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Abstract
Curcumin (diferuloylmethane) is a compound derived from the rhizomes of Curcumin longa that
has been long used for medicinal purposes. Curcumin alleviates the pathology of cardiovascular
diseases, including atherosclerosis, aneurysm, and cardiomyopathy. The mechanism of curcumin
therapy is under active research. The NF-κB and JNK pathways are two that curcumin interacts
with to block inflammatory processes, apoptosis, and fibrotic tissue remodeling to prevent the
pathologies of cardiovascular disease. While curcumin has demonstrated powerful mediation of
cardiovascular disease, its bioavailability in body tissues is limited due to the instability and
hydrophobicity of its structure. Further work is underway to stabilize curcumin in vivo and
enhance its biodistribution using plant compounds like piperine, nanoemulsions, and
nanoparticles.
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JNK and NF-κB Cell Signaling Pathways in Cardiovascular Disease Present Potential
Targets for Curcumin Therapy
Introduction
Curcumin (diferuloylmethane) is a hydrophobic conjugated diphenol derived from the
turmeric plant, Curcumin longa, which is mainly cultivated in Southeast Asia (see Figure 1).
Curcumin is the chemical component responsible for the yellow color of the rhizomes of
turmeric, and it has been exploited for its medicinal properties for thousands of years (Shehzad et
al., 2013). In ancient Ayurevedic and Chinese medicine, curcumin has been used in the treatment
of many diseases. Recently, curcumin has been found to have anti-inflammatory, antioxidant,
anti-cancer, antiviral, antimicrobial, and hypoglycemic effects to modulate a wide range of
pathologies (Pourbagher-Shahri et al., 2021). With its polyphenol structure, curcumin interacts
with many human enzymes to regulate physiological activities. It has been found to play a role in
modulating cellular pathways including those revolving around the Jun N-terminal kinase (JNK)
and nuclear factor-κB (NF-κB) to reduce inflammation, cell proliferation, and apoptosis (Bisht et
al., 2010).
Cardiovascular Pathology
Cardiovascular disease is one of the leading causes of death and impaired quality of life
in the modern world (Pourbagher-Shahri et al., 2021). Three separate but related pathologies:
atherosclerosis, aneurysm, and cardiomyopathy involve signaling pathways related to
inflammation, apoptosis, cell proliferation, and autophagy. Curcumin supplementation has the
potential to alleviate the damaging effects of these pathologies by modulating these pathways at
multiple levels.
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Figure 1
Chemical Structure of Curcumin

Note: Adapted from a similar figure in “Curcumin: From Ancient Medicine to Current Clinical
Trials,” by H. Hatcher, R. Planalp, J. Cho, F. M. Torti, and S. V. Torti, 2008, Cellular
and Molecular Life Sciences, 65(11), p. 1639 (https://doi.org/10.1007/s00018-008-74524).

