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Interaction networks among
MiRNA, protein, and metabolite
fingerprints identify the
regulatory networks and key
players in the pathogenesis of
diabetic cardiomyopathy

Bhaswati Chatterjee ® * and Suman S. Thakur @ 2*

!National Institute of Animal Biotechnology (NIAB), Hyderabad, India, ?Proteomics and Cell Signaling,
Centre for Cellular and Molecular Biology, Hyderabad, India

Diabetic cardiomyopathy (DCM) is a complication of diabetes and is
the main cause of death in diabetic patients. The regulatory networks
and key players involved in the pathogenesis of diabetic cardiomyopathy
are not clearly known. We selected the miRNA, protein, and metabolite
fingerprints that play a significant role in DCM and manually constructed
miRNA-protein—metabolite interaction networks from the miRNA-protein
and protein—metabolite interaction networks. Furthermore, protein—protein,
metabolite—metabolite, and protein—metabolite interaction networks were also
constructed. The miRNA-protein interaction included evidence from TarBase
and microarrays/HITS-CLIP. The protein—protein, metabolite—metabolite, and
protein—metabolite interaction networks were obtained at high confidence
scores (>0.7 or 70%). We proposed that the miRNA-protein—metabolite
interaction networks along with their intra- and inter-connected
protein—protein, metabolite-metabolite, and protein—metabolite interaction
networks formed by miRNA, protein, and metabolite fingerprints such
as hsa-mir-122-5p, hsa-mir-30c-5p, hsa-mir-30d-5p, hsa-mir-22-3p, IL6,
GSTM2, GPX3, ACADM, GSTM3, LEP, ADIPOQ, INS, CASP1, NLRP3, HADH,
ACAT1, PRDX2, PRDX1, TNF, ELAVL1, SERPINAL1, A2M, IGFBP7, PRDX6,
APOA1, APCS, NPPA, ADAM9, GDF15, ACADVL, ECH1, FGL1, bilirubin,
butyric acid (butyrate), octanoylcarnitine (octanoylcarnit.), isoleucine, leucine,
alanine, glutamine, L-valine, cytidine triphosphate (ara-CTP), 7-keto-8-
aminopelargonic acid (7-keto-8-amino.), creatinine, decanoylcarnitine
(decanoylcarnit.), and hexanoylcarnitine (hexanoylcarnit.) are the key players
and regulatory networks involved in the pathogenesis of DCM. Notably,
we also proposed that the interaction networks formed by miRNA, protein,
and metabolite fingerprints involved in the early stage of DCM, such as
hsa-mir-122-5p, IL6, FGL1, LEP, ADIPOQ, INS, TNF, IGFBP7, GDF15, GPX3,
NPPA, bilirubin, butyric acid (butyrate), and creatinine, are the potential
biomarkers and therapeutic targets for the early stage of DCM. To the
best of our knowledge, this is the first study of the construction of
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mMiRNA-protein—metabolite interactomes in DCM, providing insights into the
pathogenesis of DCM.
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1 Introduction

Diabetes and heart disease share common risk factors including
hypertension, dyslipidemia, obesity, and a sedentary lifestyle.
Notably, insulin resistance, inflammation, and oxidative stress
are responsible for the relationship between diabetes and heart
disease (Suman et al., 2023). The basis of obesity prevention and
treatment involves physical activity and diet besides incretin-based
therapies (Ibrahim et al., 2025).

Diabetic cardiomyopathy (DCM) is a complication of diabetes,
which affects 12% of diabetic patients (Kumric et al., 2021), leading
to an increased risk of heart failure and death. Heart failure
occurs at a later stage of DCM, while it is reversible in its early
stage (Abdelrahman et al.,, 2021). The initial stages of DCM are
mostly asymptomatic (Dominguez-Rodriguez et al., 2016). Diffuse
myocardial fibrosis contributes to early DCM, as supported by the
relationship between postcontrast T1 values, myocardial diastolic
dysfunction, and metabolic disturbance (Jellis et al., 2011).

DCM is characterized by abnormal structure and function of
the heart in diabetic patients without any hypertension, valvular
heart disease and coronary artery disease (Borghetti et al., 2018).
DCM is characterized by myocardial fibrosis, apoptosis, diastolic
dysfunction, systolic dysfunction, and cardiomyocyte hypertrophy
(Abdelrahman et al., 2021; Huynh et al,, 2014). Increased NADH
production in DCM through fatty acid oxidation is observed, and
oxidative stress is also increased.

1.1 Development of diabetic
cardiomyopathy

DCM development involves hyperglycemia, insulin resistance,
dyslipidemia, calcium overload, protein kinase C signaling
pathway activation, myocardial lipomatosis, oxidative stress,
low-grade inflammation of the myocardium, and mitochondrial
dysfunction (Li et al., 2019; Avagimyan et al., 2024). Pyroptosis
is also related to the occurrence and development of diabetic
cardiomyopathy (Geng et al., 2024).

There are four main mechanisms involved in DCM, namely,
oxidative stress with the involvement of reactive oxygen species
(ROS), reduced myocardial perfusion, autonomic dysfunction, and

Abbreviations: DCM, diabetic cardiomyopathy; miRNAs, microRNAs; AGEs,
advanced glycation end-products; T2DM, type 2 diabetes mellitus; NGR,
non-diabetic subjects; PRDX2, peroxiredoxin 2; HADH, 3-hydroxyacyl-CoA
dehydrogenase; ELAVL1, ELAV-like RNA-binding protein 1; SERPINAL, serpin
family A member 1; ACADVL, acyl-CoA dehydrogenase very long chain;
NPPA, natriuretic peptides A; TNNT2, troponin T, cardiac muscle, GSTM2,
glutathione S-transferase Mu 2; ACATL, acetyl-CoA acetyltransferase 1; FGL-
1, fibrinogen-like protein 1; STITCH, Search Tool for Interacting Chemicals.
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impaired glucose levels owing to insulin resistance, which leads to

development of clinical heart failure (Tayanloo-Beik et al., 2021).
An the triglyceride-glucose index (TyG)

is a new evaluator for assessing insulin resistance and

increase in
increased cardiometabolic risk. The TyG index is calculated
as a logarithm [triglycerides (mmol/L)*glucose level
(mg/dL)/2] (Avagimyan et al., 2025).

Notably, a type 2 diabetes mouse model can be used for
development of new therapeutic strategies and translational
research as they develop multiple complications simultaneously,
including cardiomyopathy, neuropathy, nephropathy, liver steatosis
and fibrosis, osteoporosis, and oral cavity diseases, and these
complications are interconnected by hyperglycemia, insulin
resistance, ~obesity, (Cifuentes-
Mendiola et al., 2023).

and systemic inflammation

1.2 Stages of diabetic cardiomyopathy

DCM is divided into three major stages. The early stage is
usually asymptomatic and is characterized by hypertrophic heart
and diastolic dysfunction with normal ejection fraction, whereas
the middle stage is characterized by an increase in the size of
the left ventricle, diastolic dysfunction, and a slight decrease
in systolic function with an ejection fraction less than 50%
(Chavali et al., 2013). The cellular mechanism of the early stage of
DCM involves elevated levels of free fatty acids, changes in Ca*"
homeostasis, reduced expressions of GLUT-1 and GLUT-4, while
the middle stage of DCM involves insulin resistance, apoptosis,
necrosis, fibrosis, mild cardiovascular autonomic neuropathy,
formation of advanced glycation end products, elevated levels of
the renin-angiotensin-aldosterone system (RAAS), and TGF-fI,
with a decrease in IGF-1 (Chavali et al., 2013). The late stage
is characterized by an increase in the size of the left ventricle,
impairment of both systolic and diastolic functions, and decreased
heart performance, leading to heart failure (Chavali et al., 2013).

1.3 Diagnosis of DCM

DCM remains under-diagnosed and is not properly treated
(Asghar et al, 2009). DCM is generally diagnosed with
the occurrence of cardiac dysfunction (Deng et al, 2023).
Echocardiography-based methods are used currently for DCM
diagnosis (Maya and Villarreal, 2010). In addition, cardiac magnetic
resonance imaging holds promise in detecting early stages of DCM
(Tillquist and Maddox, 2012). However, these methods help detect
changes in the structure and function of the heart, excluding
the other reasons for the disorder (Seferovi¢ and Paulus, 2015;
Murtaza et al., 2019; Tan et al., 2020; Lorenzo-Almoros et al., 2017).

frontiersin.org


https://doi.org/10.3389/fcell.2025.1602320
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

Chatterjee and Thakur

In addition, routine echocardiography is uneconomical and not
enough sensitive to detect subclinical and asymptomatic heart
damage (Pofi et al., 2021). Furthermore, no imaging techniques
provide an early diagnosis of DCM (Copier et al, 2017). As
DCM negatively affects the quality of life of the patient, it is
important to have an early diagnosis of DCM (Zheng et al,
2021). The diagnosis of the early stage of DCM is challenging as
it is asymptomatic, reversible, and also there is lack of effective
biomarkers (Abdelrahman et al., 2021; Dominguez-Rodriguez et al.,
20165 Seferovi¢ and Paulus, 2015; Xiong et al., 2024). Therefore, it
is important to find the important players for early diagnosis of
DCM, which can help in its detection before the onset of irreversible
complications.

1.4 Interaction networks

The interaction networks between proteins and other molecular
constituents including DNA, RNA, and metabolites are well
coordinated in cellular functions (Liu and Gao, 2023). miRNAomics,
proteomics, and metabolomics may help analyze all the miRNAs,
proteins, and metabolites quantitatively in the DCM and may
elucidate the miRNA, protein, and metabolite changes, respectively,
in DCM. Notably, miRNAs regulate the protein-coding gene
expression by interacting with target mRNAs (miRNA-mRNA
interaction), and therefore to understand the specific miRNA
function, it is important to map its targets (Sekar et al., 2024). Thus,
apart from the experimental way of detecting the miRNA-target
interaction, computational methods involving the prediction of the
target also exist (Sekar et al., 2024; Bartel, 2009; Agarwal et al,
2015; Riolo et al., 2020). The computational methods detect the
sequence motifs that mediate miRNA binding. The predicted
miRNA binding sites are potential functional miRNA target sites,
provided they are evolutionarily conserved (Sekar et al., 2024). The
mediation of the function of miRNAs is through base pairing with
their target (Schifer and Ciaudo, 2020).

There
protein—metabolite interactions as it involves both proteomics and

are more complications involved in studying
metabolomics techniques. The protein—-metabolite interaction plays
an important role in the regulation of protein functions, controlling
various cellular processes, and this interaction works normally
during healthy conditions and distorted during disease conditions

(Kurbatov et al., 2023; Zhao et al., 2021).

1.5 Purpose of the study

Despite the clinical observations associated with DCM, the
regulatory networks and key players involved in the pathogenesis
of this disease are poorly understood. The microRNAs (miRNAs),
proteins, and metabolites in DCM may have complementary roles
by jointly performing specific biological functions such as regulation
of the functions and controlling different cellular processes and
the formation of DCM. These complementary roles and synergistic
interactions are captured by the interaction network studies. This
study aimed to build miRNA-protein-metabolite interactomes in
DCM that included miRNA, protein, and metabolite fingerprints
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of DCM patients so as to identify the regulatory networks and key
players involved in the pathogenesis of this disease.

2 MicroRNA, protein, and metabolite
fingerprints of diabetic
cardiomyopathy patients

We have selected miRNA, protein, and metabolite fingerprints
of DCM patients from literature studies using PubMed.gov/Google.
The miRNA, protein, and metabolite fingerprints of DCM patients
were chosen based on being the biomarkers/potential biomarkers
of DCM/predictors of DCM risk/play an important role in DCM
and based on their differential expression in DCM with a significant
decrease or increase in the miRNA/protein/metabolite levels in
DCM, including their ROC curve-based biomarker analyses,
other statistical methods, and different modes of measurements,
summarized in Tables 1-3.

