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Abstract. Diabetic cardiomyopathy (DCM) is a major compli‑
cation of type 1 diabetes mellitus (T1DM) with limited treatment 
options. Dyrk1a is involved in multiple diseases, comprising 
neurodegenerative disorders, cancer and diabetes. In addi‑
tion, Dyrk1a is an emerging therapeutic target. Nonetheless, 
it remains ambiguous with regard to its role in T1DM‑related 
DCM. The present study investigated the function and mecha‑
nisms of Dyrk1a in DCM. Experimental T1DM was induced 
through sequential low‑dose streptozotocin administrations 
via intraperitoneal delivery. The investigation showed conspic‑
uous cardiac upregulation of Dyrk1a protein expression in 
this T1DM murine model. Pharmacological intervention was 
performed by employing the Dyrk1a‑targeting compound 
harmine, administered through oral gavage, which ameliorated 
cardiac dysfunction characteristic of DCM. This therapeutic 
efficacy was mechanistically linked to ferroptosis inhibition, 
which was established through harmine‑mediated attenuation 
of pathological signatures, namely reduced malondialdehyde 
accumulation, enhanced glutathione bioavailability, as well 
as elevated expression of ferroptosis regulators SLC7A11 and 
GPX4. It is noteworthy that co‑administration of the ferrop‑
tosis activator erastin nullified the cardioprotective properties 

of harmine. Together, these findings establish harmine as 
an effective modulator of ferroptosis pathways, conferring 
protection against hyperglycemia‑induced cardiomyocyte 
injury. Dyrk1a inhibition enhances cardiac function in T1DM 
by reducing ferroptosis. 

Introduction

As a chronic noncommunicable metabolic disorder that affects 
health systems globally, diabetes poses considerable clinical 
challenges, with type 1 diabetes (T1DM) accounting for ~5‑10% 
of all diabetes cases worldwide (1). Among various manifesta‑
tions of T1DM, diabetic cardiomyopathy (DCM) stands out as a 
remarkable cardiovascular consequence, characterized by both 
diastolic and systolic dysfunction. This condition functions as 
a key factor influencing negative clinical outcomes, markedly 
contributing to the morbidity and mortality associated with 
T1DM (2). Notwithstanding extensive research efforts over a 
number of years involving both preclinical studies and clinical 
populations, a pivotal gap persists in the availability of effective 
management strategies for DCM.

DCM pathogenesis involves complex multifactorial 
mechanisms. As contemporary studies demonstrate, initia‑
tion of cellular demise accelerates diabetes‑mediated cardiac 
deterioration. While apoptosis constitutes the primary 
documented cell death modality in DCM progression  (3), 
its suppression yields only partial cardiomyocyte survival 
enhancement under hyperglycemic conditions (4). The poten‑
tial contributions of alternative regulated non‑apoptotic cell 
death pathways to DCM pathogenesis, particularly in T1DM 
contexts, remain predominantly uncharted. In T2DM, accrued 
glucose derivatives and lipids provoke cardiotoxicity through 
glucotoxic and lipotoxic effects, concurrently exacerbating 
oxidative stress via excessive reactive oxygen species (ROS) 
generation. As these elements represent fundamental DCM 
pathomechanisms, blocking deleterious lipid metabolites and 
their peroxidative cascades proves pivotal for the prevention 
of cardiomyocyte loss and the maintenance of myocardial 
functionality  (5). Ferroptosis emerges from dysregulated 
metabolic‑redox equilibrium and participates in diverse 
pathological signaling cascades (6,7). This process requires 
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abundant ROS and polyunsaturated fatty acids to initiate 
uncontrolled lipid peroxidation when iron (Fe²+) concentrations 
escalate. This cascade generates phospholipid hydroperoxides, 
the terminal effectors of ferroptosis, ultimately executing 
cellular destruction. Nascent evidence tentatively associates 
ferroptosis with DCM etiology (8). Wang et al  (9) verified 
ferroptosis activity in type 2 diabetic murine myocardium. As 
the authors' research findings suggest, liproxstatin‑1‑mediated 
inhibition attenuated diastolic impairment. Parallel investiga‑
tions in streptozotocin‑induced T1DM rodents subjected to 
myocardial ischemia/reperfusion (MI/R) injury revealed inten‑
sified ferroptosis in diabetic hearts compared with controls. 
Ferrostatin‑1 administration notably mitigated MI/R damage 
in DCM models (10). Notwithstanding the fact that ferroptosis 
has captured extensive attention, it remains incomplete about 
the current understanding of its regulatory mechanisms.