Atherosclerosis and Aneurysm
Atherosclerosis can develop as a result of chronically elevated serum cholesterol levels
(Méndez-Barbero et al., 2020). Low-density lipoproteins (LDL) are produced by the liver to
deliver cholesterol to the body tissues, and these are absorbed through the vascular endothelial
cells. If LDL levels are elevated, these molecules accumulate within the subendothelial space
and trigger inflammatory processes. Cyclooxegenase-2 (COX2) and endothelial nitric oxide
synthesis (eNOS), through NF-κB, promote inflammation and production of reactive oxygen
species (ROS) which lead to the oxidation of the LDL molecules accumulated in the
subendothelial space (Hussain et al., 2016). Oxidized LDL particles activate the endothelial cells
and lead to their production of adhesion molecules as a result of additional inflammatory
signaling to attract innate immune cells through tumor necrosis factor-like weak inducer of
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apoptosis (TWEAK) and fibroblast growth factor-inducible 14 (Fn14) (Méndez-Barbero et al.,
2020).
Innate cells like monocytes and neutrophils bind to these adhesion molecules to enter the
subendothelial space. Once within the tunica intima layer, the monocytes receive signaling to
mature to macrophages (Pourbagher-Shahri et al., 2021). The macrophages phagocytose large
amounts of the oxidized LDL and become foam cells. Foam cell development in the
subendothelial space is problematic because excessive uptake of oxidized LDL molecules leads
to macrophage cell death. With elevated levels of LDL accumulation, a significant number of
foam cells are formed and die, which leads to the formation of a necrotic core within the
subendothelial layer.
Necrosis and release of oxidized LDLs from necrotic cells induces TWEAK/Fn14
signaling and extracellular matrix metalloproteinase inducer (EMM-PRIN) release through JNK
and p38 mitogen activated protein kinase (MAPK) signaling (Pourbagher-Shahri et al., 2021).
These pathways lead to production and release of matrix metalloproteinases (MMPs), which
break down the extracellular matrix surrounding the plaque, leading to instability of the plaque
(Méndez-Barbero et al., 2020). MMP-9, which is directly induced by NF- κB, is associated with
increased deposition of calcium within atherosclerotic plaques, which increases likelihood of
rupture (H. N. Chen et al., 2012).
TWEAK/Fn14 inflammatory signaling also leads to structural changes within the vessel
wall (Méndez-Barbero et al., 2020). Smooth muscle cells undergo phenotypic changes that
decrease their normal contractile activity and induce more proliferation and uptake of oxidized
LDLs to become foam cells (B. H. Li et al., 2014). Fn14 also leads to the recruitment and
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proliferation of fibroblasts that lay down a fibrous cap around the atherosclerotic plaque, filled
with LDL particles and foam cells. Firmer and more stable fibrous caps generally support less
problematic atherosclerotic plaques. Unstable atherosclerotic plaques are more likely to rupture,
which often leads to clot formation and occlusion of vessels. This leads to secondary pathologies
including coronary artery disease, peripheral artery disease, and cerebrovascular disease where
the blood supply to the respective tissue is decreased and risk of infarction is increased.
Aneurysm formation is also associated with oxidative stress and inflammatory processes.
Inflammatory signaling through NF-κB directly induces increased production of MMPs, which
can weaken vessel walls leading to the formation and progression of aneurysms (PourbagherShahri et al., 2021). NF-κB also mediates transmural inflammation and proteolysis of elastin
within the tunica media (Aggarwal & Harikumar, 2009). The inflammation mediated by NF-κB
indirectly results in activation of JNK1/2 and caspase pathways (H. N. Chen et al., 2012; Y.-R.
Chen & Tan, 1998). JNK and caspases are associated with weakening vessel walls through
increasing the production of ROS and inducing apoptosis (Papa et al., 2004). Studies have shown
that increased apoptosis within aneurysmal vessel walls leads to significantly increased risk of
rupture (Pentimalli et al., 2004). Arterial aneurysmal ruptures are serious medical events that can
result in death without rapid intervention.
Cardiomyopathy
Cardiomyopathy results from processes secondary to inflammation including myocardial
fibrosis, cardiomyocyte hypertrophy, oxidative stress, and apoptosis that result from diabetes
pathologies and myocardial infarction and reperfusion injuries. Myocardial fibrosis results from
excessive deposition of extracellular matrix (ECM) by cardiac fibroblasts, which leads to
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decreased compliance along with systolic and diastolic dysfunction, including arrhythmias,
hypertension, and even heart failure (H. N. Chen et al., 2012). Oxidative stress results from
inflammatory signaling and induces cellular protein damage through oxidation and glycation and
induction of peroxiredoxin 2 (PRDX2). PRDX2 induction commences a positive feedback loop
that induces more inflammation through increasing tumor necrosis factor (TNF)-α signaling