2.1 MicroRNA fingerprints of diabetic
cardiomyopathy patients, as obtained from
the studies in different countries

The miRNA fingerprints of DCM are summarized in Table 1.

2.1.1 Study from the Netherlands

In a study from the Netherlands, it was found that the levels
of miR-1 and miR-133a were increased in myocardial steatosis in
type 2 diabetes as they used the samples from the Pioglitazone
Influence on triglyceride Accumulation in the Myocardium In
Diabetes (PIRAMID) study (de Gonzalo-Calvo et al, 2017).
Myocardial steatosis is an indicator of diabetic cardiomyopathy.
These miRNAs can be used for the detection of subclinical diabetic
cardiomyopathy (de Gonzalo-Calvo et al., 2017).

2.1.2 Studies from Italy

The miR-34b, miR-34c, miR-199b, miR-210, miR-650, and miR-
223 were differentially expressed between diabetic ischemic heart
failure and nondiabetic ischemic heart failure patients, while miR-
216a was at a higher level in both diabetic ischemic heart failure
and nondiabetic ischemic heart failure patients, as per a study
from Italy (Greco et al., 2012).

Interestingly, a 5-year follow-up study on T2DM patients
participating in the Cardiovascular Effects of Chronic Sildenafil in
Men With Type 2 Diabetes (CECSID) trial confirmed an increase
in miR-122-5p in diabetic heart patients, suggesting miR-122-
5p as a biomarker for subclinical diastolic dysfunction and early
diabetic cardiomyopathy stage, including triggering the progression
of diabetic cardiomyopathy, in a study from Italy (Pofi et al., 2021).

2.1.3 Studies from China

miR-21 levels were found to be significantly lowered in
DCM patients compared to non-DCM patients in a study from
China, suggesting miR-21 as a biomarker for DCM diagnosis
(Tao et al, 2020). Furthermore, the downregulation of miR-
106b-5p, miR-144-3p, miR—-186-5p, miR-22-3p, and miR-30d-5p
and upregulation of miR-516a-5p, miR-575, and miR-630 were

frontiersin.org


https://doi.org/10.3389/fcell.2025.1602320
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

10.3389/fcell.2025.1602320

Chatterjee and Thakur

(a8ed Surmo(oj a) uo panunuo))

USWOM / pue
uawr 6 :dnoid jonuod oy ur puID)
uewoMm T pue uaw g :dnoid anjrey
JIea(-d1jaqerpuou 2] Ul Jopua) Eﬁ::muO%E
uewom 1 pue uaw 6 :dnoid 9)0wWaI pue
(as 2IN[Tey 1183 JT)IQRIP U JOPUID) SIWAYDSIUOU /LT
F ueaw) g'¢ F £ :dnoid jonuo) 97 :S[OT)U0D JO "ON remjoreyur-trod
(dS F ueaw) 8'7 ¥ 7°09 61 :syuened woiy
:dnoi8 aanyrey 1reay onjaqeIpuON 2IN[TeJ 1183 D1J2QRIPUOU JO "ON sarsdorq/sarsdorq
(4S F ueow) ¢ 01 :syuaned Jelpied
(2107) T8 32 02215 IDd-19b pasearou| Apey F 8'19 :dnoid axnyrej 11e9y dn3oqeIq 2In[Tey 1183y JT)IQEIP JO "ON S[OILUIA YT QT Z-YIW ¥
udWoM £ pue
uawr ¢ :dnoid jonuod oy ur 19puULD
uewoMm T pue uow T :dnoid amjrey
1183Y-1}2qRIPUOU 3]} UI ISPUID) wnrpIesoAur
UBWOM | pue udw ¢ :dnoxd Jjouwrax
(s SIN{IEJ 11e3Y J1}2qRIP UT 19PUID) OIWAYISTUOU /edIE
F ueaw) 7'¢ ¥ £6 :dnoid jonuo) 9T :S[OTUOD JO "ON renyoreyur-trod
(dS F ueaw) 8°¢ ¥ 7'09 61 syuaned woly €7 pue
:dnoid aanyrej 1189 d139qRIPUON. 2IN[rey J1e3Y JTJ2QRIPUOU JO 'ON| sarsdorq/sarsdorq 059U QT Z-Jrux
passaxdxa (4S F ueaw) ¢'7 01 :syuaned JRIpIRd ‘Q66T-yIu
(2107) ‘T8 32 02915 9a0d-1gb Aqrenuazogiq Aear F 8'19 :dnoid anrej 11eay dnjaqeiq 2IN[IeJ 1183Y d1}9GRIP JO 'ON S[OLIUAA O] Opg-YIW ‘Qpg-YIu ¢
anssy
J1ea/sa)204worpIed
(9102) NOd-Id uewny
Te 10 reqe4a( aATIRInIURNY) Ppasea1ddq Uu0ISNOH - - pazifejiowruay 6-grux 4
udw
71 :dnoid jonuod ay) ur 1opuan
MOdb-1-(4Odb) uaw g/ :dnoid sajaqerp ¢
uonoeax ad4£y pajeoridwooun oy ur 1opuan
uret aserdwAjod s1eaf 69-G¥ :dnoid fonuos 1 :S[OTUO0D JO "ON
(£107) ‘Te 32 0A[eD Jwn-[ear ¢s1eh G9—G¥ :dnoid 8/ :sa1aqerp 7 2dfy eECTYIW
-0[eZUOL) Ip aAnIRInIURNY) pasealou] SpUB[IaYIaN YT, sajaqerp g 2d4y pajeorjdwooun parestdwosun ym syuaned Jo “oN wniag pue - T

s90UJ9)3Y

jJuswiaInsesw
JO SpOW

19Aa7

aoe|d/Anuno)d

(s1e3A)
syuedioijied/syusned
JO aby

(918Way/918W)
Japuab/xas pue
syuedioijied/syusned
JO 'ON

‘AyredoAwoipaed snaqelp jo syuldiabuy yNYyo4o1wW jo Alewwns 3yl T 379VL

(SYNy!w)

a)dwes SYNYOIOIN

frontiersin.org

04

Frontiers in Cell and Developmental Biology


https://doi.org/10.3389/fcell.2025.1602320
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

10.3389/fcell.2025.1602320

Chatterjee and Thakur

(a8ed Surmorjoy a1y} uo panunuoy)

sojdures
anss1) JeIpILd
GS[0IIU0D JO 'ON pappaquie-utyered eIQT-yYIw
(9107) 'Te 3 ey ¥Od-14b uonemSsrumoq 'IpUl S NOA JO ON PaXY-UI[EULIO] pue d0¢-yru 8
(40d-19b) 404 09—y
(98107) ‘T 32 Suer( aanenuenb swn ¢:o1doad [ewIou jo "oN pue ‘g/g—yru
(eg107) Te 32 Suer( -[ea1/AR1IROIDTIA] paremSaxdn BUIYD - ¢ syuaned WD Jo "ON wniag ‘dg-eg1gyIw A
ds-pog—yru
(£ = u) oydoad [ewrou pue (g1 pue ‘d¢-zz—yrw
(40d-14b) ¥0d =u) sjuaned WO ur dg-pog-yru ‘dg-og 1y
(98107) ‘T 32 Suer( aanenuenb swn ¢:91doad [ewrIou jo "oN ‘dg-pH1—yru
(e8107) 'Te 30 Suey( -[ea1/AeLIeOIDTAl pajemndarumo(q 'uyD) - ¢ ssyuaned D JO "ON wnisg «dg-qop1-yrw 9
uaw (7 :dnoid
(o132qeIpUOU) SJOIJUOD UT JAPUIL)
usaw 16
uaussasse YD dn-moyjoj 1eak-g
6 pue surpaseq ay) yoq Sunajdwod
F €9 :dnoid (onaqerpuou) sjonuod dnoug sayaqerp 7 2d4) oy ur 1opusn
(dn-morjoy 02 :(o12qerpuou) s[o1uoy) Jo ‘ON
1e24-G) § F $9 pue (sur[aseq) 15
£ F 09 uawssasse YD dn-mof[oy Juatussasse YD dn-mof[oy 1eak-g
Hm®>|m .m:ud wﬁ:m@wn— wﬁ—u ﬁﬂOQ ﬁﬂ.& OEEUw.&n_ Or—u ﬁzOﬁ— wﬁﬁuﬁ&EOU
(1202) ‘T8 12 yod aDdb-1d pasearduy Areyr Sunarduros dnoid sajeqerp ¢ ad4T, syuaned sajaqerp g adf) jo "oN wnias dg-zz1-yqru S

-RIIEIETEN|

juswLInsesw
JO 9pon

19A37

aoejd/Aiunod

(s1edAk)

syuedioiied/syusned
Jo aby

(1eWway/a1EW)
19puab/xas pue
syuediojed/syusned
30 'ON

a)dwes

(SYNuyIw)
SYNYOIIIN ON'S

*AyredoAwoip.ed snaqelp jo syulidiabuy YNYoIo1W jo Alewwns ay| (panunuo)) T 31dv.L

frontiersin.org

05

Frontiers in Cell and Developmental Biology


https://doi.org/10.3389/fcell.2025.1602320
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

10.3389/fcell.2025.1602320

Chatterjee and Thakur

udwom (%01°5S) £z :dno1s WO
M sajaqerp g 2d4) oy ut 1epuan)
UIWOM
(%06°%%) T :dno1d WO moyum
sajaqerp ¢ 2dA) oy ur opuan
(4Dd-14b) uonoear (as ¥ ueaw) 61°8 F €£°95 (54
urey aserawdjod :dnox8 IND m sajaqerp ¢ adAT, ANDA PIm sajaqerp g 2d4) o oN
awp-[ear (@s ¥ ueaw) 678 F 5¢°¢S :dnoif 6% TNOA
(0Z07) 'Te 12 O®], aAneIURNY) uorssardxa Mo 'UIYD D IMOYIM sa3aqerp 7 adAT, noyIm sajaqerp g ad4j jo “oN ruIse[q 1z-gru 11
(9102) [e 32 nqeg D 2wn-[eay uonemdarumoy uoISNOH --- anssy 18] 9zIIw 01
udawoMm ¢ .m:Hm uaux
01 :dnoi8 aan[rey Jreay STUOIYD YIIM
PAUIqUIOD $3JIQRIP A} UT IIPUIL)
udwoMm g pue uaw T :dnord
2IN[IEJ J183Y DIUOIYD A} UT IIPUIL)
USWOM /] pUue Uaw
(NS F ueawr) ¢0°¢ 6 :dnoid sajoqer(] 2y ur IpuAL)
F 0°09 :dnoid anfrej Jreay SruOIYd UIWOM § pUe udur
) YIIM PAUIQUIOD SA)qRI(] 1 :dnoid [onuoo ay) ur ropuan)
(NES F ueawr) ' <61 :syuanjed a1n[rey 113y STUOIYD
F 0°8S :dnoid anrej 1reay dSruoIyD) IIM PaUIqUIOD $3}9qRIp JO "ON
(Was # 7z syuaned
ueaw) 68'T F 919 :dnoid sajaqerq 2In[Tej 1183 DTUOIYD JO ‘ON
[9A3] 25001 YIM (wds 9z syuaned saaqerp Jo 'ON
(£107) T2 32 Uay) \Dd-19b UONB[21100 dAESIN 'uyD) F ueaw) 9p°[ F 9°96 :dnoid jonuo) 8T :S[O1U0D JO "ON ewse[q dg-op¢-yru 6

saouaJasay

juswiainseasw
4O Spo

(FLEETN

syuedidiied/syusned
Jo aby

(1eway/a1ewW)
19pusb/xas pue
syuedidoiped/syusned
JO0 'ON

a)dwes

(SYNuIw)
SYNYOIIINW

ON'S

*AyredoAwoip.ed snaqelp jo syulidiabuy yNYoIo1w jo Aiewwns ay| (panunuo)) T 31dV.L

frontiersin.org

06

Frontiers in Cell and Developmental Biology


https://doi.org/10.3389/fcell.2025.1602320
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

