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Preface to ”Dietary Curcumin and Health Effects”

Curcumin is a pleiotropic compound found in the rhizome of Curcuma longa (turmeric).

Curcuma longa has been widely used as a spice for a long time, especially in Asian countries;

however, the interest in this compound has been growing, and it is largely consumed as dietary

component and supplement all around the world. The great interest in curcumin is due to a number

of potential biological activities that this compound has demonstrated over time, and these are

well documented by the 8601 papers—of which 229 are clinical trials—published in the last five

years (retrieved from PubMed on 12 January 2022 using ‘curcumin’ as keyword). It is important

to underline that since the majority of such studies were carried out in cellular and animal models,

conclusive evidence of the real effectiveness of curcumin as preventive and therapeutic compound is

still far from being reached, although the number of clinical trials addressing the potential therapeutic

role of curcumin in a number of pathological and non-pathological conditions is growing every day.

It is safe to say that, despite its reported benefits, one of the major drawbacks of ingesting curcumin

is its poor bioavailability; thus, major efforts are needed to overcome this problem. The Special

Issue “Dietary Curcumin and Health Effects” aimed to collect the most advanced evidence on the

relationship between curcumin and health, with the final objective to improve research and move the

field forward.

Roberta Masella and Francesca Cirulli

Editors
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Curcumin: A Promising Tool to Develop Preventive and
Therapeutic Strategies against Non-Communicable Diseases,
Still Requiring Verification by Sound Clinical Trials

Roberta Masella 1,* and Francesca Cirulli 2
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Curcumin is a pleiotropic compound found in the rhizome of Curcuma longa (turmeric).
Curcuma longa has been widely used as a spice for a long time, especially in Asian coun-
tries; however, the interest in this compound has been growing and it is largely consumed
as dietary component and supplement all around the world. The great interest in cur-
cumin has been due to a number of potential biological activities this compound has
shown over time, and it is well documented by the 8601 papers—of which 229 are clinical
trials—retrieved in PubMed on 12 January 2022, published in the last five years using
‘curcumin’ as keyword. It is important to underline that, since the majority of such studies
were carried out in cellular and animal models, conclusive evidence of the real effectiveness
of curcumin as a preventive and therapeutic compound is still far from being reached,
although the number of clinical trials addressing the potential therapeutic role of curcumin
in a number of pathological and non-pathological conditions is growing every day. It is safe
to say that, despite its reported benefits, one of the major drawbacks of ingesting curcumin
is its poor bioavailability, thus major efforts are needed to overcome this problem.

The Special Issue, “Dietary Curcumin and Health Effects”, was aimed at collecting the
most advanced evidence on the relationship between curcumin and health, with the final
objective to improve research and move the field forward.

The Special Issue provides twelve contributions, of which three are original articles,
seven are narrative reviews, one is a systematic review and one is a meta-analysis, that
all together offer a multifaceted and multidisciplinary overview that allows us to draw
a picture as intriguing and fascinating as possible on the benefits of curcumin and also
to suggest potential research fields still to be explored. In this vein, the review by Fi-
lardi et al. [1] is focused on reviewing the studies on the possible use of curcumin during
pregnancy to prevent and/or reduce pregnancy-related complications, such as gestational
diabetes mellitus, hypertension, and preeclampsia. Unfortunately, the information cur-
rently available on these issues is still limited and fragmentary and mainly coming from
in vitro and animal studies. However, results from these studies, together with the knowl-
edge about the hypoglycemic and anti-inflammatory effects already gathered, suggest
possible positive effects of curcumin consumption during gestation, when the mother and
the fetus undergo significant physiological immune-metabolic alterations that may have
consequences on both maternal and fetal tissues. On the other hand, the authors also
highlight that curcumin has been demonstrated to negatively affect the blastocyst stage,
implantation and post-implantation embryo development in healthy animals; thus, the
use of curcumin in pregnancy must be carefully evaluated and it should be avoided as
self-medication until further studies are carried out to finally define the real safety and
effectiveness during pregnancy.

As regards the protective effect of curcumin against T2D and insulin resistance occur-
rence, the paper by Thota et al. [2] reports data from a case–control study carried out in

Nutrients 2022, 14, 1401. https://doi.org/10.3390/nu14071401 https://www.mdpi.com/journal/nutrients1
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subjects at high risk of developing T2D. The group receiving curcumin supplementation
was characterized by lower plasma insulin level with respect to the placebo group, and
a similar trend also in the HOMA2-IR parameter indicating a better glucose control. It
is worth noting that the authors showed an interesting amelioration of two parameters
associated with insulin resistance, i.e., glycogenosynthase kinase-3β and islet amyloid
peptide. The study, although preliminary and carried out on a small sample size, suggests
a potential mechanism of action through which curcumin supplementation might exert an
adjuvant activity against T2D risk factors. The therapeutic effects of curcumin on glycemic
and lipid profile in T2D were further reviewed by Altobelli et al. [3] This systematic review
and meta-analysis shows a significant reduction in glycosylated hemoglobin, HOMA, and
LDL together with a general improvement of glucose metabolism in uncomplicated T2D
patients treated with curcumin.

Among the biological activities exerted by curcumin, the anti-oxidative and anti-
inflammatory properties, reported in many studies, make it a potentially effective tool
in preventing and counteracting chronic-degenerative diseases, very often associated
with obesity and aging, such as cardiovascular diseases, T2D, metabolic dysfunctions,
neurodegenerative diseases, and cancer, all of them characterized by the presence of
oxidative and inflammatory processes.

In this regard, data are available on the anti-inflammatory activities of curcumin from
preclinical and clinical studies addressed not only to demonstrate the protective effect
of curcumin administration in patients suffering from pathologies, such as neurodegen-
erative diseases, metabolic diseases and cancer, but also to shed light on the molecular
mechanisms responsible for these effects. Curcumin has been demonstrated to be capable
of modulating signaling pathways, regulating relevant cellular activities and resulting in
a modulation of inflammatory and oxidative processes. In particular, a downregulation
of pro-inflammatory transcription factors, such as NF-κB, together with the increase in
the activity of those regulating the antioxidant defense system, such as Nrf2, have been
elucidated in in vitro and animal models. These biomolecular activities are most likely
responsible for the modulation of inflammatory biomarkers, e.g., pro/anti-inflammatory
cytokines and inflammasome, and enzymatic activities, e.g., COX2 and glutathione-related
enzymes, detected in humans after consumption of curcumin by diet or supplements,
which may be responsible for the decreased systemic inflammation detected at systemic
level in patients suffering from several pathologies. Special attention is given to the bene-
ficial effects curcumin may exert in obese patients. Obesity is recognized as a major risk
factor for almost all non-communicable diseases, including cardiovascular diseases, type
2 diabetes, neurodegenerative diseases and some types of cancer, and represents a major
health problem as its prevalence is consistently increasing all around the world. Obesity is
characterized by the expansion of fat depots and the dysfunction of adipose tissue lead-
ing to altered secretory activities that induce a systemic low-grade chronic inflammation,
that play a pivotal role in the pathogenesis of obesity and its clinical complications. Varì
et al. [4] review the most recent studies carried out in humans, providing evidence for
the role of curcumin in targeting specific molecular pathways that appear dysregulated
in obesity. In addition to a number of studies demonstrating that the administration of
curcumin decreases circulating inflammatory markers in overweight and obese patients,
several data are reported that suggest an activity of curcumin in modulating specific factors
such as adiponectin and leptin, relevant adipokines secreted by the adipose tissue that
regulate the functions of organs and systems such as the brain, liver, and immune system.
In overweight or obese people, these adipokines are imbalanced, leading to alterations of
metabolic and inflammatory pathways. Curcumin has been shown to be able to restore
the normal function of these adipokines, particularly of adiponectin, which plays a central
role in the regulation of the metabolism and immune functions. It is worth noticing that a
number of studies have been carried out to specifically evaluate the molecular mechanisms
targeted by curcumin in adipocytes, unravelling its ability to modulate specific kinase and
transcription factors responsible, in turn, for the regulation of cellular activities.
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Metabolic dysfunction that is associated with oxidative stress and inflammation may
greatly accelerate the onset and worsen the progression of cognitive dysfunctions by
promoting brain ageing and reducing lifespan. Berry et al. [5] integrate current knowledge
on the mechanisms underlying cognitive decline, highlighting the potential role of curcumin
in this highly disabling and prevalent condition in the aging population which greatly
affects physical health and quality of life. Natural antioxidant agents such as curcumin
have pleiotropic protective effects and appear ideal to prevent or treat conditions such
as Alzheimer’s disease or cognitive decline, whose origin is multifactorial. Preclinical
animal models indicate a main effect of curcumin on cognitive function also thanks to its
anti-inflammatory and antioxidant properties. While preclinical studies are mostly all in
favor of a positive effect of curcumin in counteracting cognitive decline and age-associated
brain dysfunction, clinical studies report discordant effects, highlighting the difficulty in
translating basic research to the clinic.

