4% paraformaldehyde (Bioss, C0106002), and Hematoxylin and
eosin (H&E) or Sirius red was used to strain the cardiac tissue
sections according to standard protocols. Mice blood was
collected and centrifuged at 4500 rpm for 15 min at 4 �C to obtain
serum. The CK, LDH activity, BNP (Solarbio, SEKM-0151), and
NT-proBNP (Solarbio, SEKM-0298) content of mice serum were
used to evaluate the myocardial injury. The deaths of the animals
were recorded daily.

5.11. Detection of cardiac function

Mice were anesthetized by intraperitoneal injection of avertin and
the chest was depilated. Then, they were fixed on the 37 �C
thermostatic operation table and tested using the VisualSonics
Vevo770 ultrasound system. First, a 10 MHz ultrasound probe was
used to monitor the long-axis direction of the mouse heart. After
determining the position of the left ventricular papillary muscle, it
was transferred to the short-axis direction of the heart for moni-
toring, and the M-type ultrasound pattern of 10e20 cardiac cycles
was recorded. The Vevo 770 software was used to calculate the
ejection fraction (EF), fractional shortening (FS), left ventricular
anterior wall diameter (LVAWd), and left ventricular internal
dimension diameter (LVIDd) to evaluate cardiac function.

5.12. RNA sequencing (RNA-Seq) analysis

Three samples from each group were sent to Orvisen Gene Tech-
nology Ltd. (Beijing) for the extraction and purification of the total
RNA, preparation of RNA Library, and sequenced on the second-
generation high-throughput Illumina platform. Differentially
expressed genes (DEGs) were analyzed and KEGG signaling
pathway analysis and Gene set enrichment analysis (GSEA) were
performed.

5.13. Iron content determination

Iron content of cardiomyocytes or tissues was measured by
colorimetric assay using the properties of purple compounds
generated by combining iron to ferrozines with a Total Iron
Content Colorimetric Assay Kit (Applygen, E1042). After the
animal experiment, a little mouse heart tissue was cut into lysate,
and ground into homogenate. The cells were evenly spread into a
six-well plate. After the stimulation, the media was discarded, and
washed twice with PBS, 200 mL of lysate was added to lyse the
cells and put on a shaker at room temperature for 2 h. 3 mmol/L of
the standard solution was diluted to 300, 150, 75, 37.5, 18.75,
9.38, 4.69 mmol/L. Mix the stock buffer with 4.5% potassium
permanganate solution at 1:1, which is called solution A. Then,
100 mL sample or standard solution was transferred to a 1.5-mL
centrifuge tube, mixed with 100 mL of solution A, and incubated
at 60 �C for 1 h. After 1 h, the solution was cooled to room
temperature. 30 mL of iron ion-detection reagent was added,
mixed, and incubated at room temperature for 30 min. 200 mL
solution was taken into 96-well plates and the absorbance at
550 nm was determined. Standard curves were plotted and the iron
ion concentration of samples was calculated.

5.14. Protein purification

TFRC-His recombinant proteins were purified by Ni-NAT affinity
chromatography. TFRC plasmid was constructed by GeneCopoeia.
In order to successfully express target transmembrane protein from
the prokaryotic system, we deleted the N-terminal transmembrane
region of TFRC while leaving the C-terminal transferrin-binding
region (position 569e760) completely intact. Thus, the truncated
TFRC sequence (position 88e760) was amplified by PCR and
verified byDNAgel. The PET28Awas digested overnight withNhe I
and EcoR I at 37 �C. The digestion effect was verified by DNA gel
analysis. The 5-kb digestion product was recovered from the gel to
prepare into a linearized vector plasmid and the target fragment was
linked with the vector. Adding 8 mL of linearized plasmid, 6.6 mL of
fragment, 4 mL of buffer, and 2 mL of enzyme to a microcentrifuge
tube, after incubation at 37 �C for 30 min, the recombinant plasmid
was transformed intoDH-5a competent cells and seeded on the Kana
LuriaeBertani (LB) solid medium. The plates were incubated in a
37 �C incubator for colony amplification. Three colonies were
randomly picked, purified, and sequenced. The sequencing results
were compared by blast, and the verified colony was amplified in
order to obtain sufficient plasmid DNA for further experiments. The
aforementioned TRFC-His plasmid was transformed into transetta
(DE 3) competent cells. After preculture in Kana solidmedium, fresh
bacterial colonies were transferred to a liquid medium and cultivated
at 37 �C for 24 h then diluted 200 times with LB media. Meanwhile,
monitor the absorbance of LB media at 600 nm, When OD600

reached 0.6, isopropyl b-D-thiogalactoside (IPTG) was added in a
final concentration of 1.0 mmol/L to induce TRFC synthesis. After
incubating for 4 h at 17 �C, the overexpression efficiencywas verified
by SDS-PAGE analysis of the induced and noninduced cells’ total
protein extracts. The TRFC-contained bacteria were collected, son-
icated, and centrifuged at 12,000 rpm for 10 min and the supernatant
was used for subsequent purification. Before loading the sample,
100 mL PBS was used to wash the pump and Ni-NTA column (GE
Healthcare). Then, the supernatants were slowly loaded into the
column and 300 mmol/L imidazole solution (formulated in PBS,
protease inhibitor cocktail added, passed through a 0.22 mm filter
membrane) was used as mobile phase for the purification. Fractions
were collected and denatured with 5� SDS loading buffer, then
analyzed by SDS-PAGE and subsequent Coomassie blue staining.
Finally, the corresponding tubes with a single band (84-kDa) were
collected and concentrated using 50-kDa filter tubes (Millipore).

5.15. ELISA-based affinity detection

Transferrin proteins were dissolved with ELISA coating buffer
(SigmaeAldrich, C3041), and 100 mL of 1 mg/mL transferrin
protein solution was added to the ELISA plates in each well. The
plate was sealed against volatilization and incubated overnight at
4 �C. After discarding the transferrin solution and three washes in
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PBST, 200 mL of blocking solution was added to avoid the
nonspecific binding. After 1 h incubation at room temperature,
discard the blocking solution, and 100 mL of 1 mg/mL TFRC
protein diluted with blocking solution was added to each well,
with or without 10 mmol/L glycnsisitin A, incubated overnight at
4 �C. Because the purified TFRC protein had His tag, anti-His
antibody, and HRP-conjunct secondary antibody were incubated
for the next TMB chromogenic reaction.

5.16. Statistical analysis

The experimental results are expressed by mean � standard error
of the mean (mean � SEM). First, Normality and Lognormality
Tests were used to test whether the data conform to the normal
distribution and One-way ANOVA followed. If the variances were
homogeneous (P > 0.05), data was tested by Ordinary ANOVA
test. If the variances were different (P � 0.05), data was tested
by non-parametric Brown-Forsythe and Welch ANOVA test.
Statistics of the pathological grading data are performed using the
chi-square test. The survival rate is compared using the
KaplaneMeier analyses. Statistical difference was considered at
P < 0.05 and considered significant at P < 0.01.
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