10.3389/fcell.2025.1602320

Chatterjee and Thakur

(a8ed Surmorjog a1} uo panunuo)))

udawoMm ¢ pue uaw 9 :dnord
[OI)UOD [RULIOU [} UT IOPUID)
USWOM § pue

uaw G :dnoid Ayyedofworpres

pare[ip dryiedorpt ur 1opuasy TINdL pue
UdWOM § pue TINNL ‘TZOAN
159)-) TUOLIJUOG uaw 6 :dno1d WD ut 1opuan TTAN “TLIADID
PIM VAONY 9 ¥ 86 :dnois sjonuod [eurroN 6 *S[OIIUOD [RULIOU JO ‘0N ‘THOT ‘TLVDV
Kem suo pue 6 F 09 :dnoi3 Ayyedofworpres &syuaned Ayyedofworpres “TAAVIV
(9107 1593 J0BXD S I9YSL] pajeqp oryredorpy pae[ip dryredorpt jo "oN sarsdorq NAVOVY
“[e 32 10RISNLY) 95213 parredun SIN/SIN-IATYIN parem3axdn A €1 7 19:dno13 WO 6 :syuaned WO JO ON [erpredofwopuy | ‘ZOVAA ‘TVHAd 4
uauwIom ()G pue
uaw ¢g :dnoid D ut 1opuan
UIWOM g7 pue
uawr £z:dnoid g, ur 1opuan)
udwoMm ¢f pue uaur ¢ :dnoid
(on2qerp-uou) uorengar
sasA[eue uorssaidax L0001 F 68°%S :dno1d WD 2505N[3 [PULIOU UT JOPUID)
onsiSo] aerreaniniy 60°€T F 9516 :dnoi8 Waz.L €1 syuajed WO JO ON
pue ‘VAONV 901 ¢ syuaned NATL JO "ON
€183) AOULITWIG F 6¢°¢¥ :dnoid (onaqerp-uou) 8/ :(o13aqerp-uou) uonenax
(€207) Te @ o1 —Aoz03owoy 0] VSI'TH UBWNE] yStH 'uyD) uonensar 2s0on[3 [ewIoN 2s00n[S [eurIOU JO ‘0N wnsg 7V uIxauuy 1

sadUaI9)aYy

poyaw
Jednsnels

Juswiaunsesaw
3O spow

19A3] UIRY0Id

aoe\d
/Anuno)

(Sa1e3A)
syuedioiied/syusned
J0o aby

'sjuaned (WOA) AyredoAwoip.ied onagelp jo syulidiabuy suidoad jo Alewwns ayl 2 319v.L

(91eWD4/91BW)
1apuab/xas pue
syuediojed/syusned
JO 'ON

sa)dwies

jundiabuy
ulayo.d

ON'S

frontiersin.org

07

Frontiers in Cell and Developmental Biology


https://doi.org/10.3389/fcell.2025.1602320
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

10.3389/fcell.2025.1602320

Chatterjee and Thakur

(a8ed Surmo(oy a1y} uo panunuo))

sasAeue aaImd
DOY pue ‘5159
SHIEM—TBSNI

(@s F ueswr)

9'¢ T 6'SS :dnoid (Ayyreay) sjonuoy
(@s F ueaw) §°g

F £°¢S :dnoid uonounysAp drjoiserp
(as ¥ uvow)

1'8 F £'SS :dnoid uonoungsip
SI[0ISAS [IIM STI[[OW $)2qeI(]

(@s F ueawr)

USWOM 9 pue UaW G

:dnoid (Ayeay) [onuod ur ropuan
uswom g1 pue uowr 6T :dnoxd
uorIUNJSAP JT[OISBIP UT IPUIL)
USWOM /] pue

uawr 61 :dnoxd uonounysAp o1j03shs
YIIM SNI[[2W $3)2qRIP UT I9PUID)
USWOM 97 PUB UdUX

12 :dnoid uonoungsAp srjojserp
IM STI[[AW $A)2qeIP UL JPUID)
USWOM G pue UaW 9]

:dnoid Ayderdorpresoyds reuriou
M SMI[W $3)9qRIp Ul Jopuas)
1¢ :(Ayapeay) sponuod jo "oN

¢¢ syuaned

uondUNJSAp JI[0ISLIP JO "ON

z¢ syuanjed uonounysAp o1jo)shs

IIM SI)I[[oUT $3}9qRIP JO 'ON|

ay) pue £'S F 1'96 :dnoxd uonounysip £¥ :syuanjed uonoungsAp orjojserp
Aoy g\ —uuey ST[OISLIP (IIM SIJI[[IW S3JOQRI(] YIIM STI[[PW $2J2GRIP JO "ON
stauwrereduou (ds F ueaur) B¢ urnsut
(1202) VAONVY 1% F £'7S :dnoid LydeiSorpresoys :syuarjed AyderSorpresoda euriou pue v-INI,
‘[e10 URWYRIPDPQY 959)-) JUapNI§ VSITd pajesdq 1d48g [EWLIOU 1M SNJI[[IW $3}9QRI(T YIIM SIT[[PW $3)2GRIP JO "ON wnsg 9-[ ‘SHOV
¢ urxopairxorad
pue
‘aseuagorpAyap
apAyopre
‘aseuagorpAyap
V awzu20
-[hoekxorphy
9SLIOUIOST
UIWOM ¢ pUE U yoD-[hous
9 :dnoid sjonuod [ewou ur pUI) -ZeIap ‘ceIPp
USWOM F aseudorpAyap
pue uaw ¢ :dnoid Ayjedofworpres VoD
paseqip oryyedorpr ur 1opuan -[AoedxoapLhy-¢
uWOM ‘TVOdV ‘VddN
189)-} TUOLIJUO pue uaw 6 :dnoid WD ur Iapuan) ‘€XdD ‘OXadd
PIM VAONY 9 F 86 :dnoid sjonuod [ewrou 6 *S[OT)UOD [RULIOU JO "ON IX@Ad ‘€SINLSD
Kem auo pue s} 6 T 09 :dnoid esyuanjed Ayredofworpres TINLSDO
(9102) JoBX2 S I2USL] uorssaidxa Ayyedofworpres payeqip oryredorpy pazeqrp oryyedorpr jo “oN sarsdorq TYNIdYAS
‘e 32 DeISNIL] 9s9)-) paaredupn SIN/SIN-IA'TVINL | mo/pajenBarumo g Aeyr €1 7 19 :dno18 WD 6 syuaned WD JO "ON [erpresofwopuy €D ‘§DAV WTY

sadUaJ9)3Yy

pouyaw
Jeonsnels

juswiainsesw
JO 9pow

19A9) UIRY01d

aoed
/Anuno)

(Sa1e3A)
syuedioijied/syusned
J0o aby

'syuaned (WDQ) AyredoAwolp.aed onaqelp jo syuiadiabuy suidjoad Jo Alewwns ay| (panunuo)) z 319v.L

(918W4/91BW)
Japuab/xas pue
syuedioijied/syusned
JO 'ON

sa)dwes

jundiabuy
ulayo.d

frontiersin.org

08

Frontiers in Cell and Developmental Biology


https://doi.org/10.3389/fcell.2025.1602320
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

10.3389/fcell.2025.1602320

Chatterjee and Thakur

(a8ed Surmo(oj a1y} uo panunuoD)

stsAfeue
uorssaidax
dJeLIRAL N
pue ‘uorssardax

79¥919
:dnoi8 AyyedoLuwrorpres srjaqerp
JNOYIIM SIII[[P sajaqetp ¢ 2dAT,

uaw (9%99) 111:dnoid
Ayyedofurorpres srjaqerp Jnoyim
smI[Pw sajeqerp ¢ 2d4y ur 1opuan
uaw (%%9) 6¢ :dnoid
Ayredofuwrorpres snaqerp yim
smI[Pw sajoqerp g ad£T, ur opuan
891 :Ayyedofworpres

S132qeIp JNOYIIM SIYI[[OW SA)IGRIP
7 2d£y Sunaey syuarjed jo “oN

¥ :Ayyedofworpres

(¥107 onsigof Areurq 9F 19 S1IGRIP ()M SO $IqRIP
“[e 19 zondupoy 989} AOUITWS :dnoid Ayyedofworpres orjaqerp 7 2d£) Suraey syuanied jo ‘oN
-zanJurwo(J) —Ao103our[oy VSITd paseanuy uredg M SnyIf[ow s3aqerp g od4T, c1z:siuaned jo “oN wneg S1-1dD L
UIUIOM 04¢F PUe uaur
%S :dnoid uonounys£p orjojserp
IIM STI[[2W $2)2qRIP UT J9PUID)
USWOM 948 PUB UIW 9%7G
:dnoi3 uonouny o1j0ISEIP [RULIOU
'8 F 69°S¥ :dno1d uonounysAp YIIM STT[[2W $3)2qRIP UT I9PUID)
ST[0JSBIP YIIM SIII[[OW SAIqQRI] UIWOM 90 pue
811 F 8% :dno1d uonodunj dIojserp uaur 9506 :dnoid $3}oqeIp JNOYIM
[BULIOU [JIM SIYI[[OW SJ2qQRI] uonIUNJSAP JI[OISBIP UT JOPUIL)
1593 1¢°8 F LTH¥ :dnoid sajaqerp UIWOM 9)/G pue
(9102 s01 3s0d Aayny, JNOYIM UOTOUNJSAP dT[oIseI] uawr 9¢F :dnoid ponuos ur repuan £dTIDI
“[e 32 1240YS) PUE VAONY VSITd pajead)d RIUISIIA IS 6L'11 ¥ L9'T¥ :dnoid jonuo) 001:s1u2ned JO "ON wnig | pue unda] VANL 9
USUIOM 04¢F PUe uaur
%S :dnoid uonounys£p orjoiserp
IIM STT[[2W $2)2qRIP UT I9PUID)
USWOM 948 PUB UIW %7G
:dnoi3 uonouny o1j0ISEIP [RULIOU
'8 F 69°S¥ :dno1d uonounysAp YIIM SI[[PW $2)2qRI(] UT 19PUaD)
ST[0JSBIP YIIM STYI[[OW SAIQRI] UIWOM 090G pue
811 F 8% :dno1d uonodunj dI[0Jserp uaur 9406 :dnoid $3}oqRIp JNOYIM
[BULIOU [JIM SIYI[[OW S2QRI] uorIUNJSAP JI[OISBIP UT JPUIL)
1591 1€°8 F £LT'H¥ :dnoid sajaqerp UIWOM 94/G pue
(910C s01 3s0d Aayny, JNOYIM UOTOUNJSAp dT[oIseI] uawr 9¢F :dnoid jonuos ur epusn
“[e 30 IoARYS) puE VAONV VSITH paonpay eruIIrA 1SoM. 6L 11 F £9°1¥ :dnoid jonuon 001:s3uan1ed jo "oN. wniog unoauodipy S

saoualasay

poyaw
Jedonsiels

Jusawiainseaw
Jo apow

19A9) UI2104d

aoed
/Anunod

(s1eA)
syuedidied/syusned
Jo aby

(918W4/91BW)
J9pusab/xas pue
syuedidied/syusned
JO 'ON

sa)dwes

wndiabuy
uisyoid

ON'S

syuaned (WD Q@) AyredoAwoip.ed onaqelp jo syulidiabuy suioad jo Azewwns ay] (panunuo)) g 31dv.L

frontiersin.org

09

Frontiers in Cell and Developmental Biology


https://doi.org/10.3389/fcell.2025.1602320
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