Results of published clinical studies, however, show promise for curcumin’s use as a
therapeutic for cognitive decline. Kuszewski et al. [6] in this issue, provide another example
of positive curcumin effects on brain function. They conducted an exploratory analysis of
the effects of curcumin and fish oil supplementation on mental wellbeing in middle-aged
and older adults. Previous studies had already indicated that curcumin supplementation
may significantly reduce fatigue and enhance mood in non-depressed older adults. In
this study, curcumin was found to improve vigor, compared to placebo, and reduced
subjective memory complaints. However, combining curcumin with fish oil did not result
in additive effects. This exploratory analysis indicates that regular supplementation with
either curcumin or fish oil (limited to APOE4 non-carriers) has the potential to improve
some aspects of mental wellbeing in association with better quality of life.

Curcumin is not only considered for preventive purposes, but also for therapeutic
purposes in cancer therapy, which requires a killing effect on cancer cells. Wong et al. [7]
further indicate the potential for curcumin in modulating the core pathways involved in
glioblastoma cell proliferation, apoptosis, cell cycle arrest, autophagy, paraptosis, oxidative
stress, and tumor cell motility. Glioblastoma is the most common and aggressive form
of malignant primary adult brain tumor. In their review, the authors discuss curcumin’s
anticancer mechanism through modulation of Rb, p53, MAPK, P13K/Akt, JAK/STAT, Shh,
and NF-κB pathways, which are commonly involved and dysregulated in preclinical and
clinical glioblastoma models providing the rationale for future studies. Curcumin is also
well known for its potential role in inhibiting cancer by targeting epigenetic machinery,
affecting DNA methylation. Fabianowska-Majewska et al. [8] review evidence for curcumin
to modulate epigenetic events that are dysregulated in cancer cells and possess the potential
to prevent cancer or enhance the effects of conventional anti-cancer therapy. More in detail,
the review discusses the potential epigenetic mechanisms of curcumin in reversing altered
patterns of DNA methylation in breast cancer, which is the most commonly diagnosed
cancer and the leading cause of cancer death among women worldwide.

One main aspect that needs to be addressed by future research is the low bioavailability
of curcumin. This is clearly addressed by Scazzocchio et al. [9], who explore the metabolic
bases of the chemical instability and the poor detection of curcumin in plasma and urine.
This could be also due to the frequent lack of curcumin derivative detection that may lead,
therefore, to an underestimation of its absorption.

However, great efforts have been made in recent years to improve curcumin’s bioavail-
ability by addressing these various mechanisms. To overcome the low bioavailability
of curcumin due to its insolubility in water, Beltzig et al. [10] administered curcumin in
different water-soluble formulations, including liposomes or embedded into nanoscaled
micelles. These authors successfully demonstrate that the effective concentration on dif-
ferent cell lines, including primary cells, was far above the curcumin concentration that
can be achieved systemically in vivo, leading the authors to conclude that native cur-
cumin and curcumin administered as food supplement in a micellar formulation are not
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cytotoxic/genotoxic, indicating a wide margin of safety opening new avenues in therapeu-
tic strategies.

The review by Scazzocchio et al. [9] also highlights the influence of intestinal micro-
biota on the expression of curcumin effects. A reciprocal influence exists, in fact, between
microbiota and curcumin, with curcumin being able to shape the composition of micro-
biota that, in turn, influences curcumin absorption and activity by producing a number of
metabolites showing different degrees of biological activity. From this point of view, thus,
what takes place in the gastrointestinal tract after curcumin ingestion can help to explain,
at least partially, the paradox of the very low bioavailability of curcumin and its wide effect
on health.

In the review by Marzena Jabczyk et al. [11], the data on the relationship between cur-
cumin and microbiota are further expanded, considering the association between curcumin-
induced changes in gut microbiota and attenuation of a number of diseases. The modulation
of gut microbiota induced by curcumin treatment seems to be associated with an improve-
ment of liver diseases, such as non-alcoholic fatty liver, as well as of metabolic health
restoring a beneficial microbiota profile that is found altered in the course of metabolic
disorders such as obesity and diabetes. Interestingly, the authors also reported data on
the association of curcumin consumption, gut microbiota modifications, and amelioration
of exercise performance in mice. Finally, studies on the inhibitory effect of curcumin on
metabolism and proliferation of Streptococcus mutans in oral microbiota appear to be of some
relevance as this bacterium is considered a main etio-pathological agent of dental caries.

Because curcumin preferentially accumulates in the gastrointestinal tract after oral
administration, it is reasonable to hypothesize that this polyphenol may exert some influ-
ence in this district. Curcumin, indeed, not only modifies the composition of the microbiota
but might also enhance the function of the intestinal barrier. This would have a significant
role in the prevention and/or therapy of a number of intestinal inflammatory pathologies,
the Inflammatory Bowel Diseases (IBD), characterized by exacerbated inflammatory pro-
cesses due to alteration of the intestinal barrier integrity. The review by M. Roque Coelho
et al. [12] highlights the effectiveness of curcumin as complementary therapy for ulcerative
colitis. Unfortunately, there were only six studies that met the eligibility criteria to enter
in the systematic review; however, almost all of them showed positive outcomes after the
intervention with curcumin, and only one reported some mild side effects. In conclusion,
the reported findings suggest that curcumin may be a safe, effective co-adjuvant in the
therapy for ulcerative colitis, also inducing symptom remission.

The main concerns that arise from the evaluation of the preventive/therapeutic effects
of curcumin, are, first of all, the still-small number of randomized placebo-control studies
available; in addition, generally, small sample sizes have been considered, different proto-
cols and different formulations as well as different routes of administration of curcumin
used. Thus, it is quite difficult to compare the results and to provide a standard protocol
for the use of this promising natural compound. For these reasons, and taking into account
the growing use of curcumin by the general population, further investigations to confirm
and expand current findings are mandatory and research on curcumin and its effects on
human health have to be fostered and promoted.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Background: Curcumin, a natural polyphenol and the principal bioactive compound in
Curcuma longa, was reported to have anti-inflammatory, anti-cancer, anti-diabetic and anti-rheumatic
activity. Curcumin is not only considered for preventive, but also for therapeutic, purposes in
cancer therapy, which requires a killing effect on cancer cells. A drawback, however, is the low
bioavailability of curcumin due to its insolubility in water. To circumvent this limitation, curcumin
was administered in different water-soluble formulations, including liposomes or embedded into
nanoscaled micelles. The high uptake rate of micellar curcumin makes it attractive also for cancer
therapeutic strategies. Native curcumin solubilised in organic solvent was previously shown to
be cytotoxic and bears a genotoxic potential. Corresponding studies with micellar curcumin are
lacking. Methods: We compared the cytotoxic and genotoxic activity of native curcumin solubilised
in ethanol (Cur-E) with curcumin embedded in micells (Cur-M). We measured cell death by MTT
assays, apoptosis, necrosis by flow cytometry, senolysis by MTT and C12FDG and genotoxicity by
FPG-alkaline and neutral singe-cell gel electrophoresis (comet assay). Results: Using a variety of
primary and established cell lines, we show that Cur-E and Cur-M reduce the viability in all cell
types in the same dose range. Cur-E and Cur-M induced dose-dependently apoptosis, but did not
exhibit senolytic activity. In the cytotoxic dose range, Cur-E and Cur-M were positive in the alkaline
and the neutral comet assay. Genotoxic effects vanished upon removal of curcumin, indicating
efficient and complete repair of DNA damage. For inducing cell death, which was measured
48 h after the onset of treatment, permanent exposure was required while 60 min pulse-treatment
was ineffective. In all assays, Cur-E and Cur-M were equally active, and the concentration above
which significant cytotoxic and genotoxic effects were observed was 10 μM. Micelles not containing
curcumin were completely inactive. Conclusions: The data show that micellar curcumin has the same
cytotoxicity and genotoxicity profile as native curcumin. The effective concentration on different
cell lines, including primary cells, was far above the curcumin concentration that can be achieved
systemically in vivo, which leads us to conclude that native curcumin and curcumin administered as
food supplement in a micellar formulation at the ADI level are not cytotoxic/genotoxic, indicating a
wide margin of safety.

