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Abstract
Curcumin is a polyphenolic compound derived from turmeric that has potential beneficial properties for 
cardiovascular and renal diseases and is relatively safe and inexpensive. However, the application of curcumin 
is rather problematic due to its chemical instability and low bioavailability. The experimental results showed 
improved chemical stability and potent pharmacokinetics of one of its analogs – (2E,6E)-2,6-bis[(2-trifluoromethyl)
benzylidene]cyclohexanone (C66). There are several advantages of C66, like its synthetic accessibility, structural 
simplicity, improved chemical stability (in vitro and in vivo), presence of two reactive electrophilic centers, 
and good electron-accepting capacity. Considering these characteristics, we reviewed the literature on the 
application of C66 in resolving diabetes-associated cardiovascular and renal complications in animal models. We 
also summarized the mechanisms by which C66 is preventing the release of pro-oxidative and pro-inflammatory 
molecules in the priming and in activation stage of cardiomyopathy, renal fibrosis, and diabetic nephropathy. The 
cardiovascular protective effect of C66 against diabetes-induced oxidative damage is Nrf2 mediated but mainly 
dependent on JNK2. In general, C66 causes inhibition of JNK2, which reduces cardiac inflammation, fibrosis, 
oxidative stress, and apoptosis in the settings of diabetic cardiomyopathy. C66 exerts a powerful antifibrotic 
effect by reducing inflammation-related factors (MCP-1, NF-κB, TNF-α, IL-1β, COX-2, and CAV-1) and inducing the 
expression of anti-inflammatory factors (HO-1 and NEDD4), as well as targeting TGF-β/SMADs, MAPK/ERK, and 
PPAR-γ pathways in animal models of diabetic nephropathy. Based on the available evidence, C66 is becoming a 
promising drug candidate for improving cardiovascular and renal health.
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Background
Curcumin and diabetes mellitus
Diabetes mellitus is estimated to currently affect almost 
half a billion people worldwide as this number is 
expected to reach 700 million by 2045 (Cho et al. 2018). 
Although conventional treatment regimens remain a pri-
ority, natural compounds provide an attractive alterna-
tive as supplemental therapy in terms of their pleiotropic 
actions and low side effects. The biological activities of 
turmeric (Curcuma longa, L.), used for centuries in culi-
nary and traditional medicine for treating conditions of 
the cardiovascular, pulmonary, digestive, renal, and ner-
vous systems as well as its anti-bacterial and anti-patho-
genic properties, are well known (Gupta et al. 2013a, b; 
Maheshwari et al. 2006). Main bioactive compounds in 
turmeric are curcuminoids (curcumin (1), demethoxyc-
urcumin (2) and bisdemethoxycurcumin (3), Fig.  1), 
sesquiterpenoids, and turmerones. Among these com-
pounds, curcumin is the most abundant and active that 
has been shown to possess anti-inflammatory actions, 
reduce insulin resistance, decrease glucose and insulin 
levels, and increase adiponectin release (Anand et al. 
2008). Additionally, curcumin reduces the levels of resis-
tin, leptin, IL-6, IL-1β, and TNF-α in patients with type 
2 diabetes (Marton et al. 2021; Parsamanesh et al. 2018; 
Hajavi et al. 2017). The research carried out indicates 
that curcumin can exert an influence on glucose homeo-
stasis and may help to alleviate the vascular risk in dia-
betic patients (Pivari et al. 2019). Also, some studies have 
shown that treatment with curcuminoids improves the 
lipid profile and increases the overall antioxidant capacity 
in the blood (Panahi et al. 2017a, b; Altobelli et al. 2021).

As curcumin possesses strong hypoglycemic, hypolip-
idemic, anti-inflammatory, and antioxidant properties, 
the treatment of diabetes-related complications is one 
area where it can be exploited. Curcumin can be used as a 
supplement alongside the conventional diabetes mellitus 
therapy, following a thorough testing for its compatibility 
with the antidiabetic drugs (Rivera-Mancía et al. 2018). 
However, a caution is required, since curcumin is rather 
problematic due to its chemical instability, poor aque-
ous solubility and low bioavailability (Nelson et al. 2017). 
To overcome these drawbacks, various approaches, such 
as use of adjuvant or inclusion in drug delivery systems 
(liposomes or nanoparticles), have been considered. 
Another strategy for improving curcumin bioavailability 
is through structural modification of its molecule (Fig. 1).

In many natural products, there is a presence of 
2-methoxyphenol scaffold usually substituted at position 
4 (eugenol, isoeugenol, vanillin, vanillic acid, coniferyl 
alcohol, ferulic acid, guaiacol). Compounds that have a 
methoxy group ortho to the phenolic hydroxyl group are 
potent antioxidants. The 4-substituted − 2-methoxyphe-
nol moiety is related to the biological activity (antioxidant 
properties and antimicrobial properties) in compounds. 
The downfall is that they are prone to oxidation which 
affects their stability and subsequent use.

Bioavailability-associated structural modifications of 
curcumin (monocarbonyl analogs of curcumin)
Even though curcumin is frequently used in research 
studies, its origin, crystal form and purity prior to use 
is rarely explicitly provided. Furthermore, the fact that 
lately curcumin has been classified as PAINS (pan-assay 

Fig. 1 Chemical structures of curcuminoids. (1) Curcumin, (1E,6E)-1,7-Bis(4-hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5-dione; (2) Demethoxyc-
urcumin, (1E,6E)-1-(4-Hydroxy-3-methoxyphenyl)-7-(4-hydroxyphenyl)hepta-1,6-diene-3,5-dione; (3) Bisdemethoxycurcumin, (1E,6E)-1,7-Bis(4-hydroxy-
phenyl)hepta-1,6-diene-3,5-dione
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interference compounds), as well as IMPS (invalid meta-
bolic panaceas), must also be taken into account (Nelson 
et al. 2017). Indeed, only recently, the rich chemistry of 
curcumin and the role of the auto-oxidation products in 
its overall activity has been demystified (Gordon et al. 
2015a, b; Schneider et al. 2015). Curcumin is photoreac-
tive and it decomposes mainly by solvolysis and oxidative 
degradation (Nelson et al. 2017). Moreover, it does not 
satisfy the primary criterion for pharmaceutical appli-
cations i.e., it is unstable under physiological conditions 
(pH 7.4 and 37 °C).

