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Abstract: Cardiorenal syndrome (CRS) is a disease involving two vital organs, the heart and the kidney, which has been increasingly 
recognized in recent years. The treatment of CRS is highly challenging due to its complex nature, rapid progression, poor prognosis, 
and high mortality rate. As a protein complex, nuclear factor kappa-B (NF-κB) regulates the transcription of target genes by entering 
the nucleus and affects cardiac and renal functions through its involvement in inflammatory reactions and oxidative stress. By 
evaluating established preclinical and clinical research on CRS to date, we explored the potential of NF-κB inhibition to exert unique 
cardiorenal protective effects as a novel treatment for CRS. In this review, we have synthesized recent advances in the structure and 
function of NF-κB within the cardiovascular and renal systems, and explored the mechanistic involvement of NF-κB in CRS. 
Innovatively, we have identified natural compounds that dually inhibit NF-κB activity in both cardiac and renal tissues, thereby 
conferring concurrent protection to both organs. Furthermore, we discuss the translational potential and clinical applicability of NF- 
κB-targeted pharmacology, which may provide critical insights for developing novel therapeutics against CRS. 
Keywords: cardiorenal syndrome, NF-κB, natural compounds, inflammation, oxidative stress

Introduction
CRS refers to a clinical syndrome characterized by acute or chronic dysfunction in either the heart or the kidney, which may 
induce acute or chronic dysfunction in the other organ, involving lesions in both the heart and the kidney.1 More than one- 
fourth patients with heart failure (HF) suffer from chronic kidney disease (CKD).2 The incidence of HF in patients with CKD 
is 30.7%.3 With the global population aging, the incidence of HF and renal failure is increasing, leading to a high incidence 
rate of CRS. Current management of CRS largely depends on symptomatic and supportive treatments for individual cardiac 
or renal dysfunction (eg, diuretics, positive inotropic agents, and vasodilators), while lacking targeted drugs capable of 
directly blocking or reversing its core pathological processes. Furthermore, existing therapies often focus on a single organ— 
either the heart or the kidneys—and may adversely affect the other. For instance, the use of diuretics to reduce cardiac load or 
the administration of positive inotropic agents to enhance myocardial contractility may both lead to deterioration of renal 
function. Given the extremely poor prognosis and numerous limitations of clinical therapies, the search for effective 
therapeutic targets is urgently needed.4 According to the 2010 Acute Dialysis Quality Initiative (ADQI) consensus, CRS 
is divided into two major groups − cardiorenal and renocardiac syndromes − which are further classified into five subtypes.5 

In the setting of acute/chronic HF as the primum movens leading to acute/chronic kidney injury in Type 1 (acute cardio-renal 
syndrome) and Type 2 (chronic cardio-renal syndrome), the focus is on the hemodynamic issues and neurohormonal system 
activation caused by HF. Due to the inability of the failing heart to pump blood effectively, arterial filling volume decreases 
while venous congestion increases. Reduced cardiac output (CO) and low blood pressure (BP) result in decreased renal blood 

Drug Design, Development and Therapy 2025:19 11557–11583                                       11557
© 2025 Liu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Drug Design, Development and Therapy                                           

Open Access Full Text Article

Received: 10 August 2025
Accepted: 11 December 2025
Published: 23 December 2025

D
ru

g 
D

es
ig

n,
 D

ev
el

op
m

en
t a

nd
 T

he
ra

py
 d

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://orcid.org/0000-0003-3823-6126
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


flow and renal hypoperfusion. Elevated central venous pressure (CVP), high intra-abdominal pressure (IAP), and increased 
right atrial pressure (RAP) contribute to renal congestion and impaired intrarenal blood flow. On the other hand, activation of 
neurohormonal system, including renin-angiotensin-aldosterone system (RAAS), sympathetic nervous system (SNS), and 
increased secretion of vasoconstrictor mediators, leads to renal vasoconstriction and elevated renal blood flow resistance. All 
of them reduce glomerular filtration rate (GFR).6 In Type 3 (acute reno-cardiac syndrome) and Type 4 (chronic reno-cardiac 
syndrome), neurohumoral activation caused by RAAS and renal vasoconstriction caused by SNS are the main mechanisms 
resulting in HF. The activation of RAAS results in increased proximal tubular sodium and water reabsorption. Water-sodium 
retention increases cardiac preload and worsens cardiac pumping function. Epinephrine and norepinephrine released from 
SNS activation drive preglomerular vasoconstriction, which increases cardiac afterload and promotes left ventricular 
hypertrophy (LVH). All of these factors lead to cardiac systolic and diastolic dysfunction.7 Type 5 (secondary cardio-renal 
syndrome) is characterized by systemic diseases, such as sepsis, septic shock, and diabetes, that lead to simultaneous cardiac 
and renal dysfunction. Although CRS is classified into five subtypes, we propose that inflammation and oxidative stress 
represent the common underlying pathophysiological mechanism across all subtypes (Figure 1). These processes play 
a crucial role in causing tissue damage in both cardiac and renal tissues, leading to cell apoptosis, necrosis, and fibrosis.8,9 

Recent studies have revealed that NF-κB acts as a molecular bridge connecting cardiac and renal injury, functioning as 

Figure 1 Pathophysiologic interaction in CRS. 
Notes: ↑ indicates promotion or upregulation; ↓ indicates inhibition or downregulation.
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a convergence point in cardiorenal crosstalk and thereby playing a pivotal role in CRS. It is involved in various 
pathophysiological aspects, including myocardial and renal tissue oxidative stress,10,11 myocardial and renal tissue inflam
matory damages,12,13 and myocardial and renal fibrosis.14,15 Specifically, NF-κB expression is upregulated in both animal 
models and patients with CRS. Inhibiting NF-κB alleviates the condition by reducing inflammatory responses, oxidative 
stress, and damage to cardiomyocytes and renal cells, thereby addressing a key limitation of current therapies: their inability 
to provide simultaneous protection for both organs.16 In summary, this review will provide a comprehensive overview of the 
structure of NF-κB, review its research history in CRS, elucidate its mechanisms of action, and explore the impact or 
potential of natural compound-derived NF-κB inhibitors on cardiorenal diseases. This review aims to establish 
a multidimensional association among “natural compounds, NF-κB targets, and cardiorenal protective effects”, thereby 
providing a reference for preclinical drug development.

The Basic Region of NF-κB
The N-terminus of NF-κB contains a Rel Homology Domain (RHD), which consists of an approximately 300 amino acid 
N-terminal domain (NTD) and a C-terminal domain (CTD).17 The RHD includes dimerization domains (DD), DNA- 
binding domains, nuclear localization sequence (NLS), and binding sites for the inhibitor of NF-κB (IκB).18 The NLS is 
responsible for transferring NF-κB from the cytoplasm to the nucleus, thereby regulating gene expression and participat
ing in various biological processes. According to the different sequences C-terminal to the RHD, NF-κB proteins are 
divided into two classes. The first class is NF-κB proteins such as NF-κB1 (p50/p105) and NF-κB2 (p52/p100). Both of 
them contain long CTD called inhibitory ankyrin repeat domains (ARD), which act to inhibit multiple copies of ankyrin 
repeats.19 Generally speaking, nuclear import is inhibited through the masking of the NLS by the C-terminal ARD. 
Therefore, p100 and p105 are considered as cytoplasmic proteins. As the processed products of p100 and p105, p52 and 
p50 are liberated through the proteolytic cleavage of the C-terminal ARD of p100 and p105, respectively, enabling them 
to enter the nucleus.20 The second class is Rel proteins such as c-Rel, RelA/p65 and RelB. Their C-terminal transcrip
tional activation domains (TAD) can activate transcription in many species. NF-κB transcription factors typically exist in 
the form of homodimers or heterodimers. NF-κB1, formed by the proteolyzed p105 precursor (p50), can bind to RelA/ 
p65, RelB, and c-Rel separately, resulting in the formation of p50-RelA, p50-RelB, and p50/c-Rel heterodimers.21 The 
p100 precursor (p52) initially binds to RelB and subsequently undergoes processing to form the mature NF-κB2-RelB 
(Figure 2). As a pivotal regulator linking inflammation to CRS and simultaneously serving as a convergence point for 
CRS and oxidative stress, elucidating the structure of NF-κB is of paramount importance for mechanistic insights.