Keywords: curcumin; bioavailability; micelles; apoptosis; comet assay; genotoxicity; senolytics

1. Introduction

Considerable interest has been addressed to natural compounds that have a health-
beneficial potential. Plants are especially rich in bioactive natural compounds [1,2]. In
particular, plant (poly)phenols [3] were reported to have a high therapeutic and preventive
potential, combined with negligible adverse effects [4,5]. One of these compounds is
curcumin (1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione), a naturally
occurring polyphenol present in the rhizome of Curcuma longa L. and other curcuma
species [6]. Curcuma, which contains a mixture of curcuminoids of which curcumin is
the main component, has a long tradition as a food supplement in Asia. Moreover, it is
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being used in traditional Chinese medicine for the treatment of a wide variety of diseases,
including inflammation-related disorders and neurodegenerative diseases [7]. Whether
the curcuma-based traditional Chinese medicine formulae are effective in the treatment of
diseases is a matter of dispute [8].

With the identification of curcumin as the active constituent of curcuma, numerous
molecular-biological studies have been performed, and several molecular targets have
been identified, including NF-kB, MAP-kinase, p53, NRF2, AKT, COX-2 and EGFR [9–11].
Some of these targets are key nodes in inflammation and cancer, supporting the rationale
that curcumin may be beneficial in cancer prevention. Clinical studies with curcumin point
to its anti-rheumatic, anti-cancer, anti-diabetic and wound-healing potential [12–14].

A drawback in the use of curcumin, and a major point of criticism regarding its health
effects, is the low bioavailability of the polyphenol [15,16] due to its low water solubility
and rapid metabolism [17,18]. Thus, curcumin administered in solid form cannot be taken
up systemically, and solubilization in alkaline media results in rapid decomposition of the
compound [19]. Since the low bioavailability clearly hampers the application of curcumin
as a bioactive agent, several strategies have been pursued to overcome these limitations,
including the use of adjuvants for inhibiting its metabolism, micronization, binding to
cyclodextrin and embedding it into liposomes (for a review, see [20]). The incorporation of
curcumin into micelles was found to be the hitherto most successful strategy to enhance its
oral bioavailability, resulting in reasonable blood plasma levels [21–23], and even significant
concentrations were found in brain tumors of patients ingesting micellar curcumin prior to
tumor resection [24].

In view of the widespread use of curcumin as a food, the question of a possible
genotoxic effect deserves particular attention. Curcumin does not bind to DNA and does
not form adducts. It does not bear mutagenic activity, as confirmed in the Ames test [25].
In mammalian cells, the effects of curcumin are complex. Thus, curcumin is an anti-
oxidant [26], and therefore it can exhibit protective effects by weakening the activity of
ROS-generating genotoxins, which explains the protection against radiation-induced DNA
damage [27]. However, in the high (micromolar) dose range, curcumin was reported to act
as a radical generator and pro-oxidant: it causes a ROS burst and concomitantly oxidative
DNA damage. Thus, it has been shown that ROS production increased progressively at
curcumin exposure concentrations of 10–100 μM [28], and curcumin induces 8-oxo-guanine
in HepG2 cells at concentrations >2.5 μg/mL (6.8 μM) [29]. In the same concentration range
(2.5–10 μg/mL), curcumin induced micronuclei in rat PC12 cells [30]. Based on these data,
curcumin administered in high (cytotoxic) doses can be regarded as a substance with a
weak genotoxic potential. Curcumin was also shown to induce cellular senescence [31,32].

Here, we used the micellar formulation of curcumin (Cur-M), which was previously
shown to enhance significantly the curcumin bioavailability in humans [21] and compared
it with curcumin solubilised in ethanol (Cur-E) as to its cytotoxic and genotoxic potential.
We measured dose dependently viability, apoptosis, necrosis and genotoxic effects using
the FPG-alkaline and neutral comet assays. We also assessed the senolytic activity of
Cur-M, i.e., the ability to kill specifically senescent cells. We show that curcumin induces
cyto- and genotoxicity in a narrow, high dose range between 10 and 60 μM. There was no
difference between Cur-E and Cur-M and between cancer and normal cells. Genotoxic
effects vanished upon post-incubation in the absence of curcumin, indicating they are
transient and subject to repair. Micelles not containing curcumin were negative in all
assays, i.e., they do not bear a cytotoxic or genotoxic potential. Curcumin was not senolytic.
Overall, the data show that the increased bioavailability of micellar curcumin is not linked
to a higher cytotoxic and genotoxic potential compared to native curcumin administered in
an organic solvent.
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2. Materials and Methods

2.1. Reagents

Native curcumin (Diferuloylmethan) from Curcuma longa (Turmeric) was purchased
from Sigma-Aldrich, Germany (CAS 458-37-7) and was dissolved in ethanol at a stock
concentration of 10 mM. Micellar curcumin (NovaSol containing highly purified curcumin,
≥95%; Kancor Mane, Kerala, India) and control micells containing water were produced
on Tween-80 basis and kindly provided by AQUANOVA AG (Darmstadt, Germany). The
micellar stocks were always freshly prepared by weighting and dilution in PBS of a given
amount of micells, giving a stock solution of 10 mM. Stocks were stored in the dark at
4 ◦C for no more than 3 days. Temozolomide (TMZ) was a gift from Dr. G. Margison
(Manchester, UK) and was handled as described [33]. For other chemicals and reagents,
see the corresponding method section.

2.2. Cell Lines and Culture Conditions

The primary human cell lines HUVEC, HUASMC and hPC-PL were purchased from
PromoCell. EA.hy926, a cell line created by fusion of the A149 human lung carcinoma and
the HUVEC cell line, and the human glioblastoma lines LN229 and A172, were purchased
from American Type Culture Collection (ATCC). The human fibroblast cell line VH10T is
a diploid telomerase-immortalized line, which was a kind gift from Prof. L. Mullenders,
Leiden. The primary cell lines were cultured in endothelial cell growth medium 2, smooth
muscle cell growth medium 2 and pericyte growth medium, purchased from PromoCell
(Heidelberg, Germany), respectively. EA.hy926, LN229 and A172 were cultured in DMEM
or DMEM GlutaMax (Gibco, Life Technologies Corporation, Paisley, UK) supplemented
with 10% fetal calf serum (FCS; Gibco, Life Technologies Corporation, Paisley, UK), and for
EA.hy926 with 1% HAT. All cells were maintained at 37 ◦C in a humidified atmosphere
containing 5% CO2. To ensure exponential growth during the whole experiment period,
cells were seeded 48 h prior to treatment, and cell densities were chosen accordingly.