10.3389/fcell.2025.1602320

Chatterjee and Thakur

"(4ON

) s192(qns dnaqeIp-uou YON PIM paredwod 500 > d.
“(NAzL) snupw sa1eqerp 7 2d4L

USWOM /7/UdWl
2AIMd DOY 87 syuanjed ND( UT 19puan
pue sosA[eue USWOM ()¢ /U
uorssa1dax 8¢ syuaned (I, UT JopuaD)
Teaur| USWOM G¢ /Ul
dJeLIRA A 65°¢T T 6712 :dnoxd yuaned WO €T Jonuod Ay)[eay ul I9puID
ERIGCIRTIN 67'ST T 92°69 :dnoid yuoned WAZL 56 :syuanjed WD JO 'ON
Jo sisAeue 10 ABSSE JUSQIOSOUNTUTUT 1T¥%1 85 syuaned INQTL JO "ON
(F207) Te 12 NIy Kem-auQ payuIf-awkzug 1oySTH eUIYD) F £6°0, :dnois jonuod Ayjeay 86 :onu0d AYI[eay Jo "ON wniag 1-194 01
(9102) $199)
‘Telenqeq | sASUIYAN-UURIA AnsTuraypojsryounwwy pasealour U0ISNOH - - ansst) JI1edH 6INVAV 6
189
uostreduwod
sidnnu
sAan,
pue ‘@dueLIRA douddSITONFOUNTUWT sajfookworpres
Jo sisA[eue | /AI)STUILYDOISIOUNTUWI/10]q uewny CAYIN
(9102 Kem-au0/3s9) UId)SIAN /Aesse Ppazi[ejrowt/anssn pue ‘TTAVTL
“Ie 12 [eqe&a() - 3, syuapmg 12110da1 OSEIRJON[-[EN pasearou] uosnoyy | e ---- JaBOH ‘1-asedsen) 8

- RIIEIETEN|

poyaw
Jednsness

jJuswaINseaw
JO apoy

19A3)
uI10id

aoed
/Aiuno)

(s1eap)
syuedioijied/syusned
10 aby

(91eWID4/91BW)
Japusb/xas pue
syuedioijied/syusned
JO 'ON

sajdwies

widiabuy
u1a)oid

ON'S

'syuaned (WOQA) AyzedoAwoipaeds onaqelp jo syurdiabuy suiejold Jo Alewwns ay| (panunuo)) z 319v.L

frontiersin.org

10

Frontiers in Cell and Developmental Biology


https://doi.org/10.3389/fcell.2025.1602320
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

10.3389/fcell.2025.1602320

Chatterjee and Thakur

(a8ed Surmorjog a1} uo panunuo)))

(Va-s1do)
sis[eue
JURUIWLIDSIP
sorenbs
jses] enred
euoSoy3io
pue (Va-s1d)
sisA[eue
JUBUTWLIOSTP
sarenbs
jsea] enred
(VOd) stshreue [eIXAYOI ‘®
jusuodwod apridydooryd(1AypakxorpAy
[edound -1)-¢-[Autaap-¢ ‘e
‘stsh[eue apridydoorydrdyrakxorpAy
adnmnu €9'T F 6%'9% :dnoid uonounysdp 1:7 ST OTJeI S[BWIdJ-0)-I[CIA! -¢ ‘SAT-TeA-aYd-2[T
2dUBLIEA pUE ST[OISEIP [BIPILIOAW JNOTIIM 6¢€ ‘uonounysAp ‘pIoe dT)IR[-¢-d[0pU]
159)-1 SJULPNIS syuaned sajoqerp g ad£T, ST[OISEIP [RIPIBIOAW INOTIIM 90§-1£1 -A1D-01J-N[D)
‘sasA[eue ¥L1F 1965 syuaned sajoqerp g 2d4£) Jo "oN QUOIOR[RIIPUN-Q
dJerIeAnNUI :dnoxny wonounys£p orjorserp 6¢€ ‘uonduUNsAp d1j0)seIp <uo-T-uedoxd(i£
(2202 pue sas[eue [eIpIedOAW pUE $3J9qRIp [eIpIed0AW pUE $3J9qEIp ¢ -z-utpuadid-1 ‘proe
“Te 32 OBE) djerIeATUN SIN/SIN-D'TdN pajemn8axdn ’UTYD 7 ad&y yum syuaned WO ad£y yim syuaned WD Jo "ON umaos/ewrserd sruoSrepdourure-g-03ay- £
sisAeue
Juauodwod sunuresfouedap
redourd pue pue Qunruresfouexay
«dewr Jeay] 193snPd QunruIed[Aoue}d>0
‘uorssa1dax uaw g7 :dnoin Qunrures[fafojruredAxorpAy
onsidof Areurq smytppur sajoqerp g ad4y ajduurg -¢ QunIuIed[A0UBIIPLIO0
S[qRLIBADNIA! udy gz :dnoin WD QUITULILD JIPIYDRIR
VAONV (syuaned QunIuILd[A0ULIIPLIId)
Aem-auo 0S:smIPW sajaqerp g 2d£) -[&x01pAy-¢
833 JoeXd 7€°S F 80'F¥ :dnoiny arduurs ssyuaned 0G:NDA) 00T .m:E:Su&uﬁv&oswuovahﬁ
(1202 S IYSL]/159) 1930woxndads smI[ow sajoqerp g ad4y spduurg sjuanjed jo 'oN. Qupruresfoime|
“1e 32 uayy) arenbs-1q) SSeUr Wapue], asearouy euny) ¥’ F ¢h Ly :dnoiS WD 001 :syuedonred jo "oN euISe[q QUIIUILI[K0)SLIAIA

= RIIEIETEN]

spoyiaw
jesnsnheis

uswiainsesw
JO 9pow

sajljogelaw
JO 19n9

aoed
/Aiunod

(s1e3A)

syuedioed/syusned
10 aby

(91eWBY/3)EW)
Japuab/xas pue
syuedioijied/syusned
JO 'ON

uswioads
/o1dwes

syuLidiabuy
ajljogersy

‘syuaned AyyedoAwoipaed snaqelp jo syulidiabuy apjogeldw jo Alewwns syl ¢ 379v.L

frontiersin.org

11

Frontiers in Cell and Developmental Biology


https://doi.org/10.3389/fcell.2025.1602320
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

10.3389/fcell.2025.1602320

Chatterjee and Thakur

(a8ed Surmor(oy a1y} uo panunuo))

(Tzoz “1e 12 oeH)

Rl EIETEN|

(Va-s1do)
stsA[eue
JURUTWILIOSTP
sarenbs

Jsed] [ented
reuo8oyyio
pue (va-s1d)
stsAfeue
JUBUTWLIISIP
sarenbs

Jses] [ented
«(VDd) Sisdfeue
Juauoduwod
redourd
‘stsATeue ajdnnu
QDURLIEA pUE
159)-) SJUIPIIG
‘saskeue
d)erIeATNUI
pue sasA[eue
djeLIRAIUN

spoyiaw
Jeonsnels

SIN/SIN-O'TdN

juswLInsesw
JO Spon

paremSarumoq

sayjoqelaw
JO 1A

eurg)

aoed
/A1luno>

€9'T F 6%'9% :dnoid uonounysdp
JT[OISEIP [BIPILIOAW INOTIIM
syuarjed sajoqerp g od4J,

VLT F 1965

:dnoid uonounys£p orjojserp
Terpresofur pue sajaqerp

7 ad&y yum syuaned WO

(s1e3k)

juedioiyed/syusned
Jo aby

‘syuaned AyredoAwoip.ied onaqelp jo syulidiabuy ayjogersw jo Aiewwns ay| (panunuo)) ¢ 319vL

1:Z ST O1Jel J[RWdJ-0)-3[L]A

6¢€ :uonounysAp

ST[OISEIP [BIPIBIOAUI JNOIIM
syuaned sajaqerp ¢ ad4) jo ‘oN
6¢ :uonduNysAp d1jojseIp
TerpIesofur pue sajoqeIp ¢
ad£y yim syuaned WD Jo "ON

(91eWBY/9EW)
Japuab/xas pue
syuedidiped/syuaned
JO 'ON

wnas/ewserd

uswioads
/o1dwes

proe drAxoqIesueiny
-z-ApewkxorpAy-¢
pue ‘poe
srrein8AxorpAy-z-(S)
Qurwreni3-q
9pISOoNa|

Quorp-z1 1-oueudaxd
-06-([Aurprjorrdd
-1)-q¢ ‘proe
srjoudydosfuriAyowsap
-0 ‘utreur]

‘proe o1ozudq([4
-[-Ua-z-IqAyjotu
-€)-¢-Ax0IpAH ¢
Qururdre
-T-Axo1pAy-eSawo- N
[0qoI0AXOTpIUS[ATIoUX
it
QuIsouapelAylau-gN
‘dsy-st-niH-2yq
sh1-n[D-Sry-sk1-dsy
“uIqnuIIq-p-oxQ0-g
[TuO[eIOIOTYD
“uodeifiour ‘proe
1}20IUIPT[OZEPTUIT
-1-ourwy-g

syulidiabuy
9}jogqed

frontiersin.org

12

Frontiers in Cell and Developmental Biology


https://doi.org/10.3389/fcell.2025.1602320
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

10.3389/fcell.2025.1602320

Chatterjee and Thakur

(a8ed Surmorjog a1} uo panunuo)))

UIWOM

$¥ pue uawr g :dnoin WO

(ds ¥ uedy) USWOM G pUE UIW

97°Z1 ¥ 81°09 :dno1n WOa 95 :dno1n WAz, ut 19pusn

DOV pue 9s3) ydeiSojeworyd (as  ueagy) 76 syuaned WD Jo ON
(120Z “Te 32 OND) Asuyym-uueny SeD paseandndg 'UIYD 20°S1 ¥ 05°Ls :dno1d ATl o1 :swened NATL IO ON 'wIse[q proesuiing S

udwom 9T pue udw G :dnoid

(Aqareaty) sponuod ur I9puID)

uaWOM g

pue uaw ¢T :dno1d uonounysAp

T[0JSBIP Y} UT JOPUIL)

USWOM /] PUB USUI GT

:dnoid uonounys£p orjoIsAs yum

S)I[[OW $3}9QRIP UT IIPUIL)

udawoMm 9z pue uaur 1¢ :dnoid

uor3OUNySAp JI[0ISEIP YIIM

S)I[[OW $2}2QRIP UT JOPUIL)

udwom g1 pue uaw 971 :dnorn

(as ¥ ueaw) 9°¢ ¥ AydexSorpresoyda [euriou ym

666 :dnoad (Ayyreayy) sponuon SN)I[[OW $3}2QRIP UT J9PUIL)

(as ¥ ueaw) y's ¥ £°¢S 1€ :(Aqaeay)) sjoxuod jo "oN

:dnoi8 uwonpunysAp orjoserq ¢¢ syuaned

(as F ueaur) uonOUNYSAp SI[OISEIP JO "ON

sasAeue aAId 1'8 F £'SS :dnoid uonounysip z¢ :syuaned uondunysAp d1j0)sAs

DOY pue ‘sisd) 1[0)SAS [IIM SIYI[[OW S)2QRI] ILM SNII[[OW $2)2GRIP JO "ON

STEM TSI (s F ueawr) Ly

a) pue £°S F 1'96 :dnoxd uonounysdp :syuanyed wonounysAp orjoiserp

Aoy pp —uuey SI[OJSEIP (JIM SJI[[IW S3}OqRI(] LM STYI[[OW $3)2GRIP JO "ON

sjawereduou poylow (as F uesw) Ty $¢ :syuanyed

(120T “1e 32 VAONVY SLI)AWILIO[0D F £'¥S :dnoid AyderSorpresoypa AydeiZorpresoyda [euriou
URWRIPPqY) 9$9)-} JUApNIg snewzuy pajesdq 3d48g [EWLION Y3TM STI[[2UT S9)qeI(] ILM ST $3)2qRIP JO "ON| wnidg aurunear) ¥