The Mechanisms of NF-κB Activation
The NF-κB signaling pathway consists of receptors, receptor-proximal signaling adaptor proteins, IKK complex, IκB 
proteins, and NF-κB dimers. When cells are subjected to various intracellular and extracellular stimuli, IKK is activated, 
leading to the phosphorylation and ubiquitination of IκB, which is followed by the degradation of IκB and the release of 
NF-κB dimers. NF-κB dimers are further activated through various post-translational modifications and then translocated 
to the nucleus. In the nucleus, they bind to target genes to promote their transcription.22 The signaling pathways leading 
to NF-κB activation are classified into two types: the canonical and the non-canonical pathways (Figure 3). The canonical 
pathway, also called the classical pathway, activates the p50/p65 NF-κB dimer. In the stationary state, the p50/ 
p65 heterodimer in the cytoplasm binds to IκB to form a trimer, which inhibits NF-κB activity. The activation of the 
canonical pathway begins with the initiation of adaptor protein and signal kinase reactions, which leads to the activation 
of the IKK complex (IKKα, IKKβ, and IKKγ). The activated IKK complex then phosphorylates IκB on the serine 
residues S32 and S36. With IκB ubiquitination and proteasomal degradation, the p50/p65 heterodimer is released into the 
nucleus, where it binds to target genes and induces gene expression.23 The non-canonical pathway, also called the 
alternative pathway, activates the RelB/p52 NF-κB dimer. In this pathway, IKKα and NF-κB-inducing kinase (NIK) are 
essential. IKKα can be activated by the upstream kinase NIK. IKKα on the serine residues S866 and S870 triggers p100 
phosphorylation, ubiquitination and processing. p100 serves as both a precursor to p52 and an IκB-like molecule, 
specifically inhibiting the nuclear translocation of RelB. As the primary product of NF-κB2, p100 precursor lacks active 
processing. The processing of p100 induces the nuclear translocation of the RelB/p52 heterodimer while producing 
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p52.24 Based on the two classic pathways mentioned above, we propose that future research could integrate single-cell 
sequencing with NF-κB signaling pathways to construct a dynamic model of NF-κB signal intensity during CRS 
progression. This approach would reveal spatiotemporal heterogeneity in NF-κB activation across distinct cardiac and 
renal cell subpopulations (such as cardiomyocytes versus renal interstitial fibroblasts), which holds critical importance for 
precise therapeutic targeting in CRS.

The Development of NF-κB
The research field of NF-κB has always been a hot topic. Most critical discoveries have occured over the past 35 years, 
with intensive research uncovering many functions of NF-κB (Figure 4). As early as 1986, NF-κB was discovered by 
Ranjan Sen in the laboratory of Nobel laureate David Baltimore through its interaction with the 11 nucleotides 
(GGGGACTTTCC) located in the immunoglobulin κ light chain gene enhancer in B cells.25 Two years later, NF-κB 
was found in the cytoplasm of other cells, where its DNA-binding activity was masked by IκB.26 From the 1990s, a large 
number of studies have focused on the structure and function of NF-κB. Many researchers have gradually discovered the 
structural domains of NF-κB1, NF-κB2, RelA, RelB, and c-Rel, which encode the entire family of NF-κB transcription 
factors.27–30 These proteins combine in different pairs to produce various functioning NF-κB dimers.31–33 From 1995 to 
1998, the first nfkb1-/- mice, c-rel-/- mice, relb-/- mice, rela-/- mice and nfkb2-/- mice were gradually generated.34–38 

Afterwards, multiple mutations of gene knockout mice, such as nfkb1-/- nfkb2-/- mice, rela-/- c-rel-/- mice, nfkb1-/- 
c-rel-/- mice, and so on, were generated.39–41 The emergence of gene knockout mice has provided a basis for studying the 
physiological roles of NF-κB signaling components. Soon after the discovery of IκB as an inhibitory protein for NF-κB, 
how to release NF-κB from its inhibitory IκB partner became an object of intense research. IκBα was purified in 1989.42 

The following year, IκBβ was purified, and it was demonstrated that IκB phosphorylation could release NF-κB.43 In 
1992, B-cell lymphoma 3 (Bcl-3) was considered as an inhibitor of NF-κB.44,45 The IKK complex, which mediated IκB 
phosphorylation, was first proposed in 1997.46,47 In the same year, IκBε was discovered.48 After the turn of the 
millennium, IκBζ/MAIL, IκBNS, and IκBη were discovered as members of mediating NF-κB-dependent regulation.49– 

51 The canonical pathway was proposed as one of the activation ways of NF-κB in 1999, predominantly targeting the 

Figure 2 Structure and classification of NF-κB.
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activation of the IKKβ complex.52 Immediately afterwards, the non-canonical pathway, as another important arm of NF- 
κB signaling, was discovered. This pathway depends on the activation of the p52/RelB NF-κB complex.53

After clarifying the structure and function of NF-κB, researchers conducted extensive research on its role in disease. 
Activated NF-κB plays an important pathogenic role in glomerulonephritis by inducing pro-inflammatory factors such as 
cytokines and cell adhesion molecules.54 Mice with tumor necrosis factor-alpha (TNF-α) receptors TNFR1 or TNFR2 
knocked out exhibit reduced renal fibrosis through the inhibition of NF-κB activation.55 In 2001, investigators demon
strated that NF-κB plays a critical role in cardiac hypertrophy. They showed that NF-κB activity was stimulated by 
hypertrophic agonists in an IKK-dependent manner, and overexpression of NF-κB induced cardiomyocyte hypertrophy.56 

Next year, Japanese researchers first reported that apoptosis signal-regulating kinase 1 (ASK1) activated NF-κB, which 
was involved in reactive oxygen species (ROS)-mediated cardiac hypertrophy.57 Subsequently, investigator clarified that 
peroxisome proliferator-activated receptor-alpha (PPAR-α) inhibited inflammation through the NF-κB pathway, thereby 
attenuating myocardial fibrosis in hypertensive heart disease.58 The investigators discovered that the induction of 

Figure 3 Canonical and non-canonical pathways of NF-κB activation.
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cyclooxygenase (COX) was activated by NF-κB in human HF. They first demonstrated abundant expression of COX-2 
and activation of NF-κB in human myocytes and inflammatory cells.59 In 1997, Medzhitov et al first described that 
a constitutively active mutant of human Toll could induce the activation of NF-κB and the expression of NF- 
κB-controlled genes.60 Two years later, Chow et al determined that toll-like receptor 4 (TLR4) was involved in 
lipopolysaccharide (LPS)-induced activation of the NF-κB pathway.61 Subsequently, researchers have proposed that 
NF-κB, as a downstream transcription factor of TLR4, could be activated by LPS and mediate myocardial ischemia/ 
reperfusion (I/R) injury.62 LPS also induces the expression of vascular cellular adhesion molecule-1 (VCAM-1) on the 
surface of glomerular mesangial cells (GMCs). The VCAM-1 promoter forms a redox sensitive transcriptional link with 
oligonucleotides in the NF-κB binding region. Oxidative stress involving NF-κB is an important regulatory signal in the 
pathogenesis of GMC diseases.63 Until 2000, Dominik et al first reported that inhibition of NF-κB could ameliorate 
cardiac and renal damage in the double-transgenic rats (dTGR) model, which is suitable for studying the effects of 
angiotensin II (Ang II) on both cardiac and renal damage.64 Research on NF-κB began quite early, but it was not until 
after the millennium that extensive research was conducted on the role of NF-κB in the development of CRS.