2.3. MTT Assay

Cells were seeded in 96-well plates and 2 days later treated with curcumin dissolved
in ethanol or packed in micelles for 48 h. For the thiazolyl blue tetrazolium bromide (MTT)
assay, cells were washed with PBS, and incubated for 2 h with 100 μL DMEM without
phenol red containing 0.5 mg/mL MTT reagent (BIOMOL, Hamburg, Germany). The
staining solution was carefully removed, 100 μM 0.04 N HCL were added to each well,
and plates were incubated on a shaker (200 rpm) at room temperature for 10 min. Plates
were measured in triplets using the Berthold microplate reader at OD570 and expressed as
absorbance relative to the non-treated control.

2.4. Apoptosis and Necrosis

The amount of apoptotic and necrotic cells was measured by flow cytometry using
annexin V (AV) and propidium iodine (PI) staining as described [34]. In brief, cells,
including the supernatants, were collected, centrifuged and stored on ice. They were
incubated for 15 min at RT in 50 μL annexin binding buffer (10 mM Hepes, 140 mM NaCl,
25 μM CaCl2) containing 2.5 μL AV/FITC (Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany). For PI staining, 10 μL PI from a 50 μg/mL stock solution (Sigma-Aldrich,
Steinheim, Germany) were added to each sample. Cells were kept in the dark until
measurement. Before data acquisition using the FACS Canto II flow cytometer (Becton
Dickinson GmbH, Heidelberg, Germany), cells were diluted in an adjusted amount of
annexin binding buffer. Data were analysed using the Flowing Software 2 (Perttu Terho,
Turku Center for Biotechnology, University of Turku, Finland). Apoptotic cells were
defined as AV+/PI− cells, late apoptosis AV+/PI+ and necrosis as AV−/PI+. A very low
amount of AV−/PI+ cells were found in all our assays. To make sure that necrosis was not
completely neglected, we classified the AV+/PI+ population as late apoptosis/necrosis
(see Supplementary Materials, Figure S1).
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2.5. Senescence

Temozolomide-induced senescence was measured via flow cytometry using C12FDG
staining. Immediately before harvest, cells were treated with 300 μM chloroquine for 30 min
to reduce endogenous SA-β-galactosidase activity. Thereafter, C12FDG was added (33 μM),
and cells were incubated for an additional 90 min. Cells were washed and resuspended in
PBS for measurement, while cells were kept on ice in the dark.

2.6. Determination of Senolytic Activity

Senescent cells were obtained by treatment of glioblastoma cancer cells (LN229 and
A172) with temozolomide. To this end, 1.5 × 105 exponentially growing cells were
trypsinized, seeded per 10 cm dish and treated 2 days later with 50 μM temozolomide.
After 8–10 days, the population contained about 80% senescent cells, determined by SA-
ßGAL cytochemistry and C12FDG flow cytometry essentially as reported previously [34].
Measurement occurred in a FACS Canto II flow cytometer (Becton Dickinson GmbH, Hei-
delberg, Germany). Data were analysed using the Flowing Software 2 (Turku Center for
Biotechnology, University of Turku, Finland). Senescent cells were harvested by trypsiniza-
tion and seeded in microwells (5 × 103/well/100 μL) for the MTT assay and 6-well plates
(2 × 105/well/2 mL) for the AV/PI and senescence measurements. The same occurred
with cells from an exponentially growing population. Two days later, proliferating and
senescent cells were treated with Cur-E, Cur-M or control micelles and, as a control, with
the senolytic drug ABT-737 (Sigma-Aldrich, Germany). Cells were further incubated at
37 ◦C, and the amount of viable cells attached onto the plates was determined by the MTT
assay, C12FDG and AV/PI staining as described above

2.7. Comet Assays (Single Cell Gel Electrophoresis, SCGE)

To assess the amount of SSBs and DSB, as well as the oxidative DNA damage, alka-
line comet assays with and without FPG and neutral comet assays were performed as
described [35]. In brief, cells were collected by trypsinization, resuspended in ice-cold
PBS (Bio&Sell, Leipzig, Germany) and embedded in ultra-pure low-melting agarose (Invit-
rogen, Carlsbad, CA, USA. The cell suspension was then evenly spread onto slides that
were pre-coated with agarose, dried and submersed in precooled alkaline or neutral lysis
buffer (2.5 M NaCl, 100 mM EDTA, 10 μM Tris, 1% sodium lauroyl sarcosinate, 1% Triton
X-100, 10% DMSO, pH 10 and 7.5, respectively) for 1 h at 4 ◦C. For the assay with FPG,
slides were pre-incubated in FPG-buffer (40 mM HEPES, 0.5 mM EDTA, 100 mM KCL,
0.2 mg/mL BSA, pH 8) for 5 min after which cells were incubated with 1 μg/mL fapy-DNA
glycosylase (FPG) (kind gift from Prof. Epe, Mainz) for 40 min at 37 ◦C. The slides were
then incubated for 20 min in alkaline (300 mM NaOH, 1 mM EDTA, pH >13) or neutral
running buffer (90 mM Tris, 90 mM boric acid, 2 mM EDTA, pH 7.5) for denaturation and
equilibration. Cells were then electrophoresed with 300 mA for 15 min at 4 ◦C. Slides
from the alkaline comet assay were then washed in neutralization buffer (400 mM Tris,
pH 7.5). All slides were rinsed with water, fixed in 100% ethanol for 5 min and dried. For
analysis, cells were stained with propidium iodide (Sigma-Aldrich) and evaluated using a
fluorescence microscope (Microphot-FXA, Nikon, Tokyo, Japan) and the Comet IV software
(Perceptive Imaging, Liverpool, UK). As a positive control, cells were incubated for 30 min
with 300 μM tBOOH.

2.8. ROS

The induction of ROS was measured by an increase in DCF-fluorescence with the flow
cytometer using the FACS Canto II flow cytometer (Becton Dickinson GmbH, Heidelberg,
Germany). Cells were incubated for 30 min at 37 ◦C with 10 μM H2DCFDA (Invitrogen,
Carlsbad, CA, USA) in serum-free medium (Gibco, Life Technologies Corporation, Paisley,
UK). Cells were collected by trypsinization and re-suspended in cold PBS (Bio&Sell, Leipzig,
Germany). Fluorescence was measured immediately. As a positive control, cells were
incubated for 30 min with 300 μM tert-butyl hydroperoxide (tBOOH).
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2.9. Statistics

All data are given as the mean with the standard error of the mean (SEM), and
differences between group means were statistically evaluated using the Two-Way ANOVA,
unpaired Student’s t-test or Mann–Whitney test, as appropriate, and considered significant
at p < 0.05.

3. Results

3.1. Effect of Cur-E and Cur-M on the Viability of Cells

First, we studied the effect of Cur-E and Cur-M on the cell’s viability, which was com-
paratively analysed on different cell systems, including human telomerase-immortalized
fibroblasts VH10T, cancer cells (the glioblastoma line LN229), human endothelial cells
(the line EA.hy926), human primary vascular endothelial cells (HUVEC), human primary
smooth muscle cells (HUASM) and human primary pericytes (hPC-PL). As shown in
Figure 1, in all cell systems, Cur-E and Cur-M were equally cytotoxic, reducing the viability
in a concentration range between 5 and 50 μM. Below 5 μM, neither Cur-E nor Cur-M
exerted a significant reduction in viability in all cell types, except HUVEC (for D50 doses
see Supplementary Materials, Figure S2). Freshly isolated human monocytes, macrophages
and T cells responded with curcumin concentrations >15 μM (Supplementary Materials,
Figure S3).

Figure 1. Effect of Cur-E and Cur-M on the viability of different primary cells and the tumor cell line LN229. Dose-dependent
toxicity of Cur-E and Cur-M was determined in the MTT assay upon 72 h treatment of LN229, VH10tert, EA.hy926, HUVEC,
HUASMC and hPC-PL. Data are the mean +/− SEM of 3 independent experiments.