S90U43)3Y

spoyyaw
Jeonsnels

jJuswiaInsesw
JO SpOW

sayjoqelaw
JO 19N

aoe)d
/Anuno)

(s1e3A)

syuedioijied/syusned
J0o aby

(EIEEIVE )
Japuab/xas pue
syuedioned/syusned
JO 'ON

uswidads
/391dwies

syundiabuy
S)jogersy

“ON

'sjuaned AyjedoAwoip.ied onaqelp jo syuadiabuy ayogelsw jo Aewwns ay| (panunuo)) ¢ 319vL

frontiersin.org

13

Frontiers in Cell and Developmental Biology


https://doi.org/10.3389/fcell.2025.1602320
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

10.3389/fcell.2025.1602320

Chatterjee and Thakur

(a8ed Surmojoy a1y} uo panunuo))

UIWIOM 9 pUE UdW 9

:(onaqerp-uou) dnoin jonuo)

UIWOM G pUE UdW

159)-) paaredun (4S F SUBIN) 9 F 6€ 9 :syuaned (INQQ]) smTPUr

pare}-om) :(on2qerp-uou) dnoin) onuo) sajoqerp Juapuadap-urmsuy

(0661 ‘9ouBLIRA JO (dS F sueay) 11 :SjudLyed Jo "ON Jurfea pue

“Te 32 oxeSoay) sisA[eue Aem-om], O1dH paseardu Area ¢ F 1% :dnoin syuaned WA ¢z siuedonaed jo ‘oN ewIse[q QUIdNI[OST QUINIT 8

UIWOM 9% ¢ pue

uaur 946 :dnoiny uonounysAp

JI[0ISEIP M STII[W $313qRI(]

USWOM 9%8F PUB UaW

'8 F 69°S¥ :dnoxn) uonounysdp %¢s :dnoiny uonouny S1j0)seIP

JT[OISBIP IIM SNI[[U $3)9qRI(] [RWLIOU [[)IM STII[[U $2)9qRI(T

8L11 USWOM %05

F 8t :dnoxn uonouny orjoserp pue uaw 9,0 :dnoin) sajoqerp

[BULIOU ()IM SNI[[oW $3)2qRI INOYIM TOnOUNJSAp dT[0)seI]

1€°8 F LTHh :dno1n sajaqerp USWOM 9%LG

(9107 159 o0y-3sod INOYIIM TOT)OUNJSAP dT[OIseI(] pue usaw 9¢¥ :dnoIn onuo)
“Te 19 19ARYS) AT, “VAONV VSITd Ppaseardu eIuISIrA 1soMm 6411 F £9'T¥ :dnoin jonuo) 00T:SIUdL1e JO "ON wnisg sueysoxdosy L

UdWOM 9%¢H pue

uaur 94/ :dnoiny uonounysAp

JI[0ISEIP M STII[W $313qRI(]

USWOM 9%8F PUe UaW

'8 F 69°S¥ :dnoxn uonounysdp %¢s :dnoin uonouny Srj0)seIP

JT[OISBIP IIM SNI[[U $3)qRI(] TRWLIOU [[)IM STII[[U $2)9qRI(T

8L11 USWOM %05

F 8% :dnoxn uonouny orjoserp pue usaw 9,0 :dnoin) sajoqerp

[BWLIOU ()IM STI[[OW $3)2qRI INOYIM TOnOUNJSAp dT[0)seI]

1€°8 F LTHh :dno1n sajaqerp USWOM 9%/G

(9102 159 o0y-3sod INOYIIM TOT)OUNJSAP dT[0IseI(] pue usaw 9¢¥ :dnoIn fonuo)
“Te 19 12ARYS) AL, “VAONV VSITd pasea1ddq eTurSIrA 1soMm 6411 F £9°1¥ :dnoid jonuo) 001:s1uaned jo "oN wnisg urqnaig 9

S IIEIEIEN|

spoyaw
Jeonsnels

jJuswiainsesw
JO SPOW

sayjoqelaw
JO 19A9T

aoeyd
/Aiuno)

(s1e3K)

sjuedidiyed/syusned
Jo aby

(91eWay/91EW)
J9pusb/xas pue
syuedidiied/syusned
3O 'ON

uswioads
/91dwes

syunidiabuy
|yjogers

‘syuaned AyredoAwoip.ied onaqelp jo syulidiabuy ayogersw jo Alewwns ay| (panunuo)) ¢ 319vL

frontiersin.org

14

Frontiers in Cell and Developmental Biology


https://doi.org/10.3389/fcell.2025.1602320
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

10.3389/fcell.2025.1602320

Chatterjee and Thakur

10°0 > g M dnoad WD 2 0) paredwod saduarayip Juesyrudis,
“(INQT.L) snpew sa1aqerp 7 adA,

so[ewa]
aAIMd 9 pue saely 6 :dnorn WD
DOY pue aSuer sa[ewd,]
smrenbrayur 9 pue sae]y 9 :dnoin WAzL
3 uo paseq uawom
sem Suriayy £'9 F 076 :dnoin WO § pue uawr g :dnoir) [ewION syeydsoydrn surpndo
(F20z | ®eep 189) VAONVY €6 F §'8p :dnoin WAzl LT 's1uaned Jo 'ON QUOJOUR[OYI01}90)9Y]
“Te 32 3uory) Aem-auQ SIN-DT aseaIna(q 'UTYD) oL'8 F £°9% :dnoin rewIoN ¢ :syuedonIed Jo ‘oN euIse[q -11 11
uaWOM
AINd 9 pue uaw g :dnoin WO
DOY pue afuer UIWoM
smaenbiajur 9 pue uaw 9 :dnoxo WAZL
a1} Uo paseq uaWOoM
sem Suriayy £'9 F 0°¢S :dnoin WO § pue usw g :dnoix) [eWION proe oIS
(20T | ®©Iep 1891 VAONY €'6 ¥ 5'8¥ :dno1n WAzl LT sjudned JO 'ON PuE ‘pIoe dIuoAIU
“1e 30 Suory) Kem-auQ SIN-D1 asearou] 'UTYD) +L'8 F €'9% :dno1n reurtoN ¢ :syuedodnIed jo ‘oN ewse[q ourdoreyooes 01
UdUIOM 9 pUE UdW 9
:(on2qerp-uou) dnoin onuo)
USWOM G PUB UDUI
159)-) parredun anbrutypa (S F SUBAN) 9 F 6€ 9 :syuaned (INQ]) SmarPUr
parel-omy onewWAZUd :(onpqerp-uou) dnoin onuo) sa19qeIp Juspuadop-urmnsuy
(0661 QouBLIRA JO JL1JAWOION[JOIdTUL (S F sueay) 11 :S1Uanjed Jo "ON
“Te 30 oxeSoAy) stsk[eue Aem-omy, Ppajewonerueg aseaIdd(q Apear ¢ F 1% :dno1n) syuaned INAAL ¢ :syuedodnred jo ‘oN poorg SuTUR[Y 6

= RIEIETEN|

spoyaw
Jeonsnels

juswiaInsesw
3O spow

sayjoqelsw
JO 19A97

aoeyd
/Anuno)

(s1e3A)

syuedioiyied/syusned
J0 aby

‘syuaned AyryedoAwoip.ied oagelp jo syulidiabuy ajogeraw jo Alewwns ay| (panuiuo)) ¢ 319vV.L

(912Way/91eW)
Japuab/xas pue
syuedioned/syusned
JO 'ON

uswioads
/91dwies

syundiabuy
ayljogersy

frontiersin.org

15

Frontiers in Cell and Developmental Biology


https://doi.org/10.3389/fcell.2025.1602320
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

Chatterjee and Thakur

observed in DCM patients in a study from China (Jiang et al.,
2018a; Jiang et al., 2018b). Notably, Huang et al. (2022) found in
streptozotocin (STZ)-induced diabetic rats with type 1 diabetes
that low expression levels of exosomal miR-30d-5p and miR-126a-
5p were found to be linked with heart failure with preserved
ejection fraction (Huang et al., 2022).

A negative correlation was observed between miR-30c-5p and
glucose levels in chronic heart failure patients and chronic heart
failure with diabetes patients in a study from China. The mir30c
relative expression in the heart was found by qRT-PCR (Chen et al.,
2017). Notably, a significant reduction in mir30c expression was
found in the heart of 24-week-old db/db diabetic cardiomyopathy
mice compared to control mice showing the association of Mir30c
with diabetic heart failure pathogenesis (Chen et al, 2017).
Interestingly, severe diabetes and cardiomyopathy, developed by 8
weeks of age in diabetic db/db mice, were found in the presence of
cardiac hypertrophy (Chen et al., 2017).

2.1.4 Study from India

The downregulation of miR-30c and miR-181a expressions was
associated with an increase in the myocardial expression of p53 and
p21, suggesting these miRNAs have a synergistic effect on p53-p21
pathways in cardiac hypertrophy induced by diabetes, as found from
a study in India (Raut et al., 2016).

2.1.5 Studies from Houston

A significant downregulated miR-9 expression was observed
in the diabetic heart compared to the healthy non-diabetic heart
in a study from Houston (Jeyabal et al., 2016). In another study,
a downregulation of the expression of miR-126 was observed in
diabetic patient hearts as compared to the non-diabetic patient
heart tissues (Babu et al., 2016).

2.2 Protein fingerprints of diabetic
cardiomyopathy patients, as obtained from
studies in different countries

The protein fingerprints of the DCM are summarized in Table 2.

2.2.1 Study from Egypt

Abdelrahman et al. (2021), found that elevated levels of
advanced glycation end-products (AGEs), IL-6, TNF-q, and insulin
can be used for early prediction of DCM, as observed from a
study in Egypt (Abdelrahman et al., 2021).

2.2.2 Study from Germany
The
protein

shock
with  methylglyoxal

human diabetic heart has increased heat
27  (Hsp27)

modification argpyrimidine

modification
and phosphorylation,
an association between diabetes
modification (Gawlowski et al., 2009).

showing

and increased Hsp27

2.2.3 Studies from Houston

Jeyabal et al. (2016), in a study from Houston, found that the
human diabetic heart has increased expressions of caspase-1 and
ELAVLI1 compared to the non-diabetic heart. Caspase-1 involves
regulation of increased movement of inflammatory cells into the
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diabetic heart myocardium, and the diabetic heart failure patients
have also been found to have increased expression of NLRP3
(Jeyabal et al., 2016). Furthermore, it was also found that diabetic
heart failure patients exhibited high levels of ADAM9 compared to
non-diabetic normal heart tissues (Babu et al., 2016).

2.2.4 Study in the West Virginian population
the
were lower in diabetes with diastolic dysfunction patients

In West Virginian Population, adiponectin levels
(preclinical DCM) compared to diabetes patients and diastolic
dysfunction patients, while TNF-a and leptin levels were
increased in diabetes patients and diabetes with diastolic
dysfunction patients compared to the controls. Furthermore,
higher levels of IGFBP7 were found in diabetes with diastolic

dysfunction patients (Shaver et al., 2016).