Inspired by the biological activity of curcumin, many 
research groups have tried to remove/alter its active 
sites. It has been proposed that important part of the 
biological activity of curcumin is stemming from the α,β-
unsaturated ketone fragments, which act as a Michael 
acceptor. Additionally, it has been established that the 
main reason for the low chemical stability and bioavail-
ability is the enolizable 1,3-diketone (β-diketone) moi-
ety due to the reactivity of the enol form (Nelson et al. 
2017). Many efforts have been undertaken to improve 
curcumin’s stability and bioavailability (structure-activ-
ity relationship (SAR) approaches) (Anand et al. 2008), 
(Dimmock et al. 1999; Liang et al. 2009; Arshad et al. 
2017; Zheng et al. 2017). In order to keep the reactive 
fragment but to improve the bioavailability, new so-
called monocarbonyl analogs of curcumin (MACs) have 
been prepared and investigated (Fig.  2) (Dimmock et 
al. 1993, 2003; Das et al. 2006, 2008; Zhao et al. 2013; 
Shetty et al. 2014; Liang et al. 2008; Kumar et al. 2017; 
Qian et al. 2015). These analogs contain the 1,5-diaryl-
3-oxo-1,4-pentadienyl moiety with (in most cases) E,E 
stereochemistry of the double bonds. There is a wealth of 
information about their physicochemical properties and 
most importantly, they are synthetically accessible (via 
Claisen–Schmidt condensation) in high purity, and are 
stable, both in solid state and in solution (however, based 
on our experience, the solutions of these derivatives 
should be kept in the dark (or prepared in amber glass-
ware), because they are susceptible to photochemical E-Z 
isomerization).

The key study by Liang et al. (2009) confirmed that the 
three categories of monocarbonyl analogs (I, II, and III, 
Fig.  2  A) have better hydrolytic stabilities compared to 
curcumin at pH 7.4 and 37 °C. In general, the cyclopenta-
none analogs (II, Fig. 2 A) are the most stable, followed by 
the cyclohexanone derivatives (III, Fig. 2 A). The hydro-
lytically least stable in the above-mentioned conditions 
are acetone-type analogs (I, Fig. 2 A). The conclusion of 
their SAR study was that the electron-withdrawing sub-
stituent at ortho (2) position of the benzene ring gener-
ally increased their bioactivity (cytotoxicity). Also, the 
higher electron-withdrawing capability of the substitu-
ents resulted in a stronger cytotoxic effect in tumor cells. 

From the tested symmetrical analogs with various EWG 
substituents (X = F, Cl, Br, or CF3) in ortho position in all 
three categories, the MACs with the CF3 group were the 
most potent. From the experimental experience gained 
in our labs, we have focused on cyclohexanone analogs 
(III, Fig. 2 A) because of their higher stability compared 
to group I MACs (I, Fig. 2 A) and their better solubility 
in various solvents compared to cyclopentanone type (II, 
Fig. 2 A) MACs. Moreover, the cyclohexanone system is 
conformationally more flexible compared to the cyclo-
pentanone system, which could be beneficial in binding 
to relevant receptors.

Another important feature is that these cross-conju-
gated dienones are potent Michael-acceptors and have 
affinity for thiols (Das et al. 2009). The preferential reac-
tivity of these MACs towards biologically relevant thiols, 
such as glutathione, has been pinpointed as the key fac-
tor for their versatile bioactivity. Moreover, it has been 
shown in vitro that certain MACs of curcumin (Va and 
Vb, Fig. 2B) form mono-glutathione adducts (VI, Fig. 2B) 
and bis-glutathione adducts (VII, Fig.  2B) and that this 
process is reversible (Sun et al. 2009). Another appeal-
ing feature of these derivatives is their tunability in terms 
of the electron density of the olefin moiety via incorpo-
ration of substituents on the benzene rings (Amslinger 
2010; Al-Rifai et al. 2013; Amslinger et al. 2013).

One frequently employed approach to safeguard 
against in vivo metabolism involves insertion of electron-
withdrawing functionality, such as the trifluoromethyl 
(CF3) group, into drug candidates (Filler et al. 1993). 
This group has a unique role in drug discovery chem-
istry, which may be witnessed by its presence in many 
approved medicines. Introduction of CF3 into molecules 
usually improves the binding by promoting electrostatic 
interactions with targets. Additionally, it increases the 
cellular membrane permeability, improves the meta-
bolic stability of the drug, and may impart selective reac-
tivities (Müller et al. 2007; Purser et al. 2008; Hagmann 
2008). Recently, a synthetic method for introduction of 
CF3 group directly on the aryl ring has been reported, 
thus providing better flexibility in preparation (Nagib 
and MacMillan 2011). With the introduction of trifluo-
romethyl group which is EWG (electron-withdrawing 
group) with strong inductive effect at the (closest) ortho 
positions of the 2,6-dibenzylidenecyclohexanone, one 
effectively decreases the electron density of the β-carbon 
of the enone and makes it more electrophilic and more 
susceptible to attack from nucleophilic thiols. Also, the 
CF3 group is not sterically demanding and does not sig-
nificantly distort the enone geometry of the 2,6 − 1,5-dia-
ryl-3-oxo-1,4-pentadienyl (Fig. 2). The combining of two 
known pharmacophores (1,5-diaryl-3-oxo-1,4-pentadie-
nyl and CF3) to a first approximation should be beneficial 
in terms of chemical and metabolic stability.
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Indeed, the experimental results showed improved 
chemical stability and pharmacokinetics of the resulting 
compound (2E,6E)-2,6-bis[(trifluoromethyl)benzylidene)
cyclohexanone (C66) (Fig.  2  C), compared to curcumin 
(Liang et al. 2009). In this manner, a stable compound 
is obtained, with defined stereochemistry that can be 
reproducibly synthesized in high purity, and that is read-
ily soluble in organic solvents. The E,E stereochemistry 
of the exocyclic double bonds, the conformation of the 
cyclohexanone ring, and the dihedral angles of the aryl 
rings have been confirmed by spectroscopic and crystal-
lographic data (Fig. 3) (Zhang et al. 2015).