3.2. Cur-E and Cur-M Induce Cell Death by Apoptosis

The reduction in viability observed in the MTT assay can be due to different mecha-
nisms, including metabolic impairment, arrest of proliferation and genuine cell death. To
compare in more detail the cytotoxic potential of the curcumin formulations, we measured
apoptosis and necrosis by AV/PI flow cytometry. The data shown in Figure 2 demonstrate
that Cur-E and Cur-M are effective in inducing apoptosis. The dose range was similar in
human fibroblasts VH10T and the glioblastoma cell lines LN229 and A172. The threshold
concentration at which a significant increase was observed was 20 μM, while at 10 μM the
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levels were still insignificant above the background. In VH10T cells, Cur-E was slightly
more effective in inducing cell death than Cur-M. In the glioma cell lines, this difference was
not observed. Control micelles (Mic) administered in the same amount did not show any
cytotoxic effects (Figure 2). Treatment for 1 h and post-incubation for 48 h was ineffective
in inducing apoptosis (Supplementary Materials Figure S4).

Figure 2. Induction of cell death following curcumin treatment. Proliferating VH10T (A–C), LN229 (D–F) and A172 (G–I)
cells were treated with the indicated concentrations of Cur-E or Cur-M for 48 h. Apoptosis, late apoptosis/necrosis and total
cell death were measured by AV/PI flow cytometry. Data are the mean of 3 independent experiments ± SEM. Statistical
analysis was performed using the Two-way ANOVA. Significant elevation above the control was observed with 20 μM
curcumin. Water micelles were ineffective. * p < 0.05; ** p < 0.01.

3.3. Cur-E and Cur-M Have No Senolytic Activity

Many genotoxic agents induce not only apoptosis, but also cellular senescence (CSEN).
A potential for curcumin to induce CSEN was shown previously (for a review, see [36]).
Here, we pursued to determine the senolytic potential of curcumin, i.e., the selective ability
of a compound to kill senescent cells. The methylating anticancer drug temozolomide is a
potent inducer of CSEN in p53 functionally active glioblastoma cells [37]. We induced CSEN
in LN229 and A172 cells as previously described [38] and assessed whether curcumin is
able to kill preferentially senescent cells. For comparison, we used the well-known senolytic
drug ABT-737 [39]. We compared the effect of Cur-M on proliferating versus senescent
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cells. The data revealed that Cur-M was clearly more effective in reducing the viability of
proliferating than senescent LN229 (Figure 3A) and A172 (Figure 3B) cells. This is in sharp
contrast to ABT-737, which showed a clear senolytic effect on glioblastoma cells, being
more effective on senescent cells (Figure 3A,B). The data were substantiated comparing
Cur-E and Cur-M, which were equally effective in reducing the viability of proliferating
versus senescent cells (Figure 3C,D).

Figure 3. Effect of curcumin on the viability of proliferating and senescent cells. Proliferating (Pro)
and senescent (Sen) LN229 (A,C) and A172 (B,D) cells were treated with the indicated dosages of
Cur-E or Cur-M. (A,B) Dose response of proliferating and senescent LN229 (A) and A172 (B) cells
upon curcumin treatment. (C,D) Comparison of Cur-E and Cur-M in reduction in viability in LN229
(C) and A172 (D) cells. Viability (MTT OD570) of non-treated control was set to 1. The senolytic drug
ABT-737 served as a positive control.

To substantiate the data further, we measured the relative amount of senescent and
apoptotic cells in the population eight days after temozolomide treatment and, following
addition of Cur-E or Cur-M to the medium, two days later. The data revealed that curcumin
(10 μM) had no impact on the yield of temozolomide-induced senescent cells and the total
cell death (early and late apoptosis/necrosis) level in the population (Figure 4A,B). Overall,
the data show that curcumin in a subtoxic concentration has no senolytic activity and
does not impact the senescence level, irrespective of whether it is administered as Cur-E
or Cur-M.
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Figure 4. Curcumin does neither reduce the senescence level nor induces apoptosis in a senescent population.
Temozolomide-induced senescent LN229 (A) and A172 (B) cells were treated with Cur-E and Cur-M in a concentra-
tion that was not apoptosis-inducing on proliferating cells. Senescence and cell death were measured by C12FDG and AV/PI
staining, respectively, in a flow cytometer. Mean ± SEM, statistical analysis through Two-way ANOVA test. Differences
between control, Cur-E and Cur-M were not significant.

3.4. Analysis of Genotoxic Effects of Curcumin

The observation that curcumin is able to induce ROS in human cells ([29,40] and
Supplementary Materials Figure S5) prompted us to study the genotoxic potential of the
compound, focusing on a comparison of Cur-E and Cur-M. First, we measured the amount
of DNA damage in human VH10T fibroblasts as a function of the concentration of curcumin
after 24 h of exposure of exponentially growing cells. We used the alkaline comet assay,
which measures mostly single-strand breaks, and the FPG-modified alkaline assay, which
detects FPG-cleavage sites such as 8-oxo-G [41]. As shown in Figure 5, curcumin was
positive in the alkaline comet assay at concentrations >20 μM. In the more sensitive FPG-
comet assay, already 20 μM curcumin provoked a significant effect in all cell lines. There
was no difference between Cur-E and Cur-M (Figure 5A,B), and control micelles (Mic)
did not display any genotoxic effect (Figure 5C and Supplementary Materials Figure S6).
Similar data were obtained with LN229 cells upon treatment with Cur-E, Cur-M and control
micelles (Figure 5D–F). In a low concentration range between 0.2 and 5 μM, curcumin
did not induce strand-breaks, as determined in the alkaline comet assay (Supplementary
Materials Figure S7).

Curcumin was positive in the alkaline comet assay already after short-term exposure.
Thus, after 1 h of treatment, effects were observed, irrespective of whether treatment
occurred with Cur-E or Cur-M (Figure 6; repair time zero). This was confirmed in a
repair experiment, where VH10T cells were treated with curcumin (40 μM) for 1 h and
post-incubated for 1, 2, 3 and 4 h before harvest. The data show that repair of damage
clearly occurred in the 4 h post-treatment period. Again, there was no clear difference
between Cur-E and Cur-M (Figure 6), and micelles without curcumin were without any
effect (Figure 6). In sum, the data revealed that Cur-E and Cur-M bear genotoxic potential
at a high dose level (≥20 μM). The lesions appear to be short lived and are subject to repair.
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Figure 5. Curcumin induces DNA damage in a dose-dependent manner. Proliferating VH10T (A–C) and LN229 (D–F) cells
were treated with the respective concentrations of curcumin. (A,D), curcumin was solubilised in ethanol (Cur-E) or (B,E),
administered as micelles (Cur-M). As control, cells were also treated with water-micelles (Mic, C,F). Alkaline comet assay
with and without FPG was performed 24 h post-treatment. Asterisks indicate significant difference to control * p < 0.05;
** p < 0.01.

Figure 6. Induction and repair of DNA damage following treatment of VH10T cells with Cur-E and Cur-M. C, untreated
control; E, ethanol control; M, micelles control; treatment with 40 μM occurred for 1 h (repair time 0 h) and post-incubation
for 1, 2, 3 and 4 h. Statistical analysis was performed using the Two-way ANOVA. ** p < 0.01.

The finding of short-lived lesions indicates that curcumin has to be present in the
medium in order to elicit a genotoxic effect in the long-term setting. This was proven by an
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experiment in which cells were treated for 1, 2, 4 and 24 h followed by a recovery time of 23,
22, 20 and 0 h, respectively. Cells were harvested after a total incubation time of 24 h and
analysed by the alkaline comet assay. As shown in Figure 7A (for representative images)
and Figure 7B,C (for quantification), treatment for 1, 2 and 4 h did not give rise to DNA
damage compared to treatment over the whole incubation period of 24 h. This supports the
notion that the lesions are short-lived and subject to repair. In order to provoke long-term
effects, it is obviously necessary that curcumin is permanently present in the medium. This
is especially the case for the observed toxic effects; short-term treatment (1 h) even at a high
dose of curcumin did not result in apoptosis induction while long-term exposure (48 h) did
(Figure 7D).