As a member of the dual‑specificity tyrosine‑regulated 
kinase family, Dyrk1a has been reported to perform irreplace‑
able roles in various diseases. Nevertheless, the potential 
intersection between Dyrk1a signaling and ferroptosis mecha‑
nisms remains poorly explored in current scientific literature. 
The CMGC kinase superfamily encompasses dual‑specificity 
tyrosine‑regulated kinases (Dyrk1a, Dyrk1b, Dyrk2, Dyrk3 
and Dyrk4) alongside related enzymes encompassing CLKs, 
CDKs, MAP kinases and GSKs  (11). These regulatory 
proteins orchestrate diverse cellular operations, spanning 
signal transduction, genomic stability maintenance, viability 
control and proliferative regulation (12). Notably, glycogen 
synthase kinase‑3β (GSK‑3β) functions as a pro‑ferroptosis 
modulator through iron homeostasis governance (13), with 
recent evidence implicating it in MI/R‑associated ferroptosis 
pathways (14). Within this kinase hierarchy, Dyrk1a modulates 
cardiomyocyte cell cycle dynamics  (15). As validated by 
experimental evidence, either genetic ablation or pharmacolog‑
ical inhibition of Dyrk1a reactivates postnatal cardiomyocyte 
cycling, which thus enhances functional recovery following 
myocardial infarction in adult murine models  (16,17). As 
accumulating evidence suggests, DYRK1A is involved in 
multiple diseases, such as neurological disorders, types of 
cancer and diabetes (18). Given its established involvement in 
diabetes, neuronal disease and types of cancer, alongside its 
emerging roles in cardiac repair, Dyrk1a represents a compel‑
ling candidate for exploring novel pathogenic mechanisms in 
diabetic cardiomyopathy. Nevertheless, the potential intersec‑
tion between Dyrk1a signaling and ferroptosis mechanisms in 
the context of T1DM‑induced cardiac injury remains entirely 
unexplored in current scientific literature. In this context, the 
present study developed a model of cell injury triggered by 
elevated glucose levels, alongside a mouse model of type 1 
diabetic cardiomyopathy, to evaluate the impact of Dyrk1a on 
ferroptosis.

Materials and methods

Animals. A total of 24 male C57BL/6J mice (8 weeks old; 
20‑25 g) were sourced from Beijing Vital River Laboratory 
Animal Technology Co., Ltd. and housed under controlled 
environmental conditions, including a constant ambient 
temperature of 23±1˚C, relative humidity of 40‑70% and a 
standardized 12‑h light/dark cycle. Experimental diabetes 

induction was performed via five daily intraperitoneal 
administrations of streptozotocin (STZ; MedChemExpress) 
at a 50 mg/kg dosage, following established protocols (19). 
Control subjects received citrate buffer vehicle injections 
of an identical volume. At the 14‑day post‑induction 
interval, animals underwent 12‑h fasting prior to diagnostic 
blood collection from caudal vessels; diabetes confirma‑
tion required fasting glucose concentrations exceeding 
16.7 mmol/l (20). The mice were subsequently maintained 
under diabetic conditions for an additional 12  weeks 
before echocardiography and terminal tissue collection. 
With reference to pharmacological intervention, harmine 
(MedChemExpress) was administered by oral gavage 
at 12.5 mg/kg/day for 12 weeks. Erastin (MedChemExpress) 
was administered intraperitoneally at 40 mg/kg/day for 3 
consecutive days during the indicated experimental period. 
Distilled water served as the vehicle for both compounds 
and control mice received equal volumes of vehicle 
(Fig.  1A). Longitudinal biometric surveillance included 
weekly evaluations of body mass and glycemic parameters 
through serial tail‑vein phlebotomy. Terminal procedures 
employed sodium pentobarbital euthanasia (100 mg/kg, i.p.) 
with subsequent cardiac tissue procurement for analytical 
purposes. All protocols received prior endorsement from the 
Institutional Animal Care and Use Committee of Chongqing 
University (approval no. 2505001), with strict adherence 
to the NIH Guide for the Care and Use of Laboratory 
Animals (8th edition, 2011; http://grants.nih.gov/grants/
olaw/guide‑for‑​the‑care‑and‑use‑of‑laboratory‑animals.
pdf) throughout the experimental timeline.

Echocardiography. Cardiac functional assessment used the 
Vevo 2100 high‑frequency ultrasound platform (FUJIFILM 
VisualSonics). Isoflurane (3% for induction; 1.5% for main‑
tenance, mixed with 98.5% oxygen) was used to anesthetize 
the mice before supine positioning on thermostatic pads main‑
taining core temperature at 37˚C. M‑mode systolic parameters, 
encompassing left ventricular ejection fraction (LVEF) and 
left ventricular fractional shortening (LVFS), were quanti‑
fied in the parasternal long‑axis orientation, with analytical 
processing executed through Vevo LAB software (v5.5.1; 
FUJIFILM VisualSonics). Metric derivation underwent ≥3 
successive cardiac cycles on average. Echocardiographic 
analyses were conducted by personnel blinded to therapeutic 
interventions.