From the crystallographic data, it can be established 
that the C13-O1 bond length is 1.22 Å, which is in the 
range for the carbonyl group of aldehydes and ketones. 

Also, the C-C bond lengths in the cyclohexane ring are 
in the range of regular single bonds. The C7-C8 and C12-
C14 bonds have bond lengths of 1.328 Å and 1.324 Å, 
which fall in the range of typical double bonds; they have 
E stereochemistry. On the other hand, both C6-C7 and 
C14-C15 bonds have the same length (1.466 Å), which 
falls between single and double bonds. The shortening 
of these bonds is typical for an enone structure, which 
is caused by the neighboring conjugated double bonds. 
The enone system is not perfectly planar, and the phenyl 
groups are also twisted with respect to the enone (13° and 
37°). In this arrangement, the electrophilic β-carbons (C7 
and C14) of the cross-conjugated enone are accessible to 
potential nucleophiles. It should be noted that C66 has 

Fig. 2 Structures of monocarbonyl analogs of curcumin (MACs). A. General structures of MACs (I-IV) containing a 1,5-diaryl-3-oxo-1,4-pentadienyl 
pharmacophore (I - “acetone”, II - cyclopentanone, III - cyclohexanone, IV − 4-piperidone), Ar = aryl, R = H, alkyl, aryl). B. In vitro reaction between MAC 
and glutathione (GSH) in acetonitrile/water, yielding a monoglutathione- and bisglutathione-adduct (Va: Y = N-H, Z = C-F, (3E,5E)-3,5-bis[(2-fluorophenyl)
methylene]piperidin-4-one; Vb: Y = N-H, Z = N, (3E,5E)-3,5-bis(2-pyridylmethylene)piperidin-4-one). C. General structure of a symmetric MAC − (2E,6E)-2,6-
bis(2-X-benzylidene)cyclohexanone (VIII), and the structure of (2E,6E)-2,6- bis[(trifluoromethyl)benzylidene)cyclohexanone (C66) (IX)
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conformational flexibility in solution, which can be ben-
eficial regarding its binding to active sites of enzymes.

In order to pinpoint the pertinent structural features 
that dictate the reactivity towards thiols as previously 
reported (Hadzi-Petrushev et al. 2018), we have employed 
simple computational chemistry (semi-empirical PM3 
method) on these MACs with appropriate ortho substit-
uents. The emphasis was placed on electronic properties, 
conformation, torsional angle of the aryl group, and espe-
cially on the energy of the frontier molecular orbitals, the 
highest occupied molecular orbital (EHOMO), and lowest 
unoccupied molecular orbital (ELUMO) (Das et al. 2008). 
These quantum chemical descriptors can be taken as a 
useful initial guide in the search for new compounds that 
may exhibit antinflammatory and/or antioxidant activity 
(Sklenar and Jäger 1979; Karelson et al. 1996; Zoete et al. 
2004; Shakman and Mazziotti 2007). From the quantum 
mechanical calculations presented graphically (Fig.  4B), 
it can be seen that the presence of strong EWG such as 
NO2, SO2CH3, CCl3, CN, CF3, leads to a decrease in the 
charge density (on q3), which in principle makes these 
derivatives better Michael acceptors in reactions with thi-
ols. On the other hand, strong electron donating groups 
(EDG) such as NH2, N(CH3)2, OCH3, OH, have the oppo-
site effect on the charge density of the beta-carbon (q3) of 
the enone, and consequently should be less reactive (less 
electrophilic) towards thiols. Similar trends can be seen 
in terms of ELUMO, which indicates the electron accepting 
capability of a compound (Fig. 4 C). C66 has comparable 
properties in terms of charge density on q3 and ELUMO 
with dicyano analogs (X = CN), but is expected to be 
more chemically stable. It can be seen that based on the 
charge on the position q3 (of the Michael acceptor) and 
the ELUMO, C66 is expected to be more reactive towards 
(biologically relevant and other model) thiols compared 

to the parent compound 2,6-dibezylidenecyclohexanone 
(R = H) and to compounds with EDG.

The advantage of introducing the CF3 group is that 
this group is EWG by inductive effect, it is not steri-
cally demanding, and affects the energy of LUMO to 
a lesser extent than the other electron-withdrawing 
groups, which exert their influence through resonance. 
The energy of LUMO for C66 (X = CF3) is less negative 
than the other strong EWG (such as NO2, CN, CHO, 
SO2CH3, etc.). Compounds that are strong electron 
acceptors, such as 2,6-bis(2-nitrobenzylidene)cyclohexa-
none, can alter certain biologically relevant redox pro-
cesses, which could cause unwanted side effects (Nepali 
et al. 2019).

Analogously, EHOMO indicates electron donating power 
of a compound, and compounds with EDG, such as 
NH2, N(CH3)2, OCH3, OH, are expected to have anti-
oxidant properties. Usually, they suppress the formation 
or stop the propagation of free radicals and other reac-
tive species. There is a study where the EHOMO of cur-
cuminoids (1 and 3, Fig. 1) and MACs of type I, II, and 
III (Fig.  2  A) with electron-donating (OH and OCH3) 
groups are correlated and ranked based on their enzyme-
inducing capability (Zoete et al. 2004). The presence of 
OH and/or OCH3 has a strong influence on the EHOMO 
and electron-donating properties. The 2,6-diarylidenecy-
clohexanones with EWG, such as C66, have pronounced 
anti-inflammatory activity, while the analogs with EDG 
generally have superior antioxidant effects. However, the 
electron density on the benzene ring is higher in these 
analogs with EDG, and they are more prone to enzy-
matic metabolism in vivo by cytochrome P450 oxidases 
(Montellano 2005). Hence, compared to curcumin and 
to some other curcuminoids, there are several advan-
tages of C66: synthetic accessibility, structural simplic-
ity, improved chemical stability (in vitro and in vivo), 

Fig. 3 Molecular structure of (2E,6E)-2,6-bis[(2-trifluoromethyl)benzylidene]cyclohexanone (C66). The structure was obtained by recrystallization 
from methanol (slow evaporation at ambient temperature (41). The atom numbering of the molecular structure generated from the crystallographic 
file and the bond lengths are given in green color. The X-ray crystallographic data was obtained from the Cambridge Structural Database (ID, MUSHAL, 
deposition number 1,432,340)
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increased electrophilicity of the enone, presence of two 
reactive electrophilic centers, and moderate electron 
accepting capacity. In our lab, we have been preparing 
C66 and applying it in several studies (Hadzi-Petrushev 
et al. 2018), (Stamenkovska et al. 2020), (Hadzi-Petrushev 
et al. 2019), assessing its antioxidative and anti-inflam-
matory activity. All the above-mentioned studies lead to 
the notion that C66 is an ideal compound for testing as 

a treatment for different pathophysiological conditions. 
In the following sections, we review the literature con-
cerning the application of C66 in resolving diabetes-asso-
ciated cardiovascular and renal complications in animal 
models.