(Hussain et al., 2016). Cardiomyocyte hypertrophy occurs particularly after myocardial
infarction during the process of remodeling through elevated p300-HAT activity (H.-L. Li et al.,
2008). Finally, JNK signaling leads to myocardial injury through apoptosis of cardiomyocytes,
decreasing the number of contractile cells in the heart and cardiac contractility (PourbagherShahri et al., 2021). Reducing inflammation and oxidative stress as well as inhibiting apoptosis
are goals in treating and preventing cardiac myopathy.
Myocardial Fibrosis
Myocardial fibrosis can result from a variety of stimuli. TWEAK/Fn14 signaling induces
proliferation of cardiac fibroblasts, and these deposit excess ECM deposition consisting
primarily of type I collagen, as well as additional collagen types and fibronectin (H. N. Chen et
al., 2012). Reperfusion injuries after myocardial infarction are associated with upregulated
TWEAK/Fn14 signaling, which induces fibrotic remodeling. Additionally, signaling through
NF-κB and JNK increase production of MMPs that degrade collagen. NF-κB specifically
upregulates MMP-9, which targets collagen IV; however, increased MMP-9 levels are correlated
with increased fibrosis, likely due to increased cardiac fibroblast presence. MMP activity is also
correlated to greater production of ROS by cardiomyocytes, leading to further inflammatory
processes (Awad et al., 2010). NF-κB additionally upregulates RANTES (regulated upon
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activation, normal T-cell expressed, and secreted) and MCP-1 (monocyte-chemoattractant
protein-1), which are chemokines that attract innate immune cells to further pathological
remodeling of the myocardium (Chorianopoulos et al., 2010).
Ischemic/Reperfusion Injuries
Myocardial infarction results from an occlusion of one or more coronary arteries that
results in loss of blood supply to part of the heart. Infarction leads to cell death and
cardiomyopathy in the affected tissue due to loss of oxygen and other essential nutrients.
Abnormally elevated lysosomal autophagic activity is noted in ischemic tissue, which is due to
leakage of lysosomal enzymes into the cytoplasm due to lysosomal membrane instability.
Exposure of the cytoplasmic components to lysosomal enzymes leads to apoptotic cell death and
necrosis of the myocardial tissue (Wongcharoen & Phrommintikul, 2009). Apoptosis is also
triggered by ischemia and associated hypoxia. Bcl-2 interacting protein 3 (BNIP3) is activated
with hypoxic conditions as a hypoxia-inducible death factor (Baetz et al., 2005). BNIP3 results
from mitochondrial perturbations and leads to the formation of the mitochondrial permeability
transition pore (PTP) and, ultimately, apoptosis of cardiomyocytes.
Treatment protocols for myocardial infarction often involve anti-thrombolytic therapy or
more invasive coronary artery interventions to perfuse the heart. However, reperfusing ischemic
tissue can be associated with even more damage. Introduction of oxygenated blood to previously
oxygen-starved tissue induces greater accumulation of ROS that triggers cell damage and
associated apoptosis. Wei and colleagues identified endoplasmic reticulum stress as a key
regulator of apoptosis (Wei et al., 2019). Additionally, K. Liu et al. (2017) report that
ROCK/NF-κB signaling results in increased inflammation and apoptosis. NF-κB is a
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transcription factor for a variety of inflammatory mediators including TNFα, which can activate
JNK induced apoptosis through tumor necrosis factor receptor 1 (TNFR1) signaling
(Pourbagher-Shahri et al., 2021).
Cardiac Hypertrophy
Additionally, tissue remodeling after myocardial infarction can lead to cardiac
hypertrophy, which can result in decreased stroke volume and, in severe cases, heart failure (H.L. Li et al., 2008). Cardiac hypertrophy is modulated by a variety of factors, but one consistent
factor that is elevated in hypertrophic tissue is p300 histone acetyl-transferase (HAT). p300 HAT
acetylates the DNA around certain genes to provide easier access for transcription, specifically
genes involved in inflammatory processes like NF-κB, as well as genes involved in increased
collagen synthesis like TGF-β1. p300 HAT is a major player in cardiomyocyte development, but
its activity in adult tissue is not widely studied. Elevated or depressed p300 HAT levels in
healthy myocardial tissue do not produce noticeable morphological changes, but after myocardial
injury during the remodeling process, elevated p300 HAT is associated with hypertrophy.
Diabetic Cardiomyopathy
Diabetic cardiomyopathy is a pathology that is not associated with vascular diseases like
atherosclerosis or vessel occlusion. (Yao et al., 2018). This pathology leads to decreased cardiac
efficiency with prolonged contraction and relaxation times, decreased contractility, decreased
stroke volume, and increased wall stiffness (Ren & Sowers, 2014). The etiology of diabetic
cardiomyopathy is still under investigation, but it is theorized that high glucose serum levels
contribute to oxidative stress and production of inflammatory cytokines through the JNK and
NF-κB pathways. This inflammatory signaling leads to increased apoptosis that has the capacity