2.2.5 Study from Spain

Notably, the level of growth differentiation factor-15 (GDF-15)
was found to be higher in DCM patients with type 2 diabetes in a
study from Spain (Dominguez-Rodriguez et al., 2014) and is thus a
prognostic marker in DCM (Dominguez-Rodriguez et al., 2016).

2.2.6 Studies from China

The concentration of annexin A2, which is a calcium-dependent
phospholipid-binding protein, was found to be higher in the serum
of DCM patients, in a study from China, and was negatively
associated with systolic and diastolic functions of the heart, and this
may help in early diagnosis of DCM (He et al., 2023). In another
study from China, the researchers found a significant increase in
serum FGL-1 in DCM patients compared to healthy and T2DM
patients, suggesting the potential of FGL-1 for early diagnosis of
DCM and as its therapeutic target (Liu et al., 2024).

2.2.7 Study from ltaly

In a study from Italy (Frustaci et al., 2016), the endomyocardial
biopsies of DCM and idiopathic dilated cardiomyopathy patients
were compared with surgical biopsies of patients with mitral
stenosis and normal left ventricular dimensions and functions,
which served as the control, and it was found that mitochondrial
damage, myofibrillolysis, ROS, and apoptosis was higher in DCM
compared to idiopathic dilated cardiomyopathy patients and
control. Interestingly, PDHA1l, VDAC2, ACADM, ACADVL,
ACAT1, ECH1, CKMT2, MYL2, MYOZ2, TNNT2, and TPM1
expressions were upregulated in DCM and idiopathic dilated
cardiomyopathy patients, while A2M, APCS, C3, SERPINAI,
GSTM2, GSTM3, PRDXI1, PRDX6, GPX3, NPPA, and APOAlL
expressions were downregulated in DCM and idiopathic dilated
cardiomyopathy patients. DCM patients had a low expression
delta3,
CoA isomerase, and hydroxyacyl-coenzyme A dehydrogenase

of 3-hydroxyacyl-CoA dehydrogenase, delta2-enoyl-

proteins which are involved in lipid metabolism associated

along with the low expressions of aldehyde dehydrogenase and
peroxiredoxin 2 (Frustaci et al., 2016).
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2.3 Metabolite fingerprints of diabetic
cardiomyopathy patients, as obtained from
studies in different countries

The metabolite fingerprints of the DCM patients are
summarized in Table 3.

2.3.1 Studies from China

The early stages of DCM are characterized by myocardial
diastolic dysfunction. Interestingly, Hao et al. (2022) found
the top 20 differentially regulated metabolites, namely, 2-
imino-1-imidazolidineacetic acid, metyrapone, chlorothalonil,
gossypol, Phe-Glu-
His-Asp, N6-methyladenosine, 3/ ,4'—methylenedioxyorobol, N-
4-hydroxy-3-(3-methylbut-2-en-
O-desmethylmycophenolic

5-oxo-d-bilirubin,  Asp-Lys-Arg-Glu-Lys,
omega-hydroxy-L-arginine,
acid,
D-
glutamine (S)-2-hydroxyglutaric acid, and 5-hydroxymethyl-2-

1-yl)benzoic acid, linarin,

3b-(1-pyrrolidinyl)-5a-pregnane-11,20-dione, leucoside,
furancarboxylic acid metabolites, to be downregulated, and 7-

keto-8-aminopelargonic  acid, 1-(piperidin-2-yl)propan-1-one,
§-undecalactone, Glu-Pro-Gly-Tyr-Ser, indole-3-lactic acid, Ile-
Phe-Val-Lys, 3-devinyl-3-(1-

hydroxyethyl) chlorophyllide a, and methohexital metabolites

3-hydroxyethylchlorophyllide a,
were found to be upregulated in myocardial diastolic dysfunction
of DCM patients with type 2 diabetes, in a study from China
(Hao et al,, 2022). Notably, the level of butyric acid was found
to be decreased in DCM compared to T2DM patients as
found in another study from China (Guo et al, 2021). DCM
involves fatty acid oxidation with acylcarnitine as its intermediate
product. Fatty acid oxidation is dysregulated in DCM with an
accumulation of lipids in the heart, thereby causing DCM. The
increased levels of medium- and long-chain acylcarnitine such as
myristoylcarnitine, lauroylcarnitine, tetradecanoyldiacylcarnitine,
carnitine,

3-hydroxyl-tetradecanoylcarnitine, arachidic

octadecanoylcarnitine, 3-hydroxypalmitoleylcarnitine,
octanoylcarnitine, hexanoylcarnitine,
be
cardiomyopathy risk in type 2 diabetes mellitus (T2DM) patients
from China (Zheng et al., 2021).

Xiong et al. (2024) compared patients of T2DM with or

without DCM and controls in a study from China and found

and  decanoylcarnitine

were found to positively associated with  diabetic

by the biomarker analysis using an ROC curve with an area
under the curve greater than 0.75 that cytidine triphosphate, 11-
ketoetiocholanolone, saccharopine, nervonic acid, and erucic acid
are potential biomarkers of DCM (Xiong et al., 2024).

2.3.2 Study from Egypt

The of
early prediction of DCM,

from Egypt (Abdelrahman et al., 2021).

be
the

increased level creatinine  can used

for as found in study

2.3.3 Study in the West Virginian population

Notably, decreased bilirubin and increased levels of isoprostane
were found in the diabetes with diastolic dysfunction group in the
West Virginian population (Shaver et al., 2016).
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2.3.4 Studies from ltaly

In a study from Italy, in TIDM (insulin-dependent diabetes
mellitus), the human heart released less alanine and more
branched-chain amino acids such as leucine, isoleucine, and valine
compared to the control (healthy heart), evidencing the increased
branched-chain amino acid production in the diabetic myocardium
(Avogaro et al., 1990; Sowton et al., 2019).

3 Interaction network studies
involving protein and metabolite
fingerprints of diabetic
cardiomyopathy patients

The of diabetic
cardiomyopathy patients (Tables2, 3) were analyzed together
using the STITCH database (Szklarczyk et al., 2016) to study their
interaction network at a cut-off of high confidence scores (0.7
or 70%). The STITCH database incorporates the details from text
mining, co-occurrence, co-expression, experiments, gene fusion,

protein and metabolite fingerprints

neighborhood, homology, predictions, and databases.

3.1 Protein—protein interaction network
studies between protein fingerprints of
diabetic cardiomyopathy patients

We found that the studied protein fingerprints of DCM
(Table 2) formed protein-protein interaction networks among them
at high confidence scores (=70%) by using the STITCH database
(Szklarczyk et al., 2016). These protein-protein interactions were
found between TNNT2 and TPM1 (having a high confidence score
0f0.997 or 99.7% including the coexpression, experiment, database,
and text mining-based scores), GSTM3 and GSTM2 (having a
high confidence score of 0.995 or 99.5% including the homology,
experiment, database, and text mining-based scores), LEP and
IL6 (having a high confidence score of 0.994 or 99.4% including
the database and text mining-based scores), ADIPOQ and LEP
(having a high confidence score of 0.988 or 98.8% including the
text mining-based scores), LEP and INS (having a high confidence
score of 0.988 or 98.8% including the text mining-based scores),
CASP1 and NLRP3 (having a high confidence score of 0.987
or 98.7% including the database and text mining-based scores),
HADH and ACAT1 (having a high confidence score of 0.984 or
98.4% including the neighborhood on chromosome, gene fusion,
coexpression, experiment, database, and text mining-based scores),
ADIPOQ and INS interaction (having a high confidence score of
0.981 or 98.1% including the text mining-based scores), TNNT2
and MYL2 (having a high confidence score of 0.979 or 97.9%
including the coexpression, experiment, database, text mining-
based scores), PRDX2 and PRDXI1 (having a high confidence
score of 0.975 or 97.5% including the phylogenetic cooccurrence,
homology, experiment, and text mining-based scores), IL6 and INS
(having a high confidence score of 0.972 or 97.2% including the
text mining-based scores), TPM1 and MYL2 interaction (having a
high confidence score of 0.969 or 96.9% including the coexpression,
experiment, database, and text mining-based scores), ACADM and
ACAT]1 (having a high confidence score of 0.966 or 96.6% including
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the neighborhood on chromosome, coexpression, database, and text
mining-based scores), TNF and ELAVLI (having a high confidence
score of 0.963 or 96.3% including text mining-based scores),
ADIPOQ and IL6 (having a high confidence score of 0.962 or
96.2% including text mining-based scores), SERPINA1 and A2M
(having a high confidence score of 0.948 or 94.8% including the
database and text mining-based scores), IGFBP7 and INS (having a
high confidence score of 0.944 or 94.4% including the experiment
and text mining-based scores), PRDX6 and PRDX2 (having a
high confidence score of 0.94 or 94% including the homology,
coexpression, experiment, and text mining-based scores), TNF
and GPX3 (having a high confidence score of 0.933 or 93.3%
including text mining-based scores), GPX3 and GSTM3 (having
a high confidence score of 0.933 or 93.3% including database
and text mining-based scores), A2M and APOA1 (having a high
confidence score of 0.931 or 93.1% including database and text
mining-based scores), GPX3 and GSTM2 (having a high confidence
score of 0.93 or 93% including database and text mining-based
scores), A2M and LEP (having a high confidence score of 0.918
or 91.8% including experiment and text mining-based scores),
APCS and APOALI (having a high confidence score of 0.911 or
91.1% including coexpression, database, and text mining-based
scores), SERPINA1 and IL6 (having a high confidence score of
0.903 or 90.3% including text mining-based scores), NPPA and
APOAL1 (having a high confidence score of 0.902 or 90.2% including
database and text mining-based scores), NPPA and APCS (having
a high confidence score of 0.9 or 90% including database-based
scores), ADAM9 and TNF (having a high confidence score of
0.895 or 89.5% including experiment and text mining-based scores),
TNF and ADIPOQ (having a high confidence score of 0.887 or
88.7% including text mining-based scores), TNF and IL6 (having
a high confidence score of 0.877 or 87.7% including coexpression
and text mining-based scores), IL6 and GDF15 (having a high
confidence score of 0.874 or 87.4% including text mining-based
scores), GPX3 and INS interaction (having a high confidence
score of 0.851 or 85.1% including text mining-based scores),
HADH and ACADVL (having a high confidence score of 0.841
or 84.1% including neighborhood on chromosome, phylogenetic
cooccurrence, coexpression, and text mining-based scores), TNF
and GDF15 (having a high confidence score of 0.837 or 83.7%
including text mining-based scores), TNF and NPPA (having a
high confidence score of 0.831 or 83.1% including text mining-
based scores), LEP and GDF15 (having a high confidence score
of 0.822 or 82.2% including text mining-based scores), ELAVL1
and GDF15 (having a high confidence score of 0.822 or 82.2%
including text mining-based scores), GPX3 and PRDX2 (having
a high confidence score of 0.814 or 81.4% including experiment
and text mining-based scores), HADH and ECHI (having a high
confidence score of 0.81 or 81% including co-expression and text
mining-based scores), IL6 and FGLI (having a high confidence score
0f0.81 or 81% including text mining-based scores), CASP1 and TNF
(having a high confidence score of 0.804 or 80.4% including text
mining-based scores), GPX3 and PRDX1 (having a high confidence
score of 0.803 or 80.3% including experiment and text mining-
based scores), PRDX6 and PRDX1 (having a high confidence score
of 0.791 or 79.1% including homology, co-expression, experiment,
and text mining-based scores), ACADM and HADH (having a
high confidence score of 0.783 or 78.3% including neighborhood
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on chromosome, co-expression, and text mining-based scores),
TNF and INS (having a high confidence score of 0.755 or 75.5%
including text mining-based scores), INS and APOA1 (having a
high confidence score of 0.726 or 72.6% including text mining-
based scores), TNF and LEP (high confidence score of 0.72 or 72%
including text mining-based scores), ACADVL and ACAT1 (having
a high confidence score of 0.709 or 70.9% including neighborhood
on chromosome, co-expression, and text mining-based scores),
GPX3 and PRDX6 (having a high confidence score of 0.709 or 70.9%
including co-expression, experiment, and text mining-based scores)
(Figure 1; Supplementary Table S1).