C66 and diabetes-associated complications
Effects of C66 on the prevention of diabetes-associated 
vascular damages
Hyperglycemia is the key link between diabetes and high 
oxidative stress that is implicated in the pathophysiology 
of vascular abnormalities caused by diabetes (Maritim et 
al. 2003), (Fiorentino et al. 2013). Excessive generation of 
reactive oxygen species (ROS) has been identified as an 
early pathogenic component in diabetic aortic damage, 
which can be mitigated by enhanced endogenous antioxi-
dant capacity (Li et al. 2018a, b, c).

Chronic inflammation, as one of the main factors in 
the progression of diabetes and its complications, causes 
tissue damage and leads to the generation of new vascu-
lar structures via oxidative stress, apoptosis, endothe-
lial dysfunction, and fibrosis (Wang et al. 2014a, b, c), 
(Liu et al. 2014; Li et al. 2018a, b, c) reported elevated 
levels of proinflammatory (TNF-1α, MCP-1), aortic 
fibrosis (CTGF, TGF-β1), apoptosis (caspase-3), and oxi-
dative stress (3-nitrotyrosine (3-NT), 4-hydroxynoneal 
(4-HNE)) markers in the aorta of diabetic mice. Treat-
ment with C66 or deletion of JNK2 (JNK2−/−) in diabetic 
mice resulted in a reduction of the increased expression 
of inflammatory and fibrosis markers (Li et al. 2018a, b, 
c). In fact, treatment with C66 had no additional effect 
on JNK2−/− diabetic mice, suggesting that C66 protec-
tion is based on the suppression of JNK2 (Parsamanesh 
et al. 2018), (Li et al. 2018a, b, c). As a member of the 
mitogen-activated protein kinase family, JNK2 influences 
multiple cellular stress responses, including inflamma-
tory responses, oxidative stress, cell death, cell survival, 
and protein expression, in various tissues of diabetic ani-
mals (Liu et al. 2014; Zhou et al. 2016; Jiao et al. 2015; Fan 
et al. 2012). JNK was found to be inhibited by curcumin, 
which is a potent protector against cardiovascular disease 
(Fiorillo et al. 2008; Stamenkovska et al. 2021; Pan et al. 
2013) found that C66 has a high affinity for JNK2 bind-
ing, which potentiates its anti-inflammatory effects. In 
addition, Li et al. (2018a, b, c) have found that JNK2 dele-
tion is associated with reduced aortic inflammation, oxi-
dative stress, apoptosis, and fibrosis, caused by diabetes, 
but significant changes in the aorta of diabetic JNK2−/− 
mice were not reported after C66 treatment. These data 
imply that protection against aortic damage caused by 
diabetes is mediated by C66-induced JNK2 inhibition. 
Hence, reducing JNK2 activity by C66 can be suggested 
as an effective supplementary technique in the treatment 
of diabetes.

Fig. 4 Quantum mechanical parameters (semi-empirical PM3 meth-
od) of different symmetrical MACs (bis (ortho-substituted 2,6-dibe-
zylidenecyclohexanones), including C66 (X = CF3). A. General structure 
of a symmetrical MAC [(2E,6E)-2,6-bis(2-X-benzylidene)cyclohexanone], 
where X is the substituent atom/group (e.g., Br, CF3, NO2); q1,2,3 represents 
charge density on the respective atom; and θ1,2 is the torsional angle be-
tween the respective bonds. B. Graph showing the charge density of the 
beta-carbon of the enone, q3, depending on the substituent atom/group. 
The presence of a strong electron-withdrawing substituent leads to a de-
crease in the charge density, which in principle makes the MAC a better 
Michael acceptor. C. Graph showing the energy of the lowest unoccupied 
molecular orbital, ELUMO, as a function of the substituent atom/group. 
ELUMO is related to the electron-accepting capability of the MAC
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Furthermore, Huang et al. (2020) showed that when 
human umbilical vein endothelial cells (HUVECs) were 
incubated in high glucose (HG) (25 mM) medium, C66 
caused dose-dependent (0–5 µM) suppression of the 
phosphorylated p-65 (p-p65)-induced expression. Inter-
leukin 1 receptor-associated kinase (IRAK1), as a key 
adapter downstream kinase of the toll-like receptor 
(TLR) superfamily, mediates HG-induced NF-kB acti-
vation by phosphorylation and degradation of the IkB 
protein in the proteasomes (Hayden and Ghosh 2004; 
Huang et al. 2020) also reported that treatment with HG 
(25 mM) caused a significant reduction in microRNA 
miR-146a expression, which was restored by the admin-
istration of C66. Additionally, the authors suggested 
that pre-treatment with hsa-miR-146a antagonist, com-
pletely abolishes C66-induced miR-146a upregulation in 
HUVECs incubated with HG (Huang et al. 2020). C66 at 
doses up to 5 µM caused a significant limitation of the 
HG-amplifying effect of IRAK1 and p-p65 expression 
in HUVECs, but these effects were reversed with anti-
miR-146a treatment (Huang et al. 2020). Therefore, it is 
apparent that C66 can counteract HG-induced NF-κB 
activation in HUVECs by stimulating miR-146a expres-
sion (Fig. 5).