CURCUMIN THERAPY THROUGH JNK AND NF-κB PATHWAYS

11

to compromise the structure and function of the myocardium due to the limited regeneration
capacity of cardiomyocytes (Yao et al., 2018). Additionally, impaired autophagy within
cardiomyocytes likely contributes to the pathology. Autophagy is a cellular process to eliminate
damaged proteins and maintain a high quality of cellular proteins and proper function of
organelles. Without autophagic activities, damaged proteins can accumulate and aggregate,
leading to cell death.
Common Pathways
Atherosclerosis, aneurysm, and cardiomyopathy are distinct cardiovascular pathologies
that share some common potential drug targets. Inhibition of inflammatory signaling through
NF-κB and inhibition of apoptosis through JNK would alleviate many of the pathological factors
associated with cardiovascular disease (Pourbagher-Shahri et al., 2021). However, these
pathways are also involved in important physiological processes for survival, so global inhibition
is not advisable. Intermediate members like COX-2 or TWEAK/Fn14 or effector proteins like
MMPs may be more sustainable specific drug targets. Upregulating anti-apoptotic pathways such
as phosphoinositide-3 kinase (PI3K)/Ak strain transforming (Akt) and extracellular signal
regulated kinases 1 and 2 (ERK1/2) may also be a possible solution to prevent excess apoptosis
of cardiomyocytes or vascular smooth muscle cells and endothelium. Specifically for myocardial
hypertrophy, targeting p300 HAT may alleviate this pathology. Targeting BNIP3 may reduce
cardiomyopathy in patients with cardiac hypoxia relating to an infarction. Finding effective and
safe therapies for these pathologies requires understanding the connections between signaling
molecules within these pathways.
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Pathways Related to Cardiovascular Pathology
The pathology of cardiovascular diseases is generally centered around inflammatory and
apoptotic pathways. NF-κB and JNK are major mediators of many cellular processes, including
inflammation and apoptosis. Both pathways are triggered through cytokine signaling, tissue
damage, and environmental stressors including mechanical and chemical stress, elevated serum
glucose levels, elevated serum fatty acid levels, and pathogenic bacteria and viruses (T. Liu et
al., 2017). Both pathways result in increased inflammation, and they promote each other’s
activation to an extent. NF-κB, however, is primarily anti-apoptotic, while JNK activation
directly results in activation of the apoptotic cascade through caspase activity (PourbagherShahri et al., 2021).
NF-κB
NF-κB is a transcription factor that induces transcription of genes involved in
inflammation, cell proliferation and differentiation, and inhibition of apoptosis. Numerous
subunits make up the NF-κB family including p65 (RelA), RelB, c-Rel, p50 (NF-κB1), and p52
(NF-κB2) (Hayden & Ghosh, 2004). Homodimers or heterodimers of these subunits make up
active forms of NF-κB that can enter the nucleus and induce gene transcription. However, NF-κB
is generally located in the cytoplasm bound by an inhibitory subunit in the IκB family. NF-κB
contains two nuclear localization sequences (NLS), however the IκB subunit covers one NLS
and contains a nuclear exportation signal (NES) in an exposed location. Activation of NF-κB and
translocation to the nucleus occurs through modulation of the inhibitory subunit by an IKK
complex. An active IKK complex consists of three subunits, a homodimer or heterodimer of
catalytic subunits IKKα and/or IKKβ and a regulatory subunit, either IKKγ or NF-κB essential
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modifier (NEMO). A variety of factors can lead to initiation of IKK activation, and the complex
is fully activated through trans-autophosphorylation.
As shown in Figure 2, activation of NF-κB can occur through either a classical or
alternative pathway. In the classical pathway, NF-κB is bound by IκB, which dissociates from
the NF-κB after double phosphorylation by inhibitory kappa B kinase β (IKKβ) (Hayden &
Ghosh, 2004). The phosphorylated IκB is targeted for destruction in the proteosome and, NF-κB
is free to translocate to the nucleus. In the alternative pathway, one NF-κB subunit is bound by a
regulatory NF-κB subunit, either p105 or p100. Alternative signaling involves NF-κB inducing
kinase (NIK), which phosphorylates IKKα, activating it to cleave either p105 or p100 to p50 or
p52, respectively. Once cleaved, NF-κB exists as an active heterodimer with both nuclear
localization sequence (NLS) sites available and is allowed to translocate to the nucleus.
Signaling through NF-κB is terminated when newly synthesized IκB binds to NF-κB in the
nucleus to cover its NLS sites, and the complex is translocated to the cytoplasm.
Rho-associated protein kinase (ROCK) also indirectly activates NF-κB in response to
inflammatory mediators like arachidonic acids as seen in Figure 2 (Chorianopoulos et al., 2010;
Méndez-Barbero et al., 2020). ROCK increases the transcription of TWEAK, which binds to
Fn14. This interaction leads to the activation of IKKβ, which stimulates NF-κB activation. p300
HAT plays a role in regulating the amount of NF-κB available for activation by acetylating the
DNA for the NF-κB gene and allowing easier access (H.-L. Li et al., 2008). p38 MAPK has also
been shown to play an essential role in the activation of NF-κB by phosphorylating the p65
subunit to allow NF-κB to translocate to the nucleus (M. Yang et al., 2008).
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Figure 2
Inflammatory and Apoptotic Cellular Signaling Pathways Involving NF-κB

Note: NF-κB mediates pro-inflammatory and anti-apoptotic pathways in response to stressors.
The activation of NF-κB involves a variety of integrated signals that are potential drug targets for
treatment of pathologies related to NF-κB overactivation.