Histological evaluation. Cardiac tissues underwent imme‑
diate perfusion with ice‑cold phosphate‑buffered saline (4˚C) 
followed by 24‑h fixation in 4% paraformaldehyde at room 
temperature. Sequential dehydration through graded ethanol 
solutions preceded paraffin embedding and microtome 
sectioning at  4 µm thickness. Sections were stained with 
hematoxylin‑eosin (H&E) at room temperature for 5 min with 
hematoxylin and 2 min with eosin according to the manufac‑
turer's protocol (Beijing Solarbio Science & Technology Co., 
Ltd.). Fibrosis quantification employed Masson's trichrome 
methodology (Beijing Solarbio Science & Technology Co., 
Ltd.) at room temperature, with precise incubation intervals: 
Hematoxylin (10  min), ferric oxide (5  min), acid fuchsin 
(10 min), phosphomolybdate (10 min) and acetic acid (1 min). 
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Digital imaging was conducted by using an Olympus VS200 
slide‑scanning platform (Olympus Corporation), while 
collagen deposition was calculated as fibrotic area percentage 
relative to total tissue area by employing ImageJ morphometry. 
Histomorphological assessment was performed in six random‑
ized high‑power fields (magnification, x400).

Enzyme‑linked immunosorbent assay. Following sodium 
pentobarbital anesthesia, murine blood specimens were 
obtained via retro‑orbital venous plexus puncture. Serum 
isolation involved centrifugation (3,000 x g, 20 min, 4˚C) for 
subsequent cytokine quantification. TNF‑α and IL‑6 concen‑
trations were determined by utilizing commercial ELISA kits 
(Nanjing SenBeiJia Biological Technology Co., Ltd.; TNF‑α, 
cat. no. SBJ‑M0030; IL‑6, cat. no. SBJ‑M0657). For cardiac 
and cellular lipid peroxidation assessment, samples underwent 
homogenization in protease‑inhibited ice‑cold lysis buffer, 
with supernatants harvested post‑centrifugation (1,200 x g; 
4˚C; 10 min). Malondialdehyde (MDA) content was analyzed 
by employing specialized assay kits (Nanjing Jiancheng 
Bioengineering Institute), while cardiac lipid peroxide (LPO) 
quantification followed manufacturer protocols (Shanghai 
Enzyme‑linked Biotechnology Co., Ltd.), comprising 

standardized well assays with 450 nm spectrophotometry. 
Reduced glutathione (GSH) and oxidized glutathione (GSSG) 
were evaluated fluorometrically (Beyotime Biotechnology) 
subsequent to tissue homogenization in Reagent M and ultra‑
centrifugation (10,000 x g; 4˚C; 10 min) to collect assay‑ready 
supernatants.

Transmission electron microscopy (TEM). Prior to secondary 
fixation, cardiac specimens underwent initial fixation by 
employing 1% osmium tetroxide in 3% glutaraldehyde. 
Subsequent dehydration employed progressively concentrated 
acetone solutions, followed by prolonged Epon 812 resin 
infiltration prior to polymerization embedding. Semithin 
sections received methylene blue staining, whereas ultra‑
thin sections generated via diamond‑knife microtomy were 
contrasted sequentially with uranyl acetate and lead citrate 
solutions. Ultrastructural analysis was conducted utilizing 
a JEM‑1400FLASH (JEOL, Ltd.) transmission electron 
microscope.

Cell culture and cell viability assays. Primary ventric‑
ular cardiomyocytes were isolated from 1‑3  day‑old 
Sprague‑Dawley neonates (n=20; Beijing Vital River 