Effects of C66 on the prevention of diabetes-associated 
cardiac damage
As mentioned above, excessive production of ROS 
results in oxidative stress, which can contribute to the 

development and the progression of a wide range of dia-
betic complications, including heart diseases (Weseler 
and Bast 2010). It is well known that diabetes-induced 
disulfide bond formation in the myocardial endoplas-
mic reticulum (ER) causes oxidative stress and apoptotic 
cell death (Nakamura et al. 2001). Increased production 
of ROS and nitric oxide (NO) has also been linked to 
impaired cardiac endothelial cell function (Senoner and 
Dichtl 2019). Thereby, active myocardial ER stress is fol-
lowed by depletion of ER-Ca2+ stores caused by overpro-
duction of NO by inducible NO synthase (iNOS) (Wang 
et al. 2014a, b, c). In this regard, Cai et al. (2005) found 
that diabetic mice have higher levels of oxidative damage 
and oxidative stress in their myocardial ER. Actually, this 
group has shown that at the level of the myocardium, in 
the same manner as in the aorta, C66 and JNK inhibition 
causes reduction of the indicators of oxidative stress, ER 
stress, and in the levels of proteins of the caspase fam-
ily, such as caspase-12 and caspase-3. Furthermore, Cai 
et al. (Cai et al. 2005) have confirmed that C66-induced 
reduction in the JNK phosphorylation could be mediated 
by overexpression of metallothioneins (MT) resulting in 
protection of the heart from diabetic impairment. Sev-
eral studies (Cai et al. 2006; Miao et al. 2013; Song et al. 
2005) demonstrated that MT provide antioxidant protec-
tion of the myocardium from different disorders, includ-
ing diabetes (Velic et al. 2013), (Ye et al. 2003). Namely, in 
parallel to the pathological heart damage, diabetes causes 
decreased expression of MT in the heart (Cai et al. 2005). 

Fig. 5 Effects of C66 in the reduction of diabetes-associated damage to the cardiovascular system.
The full names of the figure components are given in the list of abbreviations
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Furthermore, Miao et al. (2013) reported reduced early 
cardiac cell death by regulation of the mitochondrial 
oxidative stress, followed by suppressed development 
of diabetic cardiomyopathy in transgenic diabetic mice 
with overexpressed cardiac MT. In addition, Xu et al. 
(2009) reported MT-induced decrease in diabetes-related 
cardiac ER stress, accompanied by reduced cell death, 
most likely due to their antioxidant effect. Two studies 
reported existence of a potential link between JNK phos-
phorylation and MT expression, implying involvement 
of JNK in the diabetes-induced apoptotic cell death (Lau 
et al. 2006), (Qu et al. 2006). Another study revealed that 
MT cause prevention of JNK-provoked cell death by neu-
tralizing ROS (Peng et al. 2007). These data imply that 
the diminished impact of diabetes on the apoptotic pro-
cesses as a result of the treatment with C66 is associated 
with overexpression of MT, which could be related to the 
overall control of the JNK signaling, however, whether 
MT directly inhibits JNK phosphorylation, is not clear 
yet. Although further studies are needed to understand 
the underlying processes, it is evident that the inhibi-
tion of JNK, which mediates the protective effects of C66 
against diabetes-induced cardiac damage, is based on the 
suppressed ER stress and increased MT expression in 
cardiac myocytes. However, the specific mechanism by 
which C66 and JNK inhibition retain the MT expression 
is unclear, thus further studies are needed in this area.

Recent C66-diabetes-related studies give indica-
tions of another important diabetes-associated factor 
known as the nuclear factor erythroid 2-related factor 
2 (Nrf2) (Kensler et al. 2007). It was shown that Nrf2 
possesses therapeutic benefits in the settings of dia-
betic complications via contributing to the induction of 
antioxidant enzymes synthesis. When Nrf2 is silenced, 
endothelial progenitor cell motility, proliferation, and 
secretion, is reduced, while oxidative stress and cell 
aging are increased (Wang et al. 2018). In opposite, it 
was found by Li et al. (2018a, b, c) that overexpression of 
Nrf2 causes reduction in the production of ROS and in 
the expression of inflammatory cytokines in HG cultured 
endothelial progenitor cells (Li et al. 2018a, b, c) also 
reported that diabetic JNK2−/− mice treated with C66 
show significant changes in Nrf2 expression compared to 
diabetic JNK2−/− mice. Thus, JNK2 was established as a 
key regulator of the Nrf2 function, indicating at the same 
time its involvement in the C66-induced protection. 
Nrf2 participates in the regulation of cell detoxification 
and redox status regulation via promotion of the expres-
sion of many antioxidant genes. Hence, the processes of 
JNK2 activation and Nrf2 inhibition are associated with 
oxidative stress induced by diabetes, while the process of 
JNK2 suppression is related to the increased Nrf2 expres-
sion (Li et al. 2018a, b, c). Basically, it seems that treat-
ment with C66 or deletion of JNK2 stimulate expression 

of Nrf2. Li et al. (2018a, b, c) also examined the level of 
expression of the Nrf2 downstream genes, including HO-
1, NQO1, and SOD1, and found that these antioxidant 
enzymes are significantly upregulated in the C66-treated 
diabetic mice. Hence, the preliminary conclusion should 
be that the antioxidant effect of C66 is Nrf2-mediated, 
but mainly dependent on JNK2.

In the search for additional C66-diabetes-associated 
molecular players, forkhead box O3a (FOXO3a) tran-
scription factor was reported to be an essential down-
stream signaling effector of apoptosis (Lam et al. 2006). 
In this direction, the report of Sunters et al. (2006) sug-
gested a JNK-associated FOXO3a-dependent apoptosis, 
followed by enhancement in the nuclear translocation of 
FOXO3a, and pro-apoptotic gene expression. The same 
group published that activation of FOXO3a is controlled 
by phosphoinositide 3-kinase (PI3K)/AKT serine/threo-
nine kinase 1 (Akt) signaling pathway. Actually, the sub-
family of FOXO, as a downstream target of the PI3K/Akt 
signaling pathway, were found to be involved in the regu-
lation of cell cycle homeostasis, apoptosis, differentiation, 
metabolism, migration, oxidative stress, DNA damage, 
and other important cellular processes (Lam et al. 2006). 
In a similar manner, the HG, as one of the hallmarks of 
diabetes, causes reduction of the nuclear translocation of 
phosphorylated Akt (p-Akt), which is the reason for fur-
ther promotion of FOXO3a-dependent apoptosis during 
diabetic cardiomyopathy (Sunters et al. 2006). Besides 
its ability to reduce p-Akt and increase FOXO3a activ-
ity, JNK is simultaneously responsible for the dynamics 
of the nuclear localization and FOXO3a control (Burillo 
et al. 2021). It is therefore logical to imply that FOXO3a 
activation competes with the JNK (probably via JNK2) 
and the PI3K/Akt signaling pathways, both of which have 
been shown to be reduced in well-controlled diabetes (Li 
et al. 2018a, b, c). Hence, cross-linking between these sig-
naling pathways as well as FOXO3a inactivation could be 
of critical importance in cardiac apoptosis. It should be 
noted that diabetes causes reduction in the level of phos-
phorylation of PI3K, Akt, and FOXO3a, which is altered 
by C66 in wild-type diabetic, but not in JNK2−/− diabetic 
mice, suggesting that C66-induced activation of these 
enzymes mediates suppression of the JNK2 activity.