NF-κB Mediated Signaling Axis in CRS
ASK1/MAPKs/NF-κB
Reactive oxygen species (ROS) have emerged as important intracellular signaling molecules in the oxidative stress 
response within CRS. ASK1, an ROS-sensitive mitogen-activated kinase, belongs to the MAP3K family. ASK1 is 
commonly held in an inactive state by binding to thioredoxin (Trx), an antioxidant protein. When CRS occurs, it causes 
oxidative stress, leading to the liberation of ASK1 from Trx.65 The autophosphorylation of ASK1 triggers a series of 
events. ASK1 is upstream of extracellular signal-regulated kinases1/2 (ERK1/2), c-Jun N-terminal kinase (JNK), and p38 
mitogen activated protein kinase (p38 MAPK), and activates them by phosphorylating their intermediate kinases such as 
MKK4/7 and MKK3/6.66–68 ROS activate the downstream ASK1 signaling pathway, mediating cardiomyocyte apoptosis, 
fibrosis, and hypertrophy in myocardial infarction (MI) and HF, as well as mediating kidney cell apoptosis, oxidative 
stress, and immune activity in renal injury.69,70 As a family of signal transduction proteins and important mediators of 

Figure 4 Milestones in NF-κB research.
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inflammation-induced tissue injury, MAPKs convert extracellular signals to the activation of intracellular pathways 
through a three-tiered cascade in the pathogenesis of cardiorenal-related diseases.71 The phosphorylation of MAPK, 
which leads to NF-κB activation, has been shown to increase pro-inflammatory cytokine activation in CRS. On the 
contrary, inhibition of the MAPK/NF-κB pathway could alleviate inflammatory injury in both the heart and kidney.16 The 
activated ASK1/MAPKs (p38MAPK, ERK1/2)/NF-κB pathway upregulates pro-fibrotic genes, such as transforming 
growth factor-β1 (TGF-β1) and connective tissue growth factor (CTGF), leading to cardiac fibroblast collagen synthesis 
and renal cell collagen synthesis in the remodeling of CRS.72 Inhibition of the ASK1/MAPKs/NF-κB pathway could 
decrease the expression of α-smooth muscle actin (α-SMA), collagen type I (COL-I), brain natriuretic peptide (BNP), 
serum creatinine (Scr), and blood urea nitrogen (BUN) levels, while also improving myocardial systolic function in rats 
with CRS.73 ASK1/MAPKs/NF-κB signal pathway in CRS is shown in Figure 5. Based on the aforementioned signaling 
pathways, we propose a spatiotemporally sequential therapeutic strategy for CRS: acute phase (targeting ASK1 for CRS 
types 1 and 2), subacute phase (inhibiting p38/JNK for CRS type 5), and chronic phase (blocking NF-κB nuclear 
translocation for CRS types 2 and 4).

PI3K/AKT/NF-κB
After CRS occurs, inflammation and oxidative stress are initiated, leading to increased levels of inflammatory factors and 
ROS in the body. These changes activate the activity of receptor tyrosine kinases (RTKs) and G protein-coupled 
receptors (GPCRs).74–76 As transmembrane proteins, RTKs and GPCRs transfer extracellular information to the cell 
interior. Phosphatidylinositol 3-kinase (PI3K) consists of a p110 (catalytic domain) and a p85 (regulatory domain), and 
can be activated by both RTKs and GPCRs. PI3K catalyzes the phosphorylation of its substrate, phosphatidylinositol- 

Figure 5 Mechanism of NF-κB activation induced by oxidative stress via the ASK1-MAPK axis in CRS. ROS activation triggers oxidative stress and releases ASK1 from the 
ASK1-Trx complex. The autophosphorylation of ASK1 activates ERK1/2, JNK, and p38 MAPK, contributing to NF-κB translocation from the cytoplasm to the nucleus. This 
promotes fibrosis and inflammation in the heart and kidney, ultimately leading to the deterioration of cardiac and renal function. 
Notes: ↑ indicates upregulation; ↓ indicates downregulation.
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4,5-bisphosphate (PIP2), to produce the second messenger phosphatidylinositol-3,4,5-trisphosphate (PIP3).77 PIP3 
activates 3-phosphinositide-dependent protein kinase 1(PDK1), which phosphorylates AKT at the Thr308 site. AKT 
promotes the translocation of NF-κB from the cytoplasm to the nucleus through the canonical pathway. NF-κB induces 
the expression of interleukin-6 (IL-6), an important inflammatory mediator involved in the remodeling of the heart and 
kidney. In tubular epithelial cells and cardiac fibroblasts, IL-6 trans-signaling plays a key role in the development of renal 
and cardiac fibrosis.78,79 The activated PI3K/AKT/NF-κB pathway upregulates the expression of TGF-β1, COL-I, and β- 
MyHC at both the transcriptional and protein levels, leading to cardiac fibrosis and remodeling. The inflammatory genes, 
such as TNF, interleukin-1 beta (IL-1β), and interleukin-6 (IL-6), were also increased in ventricular myocytes.80 The 
activities of antioxidant stress factors in the myocardium, such as superoxide dismutase (SOD), NAD(P)H quinone 
dehydrogenase-1 (NQO1), and heme oxygenase-1 (HO-1), were decreased.81 The activation of the PI3K/AKT/NF-κB 
pathway also causes kidney injury. This pathway is involved in the inflammatory response and fibroblast proliferation, 
which leads to an imbalance between the degradation and synthesis of the extracellular matrix (ECM). The specific 
mechanism includes increasing the expression of IL-18, IL-1β, TGF-β1, fibroblast growth factor 2 (FGF2), alpha-smooth 
muscle actin (α-SMA), COL-I, COL-IV and fibronectin.82–84 In CRS rats, inhibition of the PI3K/AKT/NF-κB signaling 
pathway improved cardiac remodeling by increasing ejection fraction (EF), fractional shortening (FS), left ventricular 
posterior wall dimension in systole and diastole, and interventricular septal thickness in systole and diastole, as well as by 
reducing left ventricular internal diameter at end-systole and end-diastole (LVIDs, LVIDd). In addition, intervention in 
the PI3K/AKT/NF-κB pathway can significantly alleviate cardiac and renal damage by reducing serum levels of creatine 
kinase-MB (CK-MB), lactate dehydrogenase (LDH), Scr, BUN, uric acid (UA), and aspartate aminotransferase (AST). In 
rats with CRS, the levels of TNF-α and IL-6 were increased in the serum, heart, and kidney.85 PI3K/AKT/NF-κB signal 
pathway in CRS is shown in Figure 6. We propose that the PI3K/AKT/NF-κB axis functions as the “inflammation 
igniter” in acute CRS (Types 1 and 3) and, equally, as the “fibrosis switch” in chronic CRS (Types 2 and 4), thereby 
constituting a unified biological framework spanning all five CRS subtypes.