Additionally, increased JNK activation can lead to independent activation of NF-κB
(Pourbagher-Shahri et al., 2021). These and many other mechanisms of NF-κB activation are
being actively studied to better understand this key signaling molecule associated with the
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modulation of myriad cellular pathways associated with inflammatory processes, tissue
remodeling, and protection from apoptosis.
Once NF-κB translocates to the nucleus it proceeds to induce a number of genes as seen
in Figure 2 (Chorianopoulos et al., 2010; Zhou et al., 2006). COX-2, eNOS, IL-1, IL-6, IL-8, IL10, and apoptosis protein (XIAP) are cytokines related to inflammation and oxidative stress that
inhibit apoptosis through inhibition of some procaspases and TNF-α (Aggarwal & Harikumar,
2009). These are upregulated through NF-κB action. Additionally, NF-κB upregulates TLR
signaling through the induction of HMGB1, a ligand for TLRs (Pourbagher-Shahri et al., 2021).
RANTES and MCP-1, as well as MMPs and adhesion molecules, are also directly induced by
NF-κB activation, and these promote tissue remodeling through direct action and attraction of
innate immune cells to infiltrate the tissue. Anti-apoptotic and anti-autophagic proteins Bcl-2 and
Bcl-XL, among others, are also promoted by NF-κB (Hussain et al., 2016). NF-κB also promotes
growth arrest and DNA-damage inducible protein (GADD45β) and X-linked inhibitor of JNK
(Hayden & Ghosh, 2004). Moreover, NF-κB has also been found to inhibit apoptosis by
transcriptionally repressing expression of BNIP3, which indirectly inhibits formation of
mitochondrial permeability transition pores (PTP) and apoptotic cascades (Baetz et al., 2005).
JNK
JNK is an intracellular kinase that modulates many pathways through phosphorylation of
transcription factors and apoptotic enzymes. JNK is activated through a progressive
phosphorylation cascade where a mitogen-activated protein kinase kinase kinase (MAP3K)
phosphorylates a MAPKK, which in turn phosphorylates JNK as seen in Figure 3. JNK is
inactivated through the action of mitogen activated protein phosphatases (MAPP) (A. Lin, 2003).

CURCUMIN THERAPY THROUGH JNK AND NF-κB PATHWAYS

16

There are multiple MAP3K and MAPKK subunits that can lead to JNK activation as a result of
varied stimuli. JNK is activated in response TNF-α signaling, endoplasmic reticulum stress, or
oxidative stress through ASK1, a MAP3K that phosphorylates either MKK4 or MKK7
(Dhanasekaran & Reddy, 2008). With multiple steps in its process of activation, JNK can be
inhibited or suppressed at multiple points in its activation pathway.
Once activated, JNK is translocated to the nucleus where it activates gene transcription
factors for production of apoptotic mediators as seen in Figure 3. JNK was named for its
phosphorylation target c-Jun, a transcription factor for some pro-apoptotic factors (A. Lin, 2003).
Other transcription factors can be activated by JNK phosphorylation as well. For example, JNK
phosphorylates p53 to inhibit its degradation through ubiquination and proteolysis and promote
p53 mediated apoptosis over p53 mediated cell cycle arrest (Dhanasekaran & Reddy, 2008). p53
is involved in the production of a number of pro-apoptotic proteins including Bcl-2-associated X
protein (Bax) and p53 upregulated modulator of apoptosis (PUMA). These proteins induce
release of apoptotic factors from within the mitochondria. JNK also promotes tissue remodeling
by activating EMM-PRIN, which in turn activates MMPs (Pourbagher-Shahri et al., 2021).
In addition, JNK modulates pro-apoptotic enzymes directly to facilitate their activation as
noted in Figure 3 (Dhanasekaran & Reddy, 2008). Bim and Bmf are pro-apoptotic proteins that
are normally sequestered in the cytosol by dynein, but JNK phosphorylation releases these
proteins and allows them to activate apoptotic effectors like Bax or Bak. Bid is another proapoptotic protein that exists in the cytosol in its inactive form. JNK can facilitate cleavage of Bid
to jBid, that is translocated to the mitochondria to activate Bax. Bax causes apoptosis by forming
membrane channels in the mitochondria, causing loss of mitochondrial membrane potential, and
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allowing for release of apoptotic factors including cytochrome C and Smac/Diablo. Smac/Diablo
promotes apoptosis by binding competitively to apoptosis inhibitor 1 (IAP1), causing it to release
caspase-8, which initiates the caspase cascade, leading to apoptosis.
Anti-apoptotic factors antagonize the activation of pro-apoptotic factors, but JNK causes the
inhibition of anti-apoptotic proteins (Dhanasekaran & Reddy, 2008). Bcl-2 and Bcl-XL prevent
apoptotic processes by sequestering Bax Bad, and Bid (Kale et al., 2018). The pro-apoptotic
modulator Bim that is activated by JNK can directly bind to inhibit both Bcl-2 and Bcl-XL. JNK
also activates another pro-apoptotic factor, Bad, which can inhibit Bcl-2 action. JNK itself can
also directly inhibit Bcl-2 through phosphorylation, causing it to dissociate from pro-apoptotic
mediators. Nrf2 is another transcription factor that indirectly inhibits apoptotic activity by
inducing genes that promote antioxidant pathways (Pourbagher-Shahri et al., 2021). Elevated
JNK levels are associated with lower Nrf2 levels, and when JNK is inhibited Nrf2 activity
increases, suggesting an inhibitory effect of JNK on Nrf2 as well.
NF-κB and JNK Crosstalk
Though the NF-κB and JNK pathways include significantly different mediators and
modulate opposite outcomes regarding apoptosis, the similarities and differences between these
pathways informs researchers of drug targets that would be appropriate to secure certain
outcomes (see Figure 4). Both NF-κB and JNK are upregulated through TNF-α signaling in
response to tissue stress (Hayden & Ghosh, 2004). Additionally, increased JNK activity was
found to independently increase NF-κB activity, and both pathways result in upregulation of
inflammatory mediators and ROS, which result in greater activation of both pathways
(Pourbagher-Shahri et al., 2021). Upregulation of JNK and NF-κB in response to inflammatory