Figure 7. Effect of Cur-E and Cur-M in short- and long-term exposure experiments. (A) Representa-
tive images of stained single cells. (B,C) Effect of Cur-E and Cur-M in VH10T cells following exposure
for the indicated times and post-exposure. Harvest occurred for all treatments 24 h after the onset
of treatment with 40 μM curcumin. FPG comet assay. Statistical analysis was performed using the
Two-way ANOVA. (D) Death (apoptosis, necrosis) of VH10T, LN229 and A172 cells following treat-
ment of exponentially growing populations with Cur-E or Cur-M (40 μM) for 1 h and post-incubated
47 h in curcumin free medium or treated for the whole period of 48 h, until cell harvest. Cells were
measured by AV/PI flow cytometry. Data are the mean of 3 experiments ± SEM. ** p < 0.01.
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To elucidate whether curcumin bears a potential to induce DSBs, we made use of
the neutral comet assay (SCGE, representative pictures Figure 8A). Treatment for 1 h
(Figure 8B) or 24 h (Figure 8C) resulted in a dose-dependent increase in tail intensity, and
the lowest effective dose was 10 μM curcumin. Again, Cur-E and Cur-M were equally
effective in inducing effects in the neutral SCGE, and micelles without curcumin (Mic) were
ineffective (Figure 8B,C). Treatment with a concentration of 40 μM curcumin for 1 h and
a recovery of 23 h did not result in significant DSBs, while treatment over a 24 h period
resulted in a significant yield of DSBs (Figure 8D). These data indicate recovery of cells
through repair of DSBs that were induced with a high curcumin concentration during a 1 h
exposure period.

Figure 8. Effect of Cur-E and Cur-M on VH10T cells measured in the neutral comet assay. (A)
Examples of stained cells following single cell gel electrophoresis (24 h treatment). (B) Quantification
upon 1 h treatment. (C) Quantification upon 24 h treatment. (D) Cells were not treated (control) or
treated for 1 h and post-incubated for 23 h (Cur-M, 1 h) or for 24 h (Cur-M, 24 h) with Cur-M. Then,
100 cells were evaluated per treatment level. C, non-treated control; Mic, micelles only corresponding
to 40 μM. Statistical analysis was performed using the Two-way ANOVA test. * p < 0.05; ** p < 0.01.
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4. Discussion

Curcumin has been used as a food ingredient in Asia for thousands of years and
is also extensively applied in traditional Chinese medicine (phytomedicine), especially
for the treatment of inflammation-related and neurodegenerative diseases [7,8]. Today,
it is widely used worldwide as a spice and food additive (E100). Native curcumin has
a low bioavailability [15,16] due to its poor water solubility and rapid metabolism in
the liver [17,18]. It is soluble in an alkaline environment (although unstable under these
conditions) and in ethanol and dimethyl sulfoxide (DMSO), but these are solvents that are
suitable for experimental purposes only [19]. When preparing dishes containing curcumin
(e.g., “curry”), turmeric is usually suspended in oil under heat. From this suspension, in
which micellar structures form, curcumin can better be absorbed in the gastrointestinal
tract. To overcome uptake limitations, a formulation of curcumin embedded in micelles on
PEG80 basis was developed and shown to have superb uptake properties [21–23,42–45].
Micellar curcumin was recently also tested in a feeding study and demonstrated to be safe
and effective as an anticancer agent in a colorectal mouse model [46].

Although curcumin solubilised in DMSO was extensively studied (for a review,
see [14]), comparative analyses of curcumin administered as micelles and solubilised
in an organic solvent are lacking. Thus, it is unclear whether micellar curcumin and the
micelles itself have properties that are different from curcumin solubilised in an organic
solvent. To provide an answer to this question, we rigorously compared Cur-E and Cur-M
as to their cytotoxic, senolytic and genotoxic effects on normal and cancer cells in vitro.

First, we show that Cur-E and Cur-M reduce the viability of human cells irrespective
of its origin, including human diploid fibroblasts, human primary pericytes, endothelian
cells, smooth muscle cells, established endothel cells and human glioblastoma cells. In
these cell models, the concentration range in which a decline in viability was observed
was 10–60 μM, and Cur-E and Cur-M caused a similar response. The cytotoxic effect
was confirmed showing that Cur-E and Cur-M induce cell death by apoptosis in human
fibroblasts and cancer (glioblastoma) cells. Apoptosis increased dose-dependently, and
the lowest concentration inducing a significant effect was 20 μM (48 h treatment). Again,
Cur-E and Cur-M were similarly effective.

Curcumin-induced apoptosis was reported in various cell systems, including NIH3T3
and L929 mouse fibroblasts, human colon carcinoma cells (HT-29), human breast carcinoma
cells (MCF-7) and rat glioma cells (C-6)] [28,47–50]. Induction of apoptosis was preceded
by a ROS burst, which followed the activation of the mitochondrial apoptosis pathway
through a release of AIF and cytochrome C from the mitochondria, activation of caspases
and PARP-1 cleavage (as an indicator of apoptosis). The p53-p21-CDC2 signaling pathway
was also shown to be activated, leading to cell cycle arrest via Rb dephosphorylation and
downregulation of cyclin D1 and cyclin D3 [50]. It is interesting that, in all studies, the
induction of apoptosis occurred in a narrow dose range of 10–80 μM curcumin (dissolved
in DMSO). Apoptotic effects occurred in MCF-7 cells as early as 24 h after treatment with
curcumin and reached a maximum 48 h after administration [50]. Cytotoxicity is therefore
an immediate, acute effect of curcumin. Our data are in line with this. Irrespective of the
cell type, cell death by apoptosis occurred with an exposure concentration of >10 μM. This
was the case in a variety of human primary cells and cancer cell lines. According to our
data, 10 μM can be considered as a cytotoxic threshold dose for human cells, which applies
for both Cur-E and Cur-M.

Curcumin was shown to be able to induce cellular senescence in different cell sys-
tems [31,32,51]. It is unclear, however, whether it bears senolytic activity, which is defined
as killing senescent, but not proliferating, cells. To our knowledge, there is no data to
show that curcumin is able to kill especially cancer cells in which senescence was induced
following chemotherapy. We tested this assumption and found that Cur-E and Cur-M
killed proliferating cells more efficiently than senescent cells. This is in sharp contrast to
ABT-737, which is a well-known senolytic agent [39] and used as a positive control in our
experiments. Our data suggest that curcumin, irrespective of the formulation, is not a

18



Nutrients 2021, 13, 2385

senolytic agent. We are aware of the limitations of this study as we assessed the effect in
only two cancer cell lines and under limited treatment conditions. More detailed studies
are clearly required in order to come to a more generalized conclusion (see also [36]).

The finding that curcumin is able to induce ROS (our data and [40]) prompted us
to investigate in detail the question of DNA damage induction. Treatment with Cur-E
and Cur-M induced in human fibroblasts dose-dependently DNA breaks which was most
obvious in the FPG-modified comet assay, in which ROS-induced DNA damage, such as
8-oxo-G, is recognized by the FAPY-DNA glycosylase and converted into single-strand
breaks that can be detected in the assay. The alkaline comet assay was also positive without
FPG; however, higher curcumin concentrations were required to elicit the same effect. The
observed effects are not a byproduct of cytotoxicity, as positive effects in the FPG comet
assay can be observed already after 1 h of exposure. This indicates that oxidative DNA
damage is induced immediately after curcumin treatment, which is in line with a previous
report [40]. It is important to note that removal of Cur-E or Cur-M from the medium
returned the DNA tail moment to the basal level, indicating efficient repair of DNA lesions.
Thus, short-term treatment did not result in permanent DNA damage, indicating the
effects are transitory and not stable. The finding indicates that, in assessing the genotoxic
potential, it is important to take into consideration not only the exposure concentration,
but also the period of exposure. This applies also to the endpoint apoptosis, which was
measured 2 days after addition of Cur-E or Cur-M to the medium. The continuous presence
of curcumin in the medium was necessary for eliciting a significant toxic and genotoxic
effect on cells.