Figure 1. The expression of Dyrk1a was increased in the heart of type 1 diabetic mice. (A) Schematic diagram showing the treatments of the mice. (B) Reverse 
transcription‑quantitative PCR was applied to assess the mRNA levels of Dyrk1a in type 1 diabetic mice (n=6 per group). Data are expressed as the mean ± SD. 
Student's t‑test. *P<0.05. STZ, streptozotocin.
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Laboratory Animal Technology Co., Ltd.) under controlled 
conditions at 22±2˚C, with a 12‑h light/dark cycle and rela‑
tive humidity of 40‑60%  (21). The neonates underwent 
isoflurane anesthesia followed by immediate euthanasia via 
cervical dislocation prior to cardiac excision. Harvested hearts 
underwent immediate immersion in pre‑chilled ADS buffer 
(120 mmol/l NaCl, 20 mmol/l HEPES, 8 mmol/l NaH2PO4, 
6 mmol/l glucose, 5 mmol/l KCl, 0.8 mmol/l MgSO4, pH 7.4), 
followed by transferring them to fresh ADS and mechanical 
fragmentation into sub‑1‑mm³ segments using scissors. 
Tissue fragments received iterative sterile ADS rinsing until 
effluent clarification. Digestive processing commenced with 
collagenase II solution (2  ml) and ADS (2  ml) in sterile 
25‑ml vessels under continuous 180 rpm agitation at 37˚C for 
8 min. Resultant suspensions underwent ice‑cooled filtration 
into 50 ml centrifuge tubes, supplemented with 1 ml fetal 
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.). 
Post‑centrifugation (2,000 x g; 5 min at room temperature), 
supernatants were discarded and pellets resuspended in FBS 
for Petri dish plating. Subsequent 37˚C incubation under 5% 
CO2 for 2 h facilitated cardiomyocyte‑fibroblast segregation. 
Supernatant transfer to fresh 50 ml tubes enabled Percoll 
gradient purification (MilliporeSigma) in sterile ADS. In the 
aftermath of isolation via 1,800 x g centrifugation (45 min 
at room temperature) and initial 24‑h culture in DMEM 
with 10% FBS/1% penicillin‑streptomycin (37˚C/5% CO2), 
cardiomyocytes were subjected to an in vitro DCM model 
protocol comprising sequential incubation: 16  h in 10% 
FBS‑supplemented DMEM containing 5.5 mmol/l glucose, 
followed by 24 h in high‑glucose (35 mmol/l) medium (22).

Cells were cultured in 96‑well plates at a density of 
5x10³  cells per well. Then, cell viability was assessed by 
employing a commercial CCK‑8 kit (MedChemExpress) in 
line with the manufacturer's guidelines.

Determination of ROS generation. To measure intracellular 
ROS levels in primary cardiomyocytes, the cells were treated 
as indicated and subsequently incubated with DCFH‑DA 
(10  µmol/l; Beyotime Biotechnology) or MitoSOX Red 
(5 µmol/l, MedChemExpress) for 30 min at 37˚C in the dark. 
Fluorescence detection was performed by utilizing a confocal 
laser scanning microscope (Olympus Corporation). The fluo‑
rescence intensity across the various groups was assessed by 
employing ImageJ (version 1.52, National Institutes of Health).

Western blotting. Western blotting was conducted to quantify 
protein abundance in myocardial tissue and isolated cardiomyo‑
cyte cultures. Subsequent to protein extraction with RIPA lysis 
buffer (Beyotime Biotechnology), lysate concentrations were 
determined with a BCA quantification kit (Beijing Solarbio 
Science & Technology Co., Ltd.; cat. no. PC0020). Aliquots 
(50 µg) underwent electrophoretic separation via SDS‑PAGE 
on 10% gels and electrotransfer onto nitrocellulose membranes 
(Cytiva). After 60‑min blocking at room temperature in 5% 
skimmed milk, membranes received overnight incubation (4˚C) 
with primary antibodies: anti‑SLC7A11 (Invitrogen; Thermo 
Fisher Scientific, Inc.; rabbit; cat. no. 23657‑RBM3‑P1ABX; 
1:1,000), anti‑GPX4 (Proteintech Group, Inc.; rabbit; 
cat. no. 67763‑1‑Ig; 1:1,000) and GAPDH‑specific antibody 
(Proteintech Group, Inc.; cat.  no.  10494‑1‑AP, 1:10,000). 

Post‑wash, HRP‑conjugated secondary antibody (Thermo 
Fisher Scientific, Inc.; cat. no. C31460100) was applied for 1 h 
at room temperature, with signal development by employing 
an enhanced chemiluminescence (ECL) substrate (Thermo 
Fisher Scientific, Inc.; cat.  no.  34577). Semi‑quantitative 
analysis was performed using ImageJ (version 1.52, National 
Institutes of Health). 

Reverse transcription‑quantitative (RT‑q) PCR. Cardiac tissue 
RNA extraction was performed with RNAiso Plus reagent 
(Takara Biotechnology Co., Ltd.) following the supplier's proto‑
cols. cDNA synthesis and qPCR were performed according to 
the manufacturer's protocols using SYBR Premix Ex Taq II 
(Takara Biotechnology Co., Ltd.) on a 7900HT Fast Real‑Time 
PCR platform (Applied Biosystems; Thermo Fisher Scientific, 
Inc.) for specific mRNA quantification. qPCR was performed 
using a three‑step protocol: 95˚C for 10 min; 35 cycles of 95˚C 
for 15 sec, 60˚C for 15 sec and 72˚C for 45 sec; then 72˚C for 
7 min. GAPDH served as the normalization standard across 
triplicate reactions, and relative expression was calculated 
using the 2-ΔΔCq method (23). Primer sequences are detailed 
in Table SI.