Finally, based on the data from Li et al. (2018a, b, c) the 
cardioprotective effects of C66 appear to be dependent 
on JNK2 (Fig. 5). That is, C66 causes inhibition of JNK2, 
which reduces cardiac inflammation, fibrosis, oxidative 
stress, and apoptosis, in the settings of diabetic cardiomy-
opathy. Precisely, the mechanism involved in the protec-
tive effect of C66 alongside inhibition of JNK2, involves 
overexpression of Nrf2. Additionally, Li et al. (2018a, b, 
c) established a link between C66, JNK, and PI3K/Akt 
signaling in FOXO3a-dependent regulation of diabetes. 
These findings are expected to assist in the development 
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of preventive and therapeutic methodologies for the sup-
pression of diabetic cardiomyopathy.

Effects of C66 on the prevention of diabetes-associated 
kidney macrophage infiltration
The chronic inflammatory response in diabetics has been 
shown to induce infiltration and accumulation of mac-
rophages in the kidney (Tesch et al. 2010) According to 
Yonemoto et al. (2006) besides macrophage infiltration, 
diabetic nephropathy (DN) is characterized by mesan-
gial matrix dilatation and interstitial fibrosis. A specific 
pathological manifestation in patients suffering from DN 
was the induced macrophage production of inflamma-
tory cytokines such as IL-1β, IL-6, IL-12, IL-18, TNF-α, 
IFN-γ, and MCP-1, (Hirata et al. 1998), (Wen et al. 2006) 
via NF-κB-dependent pathway that subsequently lead to 
albuminuria and renal fibrosis.

Recently, it was also shown that metabolic products 
from diabetic impairment of the kidney may promote 
macrophage recruitment by inducing expression of 
MCP-1 and other cell adhesion molecules (Yang et al. 
2007). Thus, infiltrated macrophages in the inflamed kid-
ney initiate production of profibrotic cytokines such as 
TGF-β, which play a key role in progressive renal fibrosis 
(Yang et al. 2007) In their studies, Park et al. (2000) and 
Kosugi et al. (2009) confirmed that ICAM-1, VCAM-1, 
and MCP-1 play a very important role in the pathogen-
esis of diabetic nephropathy by inducing inflammatory 
macrophage infiltration (Park et al. 2000), (Kosugi et al. 
2009). Furthermore, Pan et al. (2013) reported diabetes-
induced increased renal expression of VCAM-1, ICAM-
1, and MCP-1, associated with macrophage infiltration, 
adhesion, and renal fibrosis. But, most importantly, these 
two groups have shown that both in vitro and in vivo, the 
aforementioned increases in various factors in the set-
tings of HG are attenuated as a result of the treatment 
with C66. Hence, the anti-inflammatory effect of C66 in 
diabetes-associated renal impairment appears to be the 
result partially of the suppressed expression of VCAM-
1, ICAM-1, and MCP-1 in the renal epithelium. The 
studies of Pan et al. (2013) exploring the transcriptional 
mechanism by which C66 causes inhibition of the diabe-
tes-induced adhesive molecules expression have shown 
renal IkB degradation and p65 nuclear translocation in 
cultured renal epithelial cells isolated from diabetic mice. 
Having in mind that NF-kB initiates renal inflammatory 
processes by regulating the gene expression of cytokines, 
chemokines, and adhesive molecules, it is logical to pre-
dict that VCAM-1 and ICAM-1 expression would be 
NF-kB dependent (Navarro-González et al. 2011). Two 
independent groups have also found that NF-κB blockade 
is accompanied by inhibition of the MCP-1 gene expres-
sion in epithelial cells from the diabetic kidney (Lee et 
al. 2004), (Wang et al. 2000). In relation to the protective 

role of C66, Pan et al. (2013) reported C66-induced inhi-
bition of NF-κB in renal epithelial cells, which is followed 
by a highly significant reduction in the HG-induced 
expression of ICAM-1, VCAM-1, and MCP-1. Based on 
all above, it can be expected that the C66-induced reduc-
tion of the expression of the listed adhesive molecules 
in diabetic kidneys is accompanied by inactivation of 
the NF-κB. One of the interesting findings of the study 
of Pan et al. (2013) is that all three MAPK subfamilies 
(ERK, p38, and JNK) are implicated in the HG-induced 
NF-kB activation (to a different extent). Although there 
are several reports of cross-linking between MAPKs and 
NF-κB, it appears that MAPKs modulate the expression 
of inflammatory cytokines in the HG-induced renal cells. 
The same group further confirms that JNK is a critical 
upstream molecule in NF-κB-induced signaling and plays 
a very important role in the HG-induced renal inflam-
mation. This is the only report to date of HG-induced 
JNK-mediated expression of VCAM-1 and ICAM-1, indi-
cating the importance of JNK in the production of renal 
cytokines (Pan et al. 2013). Consistently, it has been also 
reported that the treatment with C66 in diabetic mice 
may inhibit NF-kB activation and cause reduction in the 
ICAM-1, VCAM-1, and MCP-1 production in renal tis-
sue, through JNK-mediated mechanisms (Fig. 6) (Pan et 
al. 2013). All of the studies mentioned above potentiate 
another beneficial effect of C66, associated with a sig-
nificant reduction of the macrophage infiltration in the 
diabetic kidney, followed by a decrease in circulating cre-
atinine and attenuation of pathological indices of renal 
injury.