To determine whether curcumin has the potency to induce DSBs, we made use of the
neutral comet assay. In this assay, curcumin was weakly positive with a concentration
≥10 μM. Similar effects were observed when cells were treated for 1 or 24 h, and a
recovery period after a 1 h treatment resulted in their complete disappearance. The effects
measured in the neutral comet assay might be due to overlapping ROS-induced single-
strand breaks, overlapping single-strand breaks and base-excision repair patches, or they
represent directly induced DSBs. The effect was also transient; it vanished after post-
exposure recovery of cells in the absence of curcumin. It should be noted that curcumin
was reported to be negative in the γH2AX foci assay [52].

Curcumin is negative in bacterial test systems [25] and not mutagenic. It is consid-
ered an anti-oxidant in the low dose range, causing protection against some genotoxins,
e.g., radiation-induced DNA damage [27]. However, in the high dose range (>5 μM),
curcumin acts as a radical generator and pro-oxidant, causing a ROS burst and the associ-
ated oxidative DNA damage [40]. Thus, our data are in line with a report showing that
curcumin induces DNA strand breaks and 8-oxo-guanine in HepG2 cells at concentrations
>2.5 μg/mL (6.8 μM) [29]. In the concentration range of 2.5–10 μg/mL, curcumin induced
micronuclei in rat PC12 cells [30], likely resulting from chromosome breaks. A study on
human peripheral lymphocytes showed that curcumin does not induce sister-chromatid
exchanges (SCEs), which are a highly sensitive indicator of DNA damage. However, chro-
mosomal acentric fragments were detected in the high concentration range (50 μg/mL
= 135 μM). Interestingly, no chromatid-type aberrations (chromatid gaps, breaks and
translocations) that are typical for chemical genotoxins were observed [53]. Since curcumin
induces neither direct genotoxic DNA damage (adducts) nor SCEs, it is reasonable to con-
clude that the observed clastogenicity is based on S-phase independent effects. Curcumin
administered at high and cytotoxic concentrations (>10 μM) can therefore be regarded as a
substance with a weak radiomimetic activity, at least in cell culture models. Overall, the
genotoxic effects observed can all be explained by the intracellular ROS induction after a
high dose of curcumin.

It is important to point out that the concentration range in which cytotoxic and geno-
toxic effects occur is nearly identical in all cell systems used. The overlapping dose range
of cytotoxicity and genotoxicity (between 10 and 80 μM continuous treatment) implicates
that cells harboring chromosome damage will be eliminated by apoptosis or necrosis.
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Under these circumstances, it is unlikely that curcumin-induced genotoxic changes will
cause long-term effects. Actually, long-term feeding experiments with native curcumin
and micellar curcumin did not provide evidence for adverse effects on rodents [54]. The
frequently reported tumor-suppressing effect of curcumin [55] supports the view that the
cytotoxic and genotoxic effects observed in the micromolar concentration range in vitro are
irrelevant under nutritional conditions. On the other hand, they could become important
if curcumin is administered locally at a very high, cytotoxic dose level (>20 μM target
concentration) in a therapeutic setting, since a toxic effect on tumor cells was sought. An
investigation of various cell lines showed that apoptosis induction by curcumin occurred
preferentially in transformed, but not primary, cell lines, from which it was concluded that
curcumin has a selectively toxic effect on tumor cells. Our data do not confirm this notion,
as curcumin was nearly equally toxic in human diploid fibroblasts, primary endothel and
smooth muscle cells, monocytes, macrophages and glioblastoma cancer cells.

In summary, micellar curcumin is taken up efficiently into cells, which makes it ide-
ally suitable for experimental purposes since organic solvents can be avoided. Curcumin
administered in a micellar formulation had a cytotoxic and genotoxic profile similar to
curcumin dissolved in ethanol (similar data were obtained with curcumin dissolved in
DMSO). Thus, the data demonstrate that micellar curcumin does not bear toxic and geno-
toxic properties that are different from native curcumin. From the available data, we define
a cytotoxic and genotoxic threshold for curcumin at a concentration of 10 μM, which seems
to be independent of the formulation and cell system (our data and data in the literature).
Micelles without curcumin were completely devoid of cytotoxic and genotoxic activity.
Therefore, micelles, which have a nanosized structure, can be considered as safe transport
vehicles. Following uptake of Cur-M in the acceptable daily intake (ADI) range (max
3 mg/kg BW), the concentration of curcumin in the blood serum of humans was estimated
to be lower than 100 nM (ref. [56] and J. Frank, personal communication). This is far below
the cytotoxic and genotoxic level observed in vitro. It would be interesting to see whether
beneficial effects of curcumin, e.g., anti-inflammatory responses, are evoked at curcumin
concentrations that are below the toxic threshold.

It is interesting to note that weak genotoxic effects associated with ROS production
have been described also for other phytochemicals. Thus, many natural products induce
mild oxidative stress in cells [57,58], which may evoke a hormetic cellular stress response,
i.e., cellular adaptation leading to protection against challenging genotoxic stress [59]. A
main product of ROS in the DNA is 8-OxoG, which appears to be induced at high dose
levels (>10 μM) by curcumin [29]. Although 8-oxo-G is a mispairing lesion, recent studies
showed that 8-OxoG also acts as a gene regulator. It activates signaling pathways, which
may contribute to the beneficial effects described above [60].

5. Conclusions

Overall, curcumin reduces cell viability and induces apoptosis as well as genotoxicity
in a narrow, overlapping concentration range between 10 and 60 μM. For inducing cytotox-
icity through apoptosis, long-term treatment is required; short-term exposure (60 min) was
insufficient to elicit toxic effects. Genotoxic effects, measured in the alkaline and comet as-
say, vanished after post-exposure of cells in curcumin-free medium, indicating that lesions
were transiently induced and repaired. Cur-E and Cur-M did not show senolytic activity
on cancer cells, in which senescence was induced by the chemotherapeutic temozolomide.
Cur-M was not more effective than Cur-E in inducing DNA damage, as measured in comet
assays, and micelles were completely devoid of these effects, indicating that micelles do not
bear a cytotoxic and genotoxic potential. The concentration dependence of cytotoxicity and
genotoxicity reported here, together with animal experiments [46], and the record of the
long-term and extensive dietary exposure of humans to native curcumin and the absence
of any reports of associated toxicity, support the notion that the natural form of curcumin
and the micellar formulation do not bear harmful side effects. The normal intake quantities
of curcumin and the recommended inclusion levels of supplements are about 100-fold
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lower than the concentration considered to be toxic in the in vitro assays, indicating a wide
margin of safety.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nu13072385/s1. Figure S1: Representative plot of cells stained with annexin V and PI.
Figure S2: Effect of curcumin solubilized in ethanol (A) and micellar curcumin (B) on the viability
of different primary human cell types. Figure S3: Effect of curcumin on freshly isolated human
monocytes, macrophages and T cells. Figure S4: Cytotoxicity (apoptosis, necrosis) of VH10T, LN229
and A172 cells following treatment of exponentially growing populations with Cur-E or Cur-M
(40 μM) for 1 h and post-incubated 48 h. Cells were harvested and measured by flow cytometry.
N=3,median±SEM. Figure S5: Induction of ROS following Curcumin treatment. Figure S6: Effect of
micelles filled with water in the FPG comet assay. Figure S7: Effect of Cur-M on VH10T cells in the
alkaline comet assay.
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Abstract: Curcumin has previously been shown to enhance mood in non-depressed older adults.
However,observedbenefitswere limitedtoshort-termsupplementation(4weeks). In a 16 week randomized,
double-blind, placebo-controlled, 2 × 2 factorial design trial, we supplemented overweight or obese
non-depressed adults (50–80 years) with curcumin (160 mg/day), fish oil (2000 mg docosahexaenoic
acid +400 mg eicosapentaenoic acid/day), or a combination of both. Secondary outcomes included
mental wellbeing measures (mood states and subjective memory complaints (SMCs)) and quality of
life (QoL). Furthermore, plasma apolipoprotein E4 (APOE4) was measured to determine whether
APOE4 status influences responses to fish oil. Curcumin improved vigour (p = 0.044) compared to
placebo and reduced SMCs compared to no curcumin treatment (p = 0.038). Fish oil did not affect
any mood states, SMCs or QoL; however, responses to fish oil were affected by APOE4 status. In
APOE4 non-carriers, fish oil increased vigour (p = 0.030) and reduced total mood disturbances (p =
0.048) compared to placebo. Improvements in mental wellbeing were correlated with increased QoL.
Combining curcumin with fish oil did not result in additive effects. This exploratory analysis indicates
that regular supplementation with either curcumin or fish oil (limited to APOE4 non-carriers) has the
potential to improve some aspects of mental wellbeing in association with better QoL.