3.2 Metabolite—metabolite interaction
network studies between metabolite
fingerprints of diabetic cardiomyopathy
patients

The studied metabolite fingerprints of DCM (Table 3) analyzed
by the STITCH database (Szklarczyk et al., 2016) at high confidence
scores (=70%) showed metabolite-metabolite interaction between
them, such as isoleucine-leucine interaction (having a high
confidence score of 0.999 or 99.9% including the homology,
database, and text mining-based scores), alanine-glutamine
interaction (having a high confidence score of 0.998 or 99.8%
including the homology, database, and text mining-based scores),
alanine-leucine interaction (having a high confidence score
of 0.996 or 99.6% including the homology, database, and text
mining-based scores), glutamine-leucine interaction (having a
high confidence score of 0.996 or 99.6% including the homology,
database, and text mining-based scores), isoleucine-L-valine
interaction (having a high confidence score of 0.992 or 99.2%
including the homology, database, and text mining-based scores),
alanine-isoleucine interaction (having a high confidence score
of 0.991 or 99.1% including the homology, database, and text
mining-based scores), leucine-L-valine interaction (having a high
confidence score of 0.987 or 98.7% including the homology,
database, and text mining-based scores), glutamine-isoleucine
interaction (having a high confidence score of 0.982 or 98.2%
including the homology, database, and text mining-based scores),
alanine-L-valine interaction (having a high confidence score
of 0.976 or 97.6% including the homology, database, and text
mining-based scores), glutamine-L-valine interaction (having
a high confidence score of 0.951 or 95.1% including the
homology, database, and text mining-based scores), cytidine
triphosphate (ara-CTP)-glutamine interaction (having a high
confidence score of 0.95 or 95% including the database and
text mining-based scores), 7-keto-8-aminopelargonic acid (7-
keto-8-amino.)-alanine interaction (having a high confidence
score of 0.914 or 91.4% including the database and text mining-
based scores), bilirubin-creatinine interaction (having a high
confidence score of 0.876 or 87.6% including the text mining-
based scores), creatinine-alanine interaction (having a high
confidence score of 0.859 or 85.9% including text mining-
based scores), bilirubin-alanine interaction (having a high
confidence score of 0.851 or 85.1% including text mining-based
scores), octanoylcarnitine (octanoylcarnit.)-decanoylcarnitine
(decanoylcarnit.) interaction (having a high confidence score

frontiersin.org


https://doi.org/10.3389/fcell.2025.1602320
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

Chatterjee and Thakur

10.3389/fcell.2025.1602320

ara-CTP

creabnine

FIGURE 1

interactions are represented in red.

Interaction networks between protein and metabolites of diabetic cardiomyopathy (DCM) patients at the confidence view with high confidence scores
(>70%). The protein—protein interactions are represented in gray, protein—metabolite interactions are represented in green, and metabolite—metabolite

of 0.739 or 73.9% including homology and text mining-based

scores), octanoylcarnitine (octanoylcarnit.)-hexanoylcarnitine
(hexanoylcarnit.) interaction (having a high confidence score of
0.739 or 73.9% including homology and text mining-based scores)

(Figure 1; Supplementary Table S1).

3.3 Protein—metabolite interaction
network studies between protein and
metabolite fingerprints of diabetic
cardiomyopathy (DCM) patients

The protein and metabolite fingerprints of DCM patients
(Tables 2, 3) were found to form protein—metabolite interaction

Frontiers in Cell and Developmental Biology

networks at high confidence scores (270%) using the STITCH
database (Szklarczyk et al, 2016). These protein-metabolite
interaction networks were as follows IL6-bilirubin interaction
(having a high confidence score of 0.934 or 93.4% including
the database and text mining-based scores), GPX3-butyric acid
(butyrate) interaction (having a high confidence score of 0.853
or 85.3% including text mining-based scores), LEP-butyric acid
(butyrate) interaction (having a high confidence score of 0.842
or 85.3% including text mining-based scores), GSTM2-butyric
acid (butyrate) interaction (having a high confidence score
of 0.824 or 82.4% including database and text mining-based
scores), TNF-bilirubin interaction (having a high confidence
score of 0.752 or 75.2% including text mining-based scores),
ACADM-octanoylcarnitine (octanoylcarnit.) interaction (having
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a high confidence score of 0.75 or 75% including text mining-based
scores) (Figure 1; Supplementary Table S1).

4 miRNA-protein interaction network
studies between miRNA and protein
fingerprints of diabetic
cardiomyopathy patients

The (Table 2) the
protein-metabolite interaction networks (Figure 1; Supplementary

protein  fingerprints forming
Table S1) were selected for finding and studying the miRNA-protein
interactions. The miRNA fingerprints (Table 1) and the selected
proteins fingerprints, selected from those proteins fingerprints,
forming the protein-metabolite interaction networks (Figure I;
Supplementary Table S1), were analyzed together using the miRNet
web tool (miRNet, 2024; Fan and Xia, 2018; Fan et al.,, 2016) to
study the interaction between miRNAs and proteins. The miRNet
is a miRNA-centric network visual analytics platform (miRNet).
The miRNA-protein interactions were found using the miRNet web
tool (miRNet, 2024; Fan and Xia, 2018; Fan et al., 2016) with a
degree filter cutoff of default value 1 and applying it to all network
nodes. The miRNA-protein interaction networks were hsa-mir-
122-5p-IL6 interaction (identified by TarBase and experiment such
as microarrays), hsa-mir-122-5p—-GSTM2 interaction (identified
by TarBase and experiment such as microarrays), hsa-mir-30c-
5p-GPX3 interaction (identified by TarBase and experiment such
as HITS-CLIP), hsa-mir-30d-5p-GPX3 interaction (identified by
TarBase and experiment such as HITS-CLIP), and hsa-mir-22-
3p-ACADM interaction (identified by TarBase and experiment
such as HITS-CLIP) (Figure 2; Supplementary Table S2) using the
miRNet web tool (miRNet, 2024; Fan and Xia, 2018; Fan et al., 2016).

5 miRNA-protein—metabolite
interactome studies in diabetic
cardiomyopathy patients

In the construction of the miRNA-protein-metabolite
interaction networks, we found that proteins interact with
both miRNA Therefore, manually
integrated the miRNA-protein interaction network with the

and metabolites. we
protein-metabolite interaction network through the protein,
resulting in the construction of miRNA-protein-metabolite
interaction networks. We found five miRNA-protein-metabolite
interaction networks in DCM.

Notably, in the construction of the hsa-mir-122-5p-IL6
- bilirubin (miRNA-protein-metabolite) interaction network
(Figure 3), the hsa-mir-122-5p-IL6 (miRNA-protein) interaction
network was identified by TarBase and experiment such
as microarrays (Figure 2; Supplementary Table S2) using the
miRNet web tool (miRNet, 2024; Fan and Xia, 2018; Fan et al.,
2016). Furthermore, IL6 (protein) was found to interact with
bilirubin (metabolite) with a high confidence score of 0.934
or 93.4% including the database and text mining-based scores
the IL6-bilirubin
network (Figure 1; Supplementary Table S1) using the STITCH
database (Szklarczyk et al, 2016). Thus, IL6 (protein) was

forming (protein—metabolite) interaction
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found to interact with both hsa-mir-122-5p (miRNA) and
bilirubin (metabolite). Therefore, the hsa-mir-122-5p-IL6 -
bilirubin  (miRNA-protein-metabolite) interaction network
(Figure 3) was constructed by manually integrating the hsa-
mir-122-5p-IL6 (miRNA-protein)
IL6-bilirubin (protein-metabolite) interaction network through
the protein IL6 (Figure 3).

Similarly, another miRNA-protein—metabolite interaction
network such as hsa-mir-122-5p-GSTM2-butyric acid (butyrate)

interaction (Figure 3) was constructed by manually integrating

interaction network with

the miRNA-protein interaction network such as hsa-mir-122-
5p-GSTM2 interaction [identified by TarBase and experiment such
as microarrays using the miRNet web tool (miRNet, 2024; Fan and
Xia, 2018; Fan et al., 2016) (Figure 2; Supplementary Table S2)] with
the protein—-metabolite interaction network such as GSTM2-butyric
acid (butyrate) interaction [having a high confidence score of
0.824 or 82.4% including database and text mining-based scores
using the STITCH database (Szklarczyk et al, 2016) (Figure 1;
Supplementary Table S1)] through the protein GSTM2 (Figure 3).
Furthermore, another interaction network such as hsa-mir-30c-
5p-GPX3 - butyric acid (butyrate) (miRNA-protein-metabolite)
interaction (Figure 3) was formed by manually integrating the
miRNA-protein interaction network such as hsa-mir-30c-5p-GPX3
interaction [identified by TarBase and experiment such as HITS-
CLIP using the miRNet web tool (miRNet, 2024; Fan and Xia,
2018; Fan et al, 2016) (Figure 2; Supplementary Table S2)] with
the protein-metabolite interaction network such as GPX3-butyric
acid (butyrate) interaction [having a high confidence score
of 0.853 or 85.3% including text mining-based scores using
the STITCH database (Szklarczyk et al, 2016) (Figure I;
Supplementary Table S1)] through the protein GPX3 (Figure 3).
Furthermore, another miRNA-protein-metabolite interaction
network such as hsa-mir-30d-5p-GPX3-butyric acid (butyrate)
interaction (Figure 3) was constructed by manually integrating
the hsa-mir-30d-5p-GPX3 (miRNA-protein) interaction network
[identified by TarBase and experiment such as HITS-CLIP using
the miRNet web tool (miRNet, 2024; Fan and Xia, 2018; Fan et al.,
2016) (Figure 2; Supplementary Table S2)] with the GPX3-butyric
acid (butyrate) (protein-metabolite) interaction network [(having a
high confidence score of 0.853 or 85.3% including text mining-based
scores using the STITCH database (Szklarczyk et al., 2016) (Figure 1;
Supplementary Table S1)] through the protein GPX3 (Figure 3).
Another
network

miRNA-protein—metabolite interaction

involving  hsa-mir-22-3p-ACADM-octanoylcarnitine
(octanoylcarnit.) (Figure 3)
integrating hsa-mir-22-3p—~ACADM (miRNA-protein) interaction
[identified by TarBase and experiment such as HITS-CLIP
using the miRNet web tool (miRNet, 2024; Fan and Xia, 2018;
Fan et al, 2016) (Figure2; Supplementary Table S2)] with the

ACADM-octanoylcarnitine (octanoylcarnit.) (protein-metabolite)

interaction resulted by manually

interaction network [(having a high confidence score of 0.75
or 75% including text mining-based scores using the STITCH
database (Szklarczyk et al., 2016) (Figure 1; Supplementary Table S1)]
through the protein ACADM (Figure 3). Notably, octanoylcarnitine
(octanoylcarnit.) is further interacting with different metabolites
forming metabolite-metabolite interactions such as octanoylcarnitine
interaction

(octanoylcarnit.)-decanoylcarnitine  (decanoylcarnit.)

and octanoylcarnitine (octanoylcarnit.)-hexanoylcarnitine
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miRNA-protein interactions in diabetic cardiomyopathy.
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ou