Effects of C66 on the prevention of diabetes-associated 
renal fibrosis and nephropathy
Numerous studies in the last decade have shed light on 
the mechanisms by which curcumin acts on renal fibro-
sis, as well as the mechanisms by which it alleviates the 
problems of DN (Sun et al. 2017). Such effects are accom-
panied by reduction of inflammatory factors (MCP-1, 
NF-κB, TNF-α, IL-1β, COX-2, and CAV-1), stimulation 
of the expression of anti-inflammatory factors (HO-1, 
M6PRBP1, and NEDD4), as well as by targeting TGF-β/
SMADs, MAPK/ERK, and PPAR-mediated pathways in 
animal models. Despite the fact that curcumin may not 
be able to completely repair kidney damage caused by 
diabetes-associated nephropathy, the idea that curcumin 
may affect renal fibrosis was partially confirmed by vari-
ous animal studies (Sun et al. 2017). Therefore, many 
authors point to the need for prospective studies that will 
explain the mechanisms by which curcumin acts to alle-
viate renal fibrosis. However, it is well known that its low 
bioavailability limits its use for this purpose. Fortunately, 
at least one of its derivatives with acceptable bioavailabil-
ity (such as C66) may offer new options in the treatment 



Page 10 of 16Mladenov et al. Molecular Medicine          (2022) 28:129 

of renal fibrosis, which with its new chemical structure 
will define the basis for the synthesis of new pharmaceu-
tical formulations against renal fibrosis.

Recent studies have also shown that the p300/CBP 
complex, together with the diabetes-induced modifica-
tions of histone acetylation, is likely to participate in the 
development of diabetes-associated complications. In 
this regard, the study Wang et al. (2015) of streptozoto-
cin (STZ)-induced diabetic mice found that diabetes was 
associated with a significant increase in total histone 
acetyltransferases (HATs) activity. In fact, the authors 
corroborated that the treatment of diabetic mice with 
JNK inhibitors (JNKi), yielded similar results to those 
obtained with C66 treatment. JNK activation is associ-
ated with p300 recruitment followed by acetylation of 
the H3 and H4 histones (Tsai et al. 2012). Accordingly, 
in diabetic mice, C66 has been shown to reduce the dia-
betes-associated increase in p300/CBP expression and 
HATs activation by JNK inactivation, whereby the subse-
quent histone hyper-acetylation causes specific increase 
in p300/CBP-mediated accumulation of CTGF, PAI-1, 
and FN-1 gene promotors (Fig. 6). Thus, Tsai et al. (2012) 

reported for the first time that C66 may act as a potent 
preventive agent against diabetes-associated renal fibro-
sis and renal impairment in STZ-induced mice models of 
diabetes. Specifically, they showed that a 3-month course 
of C66 treatment caused prevention of the diabetes-asso-
ciated renal JNK signaling, accompanied by subsequent 
upregulation of the renal fibrotic signaling. The con-
sistency of this protective effect is primarily due to the 
ability of C66 to suppress p300/CBP activation through 
long-term epigenetic modifications, which may affect 
the “metabolic memory” that may underlie diabetes itself 
(Karukurichi et al. 2010), (Villeneuve et al. 2011). Another 
important benefit of studying C66 interactions with JNK 
and HATs pathways is that these pathways were high-
lighted as new potential targets of therapeutic strategy 
in combating the development of diabetic complications, 
particularly in the prevention of DN. Аlthough Wang et 
al. (2015) clearly indicate the dominant role of the JNK 
pathway in the development of DN and its prevention by 
C66 and JNK inhibitors, the very limited characteristics 
of C57BL/6J mice as the DN model used in these stud-
ies probably mask other signaling pathways affected by 

Fig. 6 Effects of C66 in the reduction of diabetes-associated kidney damage.
The full names of the figure components are given in the list of abbreviations
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the use of C66 and/or JNK inhibitors (Noonan and Banks 
2000). Therefore, the use of a mouse strain with a higher 
DN sensitivity, such as 129 SvEv mice, Hartner et al. 
(2003) may further assist in obtaining more information 
regarding C66- and/or JNK-mediated prevention of the 
early and late features of DN.

Two factors (oxidative stress and high blood pressure) 
have a special place in the study of diabetes-associated 
renal nephropathy, since the deterioration of each of 
them significantly worsens and accelerates the patho-
genesis of diabetic nephropathy (Wu et al. 2016; Kes-
hari et al. 2015; Li et al. 2014). In their study, Uruno et 
al. (2013) showed that the Keap1-Nrf2 system controls 
antioxidant redox signaling, implying its key role in the 
interaction with curcumin. Furthermore, Esatbeyoglu et 
al. (2012) confirms that curcumin has ability to disrupt 
the binding between Keap1 and Nrf2, leading to release 
of Nrf2. However, the fact that curcumin suppresses only 
Keap1 expression, (Soetikno et al. 2013a, b) suggests 
that it has ability for partial modification of the Keap1-
Nrf2 complex. In this direction, Wu et al. (2016) have 
shown that C66 reduces the expression of Keap1 mRNA 
and its product Keap1 protein. In addition to modifica-
tion of the Keap1-Nrf2 complex, reduced expression 
of Keap1 by curcumin may also cause Nrf2 induction 
(Wu et al. 2016). Furthermore, miR-200a was identified 
as a mediator between C66 and Keap1 mRNA by Eades 
et al. (2011) who at the same time found that miR-200a 
induces Keap1 mRNA degradation. Moreover, Wu et 
al. (2016) have shown that the C66-induced miR-200a 
stimulation as a result of the reduced Keap1 expression 
is indirectly accompanied by NRF2 activation. Finally, 
Zheng et al. (2011) showed that the Nrf2-specific ago-
nists [(sulforaphane (SFN) and cinnamic aldehyde (CA)] 
do not have protective effects in Nrf2-null diabetic mice 
suffering from DN. Nevertheless, it is worth to note that 
even in absence of Nrf2, C66 still provides partial protec-
tion from DN. The difference between C66 and the other 
two aforementioned Nrf2 activators is probably due to 
the different lines of action. Indeed, it seems that SFN 
and CA, both provide protection exclusively via Nrf2, 
which was corroborated with the absence of DN preven-
tive effect in the Nrf2-null diabetic mice (Soetikno et al. 
2013a, b). Unlike SFN and CA, Yonggang et al. (Wang 
et al. 2014a, b, c) have shown that C66 has an additional 
function (Soetikno et al. 2013a, b), which is different from 
the upregulation of Nrf2 (Kang et al. 2007), (Balogun et 
al. 2003). On the other hand, the ability of curcumin to 
interact with miR-21, was found to play very important 
role in the pathogenesis of DN (Dey et al. 2011; Wang et 
al. 2014a, b, c; Zhong et al. 2013), probably, due to the 
miR-21’s involvement in the regulation of TGF-β-SMAD 
and PDCD4-JNK signaling pathways. Essentially, miR-
21 causes reduction in the Smad7 and Pdcd4 mRNA 