Seahorse respirometry. The Seahorse XFe24 Extracellular 
Flux Analyzer, along with Seahorse XF24 FluxPaks (Agilent 
Technologies, Inc.), was employed for respirometry analysis 
of seahorses. With an aim to determine oxygen consumption 
rates (OCR), primary cardiomyocytes were cultured in an 
assay microplate at a density of 4x104 cells per well by utilizing 
growth medium. In the aftermath of treatment with specified 
reagents for the designated duration, the culture medium was 
substituted with Seahorse XF DMEM buffer. The OCR was 
measured both at baseline and after metabolic disturbances 
induced by 1.5 µmol/l oligomycin, 1 µmol/l FCCP (a mito‑
chondrial uncoupler) and 0.5 µmol/l rotenone paired with 
antimycin A. Calculations were carried out by employing 
the Agilent Seahorse Wave Software designed for Agilent 
Seahorse XF analyzers (Agilent Technologies, Inc.).

Statistical analysis. The results were expressed as the 
mean ± SD. Statistical analyses were performed by using 
GraphPad Prism 9.0 (Dotmatics). Each experiment was 
independently repeated at least three times, with sample sizes 
and technical replicates specified in the corresponding figure 
legends. The Brown‑Forsythe test was employed to assess 
homogeneity of variance among groups. One‑way analysis 
of variance was performed for making comparisons among 
>2 groups, followed by Dunnett's post hoc test for compari‑
sons against a single control group or Tukey's post hoc test 
for multiple pairwise comparisons when it was essential. 
Subsequently, a two‑tailed unpaired Student's t‑test was used 
for comparisons between two groups. Survival analysis was 
performed by employing the Kaplan‑Meier method, with 
group differences assessed by the log‑rank test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Inhibition of Dyrk1a improves cardiac function and amelio‑
rates cardiac remodeling in STZ‑induced type 1 diabetes. 
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Successful establishment of a T1DM model was confirmed in 
8‑week‑old C57BL/6J mice following five consecutive days of 
intraperitoneal STZ injections (50 mg/kg/day), evidenced by 
fasting serum glucose >16.7 mmol/l (Figs. 1A and S1A). In 
an effort to investigate Dyrk1a's role in T1DM pathology, the 
present study analyzed cardiac Dyrk1a levels. Transcriptional 
analysis presented conspicuous upregulation of cardiac 
Dyrk1a 15 weeks post‑STZ induction (Fig. 1B). In line with 
multiple findings from other studies  (24‑26), mice treated 
with STZ exhibited compromised cardiac function, which 
was improved (LVEF and LVFS; Fig. 2A) by using Dyrk1a 
inhibitors (Harmine; 12.5  mg/kg/day) and administering 
them intragastrically on a daily basis over a period of 12 
weeks. In agreement with previous studies (27,28), mice with 
STZ‑induced T1DM exhibited biochemical alterations and 
characteristic morphological changes, such as elevated serum 
concentrations of inflammatory markers (TNF-α and IL‑6; 
Fig. 2B‑D), along with disorganized myofibrils and cardiac 
fibrosis (Fig. 2D and E). Nevertheless, the administration of 
harmine improved or corrected these aforementioned abnor‑
malities, encompassing both the biochemical aspects and the 
morphological (Fig. 2B‑E). 

Dyrk1a inhibition ameliorates ferroptosis in type 1 diabetic 
mice. Ferroptosis represents a critically implicated patho‑
logical pathway in DCM development within T2DM murine 
models  (9,29,30). With an aim to investigate its potential 
involvement in T1DM pathogenesis, the present study initially 
quantified key biomarkers of lipid peroxidation, comprising 
MDA, LPO, GSH and the GSH/GSSG redox ratio, in cardiac 
tissue. As demonstrated by the data, STZ‑induced T1DM mice 
manifested markedly elevated MDA and LPO concentra‑
tions concurrent with diminished GSH levels and suppressed 
GSH/GSSG ratios (Fig. 3A‑D). In particular, harmine admin‑
istration substantially attenuated these pathological deviations, 
restoring biomarker profiles without inducing remarkable 
alterations in control groups.