TLR4/NF-κB
An increasing number of studies have indicated that LPS plays an important role in the pathogenesis of CRS.86,87 In 
patients with CRS, elevated central venous pressure and systemic congestion lead to the translocation of Gram-negative 
bacteria throughout the intestinal villi. These bacteria release large amounts of LPS into the bloodstream, ultimately 
leading to the activation of oxidative stress and inflammatory pathways.88,89 As the main LPS receptor, TLR4 is 
expressed on the surface of both myocardial cells and renal tubular epithelial cells. TLR4 contains a Toll/IL-1 receptor 
(TIR) domain that is responsible for signal transduction.90 The C-terminal portion of myeloid differentiation primary 
response gene 88 (MyD88) possesses a TIR domain, which can be recruited by TLR4.91 The N-terminal portion of 
MyD88 is a death domain (DD), which recruits IL-1 receptor-associated kinase 4 (IRAK4). Subsequently, IRAK1/2, as 
substrates of IRAK4, are phosphorylated.92 Activated IRAK1/2 associate with TNF receptor-associated factor 6 
(TRAF6), leading to the activation of the canonical NF-κB signaling pathway.93 The activation of the transcription 
factor NF-κB induces its translocation into the nucleus, where it promotes the transcription of hypoxia-inducible factor- 
1α (HIF-1α).94 Under hypoxic conditions, the accumulation of HIF-1α requires activation mediated by NF-κB. Vascular 
endothelial growth factor (VEGF), as a target gene of HIF-1α, stimulates endothelial cell proliferation, increases vascular 
permeability, and leads to endothelial dysfunction.95 Endothelial dysfunction induces alterations in glomerular vascular 
permeability and damages the coronary artery and intramyocardial microvascular architecture in CRS.96 Inhibition of the 
TLR4/NF-κB/HIF-1α pathway reduces levels of NT-proBNP, Scr, BUN, and 24-hour quantitative urine protein, while 
improving cardiac function indicators such as EF, FS, and other indicators of cardiac ejection function. Additionally, this 
inhibition shrinks the heart by decreasing LVIDs and LVIDd. Renal tissue staining showed that activation of the TLR4/ 
NF-κB/HIF-1α pathway caused glomerular enlargement, tubular swelling, basement membrane thickening, and fibrous 
deposits in the renal interstitium. Additionally, inflammation-related proteins such as monocyte chemoattractant protein-1 
(MCP-1), intracellular adhesion molecule-1 (ICAM-1), IL-1β, and IL-6, as well as fibrosis-related genes such as TGF-β, 
α-SMA, fibronectin, Smad2, Smad3, and E-cadherin, were all significantly increased in CRS rats.97–99
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The nucleotide-binding domain, leucine-rich repeat, and pyrin domain (PYD)-containing protein 3 (NLRP3) inflam
masome induces the maturation of pro-inflammatory cytokines in cardiac and renal cells. The activation of NLRP3 
occurs in two steps: the initiation of TLR4, followed by the triggering of NF-κB-induced transcription of NLRP3.100 

NLRP3 transforms from an inactive oligomer to an active multimeric inflammasome. A spatial association and feedback 
loop exist between NLRP3 and mitochondria. As a mitochondrial-specific phospholipid, cardiolipin serves as the docking 
site for NLRP3. When the NLRP3 inflammasome signals from the outer mitochondrial membrane, cardiolipin translo
cates to the outer membrane and recruits NLRP3.101,102 The activation of NLRP3 induces the fragmented release of 
mitochondrial DNA (mtDNA) and increases ROS generation, converting mtDNA into its oxidized form (ox-mtDNA), 
which serves as the ultimate ligand for NLRP3 and leads to mitochondrial damage.103 Excessive production of ROS 
leads to the development of intracellular responses associated with CRS, such as apoptosis, pyroptosis, and cell 
migration.104 In CRS, dysfunction of the heart and kidney can be caused by the activation of the TLR4/NF-κB/ 
NLRP3 signaling pathway, which triggers inflammatory responses and mitochondrial damage in both organs. As the 
main innate immune response in cardiorenal associations, the TLR4/NF-κB/NLRP3 pathway produces cytokines and 
chemokines and recruits leukocytes to myocardial and renal tissues.105 Inhibition of the TLR4/NF-κB/NLRP3 pathway 
alleviates renal and cardiac collagen deposition, fibrosis, inflammation, oxidative stress, apoptosis, and pyroptosis, 

Figure 6 Mechanism of NF-κB-mediated fibrosis activated by the PI3K/Akt pathway in CRS. Through the activation of PI3K, RTKs and GPCRs relay extracellular signals to 
the cell interior. PI3K catalyzes its substrate PIP2 into PIP3. Subsequently, PIP3 facilitates the phosphorylation of AKT through the activation of PDK1. AKT translocates NF- 
κB from the cytoplasm into the nucleus via the canonical pathway. This process contributes to myocardial and renal interstitial fibrosis and remodeling, ultimately leading to 
heart and renal failure. 
Notes: ↑ indicates upregulation; ↓ indicates downregulation.
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ultimately reducing heart and kidney damage.106–108 TLR4/NF-κB signal pathway in CRS is shown in Figure 7. We 
propose that the TLR4/NF-κB axis serves as the common pathway by which damage-associated molecular patterns 
(DAMPs) ignite the cardiorenal inflammatory storm in CRS, and as the central hub where inflammation-driven energy 
imbalance is exacerbated. We recommend that future CRS therapy shift from a “single-track anti-inflammatory” 
approach to a dual-track strategy of “inflammation blockade coupled with metabolic reprogramming”.

NF-κB Inhibitors Among Natural Compounds
Terpenoid Compounds
According to their structure, terpenoids can be classified into monoterpenes, sesquiterpenes, diterpenes, triterpenes, and other 
terpenoid derivatives. Researchers have found that terpenoid compounds can inhibit NF-κB activity, regulate its downstream 
anti-inflammatory and antioxidant effects, and protect heart and kidney function. Ginsenoside Rg1, an extract of ginseng, 
attenuates LPS-induced inflammation, oxidative stress, and apoptosis in the heart and kidney by blocking the NF-κB 
pathway.109,110 Sweroside, a natural iridoid extracted from Swertia pseudochinensis Hara, reduces ROS generation in 
cardiomyocytes and renal tubular epithelial cells by inhibiting NF-κB p65 nuclear translocation. It demonstrates potent anti- 
inflammatory and antioxidant activity in cardiac and renal diseases.111,112 As a sesquiterpene alcohol, α-Bisabolol possesses 
high lipophilicity. It can be used to prevent doxorubicin-induced cardiotoxicity and nephrotoxicity by inhibiting the NF-κB 
pathway cascade reaction, reducing lipid peroxidation products, and maintaining membrane-stabilizing properties.113,114 