expression by degradation of Smad7 or Pdcd4 mRNA, 
(Wu et al. 2016) leading to inhibition of the SMAD3 and 
JNK phosphorylation, (Bitomsky et al. 2004), (Chen et 
al. 2011) which is further associated with the increased 
expression of the renal fibrotic and inflammatory genes 
(Chen et al. 2011; Chung et al. 2010; Ai et al. 2015; Ishida 
et al. 1999; Bennett et al. 2001). Тhis is in the context of 
Wu et al. (2016) results according to which Nrf2 inhibi-
tion completely eliminates the protective role of C66 
from oxidative damage, while C66 still protects against 
renal fibrosis. Additionally, C66-induced miR-21 inhibi-
tion negatively alters the TGF-β-SMAD3 and PDCD4-
JNK signaling pathways, causing albuminuria even in the 
absence of Nrf2, confirming the inhibitory role of C66 
on miR-21, completely different from that of Nrf2 induc-
tion. DN-associated miRNAs inhibition, attracted great 
interest in the last few years. The advantage of C66 is due 
to its involvement in the functional regulation of Nrf2, 
alongside its role in the regulation of the miR-21 reduc-
tion (Fig. 6). The process of Nrf2 activation already was 
used in different clinical trials. Numerous studies from 
the last decade (Hall and Bhalla 2014; Gold et al. 2012; 
Ellison 2014) suggest that the dosage of the Nrf2 agonists 
should be carefully selected. The fact that the effective-
ness of C66 doses used for this purpose is much better 
than those of natural curcumin (20 to 80 times), makes it 
a unique tool in future clinical trials.

In their studies with STZ-induced diabetic rat mod-
els, Kato et al. (1999) and Kelly et al. (2002) showed 
that components of the renin-angiotensin system, 
including angiotensinogen, renin, angiotensin-con-
verting enzyme (ACE), and angiotensin II (Ang II), are 
abnormally increased. Pan et al. (2014) confirmed that 
administration of C66 fosters negative regulation on 
the HG-induced expression of ACE, followed by sub-
sequent Ang II increase. Additionally, two different 
studies (Day et al. 2001), (Eyries et al. 2002), also sug-
gested that such an increase in ACE mRNA transcrip-
tion is mediated by MAPKs and protein kinase C. HG 
was shown to significantly stimulate phosphorylation 
of MAPK, mediating macrophage renal infiltration fol-
lowed by renal dysfunction (Zhou et al. 2012). In vitro 
studies examining the activation time of the MAPK dur-
ing HG stimulation showed that MAPK phosphoryla-
tion is activated in a very short time (15  min), which 
classifies it as the upstream signal molecule of the HG-
induced ACE-TGF-β 1 signal cascade. The employment 
of MAPK-specific inhibitors helps in the elucidation of 
the HG-induced overexpression of ACE and TGF-β1 in 
renal tubular cells, corroborating that MAPKs participate 
in the HG-stimulated ACE overexpression. Furthermore, 
the MAPKs appear to mediate the HG-induced RAS acti-
vation. On the other hand, according to Pan et al. (2014) 
the specific MAPK inhibitors do not show an inhibitory 
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effect on renin mRNA expression. Adequate in vivo data 
confirms that administration of C66 causes inhibition of 
the ACE expression and subsequent serum Ang II levels, 
while upstream renin and angiotensinogen levels remain 
unaffected in diabetic kidneys. The fact that C66 causes 
significant inhibition of the HG-induced MAPK phos-
phorylation (in vitro and in vivo), represents another 
confirmation that MAPK are molecular targets of C66 
(Pan et al. 2014). This new mechanism also implies reno-
protective effects of C66 in diabetes-associated nephrop-
athy. Consistently with previously published data about 
diabetic rats (Pan et al. 2012), the treatment with C66 in 
the settings of DN has been found to cause significant 
reduction in the renal accumulation of collagen and in 
the circulating pathological indices of renal impairment. 
The established pharmacological effects of C66 are asso-
ciated with its MAPK-dependent inhibition of the renal 
ACE, Ang II, and TGF-β1 increase. More importantly, the 
new concept that the MAPK signal pathway is involved 
in the HG-induced RAS activation and ACE overexpres-
sion due to the development of DN suggests that one of 
the strategies of DN treatment should be reduction in 
ACE expression by inhibition of MAPK (Fig.  6). Surely, 
everything mentioned above, lays down the basis for 
designing new preclinical and even clinical studies, which 
will target the C66 interactions with MAPK-dependent 
signaling mechanisms. The complete elucidation of these 
mechanisms will help to provide a clearer perspective of 
the protective effects of C66 in the prevention of diabe-
tes-associated renal fibrosis and nephropathy.

Conclusion
The cardiovascular protective effect of C66 against dia-
betes-induced oxidative damage is Nrf2-mediated, but 
mainly dependent on JNK2. In general, C66 causes inhi-
bition of JNK2, which reduces cardiac inflammation, 
fibrosis, oxidative stress, and apoptosis in the settings of 
diabetic cardiomyopathy. C66 exerts a powerful antifi-
brotic effect through reducing inflammation-related fac-
tors (MCP-1, NF-κB, TNF-α, IL-1β, COX-2, and CAV-1) 
and inducing the expression of anti-inflammatory factors 
(HO-1 and NEDD4), as well as targeting TGF-β/SMADs, 
MAPK/ERK, and PPAR-γ signaling pathways in animal 
models. Based on existing research, C66 is emerging as 
a promising drug candidate for improving cardiovascular 
and renal health.
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