CURCUMIN THERAPY THROUGH JNK AND NF-κB PATHWAYS

18

signaling has led some to report an activating relationship between the two pathways; however,
some mediators in the two pathways counteract each other, leading to mutual inhibition.

Figure 3
Apoptotic and Oxidative Stress-Related Pathways Involving JNK

Note. JNK is a kinase that modulates a number of downstream mediators to promote apoptosis,
autophagy, and oxidative stress in response to inflammatory signaling through TNF-α.
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Figure 4
NF-κB and JNK Crosstalk Between Signaling Pathways

Note: The NF-κB and JNK pathways interact at various points. Inflammation resulting from NFκB signaling leads to JNK activation, and elevated JNK activation is correlated with elevated
NF-κB activation. However, NF-κB directly inhibits JNK activation through at least two
mediators, and JNK counteracts the anti-apoptotic effects NF-κB promotes.

In general, NF-κB has an inhibitory effect on JNK signaling. Once activated, NF-κB
induces transcription of GADD45β, which blocks the action of MKK7, the MAPKK that would
lead to JNK activation (Hayden & Ghosh, 2004). Though JNK can be activated through other
means, inhibiting MKK7 suppresses JNK activation. XIAP, another gene for which NF-κB
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induces transcription, inhibits MAP3K proteins like ASK1 which prevents JNK activation, and
inhibits some pro-apoptotic caspases as well. In addition to directly inhibiting JNK, NF-κB also
directly induces transcription for the anti-apoptotic factors Bcl-2 and Bcl-XL, which directly
inhibit the pro-apoptotic gene products that JNK induces and subsequently activates. However,
the activation of JNK produces a stronger pro-apoptotic signal than the anti-apoptotic signal
from NF-κB, so inhibition of apoptosis through NF-κB primarily comes through inhibition of
JNK.
Modulation of Cardiovascular Pathologies with Curcumin
Curcumin interacts with the NF-κB and JNK pathways at many points to reduce
inflammation, oxidative stress, cell proliferation, tissue remodeling, and apoptosis as depicted in
Figure 5. Curcumin inhibits TNF-α production and signaling and suppresses TLR signaling
through inhibiting HMGB1, which triggers inflammatory processes through binding to TLRs
(Y.-R. Chen & Tan, 1998; Pourbagher-Shahri et al., 2021; Prasad et al., 2014). Curcumin also
modulates inflammation through direct inhibition of COX-2 (Aggarwal & Harikumar, 2009).
Additionally, curcumin inhibits eNOS activity, stimulates antioxidant activity through Nrf2, and
has the capacity to directly scavenge ROS molecules to reduce oxidative stress (Wongcharoen &
Phrommintikul, 2009; J. Zhang et al., 2019). ROCK activity and subsequent TWEAK signaling
have been shown to be suppressed by curcumin (K. Liu et al., 2017). Inhibiting TWEAK lessens
cell proliferation and also decreases inflammation through suppressing the NF-κB pathway.
Curcumin further suppresses NF-κB through inhibition of IKKβ, and curcumin directly interacts
with JNK to inhibit its activity (Aggarwal & Harikumar, 2009; Wei et al., 2019). Finally,
curcumin suppresses proteolytic and fibrotic processes by decreasing levels of MMP-9, a gene
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that is promoted by NF-κB (Baetz et al., 2005). Through its involvement in cell signaling,
curcumin has been shown to be effective to reduce multiple cardiac pathologies.
Curcumin and Atherosclerosis
Several studies show the therapeutic effects of curcumin on modulating atherosclerotic
pathology. It has been demonstrated that curcumin could prevent development of atherosclerosis
in mice that are deficient in the LDL receptor and have chronically high serum levels of
cholesterol (Olszanecki et al., 2005). While curcumin did nothing to decrease the serum
cholesterol levels, inflammation and oxidative stress were reduced, and the curcumin treated
mice had significantly fewer atherosclerotic plaques than the control mice. X. Lin et al. (2015)
found curcumin to reduce atherosclerosis by inhibiting the development of foam cells through
inhibiting uptake of oxidized LDLs and upregulating a cholesterol efflux pump. B. H. Li et al.
(2014) found that curcumin inhibited foam cell formation through promoting autophagy in
smooth muscle cells. One mechanism of promoting autophagy would be through inhibition of
Bcl-2 to promote dissociation from Beclin1, allowing for induction of autophagy (Yao et al.,
2018).
Curcumin also reduces atherosclerosis through modulating inflammation. It has been
shown that curcumin reduces atherosclerosis through inhibiting the NF-κB pathway by
suppressing TLR signaling through the inhibition of HMGB1 (S. Zhang et al., 2018). The
suppression of NF-κB was demonstrated by reduced levels of NF-κB gene targets, including
TNF-α and adhesion molecules. Decreased levels of these mediators directly suppressed
formation of atherosclerotic plaques by inhibiting leukocyte infiltration and subsequent cell
damage. Other studies have shown that curcumin therapy was able to reduce atherosclerotic
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Curcumin Interaction With NF-κB and JNK and Cell Signaling Pathways
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lesions after an 8-week therapy regimen, reducing levels of IL-4 and IL-13, which are known to