(hexanoylcarnit.) interaction at high confidence scores (=0.7 or
70%) (Figure 3; Supplementary Table S1). Furthermore, ACADM
is forming protein—protein interactions such as ACADM-HADH
interaction and ACADM-ACAT]1 interaction at high confidence
(0.7 or 70%) (Figure3; Supplementary Table SI).
Furthermore, the interactions between HADH and ACATI,
HADH and ACADVL, HADH and ECHI1, ACADVL and
ACAT1 are found at high confidence scores (=0.7 or 70%)
(Figure 3; Supplementary Table S1).

scores

Interestingly, butyric acid (butyrate) is further interacting with
protein LEP, forming LEP-butyric acid (butyrate) interaction at high
confidence scores (20.7 or 70%) (Figure 3; Supplementary Table S1).
Furthermore, bilirubin interacts with TNF, forming TNF-bilirubin
interaction at high confidence scores (=0.7 or 70%) (Figure 3;
Supplementary Table S1). TNF is also found to be interacting
with various proteins, forming TNF-ELAVLI1 interaction,
TNF-GPX3 interaction, ADAM9-TNF interaction, TNF-ADIPOQ
interaction, TNF-IL6 interaction, TNF-GDF15 interaction,
TNF-NPPA interaction, CASP1-TNF TNF-INS
interaction, and TNF-LEP interaction at high confidence scores

interaction,

(0.7 or 70%) (Figure 3; Supplementary Table S1). Interestingly,
LEP is found to be interacting with various proteins, forming
protein—protein including LEP-IL6 interaction,
ADIPOQ-LEP interaction, LEP-INS interaction, A2M-LEP
interaction, and LEP-GDF15 interaction apart from the TNF-LEP

interactions
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interaction at high confidence scores (>0.7 or 70%) (Figure 3;
Supplementary Table S1).  The GPX3 forms protein—protein
interactions including GPX3-GSTM3 interaction, GPX3-GSTM2
interaction, GPX3-INS interaction, GPX3-PRDX2 interaction,
GPX3-PRDX1 interaction, and GPX3-PRDX6 interaction
apart from the TNF-GPX3 interaction at high confidence
scores (20.7 or 70%) (Figure 3; Supplementary Table S1). The
GSTM2 forms the GSTM3-GSTM2 interaction apart from
the GSTM3-GSTM2 interaction at high confidence scores
(0.7 or 70%) (Figure 3; Supplementary Table S1). The protein
IL6 is found to form protein—protein interactions including
IL6-INS interaction, ADIPOQ-IL6 interaction, SERPINA1-IL6
interaction, and IL6-GDFI15 interaction apart from LEP-IL6,
IL6-FGL1 and TNF-IL6 at high
scores (20.7 or 70%) (Figure3; Supplementary Table S1). In

interactions confidence
addition, protein-protein interactions such as CASP1-NLRP3,
ADIPOQ-INS, PRDX2-PRDX1, SERPINA1-A2M, IGFBP7-INS,
PRDX6-PRDX2, A2M-APOA1, APCS-APOA1, NPPA-APOA1,
NPPA-APCS, ELAVL1-GDF15, PRDX6-PRDX1, and INS-APOA1
were found at high confidence scores (20.7 or 70%) (Figure 3;
Additionally,

Supplementary Table S1). metabolite-metabolite

interactions were also found, such as isoleucine-leucine
interaction, alanine-glutamine interaction, alanine-leucine
interaction, glutamine-leucine interaction, isoleucine-L-valine

interaction, alanine-isoleucine interaction, leucine-L-valine
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FIGURE 3
Representation of miRNA—protein—metabolite interactome. The miRNA—protein interactions are represented in purple, protein—metabolite interactions

are represented in green, protein—protein interaction are represented in gray, and metabolite—metabolite interactions are represented in red.

interaction,  glutamine-isoleucine interaction, alanine-L-  network was formed by manually joining hsa-mir-122-5p-IL6
valine interaction, glutamine-L-valine interaction, cytidine interaction with IL6-bilirubin interaction through protein IL6 that
triphosphate ~ (ara-CTP)-glutamine  interaction,  7-keto-8-  acts as a common interactor for hsa-mir-122-5p and bilirubin.
aminopelargonic acid (7-keto-8-amino.)-alanine interaction,  The hsa-mir-122-5p-GSTM2-butyric acid (butyrate) interaction
bilirubin-creatinine interaction, creatinine-alanine interaction,  network was formed by manually combining hsa-mir-122-
and bilirubin-alanine interaction at high confidence scores (20.7  5p-GSTM2 interaction with GSTM2-butyric acid (butyrate)
or 70%) (Figure 3; Supplementary Table S1). interaction through GSTM2 that act as common interactor for hsa-
mir-122-5p and butyric acid (butyrate). Similarly, the hsa-mir-30c-

5p—GPX3-butyric acid (butyrate) interaction network was formed

6 Conclusion by manually joining the hsa-mir-30c-5p-GPX3 interaction with the
GPX3-butyric acid (butyrate) interaction through GPX3 that acts as

We have manually constructed miRNA-protein-metabolite ~ acommon interactor for hsa-mir-30c-5p and butyric acid (butyrate).
interaction networks such as hsa-mir-122-5p-IL6-bilirubin, ~ Furthermore, the hsa-mir-30d-5p-GPX3-butyric acid (butyrate)
hsa-mir-122-5p-GSTM2 - butyric acid (butyrate), hsa-mir-30c-  interaction network is formed by manually combining the hsa-mir-
5p-GPX3 - butyric acid (butyrate), hsa-mir-30d-5p-GPX3-butyric ~ 30d-5p-GPX3 interaction with the GPX3-butyric acid (butyrate)
acid (butyrate), and hsa-mir-22-3p~-ACADM-octanoylcarnitine  interaction through GPX3 that acts as a common interactor
(octanoylcarnit.). The hsa-mir-122-5p-IL6-bilirubin interaction  for hsa-mir-30d-5p and butyric acid (butyrate). Furthermore,
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the hsa-mir-22-3p—~ACADM-octanoylcarnitine (octanoylcarnit.)
interaction network is formed by manually combining the hsa-
mir-22-3p—~ACADM interaction with ACADM-octanoylcarnitine
(octanoylcarnit.) interaction through ACADM that acts as a
common interactor for hsa-mir-22-3p and octanoylcarnitine
(octanoylcarnit.). Notably, hsa-mir-122-5p-IL6 interaction and
hsa-mir-122-5p-GSTM2 interaction were identified by TarBase
and experiment such as microarrays. Furthermore, hsa-mir-
30c-5p-GPX3 interaction, hsa-mir-30d-5p-GPX3 interaction,
and hsa-mir-22-3p-ACADM interaction were identified by
TarBase and experiment such as HITS-CLIP. Furthermore,
IL6-bilirubin interaction, GSTM2-butyric (butyrate)
interaction, GPX3-butyric acid (butyrate) interaction, and
ACADM-octanoylcarnitine (octanoylcarnit.) interaction were
identified with high confidence scores (>0.7 or 70%).

IL6, GSTM2, GPX3, and ACADM form
protein—protein and protein-metabolite interaction networks at

acid

In addition,

high confidence scores (20.7 or 70%). Furthermore, bilirubin,
butyric acid (butyrate), and octanoylcarnitine (octanoylcarnit.)
form metabolite-metabolite and metabolite-protein interaction
networks at high confidence scores (0.7 or 70%).

Interestingly, the expressions of hsa-mir-122-5p, IL6,
FGL1, ACADM, LEP, INS, CASP1, NLRP3, ACAT1, TNE
ELAVL1, IGFBP7, ADAMY, GDF15, ACADVL, ECHI,
octanoylcarnitine (octanoylcarnit.), isoleucine, leucine, L-valine,
acid creatinine,

7-keto-8-aminopelargonic (7-keto-8-amino.),

decanoylcarnitine  (decanoylcarnit.), and hexanoylcarnitine
(hexanoylcarnit.) were found to be upregulated in DCM, while those
of hsa-mir-30c-5p, hsa-mir-30d-5p, hsa-mir-22-3p, GSTM2, GPX3,
GSTM3, ADIPOQ, HADH, PRDX2, PRDX1, SERPINAI1, A2M,
PRDX6, APOA1, APCS, NPPA, bilirubin, butyric acid (butyrate),
alanine, glutamine, and cytidine triphosphate (ara-CTP) were found
to be downregulated in DCM.

We proposed miRNA-protein-metabolite interaction networks
along with their intra- and inter-connected protein-protein,
metabolite-metabolite, and  protein-metabolite interaction
networks formed by miRNA, protein, and metabolite fingerprints
such as hsa-mir-122-5p, hsa-mir-30c-5p, hsa-mir-30d-5p, hsa-mir-
22-3p, IL6, GSTM2, GPX3, ACADM, GSTM3, LEP, ADIPOQ,
INS, CASP1, NLRP3, HADH, ACAT1, PRDX2, PRDX1, TNE
ELAVL1, SERPINA1, A2M, IGFBP7, PRDX6, APOA1, APCS,
NPPA, ADAMY, GDF15, ACADVL, FGL1, ECHI, bilirubin,
butyric acid (butyrate), octanoylcarnitine (octanoylcarnit.),
cytidine
triphosphate (ara-CTP), 7-keto-8-aminopelargonic acid (7-keto-

isoleucine, leucine, alanine, glutamine, L-valine,
8-amino.), creatinine, decanoylcarnitine (decanoylcarnit.), and
hexanoylcarnitine (hexanoylcarnit.) may form the key players and
the regulatory networks involved in the pathogenesis of diabetic
cardiomyopathy (DCM).

Thus, the miRNA-protein-metabolite interactions along
with  their

metabolite-metabolite and protein-metabolite interaction networks

intra- and inter-connected  protein-protein,
may help select the key players and the regulatory networks involved
in the pathogenesis of DCM. Additionally, they may also act
as promising biomarkers of DCM and also serve as potential
targets for DCM therapeutics. Furthermore, it can elucidate
the new strategy for cardiovascular prevention in the case of
cardiovascular-kidney-metabolic syndrome.
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Notably, the interaction networks formed by miRNA, protein,
and metabolite fingerprints involved in the early stage of DCM
such as hsa-mir-122-5p, IL6, FGL1, LEP, ADIPOQ, INS, TNE
IGFBP7, GDF15, GPX3, NPPA, bilirubin, butyric acid (butyrate),
and creatinine are the potential biomarkers for the early stage
of DCM and also may be the therapeutic targets for the early
stage of DCM.

This is the first study of the
miRNA-protein—-metabolite interactomes in DCM providing

construction  of

insights into its pathogenesis, to the best of our knowledge.

The experimental studies including in wvivo and in
vitro studies will be done in the future to investigate
miRNA-protein—-metabolite interactions such as hsa-mir-

122-5p-IL6-bilirubin,  hsa-mir-122-5p-GSTM2-butyric  acid
(butyrate), hsa-mir-30c-5p—GPX3 - butyric acid (butyrate), hsa-
mir-30d-5p-GPX3-butyric acid (butyrate),
3p-~ACADM-octanoylcarnitine  (octanoylcarnit.)

and hsa-mir-22-
interactions
and  other  protein—protein, = metabolite-metabolite, and
protein—metabolite interactions in DCM.

Furthermore, in the future, the upregulated activity of forkhead
box Ol transcription factor (FoxO1) in DCM as studied from
preclinical models (Shafaati and Gopal, 2024) would need further
evaluation for biomarker and therapeutic targets in the clinical
studies of DCM. In addition, the role of perturbations in
cardiac substrate metabolism inclusive of epigenetic alterations
(Heather et al., 2024), role of ferroptosis including lipid peroxidation
(Zhao et al., 2023; Cai et al., 2024), and the role of other modes of cell
death like cuproptosis, autophagy, and others (Cai et al., 2024; Xuan
and Zhang, 2023) are needed to be evaluated in the clinical

samples of DCM.
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