Figure 7 Mechanism of NF-κB inflammatory signaling initiation following TLR4 ligand binding in CRS. LPS binds to its receptor TLR4, which recruits MyD88. MyD88, in turn, 
activates downstream signaling molecules, including IRAK4, IRAK1/2, TRAF6, and the canonical NF-κB signaling pathway. In the TLR4/NF-κB/HIF-1α pathway, NF-κB 
translocates into the nucleus and promotes the transcription of HIF-1α. HIF-1α then activates its target gene VEGF, which contributes to endothelial dysfunction. In the 
TLR4/NF-κB/NLRP3 pathway, the transcription of NLRP3 is induced by NF-κB translocating into the nucleus. The activation of NLRP3 induces the fragmented release of 
mtDNA and increases ROS generation. The activation of these two pathways ultimately leads to damage in both the heart and kidney.
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Tanshinone IIA, a diterpene quinone and one of the major active components isolated from Danshen, has been shown to 
inhibit MCP-1 overexpression, reduce macrophage infiltration, and attenuate cardiac and renal inflammatory status by 
inhibiting NF-κB translocation from the cytoplasm to the nucleus, both in vivo and in vitro.115,116 Oridonin, a diterpenoid 
natural product isolated from Rabdosia rubescens, inhibits p65 phosphorylation and reduces the levels of pro-inflammatory 
cytokines, ultimately alleviating myocardial tissue damage, glomerular damage, and tubulointerstitial injury.117,118 

Glycyrrhizic acid, a triterpenoid acid and major active compound in licorice, protects against inflammatory responses and 
oxidative stress damage in the heart and kidney by reducing TNF-α, IL-1β, and IL-6 levels and inhibiting the phosphoryla
tion of NF-κB p65.119,120 Andrographolide, a bicyclic diterpenoid lactone and novel NF-κB inhibitor, is isolated from the 
leaves of Andrographis paniculata. It impedes cardiac apoptosis, renal hypertrophy, and endothelial injury.121,122 

Monotropein, an active iridoid glycoside isolated from Morinda officinalis roots, alleviates vascular endothelial cell and 
renal tubular cell injuries by inhibiting NF-κB signaling. This mechanism involves reducing oxidative stress and apoptosis, 
including decreasing malondialdehyde (MDA), BCL2-Associated X (Bax), and cleaved-caspase 3 levels, while increasing 
SOD and reduced glutathione (GSH) activities and Bcl-2 expression.123,124 Anethole, a terpenoid compound, inhibits the 
TLR4/MyD88/NF-κB pathway and alleviates inflammation, oxidative stress, lipid peroxidation, and apoptosis, thereby 
protecting against doxorubicin-induced cardiotoxicity and nephrotoxicity.125

Flavonoid Compounds
Flavonoids refer to a series of compounds consisting of two benzene rings connected to each other through three carbon 
atoms. They exhibit multiple biological and pharmacological activities, making them valuable in the treatment of heart 
and kidney diseases. Apigenin, a plant flavone, has been reported to ameliorate cardiac and renal damage through its 
antioxidant and anti-inflammatory properties by blocking the activation of the MAPK (ERK1/2, JNK, and p38)/NF-κB 
pathway.126,127 Quercetin, a naturally occurring flavonol, can achieve therapeutic effects through multiple NF-κB-related 
pathways. Specifically, it inhibits LPS binding to TLR4, blocks MyD88, TRAF6, and NF-κB, thereby alleviating cardiac 
and renal inflammatory cell infiltration and programmed cell death.128,129 Studies suggest that quercetin remarkably 
relieves renal toxicity and oxidative stress, promotes cardiomyocyte proliferation, and recovers mitochondrial function by 
regulating ROS-induced NF-κB activation.130,131 Artesunate, a flavonoid compound and a semi-synthetic derivative of 
Artemisia, has been shown to have anti-inflammatory and antioxidant functions in the prevention of nephritis and 
cardiovascular complications by suppressing TLR4/NF-κB pathway activity.132,133 Naringin, a natural flavonoid, plays 
important roles in repairing mitochondrial dysfunction in heart and kidney diseases. It restores mitochondrial function, 
increases the cardiac and renal endogenous antioxidant status, and decreases ROS production by inhibiting the activation 
of NF-κB.134,135 As a major flavonoid and an active ingredient found in Epimedium, Icariin exerts anti-oxidative stress 
effects in cardiovascular and renal diseases by inhibiting the TLR4/NF-κB pathway. Specifically, it reduces ROS and 
TGF-β1 levels, increases the expression of antioxidant elements such as SOD and catalase (CAT), thereby increasing the 
glomerular filtration rate, inhibiting myocardial hypertrophy, and improving myocardial and renal fibrosis.136–139 

Puerarin, a known isoflavone extracted from kudzu root, relieves LPS-induced heart and kidney dysfunction by hindering 
TLR4 binding with MyD88. This results in downstream NF-κB inactivation, thereby reducing inflammation-related 
damage to the heart and kidney.140,141 In addition, puerarin has been found to alleviate interstitial edema and cell 
apoptosis in the heart and kidney by modulating the sirtuin 1 (SIRT1)/NF-κB signaling pathway.142,143 With estrogen-like 
activity, genistein is a nonsteroidal isoflavone that suppresses LPS-induced inflammation in heart and kidney arterial 
endothelium by inhibiting NF-κB-mediated injury.144 Genistein also improves mitochondrial function in the heart and 
kidney by inhibiting the expression of NF-κB.145,146 Hydroxysafflor yellow A, a primary water-soluble single-chalcone 
obtained from the flowers of Carthamus tinctorius L., alleviates inflammatory injuries in ventricular myocytes and renal 
tubular cells by suppressing the TLR4/NF-κB pathway.147,148 Baicalin, a flavonoid compound, is derived from Radix 
Scutellariae. It alleviates myocardial apoptosis and renal fibrosis by inhibiting the TLR4/NF-κB signaling pathway.149,150

Glycoside Compounds
A number of biologically active compounds are glycosides. Glycoside compounds regulate various upstream molecules 
of NF-κB, which affects NF-κB activation and reduces heart and kidney damage through anti-inflammatory and 
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antioxidant effects. As a polysaccharide compound and the main bioactive component extracted from Astragalus 
membranaceus, astragalus polysaccharide reduces the phosphorylation of TLR4/NF-κB both in vitro and in vivo, thereby 
alleviating cardiac and renal pathological damage by reducing the expression of inflammatory cytokines IL-1β, IL-6, and 
MCP-1.151,152 Astragaloside IV, a bioactive saponin and one of the main active ingredients of Radix Astragali, possesses 
anti-inflammatory and antioxidant stress effects in both heart and kidney diseases.153 Numerous studies have shown that 
Astragaloside IV inhibits NF-κB-related pathways, including TLR4/NF-κB, ROS/NF-κB, and MAPK (ERK1/2, JNK, 
p38 MAPK)/NF-κB pathways, to protect GMCs and microvascular endothelial cells, as well as alleviate myocardial and 
renal interstitial fibrosis.154–159 Salidroside, a phenylpropanoid glycoside and an active component in Rhodiola rosea, 
decreases levels of ROS, MDA, and NF-κB p65 nuclear translocation. As a result, it increases SOD activity, reduces the 
release of inflammatory cytokines and levels of biomarkers associated with heart and kidney tissue injury (eg, CK-MB, 
LDH, Scr, BUN, and UA), ultimately improving heart and kidney dysfunction both in vivo and in vitro.160–162 