be induced through NF-κB (Gao et al., 2019). Additionally, inhibiting the NF-κB pathway
reduces expression of MMP-9, decreasing the likelihood of rupture of the atherosclerotic plaques
(Pourbagher-Shahri et al., 2021).
Curcumin and Aneurysm
Multiple studies suggest curcumin may also be a potent therapy for treating aneurysms.
Theoretically, the inhibition of the JNK pathway leads to lessened apoptosis, which would
ameliorate aneurysmal progression (Papa et al., 2004). Meng et al. (2018) showed that curcumin
therapy caused a significant decrease in MMP-9 and MMP-2 activity in mice with induced
aneurysms. Parodi et al. (2006) also noted that low dose curcumin was effective for decreasing
MMP activity in mice, even without significant decrease in arterial wall inflammation. They
hypothesized that curcumin interfered with DNA binding, resulting in general downregulation
NF-κB induced genes. However, the anti-MMP effect of curcumin may also be through
downregulation of inflammatory cytokines like IL-1β and IL-6, which leads to less activation of
AP-1, which also leads to less MMP production. Thus, MMP induction is disturbed at two levels,
which would explain the greater decrease in its activity compared to a much less significant
decrease in inflammation between curcumin treatment and control trials (Pourbagher-Shahri et
al., 2021).
Curcumin and Cardiomyopathy
Similarly to the other pathologies, curcumin has been shown to be effective to alleviate
cardiomyopathy including myocardial fibrosis, ischemia/reperfusion injuries, and diabetic
cardiomyopathy by suppressing JNK and NF-κB signaling. Curcumin was found to decrease
ROCK expression in cardiomyocytes, which decreased myocardial fibrosis, inflammation, and
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hypertrophy after ischemic/reperfusion injury (K. Liu et al., 2017). Less ROCK/TWEAK activity
leads to decreased levels of activated MMPs, inflammatory factors, and oxidative stress.
Theoretically, oxidative stress is reduced through inhibition of NF-κB, as well as removal of the
inhibitory effect of JNK on the Nrf2 pathway, allowing greater production of antioxidant
mediators (Pourbagher-Shahri et al., 2021). Theoretically, with less oxidative stress, less PRDX2
signaling exists, leading to further suppression of TNF-α and inflammatory signaling (Hussain et
al., 2016).
It was found that curcumin stabilizes membranes by suppressing ROS production, thus
reducing cell damage and death from errant dissolution of lysosomal membranes in
cardiomyocytes (Wongcharoen & Phrommintikul, 2009). Curcumin was found to inhibit
apoptosis through inhibition of JNK and ROS production, as well as direct inhibition of GSK-3β,
which leads to decreased permeability of mitochondrial PTPs (Pourbagher-Shahri et al., 2021). It
was found that curcumin can select for autophagy over apoptosis by generally inhibiting
apoptotic processes, and inhibiting the activity of the anti-autophagic factor Bcl-2, thus allowing
Beclin1 to be free from Bcl-2 to promote autophagy (Yao et al., 2018). Curcumin was also
shown to inhibit p300 HAT activity, which in turn decreases cell proliferation and inhibits
cardiac hypertrophy in damaged tissue (H.-L. Li et al., 2008)
Pitfalls to Curcumin Therapy
While many studies have shown the efficacy of curcumin therapy with fewer adverse
effects than traditional therapies, its hydrophobic chemical structure promotes instability and
poor absorption leading to poor bioavailability (Pourbagher-Shahri et al., 2021). Curcumin is
slightly soluble in acidic aqueous solutions at pH 5.0 (approximately 11 ng/mL), and its
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solubility decreases at higher pH levels (Dewangan et al., 2017). Curcumin is also chemically
unstable in a neutral or alkaline aqueous environment and spontaneously breaks down to form
primarily bicyclopentadione through autoxidation, as well as other products including ferulic
acid, vanillin, ferualdehyde, and feruloyl methane as seen in Figure 6 (Dhanya et al., 2021). It is
hypothesized that these breakdown products may contribute to the therapeutic effect of
curcumin; however, they have less biological activity than curcumin (Metzler et al., 2013).
Additionally, curcumin is quickly metabolized in the body through reduction of its double bonds
and addition of glucuronide and sulfate groups to the phenolic and alcoholic hydroxyl groups,
which leads to more rapid excretion.
In addition to its low solubility and instability, curcumin is poorly absorbed and does not
easily penetrate the body tissues. It was found that, after oral ingestion of curcumin, the majority
of curcumin and its breakdown products are found in the feces with much smaller amounts in the
urine, indicating low absorption from the digestive tract to the bloodstream (Metzler et al., 2013).
Additionally, curcumin is crystalline in nature, which requires high kinetic energy to overcome
the crystallization energy for absorption (Dewangan et al., 2017). With low absorption with oral
ingestion, curcumin cannot easily penetrate many body tissues including the heart, and its ROS
scavenging activity in vivo is minimal. Prasad et al. (2014) found that orally-ingested curcumin
was able to somewhat reduce inflammation, but was minimally effective in modulating
cardiovascular pathologies.
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Figure 6
Chemical Structures of Degradative Breakdown Products of Curcumin