Further mechanistic analysis revealed substantial downreg‑
ulation of cardinal ferroptosis regulatory proteins, particularly 
SLC7A11 and GPX4, in diabetic myocardial tissue (Fig. 3E). 
This pathological protein suppression was markedly attenu‑
ated subsequent to harmine intervention. Given mitochondria's 
established role in cellular defense against ferroptosis cell 
death  (31,32), the present study conducted ultrastructural 
examination via TEM. Diabetic cardiomyocytes exhibited 
classical ferroptosis mitochondrial phenotypes (33), charac‑
terized by pronounced organelle shrinkage with markedly 
increased membrane electron density. It is pivotal to note that 
harmine treatment substantially mitigated these pathological 
ultrastructural alterations (Fig. 3F).

Ferroptosis inducer reverses harmine‑mediated cardiopro‑
tection in diabetic cardiomyopathy. To further elucidate the 
mechanistic contribution of ferroptosis to harmine‑mediated 
cardioprotection in type 1 DCM, the present study adminis‑
tered the canonical ferroptosis inducer erastin (40 mg/kg/day 
intraperitoneally for 3 consecutive days) to STZ‑induced 
diabetic mice. Harmine intervention demonstrated substan‑
tial therapeutic efficacy in diabetic cohorts, manifesting as 
improved cardiac functional indices (Fig.  4A), attenuated 

serum elevations of pro‑inflammatory biomarkers (Fig. 4B‑C) 
and amelioration of myocardial histopathological abnor‑
malities encompassing reduced interstitial collagen deposition 
(Fig. 4D). In particular, erastin co‑administration not only 
potentiated diabetes‑associated cardiac injury severity but 
also critically abrogated harmine's protective effects across all 
evaluated parameters, encompassing functional, inflammatory 
and structural metrics (Fig. 4). As collectively demonstrated 
by these pharmacological perturbation experiments, targeted 
induction of ferroptosis effectively neutralizes harmine's 
cardioprotective actions, thereby establishing ferroptosis 
pathway modulation as the fundamental mechanistic basis 
for harmine's therapeutic activity against experimental DCM 
pathogenesis.

Harmine attenuates high glucose‑induced cardiomyocyte 
injury and ferroptosis. To decipher the molecular underpin‑
nings of harmine‑afforded cardioprotection, the present study 
systematically evaluated ferroptosis modulation in primary 
cardiomyocytes subjected to diabetic‑mimetic high‑glucose 
(HG) conditions (35 mmol/l). As evidently demonstrated by 
quantitative assessments, HG exposure markedly compromised 
cellular viability, an effect that was dose‑dependently mitigated 
by harmine co‑administration across a pharmacological range 
(10‑50 µmol/l; Fig. 5A). Pathological profiling identified char‑
acteristic ferroptosis responses encompassing elevated MDA 
production signifying lipid peroxidation (Fig. 5B), depletion of 
GSH pools (Fig. 5C), diminished GSH/GSSG redox capacity 
(Fig. 5D) and suppressed expression of ferroptosis gatekeepers 
SLC7A11 and GPX4 (Fig. 5E). These perturbations occurred 
concomitantly with ROS accumulation (Fig. 5F‑G). In addi‑
tion, the present study employed extracellular flux analysis to 
assess mitochondrial respiratory capacity in vitro in real‑time. 
HG markedly diminished the mitochondrial oxygen consump‑
tion rate (OCR) as well as both basal and maximal respiration 
(Fig. 5H). Therapeutic intervention with harmine (25 µmol/l) 
substantially counteracted these pathogenic shifts, demon‑
strating substantial attenuation of oxidative stress markers and 
restoration toward physiological levels across all quantified 
ferroptosis parameters (Fig. 5B‑H).

Discussion

Cardiac physiology fundamentally rests with iron homeo‑
stasis, an essential trace element governing vital processes 
comprising metabolic regulation and bioenergetics  (29). 
Disruption of this equilibrium manifests pathologically 
when redox‑active iron species accumulate within cardio‑
myocytes, infiltrating mitochondria to execute oxidative 
damage that precipitates cardiac disorders  (34). It is 
paramount to mention that research identifies ferroptosis, 
characterized by iron‑dependent, unrestricted accrual of 
lethal phospholipid peroxides  (6), as the primary driver 
of iron overload‑induced cardiomyopathy (35). Emerging 
evidence positions ferroptosis as a paramount pathogenic 
factor across cardiovascular pathologies. Notably, ferrop‑
tosis inhibitors (vitamin E and coenzyme Q10) confer 
myocardial protection in diabetic models by mitigating 
oxidative stress (36,37), suggesting their particular relevance 
in DCM pathogenesis. Currently, direct mechanistic links 
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have confirmed ferroptosis involvement in DCM progres‑
sion, though precise regulatory networks remain elusive. 
Experimental models reveal stage‑dependent divergence. 

To be specific, despite the fact that apoptosis predominates 
in early DCM phases before diminishing (38), ferroptosis 
emerges as a critical mediator during advanced disease (9). 