Notoginsenoside R1, a phytoestrogen isolated from Panax notoginseng, targets estrogen receptors in the heart and 
kidney, thereby inhibiting the activation of NF-κB and the subsequent myocardial and renal inflammatory and apoptotic 
responses.163,164 Diosgenin, a natural steroid sapogenin extracted from fenugreek seeds, antagonizes the activation of the 
TLR4/NF-κB pathway in myocardial and renal tissue damage, thereby reducing the production of inflammatory 
cytokines.165,166 Mangiferin, a major xanthone glucoside in Rhizoma Anemarrhenae, inhibits ROS accumulation, NF- 
κB nuclear translocation, and the release of inflammatory cytokines in the heart and kidney.167,168 Polydatin, an active 
glucoside compound derived from Polygonum cuspidatum, markedly suppresses the activation of NF-κB-related 
inflammatory cascade in myocardial and kidney injuries, including decreasing the levels of TNF-α, IL-1β, IL-6, and 
MDA.169,170

Phenolic Compounds
Phenolic compounds, as natural metabolites widely present in plants, contain a large number of phenolic hydroxyl 
structural units. Multiple studies suggest that these compounds can improve myocardial and renal tissue damage by 
regulating NF-κB nuclear transcription and its related signaling pathways. Resveratrol, a non-flavonoid phenolic 
compound, confers protection against oxidative stress and inflammation in both the heart and kidney by intervening 
NF-κB activity.171 SIRT1 is a nicotinamide adenine dinucleotide (NAD+)-dependent histone deacetylase that regulates 
the transcriptional activity of NF-κB. Research has demonstrated that resveratrol, as a SIRT1 agonist, activates SIRT1- 
triggered NF-κB p65 deacetylation and reduces ROS content, thereby attenuating cardiac hypertrophy and protecting 
renal tubular epithelial cells.172,173 Meanwhile, resveratrol downregulates NAD(P)H oxidase in endothelial cells and 
mesangial cells by inhibiting NF-κB activity, thereby exerting a protective effect on the coronary artery endothelium 
and reducing glomerular mesangial cell proliferation.174,175 Sinapic acid is a natural phenolic compound derived from 
hydroxycinnamic acid. The treatment with sinapic acid augments antioxidant responses and ameliorates cardiac and 
renal dysfunction related to oxidative/nitrosative stress and apoptosis. The NF-κB and nuclear factor erythroid 
2-related factor 2 (Nrf2)/HO-1 signaling pathways may be its primary targets.176,177 Paeonol, an active ingredient 
extracted from Moutan Cortex, is a natural phenol. The mechanisms of its protective effects on heart and kidney 
injuries are associated with its ability to attenuate inflammation and suppress the TLR4/NF-κB pathway.178,179 

Curcumin, a lipophilic polyphenol and NF-κB inhibitor derived from the rhizomes of Curcuma, protects cardiac and 
renal tissues against oxidative stress, inflammation, and apoptosis by upregulating Nrf2 and Bcl-2, as well as down
regulating NF-κB, IL-1β, Keap1, heme oxygenase 1 (HMOX1), and Bax.180 Curcumin also protects mice from 
myocarditis and nephritis by inhibiting the PI3K/Akt/NF-κB pathway.181,182 Gallic acid is a polyphenol and one of 
the strongest naturally occurring antioxidants, derived from Cornus officinalis. Treatment with gallic acid produces 
significant reversal of oxidative stress parameters, with suppression of the NF-κB/Kim-1 signaling pathway in cardiac 
and renal toxicity in rats.183 As a phenolic carboxylic acid extracted from Salvia miltiorrhiza, Salvianolic acid 
A inhibits the expression of p38 MAPK and its downstream NF-κB in renal proximal tubule epithelial cells and 
myocardium. This alleviates fibrosis and remodeling of the heart and kidney, ultimately attenuating the progression of 
HF and CKD.184,185
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Alkaloid Compounds
Alkaloids are naturally occurring nitrogenous compounds found in plants that have been demonstrated to be effective 
against heart and kidney injuries. Berberine, a quaternary ammonium alkaloid isolated from Coptis chinensis, can 
stabilize cardiac hemodynamics, improve systolic and diastolic function of the heart, and attenuate renal cortex 
inflammation by inhibiting the activation of the TLR4/NF-κB signaling pathway.186,187 Sinomenine, a purified alkaloid 
from Sinomenium acutum, inhibits the activation of NF-κB, lowers the levels of TNF-α, and decreases LVAWd, LVPWd, 
Cr, and BUN. These actions demonstrate its efficacy in preventing myocardial cell hypertrophy and tubular cell 
apoptosis.188,189 Oxymatrine, a quinoline alkaloid extracted from Sophora flavescens, has been reported to attenuate 
myocardial and renal interstitial edema and fibrosis due to its inactivation of the NF-κB p65 pathway.190,191 Betaine, 
a major water-soluble component of Lycium chinensis, belongs to the alkaloids. It attenuates right ventricular hyper
trophy and proximal tubule damage by decreasing NF-κB expression and increasing anti-inflammatory effects.192,193

Others
In addition to the types of compounds mentioned above, other kinds of compounds also exert both cardiac and renal 
protective effects. Crocin, one of the most bioactive components of saffron, is an apo-carotenoid that significantly 
increases cardiac and renal antioxidants such as SOD and GSH while reducing the oxidative load biomarker MDA. The 
TLR4/NF-κB signaling pathway may play a crucial role in this process.194,195 Lycopene, a non-provitamin phytochem
ical and another carotenoid component found in tomatoes, abolishes myocardial and renal inflammation by modulating 
the NF-κB/TNF-α signaling pathway.196,197 Emodin, the main effective monomer of rhubarb, belongs to anthraquinone 
derivatives. The cardiac and renal protective effects of emodin can be attributed to its suppression of pro-inflammatory 
cytokines such as TNF-α and IL-1β, which results from its inhibition of NF-κB activity.198,199 Allicin is an organic sulfur 
compound and the active component of garlic. Some studies have demonstrated that allicin protects cardiac and renal 
function, prevents cardiac hypertrophy, and reduces urinary protein excretion by inhibiting ROS-dependent MAPK/NF- 
κB signaling pathways.200–202 Sulforaphane, a member of the isothiocyanate family found in cruciferous vegetables, acts 
as an Nrf2 agonist. It successfully augments the protective effects of Nrf2 by inhibiting NF-κB activation, suppressing 
endothelial inflammation and vascular smooth muscle cell proliferation, and improving the antioxidant system in CKD 
patients by neutralizing ROS.203,204 Osthole, a bioactive coumarin compound extracted from Cnidium monnieri, has been 
shown to attenuate myocardial infarct size and focal segmental glomerulosclerosis by inhibiting NF-κB-mediated COX-2 
expression.205,206

Currently, studies utilizing natural compound monomers to treat CRS in animal models are scarce, and research 
focusing on cross-talk between cardiac and renal cells in vitro is even more limited. Thus, identifying natural compound 
monomers capable of simultaneously targeting cardiorenal injury holds significant implications for informing future CRS 
investigations. All natural NF-κB inhibitors are listed in Table 1.