Notes: Curcumin breaks down in neutral or alkaline aqueous solutions to bicyclopentadione,
ferulic acid, feruloyl methane, ferualdehyde, and vanillin as a result of autoxidation and other
degradative processes.

Overcoming Pitfalls in Curcumin Therapy
To stabilize curcumin and increase its solubility, a variety of delivery methods have been
developed that would allow for greater penetration of curcumin within the body tissues for
longer periods of time. Combining curcumin supplementation with piperine increased
bioavailability by 2000% when taken orally (Moorthi et al., 2012). Piperine is a component of
black pepper that was found to stabilize curcumin by preventing glucuronidation. Additionally,
encapsulating curcumin in liposomes through the creation of nanoemulsions of curcumin
allowed for greater absorptivity in the blood, increasing serum concentrations 40-fold compared
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with traditional oral supplementation (Prasad et al., 2014). Liposomal encapsulation allowed for
greater effectiveness with oral supplementation by solubilizing the hydrophobic curcumin and
allowing it to be better absorbed.
In addition to these simpler methods, nanoparticles and sophisticated matrices are under
development to deliver curcumin effectively to target tissues. An amorphous solid dispersion
was developed that was composed of cellulose based polysaccharide carboxymethyl cellulase
acetate butyrate (Dewangan et al., 2017). This matrix had a 73% drug loading efficiency, and the
amorphous nanoparticle matrix lessened the kinetic energy required to absorb curcumin into the
tissues compared with the natural crystalline form of curcumin. These nanoparticles increased
curcumin bioavailability by 9-16 fold compared to a powdered turmeric supplement.
Additionally, a green chemistry method was developed to produce a curcuminoid-silver
nanoparticle complex for greater stabilization of curcumin in vivo (Dhanya et al., 2021). This
nanoparticle binds to curcumin through the hydroxyl groups, preventing its breakdown through
autoxidation. Thus, it decreased curcumin degradation from 49.6% to 9.6% after four hours.
Additionally, the silver nanoparticle stabilized curcumin in neutral and alkaline conditions and
over long periods of time, allowing for a shelf-life of 340 days with minimal degradation.
Moreover, the silver nanoparticle itself had beneficial effects (Srivatsan et al., 2015). Silver
nanoparticles act as anti-biofilm agents and can take part in antimicrobial activity to prevent
infections. These nanoparticles also stabilize collagen, which could be useful in modulating
aneurysmal pathologies, enhancing collagen crosslinking and promoting stronger vessel walls.
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Conclusion
Cardiovascular pathologies affect the health and wellbeing of a growing population of
people in Western nations and around the world. Curcumin is a natural compound that has been
found to effectively treat atherosclerosis, aneurysm, and cardiomyopathy through interacting
with the cell pathways at various points without producing adverse effects. Though curcumin is
relatively unstable in vivo, combination supplementation and other more sophisticated methods
of delivery are under development to increase the bioavailability of this remarkable chemical and
promote its therapeutic effects. The precise way curcumin interacts with cellular pathways
remains somewhat ambiguous, so further research should be done to better understand these
interactions and target curcumin therapy to modulate specific pathologies. Additionally, further
research remains to be done in creating more efficient delivery methods that allow greater
bioavailability of curcumin in cardiovascular tissue. Creating more effective and accessible
forms of curcumin to treat cardiovascular pathologies will provide an alternative option for
patients suffering with these pathologies.
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