Figure 2. Inhibition of Dyrk1a improves cardiac function and ameliorates cardiac remodeling in type 1 diabetic mice. Mice received a treatment of STZ for a 
period of 5 days to trigger diabetic cardiomyopathy; the control group consisted of mice that were injected with a vehicle instead of STZ. After this, both the 
control and diabetic mice were given Harmine (12.5 mg/kg/day) or a vehicle via intragastric administration for 12 consecutive weeks. (A) Cardiac function 
was evaluated by echocardiography, comprising (A1) representative M‑mode imaging, (A2) left ventricular ejection fraction (LVEF%) and (A3) left ventricular 
fractional shortening (LVFS%; n=6 for each group). The serum levels of biomarkers associated with inflammation, encompassing (B) TNF‑α and (C) IL‑6 
were presented (n=6 for each group). (D) For evaluating myocardial injury, H&E staining was employed. Scale bar, 10 µm. (E) The presence of myocardial 
fibrosis is highlighted by Masson's trichrome staining, which encompasses (E1) representative images as well as (E2) quantification of the fibrotic areas. Scale 
bar, 10 µm (n=6 for each group). Data are mean ± SD. **P<0.01. Data were analyzed by employing one‑way ANOVA followed by Dunnett's post hoc test. STZ, 
streptozotocin; LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional shortening; TNF‑α, tumor necrosis factor‑α; IL‑6, interleukin‑6; 
H&E, hematoxylin and eosin.



MOLECULAR MEDICINE REPORTS  34:  285,  2026 7

As demonstrated by substantiation from T1DM studies, 
autophagy suppression activates Nrf2‑regulated ferroptosis 
pathways in cardiomyocytes, accelerating DCM progres‑
sion (39). Conversely, Wang et al (9) put forth a viewpoint 
that Nrf2‑activating sulforaphane prevents myocardial 
dysfunction in T2DM by upregulating ferritin/xCT to 
suppress ferroptosis. Collectively, these findings suggested 
ferroptosis inhibition as a promising therapeutic interven‑
tion against late‑stage DCM. Although glucotoxicity and 
lipotoxicity are frequently underlined in T2DM, persistent 
hyperglycemia in T1DM can also trigger overlapping 
oxidative stress and ferroptosis‑related pathways, thereby 
providing a relevant mechanistic context for the present 
study.

Therefore, the present study subsequently examined 
Dyrk1a, a kinase implicated in diverse pathologies comprising 

dementia, diabetes and cardiovascular disorders (40). Notably, 
this enzyme exhibits remarkable myocardial expression beyond 
neural tissues  (16,41,42). As the present study suggested, 
DCM, a critical complication of T1DM, features substantially 
elevated Dyrk1a mRNA levels in cardiac tissue, suggesting its 
pathogenic involvement in diabetic heart injury. By employing 
Dyrk1a inhibitors, functional studies demonstrated cardiopro‑
tective effects. In detail, cellular viability compromised by 
hyperglycemia was restored, while ferroptosis markers showed 
noticeable attenuation. This manifested through decreased 
lipid peroxidation (MDA reduction) and ROS suppression, 
alongside increased GSH elevation. Corresponding molecular 
analyses revealed upregulated expression of ferroptosis‑inhib‑
itory proteins GPX4 and SLC7A11. Despite the fundamental 
fact that prior research linked Dyrk1a to ferroptosis in 
myocardial ischemia‑reperfusion injury (43), its role in DCM 

Figure 3. Inhibition of Dyrk1a ameliorates ferroptosis in type 1 diabetic mice. The levels of (A) MDA, (B) LPO, (C) GSH and (D) the GSH/GSSH ratio in 
cardiac tissue lysates were assessed in four groups of mice (n=6 for each group). (E) Representative (E1) western blots and quantitative data on the protein 
levels of (E2) GPX4 and (E3) SLC7A11 (n=4 per group). (F) Representative TEM images of mitochondrial morphology of cardiac tissue. The arrows indicate 
damaged mitochondria with cristae disruption and altered membrane density. Scale bar, 200 nm. Data are mean ± SD. *P<0.05, **P<0.01. Data were analyzed 
by using one‑way ANOVA followed by Dunnett's post hoc test. STZ, streptozotocin, MDA, malondialdehyde, LPO, lipid peroxides, GSH, reduced glutathione, 
GSSG, oxidized glutathione, GPX4, glutathione peroxidase 4, SLC7A11, solute carrier family 7 member 11, TEM, transmission electron microscopy.
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remained unexplored. As shown by the in vivo experiments, 
Dyrk1a suppression improved cardiac functional parameters 
and alleviated myocardial histopathological damage while 
concurrently inhibiting ferroptosis pathways. Crucially, the 
Class 1 ferroptosis inducer erastin, which depletes GSH 
synthesis by blocking cystine import via XC- transport (44), 
abolished these therapeutic benefits in T1DM models (45), 
thereby confirming the mechanistic dependency on ferroptosis 
regulation. In control T1DM mice, erastin administration 
further aggravated cardiac injury, indicating that erastin may 
exert compounding toxicity in the diabetic heart. To sum up, 
these findings demonstrated that Dyrk1a inhibition attenuated 