Limitation and Future Perspectives
Natural plant-derived compounds typically contain multiple active ingredients and exhibit a wide range of biological 
activities, such as anti-inflammatory, antioxidant, anti-apoptotic, and antifibrotic effects.207,208 They exert protective 
effects on the heart and kidney by inhibiting NF-κB and its mediated signaling pathways, providing candidate drugs for 
the treatment of CRS. However, certain limitations remain. ① Given that the majority of foundational research on NF-κB 
has been conducted in rats, mice, and cells, there is a scarcity of extensive clinical data to substantiate these findings. 
Basic research serves to inform clinical practice, and future clinical studies are imperative for validation. ② Currently, 
research on NF-κB inhibitors predominantly focuses on heart disease or kidney disease, with relatively limited explora
tion into their application for CRS. This scarcity of research renders the study of natural plant extracts for cardiorenal 
comorbid conditions somewhat constrained, but it also reveals a field with considerable potential for further exploration. 
This field of study is still in its infancy and necessitates further in-depth exploration to generate novel ideas and effective 
strategies for the treatment of CRS. ③ In the treatment of heart or kidney diseases, there is a significant lack of safety 
research on natural plant extracts aimed at systemically or locally inhibiting NF-κB activity. Therefore, it is crucial to 
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Table 1 Inhibitors of NF-κB Natural Compounds

Category Name Structure Common Targets or Pathways of the Heart 

and Kidney

Common Mechanisms of the Heart and 

Kidney

Experiment 

Type

References

Terpenoid 

compound

Ginsenoside Rg1 NF-κB ↓: TNF-α, Bax, TUNEL-positive cells 

↑: Bcl-2

In vivo, in vitro [109,110]

Sweroside ROS/NF-κB pathway ↓: α-SMA, IL-1β In vivo, in vitro [111,112]

α-Bisabolol NF-κB ↓: TNF-α, IL-6, IL-1β, iNOS, COX-2, p-p38 MAPK In vivo [113,114]

Tanshinone IIA NF-κB ↓: MCP-1 In vivo, in vitro [115,116]

Oridonin NF-κB ↓: IL-1β In vivo, in vitro [117,118]

Glycyrrhizic acid NF-κB ↓: IL-1β, IL-6, TNF-α In vivo [119,120]

Andrographolide NF-κB ↓: TNF-α In vivo [121,122]

Monotropein NF-κB ↓: TNF-α, MDA, TUNEL-positive cells, Bax, Cleaved- 

caspase 3 

↑: SOD, GSH, Bcl-2

In vivo, in vitro [123,124]

Anethole TLR4/MyD88/NF-κBpathway ↓: TLR4, MyD88, MDA, TNF-α, IL-1β, IL-6, Caspase 

3 

↑: GPx, GSH, CAT, SOD, Bcl-2

In vivo [125]

(Continued)
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Table 1 (Continued). 

Category Name Structure Common Targets or Pathways of the Heart 

and Kidney

Common Mechanisms of the Heart and 

Kidney

Experiment 

Type

References

Flavonoid 

compound

Apigenin MAPK/NF-κB pathway ↓: p-ERK1/2, p-JNK, p-p38 MAPK In vivo, in vitro [126,127]

Quercetin TLR4/NF-κB pathway 

ROS/NF-κB pathway

↓: TLR4, MyD88, TNF-α, IL-1β, IL-6, ROS In vivo, in vitro [128–131]

Artesunate TLR4/NF-κB pathway ↓: TGF-β, TLR4 In vivo [132,133]

Naringin NF-κB ↓: Cleaved caspase 3, Bax 

↑: Bcl-2

In vivo [134,135]

Icariin TLR4/NF-κB pathway ↓: TGF-β1, TNF-α, TLR4, IκB-α 

↑: SOD, CAT

In vivo, in vitro [136–139]

Puerarin TLR4/NF-κB pathway 

SIRT1/NF-κB pathway

↓: TNF-α, IL-6, IL-1β, TLR4 

↑: SIRT1

In vivo, in vitro [140–143]

Genistein MAPK/NF-κB pathway ↓: Fractalkine, p38 MAPK 

↑: Mitochondrial membrane potential

In vivo, in vitro [144–146]

Hydroxysafflor 

yellow A

TLR4/NF-κB pathway ↓: TNF-α, IL-1β, TLR4 In vivo, in vitro [147,148]

Baicalin TLR4/NF-κB pathway ↓: TLR4 In vivo, in vitro [149,150]

(Continued)
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Table 1 (Continued). 

Category Name Structure Common Targets or Pathways of the Heart 

and Kidney

Common Mechanisms of the Heart and 

Kidney

Experiment 

Type

References

Glycoside 

compound

Astragalus 

polysaccharide

TLR4/NF-κB pathway ↓: IL-1β, IL-6, MCP-1, TLR4 In vivo, in vitro [151,152]

Astragaloside IV TLR4/NF-κB pathway 

MAPK/NF-κB pathway

↓: VCAM-1, ICAM-1, E-selectin, P-selectin, MCP-1, 

TNF-α, IL-6, 

COL-I, TLR4, p-ERK, p-JNK, p-p38 MAPK

In vivo, in vitro [153–159]

Salidroside NF-κB ↓: IL-6, TNF-α, MDA 

↑: SOD

In vivo, in vitro [160–162]

Notoginsenoside R1 NF-κB ↓: TNF-α, TUNEL-positive cells In vivo, in vitro [163,164]

Diosgenin TLR4/NF-κB pathway ↓: TLR4 In vivo, in vitro [165,166]

Mangiferin NF-κB ↓: TNF-α, ROS In vivo [167,168]

Polydatin NF-κB ↓: TNF-α, IL-1β, IL-6, p-IκB In vivo, in vitro [169,170]

Phenolic 

compound

Resveratrol NF-κB/TNF-α pathway ↓: MDA, NO, TNF-α, NAD(P)H oxidase activity 

↑: GSH, CAT, SIRT-1

In vivo, in vitro [171–175]

Sinapic acid NF-κB and Nrf2/HO-1 pathway ↓: MDA, TNF-α, IL-6, MPO, Caspase 3, NO 

↑: SOD, CAT, Bcl-2, Nrf2, HO-1

In vivo [176,177]

(Continued)
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Table 1 (Continued). 

Category Name Structure Common Targets or Pathways of the Heart 

and Kidney

Common Mechanisms of the Heart and 

Kidney

Experiment 

Type

References

Paeonol TLR4/NF-κB pathway ↓: TNF-α, IL-6, TLR4 In vivo, in vitro [178,179]

Curcumin PI3K/Akt/NF-κB pathway ↓: IL-1β, Keap 1, HMOX1, Bax, TNF-α, IL-6, p-PI3K, 

p-Akt 

↑: Nrf2, Bcl-2

In vivo, in vitro [180–182]

Gallic acid NF-кB/Kim-1 pathway ↓: H2O2, MDA, NO, MPO 

↑: GSH, GPx, GST

In vivo [183]

Salvianolic acid A NF-κB ↓: TNF-α, p-p38 MAPK In vivo, in vitro [184,185]

Alkaloid 

compound

Berberine TLR4/NF-κB pathway ↓: IL-1β, TLR4 In vivo, in vitro [186,187]

Sinomenine NF-κB ↓: TNF-α In vivo [188,189]

Oxymatrine NF-κB ↓: TNF-α, IL-6 In vivo, in vitro [190,191]

Betaine NF-κB ↓: TNF-α In vivo [192,193]

Carotenoid 

compound

Crocin TLR4/NF-κB pathway ↓: IL-6, TGF-β, MDA, TLR4 

↑: SOD, GSH

In vivo [194,195]

Lycopene NF-κB ↓: TNF-α In vivo [196,197]

Anthraquinones Emodin NF-κB ↓: TNF-α, IL-1β In vivo, in vitro [198,199]

(Continued)
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conduct more research in this field to ensure safety on the basis of therapeutic efficacy and to establish a solid foundation 
for clinical applications. ④ CRS involves various modes of programmed cell death in cardiomyocytes and renal cells, 
including apoptosis, pyroptosis, autophagy, ferroptosis, and cuproptosis. Therefore, an in-depth investigation into the 
mechanisms by which NF-κB participates in programmed cell death can help elucidate the molecular processes under
lying the death of cardiac and renal cells, and furnish a theoretical foundation for the prevention and treatment of CRS. 
To address the aforementioned limitations, we propose that a comprehensive evaluation of the bioavailability and safety 
profiles of these natural compounds should first be conducted in preclinical models before progressing to clinical 
research. The clinical translation could be initiated with preliminary assessments of the compounds’ effects on markers 
of inflammation and oxidative stress in small patient cohorts, subsequently advancing to large-scale clinical trials 
designed to evaluate their broader clinical efficacy and safety. Ultimately, the most promising compounds could serve 
as lead structures for the development of novel dual-organ protective drugs with improved potency and pharmacokinetic 
properties.

As a rapidly inducible transcription factor, NF-κB nuclear translocation plays a broad role in gene induction across 
diverse cellular responses. Therefore, most NF-κB inhibitors prevent the nuclear translocation of NF-κB and its binding 
to κB sites within DNA regulatory sequences. These inhibitors include IKK complex inhibitors, proteasomal inhibitors, 
IκB degradation inhibitors, and NF-κB translocation inhibitors.209 Since NF-κB is ubiquitously present in cardiomyo
cytes and renal cells, its downstream mediators cover a wide range of processes, from inflammation to oxidative stress. 
This implies that NF-κB inhibitors are considered potential therapeutic agents for CRS. There are numerous genes 
activated by NF-κB, as well as diverse signaling pathways that affect NF-κB. Thus, therapeutic interventions for CRS 
should not only target individual proteins but also comprehensively regulate the NF-κB-mediated comprehensive 
network signaling pathway. Preclinical pharmacokinetic and toxicological information provides a foundation for future 
clinical trials in CRS and holds promise for improving therapeutic outcomes related to cardiorenal injury. In recent years, 
it has become a popular trend to generate data on the roles of NF-κB in human biology by utilizing the significant 
phenotypes of human mutants in NF-κB and its related proteins, and comparing them with mouse data. This provides 
a rich set of tools for studying the signaling and transcription of proteins related to inflammation and oxidative stress in 
humans.210

The NF-κB inhibitors (eg, sorafenib, bortezomib, curcumin, and naringin) prevent cell proliferation, angiogenesis, 
invasion, and metastasis, and have therefore been applied in the clinical treatment of cancer, autoimmune diseases, and 
metabolic syndrome.211–214, Although clinical trials associated with CRS have not been reported, numerous preclinical 
studies on NF-κB have demonstrated that pharmacological inhibition of NF-κB is beneficial for improving cardiac and 
renal function in CRS. The activation of NF-κB in animal models exacerbates inflammation and oxidative stress in heart 

Table 1 (Continued). 

Category Name Structure Common Targets or Pathways of the Heart 

and Kidney

Common Mechanisms of the Heart and 

Kidney

Experiment 

Type

References

Sulfur compound Allicin MAPK/NF-κB pathway ↓: MAPK In vivo, in vitro [200–202]

Isothiocyanates Sulforaphane NF-κB ↓: ROS 

↑: Nrf2

In vivo [203,204]

Coumarin 

compound

Osthole NF-κB ↓: COX-2, Caspase 3, Caspase 9 In vivo, in vitro [205,206]

Notes: aiNOS: inducible nitric oxide synthase; GPx: glutathione peroxidase; NO: nitric oxide; MPO: myeloperoxidase. b↑indicates promotion or upregulation; ↓ indicates 
inhibition or downregulation.
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and kidney tissues. However, some NF-κB inhibitors may have adverse effects on the cardiovascular system and cause 
nephrotoxicity side effects.215,216 Therefore, NF-κB inhibitors without cardiotoxicity and nephrotoxicity should be 
sought as potential targets for the treatment of CRS. There are not many drugs used clinically to treat CRS, and 
published studies mainly focus on RAS inhibitors, SGLT2 inhibitors, nonsteroidal mineralocorticoid receptor antagonists, 
and traditional Chinese medicine formulas. However, the use of some drugs is limited by eGFR, and their targets are 
unclear. Therefore, the development of monomers with clear composition and chemical structure for CRS treatment is of 
great significance.

Future research directions could focus on integrating high-throughput multi-omics technologies to construct 
a comprehensive atlas of the NF-κB signaling network in CRS. Recently, a team developed a novel nitrogen- 
containing chalcone derivative with enhanced Nrf2 agonist activity through structural optimization after conducting 
high-throughput luminescence screening of their internal compound library.217 The rise of artificial intelligence has 
provided a powerful tool for drug screening platforms, enabling the prediction and identification of new NF-κB 
modulators from vast chemical libraries with unprecedented speed and accuracy. A recently reported novel anti- 
inflammatory agent was discovered through the screening of a compound library.218 Advanced machine learning has 
transformed the conventional absorption, distribution, metabolism, excretion, and toxicity (ADMET) assessment of 
clinical candidate success by deciphering complex structure-property relationships, demonstrating the transforma
tive role of AI in reshaping modern drug discovery and development.219 Furthermore, the application of network 
pharmacology approaches is essential for deciphering the complex mechanisms of multi-target drugs and system
atically understanding the role of the NF-κB pathway. Modern research frequently identifies novel therapeutics for 
diseases by integrating interdisciplinary strategies, such as biochemical, phytochemical, computational, and phar
macological approaches.220 Such integrated strategies will undoubtedly pave the way for next-generation CRS 
therapies.

Conclusion
Despite the pivotal role of NF-κB in pathophysiology yielding exciting results, research on NF-κB-mediated cellular 
functions and the exploration of its clinical applications in CRS are still in the initial stages. In this review, we first 
outline the pathophysiological interactions underlying CRS. Second, we delineate the structure and activation pathways 
of NF-κB while updating its evolving research history in cardiorenal diseases. Third, we discuss the mechanistic roles of 
NF-κB in CRS—specifically through the ASK1/MAPKs/NF-κB, PI3K/AKT/NF-κB, and TLR4/NF-κB signaling axes— 
and provide critical perspectives. Finally, we identify natural compounds that target NF-κB activation in cardiorenal 
pathologies. By establishing a multidimensional association among “natural compounds, NF-κB targets, and cardiorenal 
protective effects”, this review offers cutting-edge references for identifying novel therapeutic targets and guiding future 
strategies against CRS.

Literature Search Strategy and Selection Criteria
Database sources: A comprehensive literature search was performed using the following electronic databases: PubMed, 
Web of Science, and Scopus.

Search strategy: The specific keywords, Boolean operators (AND, OR), and search strings used for each database are 
described as follows. For example: (“NF-κB” OR “nuclear factor kappa B”) AND (“cardiorenal syndrome”).

Selection criteria: Predefined inclusion and exclusion criteria were established to screen the literature. These criteria 
encompassed publication year, study types (eg, randomized controlled trials, animal studies, and cellular experiments), 
and language restrictions.
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