DCM progression through targeted suppression of cardio‑
myocyte ferroptosis, positioning it as a promising therapeutic 
strategy for diabetic cardiac complications.

As the predominant Dyrk1a inhibitor among β‑carboline 
alkaloids, harmine competitively blocks ATP binding 
within the kinase's catalytic pocket to suppress enzymatic 
activity. As well as its documented therapeutic spectrum, 
encompassing glioblastoma growth inhibition (46), cognitive 
improvement (47), adult human β‑cell regeneration (48) and 
attenuation of cardiovascular pathologies (atherosclerosis 
and cardiac hypertrophy) (49,50), the present study demon‑
strated its striking cardioprotective efficacy against heart 

Figure 4. Erastin abolishes the protective effect of Harmine on diabetic cardiomyopathy. Type 1 diabetic mice received Harmine (12.5 mg/kg/day, intra‑
gastrically) either alone or in combination with the ferroptosis inducer erastin (40 mg/kg/day, administered intraperitoneally for three consecutive days). 
(A) Echocardiography was performed to assess cardiac function, encompassing (A1) representative M‑mode imaging, (A2) left ventricular ejection fraction 
(LVEF%) and (A3) left ventricular fractional shortening (LVFS%) (n=6 for each group). Serum levels of inflammation‑associated biomarkers, specifically 
(B) IL‑6 and (C) TNF‑α, were quantified (n=6 for each group). (D) Representative (D1) Masson staining images and (D2) quantification of the fibrotic areas. 
Scale bar, 10 µm. (n=6 for each group). Data are mean ± SD. *P<0.05, **P<0.01. Data were analyzed by employing one‑way ANOVA followed by Tukey's 
post‑hoc test. STZ, streptozotocin; LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional shortening; IL‑6, interleukin‑6; TNF‑α, tumor 
necrosis factor‑α.
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Figure 5. Harmine inhibits high glucose‑induced cardiomyocyte injury and ferroptosis. Primary cardiomyocytes were incubated with HG (35 mmol/l) for 
24 h in the presence or absence of Harmine (25 µmol/l) before assessment. (A) Primary cardiomyocyte viability was assessed by utilizing the CCK‑8 assay 
(n=6 per group). (B) MDA (C), GSH and (D) GSH/GSSG ratio were quantified in primary cardiomyocytes by employing assay‑specific kits (n=6 per group). 
(E1) Representative western blots and quantitative data on the protein levels of (E2) GPX4 and (E3) SLC7A11 (n=4 per group). (F) Images representing 
the fluorescence probe (F1) for ROS obtained from primary cardiomyocytes, accompanied by (F2) quantification. Scale bar, 100 µm. (n=6 for each group). 
(G) Representative (G1) MitoSOX‑stained images and corresponding (G2) quantification of ROS levels. Scale bar, 50 µm. (n=6 for each group). (H) OCR in 
mitochondria of primary cardiomyocytes. (H1) Image representation along with quantification of (H2) basal respiration and (H3) maximum respiration. (n=5 
in each group). Data are mean ± SD. *P<0.05, **P<0.01. Data were analyzed by one‑way ANOVA followed by (A) Tukey's post‑hoc test and (B‑F) Dunnett's 
post hoc test. HG, high glucose; MDA, malondialdehyde; GSH, reduced glutathione; GSSG, oxidized glutathione; GPX4, glutathione peroxidase 4; SLC7A11, 
solute carrier family 7 member 11; ROS, reactive oxygen species; OCR, oxygen consumption rate.
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failure progression in type 1 diabetic cardiomyopathy. These 
collective findings substantiated the translational promise of 
targeting Dyrk1a for cardiac repair applications.

Nevertheless, harmine is not fully selective for Dyrk1a 
and may also inhibit MAO‑A, so off‑target effects cannot 
be excluded. The present study did not validate the findings 
with a second Dyrk1a inhibitor or genetic knockdown. For 
this reason, further studies are indispensable to confirm the 
Dyrk1a‑specific role in cardioprotection.

Altogether, the present study suggested that harmine may 
serve as a lead compound for the treatment of type 1 diabetic 
cardiomyopathy.
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