Keywords: curcumin; fish oil; mood; subjective memory complaints; APOE4; randomized controlled trial

1. Introduction

Approximately 10–20% of older adults worldwide are affected by late-life depression, defined as a
major depressive episode after the age of 60 [1,2]. Unfortunately, depression often goes undetected in
the elderly due to individuals under-reporting their symptoms and symptoms being confused with
other age-related issues by family members or health care workers [3]. Consequently, depression is
often left untreated, which in turn can lead to poor quality of life (QoL) and an increase in morbidity,
disability and dependence [1]. Poor mood has also been shown to be closely associated with subjective
memory complaints (SMCs), which are considered to reflect early cognitive changes and to increase a
person’s risk to progress to mild cognitive impairments or dementia [4–7]. One potential preventative
strategy to reduce the risk of late-life depression is to supplement the diet with mood-enhancing
bioactive nutrients, such as long-chain omega-3 fatty acids (LCn-3 PUFAs) and curcumin, to improve
mood in order to counteract development of depressive symptoms and poor mental wellbeing.

Curcumin, the main active polyphenolic compound of the curry spice turmeric (Curcuma longa),
has been shown to reduce depressive symptoms in individuals suffering from depression [8] and,
more recently, to improve mood in non-depressed healthy older adults [9,10]. In 2015, Cox et al.
showed that curcumin supplementation (80 mg per day) for four weeks significantly reduced fatigue
and attenuated negative effects of a cognitive test battery on calmness and contentedness [9]. In a
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partial replication study, Cox et al. extended the curcumin supplementation and measured outcomes
at four and twelve weeks [10]. Again, fatigue was shown to be reduced following four weeks as
well as twelve weeks of supplementation. Furthermore, curcumin significantly reduced tension,
anger, confusion and total mood disturbance. However, these beneficial effects were only found
following 4 weeks of supplementation. Combining curcumin with other bioactive nutrients known to
counteract depressive symptoms, such as the LCn-3 PUFAs found in fish/seafood and fish oil, could be
a potential strategy to extend the mood-enhancing effects over longer periods due to potential additive
or synergistic effects of the combination [11].

A large body of epidemiological and observational studies shows an inverse association between
fish intake and the prevalence of depression and that depressed adults have lower blood and adipose
tissue levels of LCn-3 PUFAs [12,13]. This suggests that increasing one’s Omega-3 Index with fish oil
supplementation might help to counter depression. This has, however, proven difficult to confirm in
clinical trials, as they were mostly focused on people with clinical depression. Nevertheless, the majority
of these studies showed that fish oil supplementation can reduce depressive symptoms in a variety
of populations, including older adults [14–16]. Only a limited number of studies has examined the potential
of fish oil to prevent the risk of depression in mentally healthy older adults by enhancing their mood,
with mixed results. Additionally, these studies focused on depressive symptoms only, but did not measure
fish oil’s effects on other mood states [17–19]. This indicates a need for further investigation, which should
also take the apolipoprotein E4 (APOE4) status of participants into account, since the e4 variant of APOE
has been shown to influence the effects of fish oil [20–22]. However, it is unknown whether APOE4
status influences the effects of fish oil on mental wellbeing measures. In contrast, response to curcumin
supplementation seems to be unaffected by APOE4 status [23].

We recently reported the independent and combined effects of fish oil and curcumin
supplementation for 16 weeks on systemic and cerebrovascular function (primary outcome
cerebrovascular responsiveness (CVR) to hypercapnia) in overweight or obese middle-aged and
older adults with a sedentary lifestyle [24]. In the same study, we also examined effects on mental
wellbeing measures (mood states and SMCs) and general health perception (QoL) and whether the
response to fish oil might be influenced by a participant’s APOE4 status. The aim of this exploratory
analysis was to (1) confirm the mood-enhancing benefits of curcumin reported by Cox et al. and
determine whether combining curcumin with fish oil would result in additional, longer-lasting benefits
on mood states, as well as improvements in SMCs and QoL; and (2) investigate the independent effects
of fish oil supplementation on mental wellbeing measures and QoL and whether they are affected by
APOE4 status.

2. Materials and Methods

2.1. Study Design and Population

Community-dwelling adults residing in the Hunter region of New South Wales, Australia, were
recruited to participate in a 16 week randomized, double-blind, 2 × 2 factorial, placebo-controlled
intervention trial. Volunteers were eligible if they were aged between 50 and 80 years, were overweight
or obesity (body mass index (BMI) 25–40 kg/m2) and had a sedentary lifestyle (<150 min of planned
physical activity per week). Volunteers were excluded if they had an average fish/seafood intake
above two serves per week or more than 300 mg/day of LCn-3PUFA from fish oil supplements,
had suspected dementia (<82/100 points on Addenbrooke’s Cognitive Examination III, determined
during first screening visit), were diagnosed with major depression (current diagnosis), had a history
of cardiovascular, kidney or liver disease or neurological condition, or were currently on insulin
or warfarin therapy. The trial was conducted at the University of Newcastle’s Clinical Nutrition
Research Centre in accordance with the International Conference on Harmonization Guidelines
for Good Clinical Practice. This study was approved by the University of Newcastle’s Human
Research Ethics Committee (H-2016-0170) and registered with the Australian and New Zealand Clinical
Trials Register (ACTRN12616000732482p). Written consent was obtained from each participant prior
to commencement.
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2.2. Study Procedures

Eligible participants attended the research facility for a total of four visits—two at the beginning
and two at the end of the intervention. The secondary outcomes described in this manuscript were
obtained during the second and fourth visit. During these visits, participants had fasted overnight
(at least eight h) for collection of a fasting venous blood sample (2 × 10 mL) by a trained phlebotomist
at a commercial pathology centre. One sample was used for routine analysis of cardiometabolic and
inflammatory markers in serum and the other was centrifuged to separate plasma from red blood cells
and respective aliquots were kept for further analysis of the Omega-3 Index (eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA) concentrations in erythrocyte membranes) [24] and plasma
APOE4 concentrations.

After blood collection, participants were offered water and snacks before filling in questionnaires
about their mental wellbeing and QoL. Mental wellbeing measures included mood states and SMCs.
Measures were repeated in the same order at the end of the intervention. Furthermore, in order to
assess participants’ depressive symptoms at baseline, the Centre for Epidemiologic Studies Depression
Scale (CES-D) questionnaire [25] was administered. A score above 16 out of 60 points indicates a risk
of depression.

2.2.1. Mood States

The Profile of Mood States (POMS) questionnaire, containing 65 descriptive words, was
used to assess participant’s various mood states over the last seven days before their scheduled
visit [26]. It contains six mood subscales, included tension-anxiety, depression, anger-hostility,
fatigue, confusion-bewilderment and vigour, which were then expressed as percentages of their
maximum score for each subscale. Total mood disturbance (TMD) was calculated by averaging
the percentages for all negative mood subscales and then subtracting the percentage obtained
for vigour. Values ranged from −100%, indicating low mood disturbance, to +100%, indicating high
mood disturbance.

2.2.2. Subjective Memory Complaints

SMCs were assessed using a 27-item ‘yes’ or ‘no’ questionnaire, which is a self-assessment
of memory complaints. The first three questions were used to determine whether participants
had any subjective memory complaints: “Do you perceive any memory or cognitive difficulties?”,
“Would you ask a doctor about these difficulties?” and “In the last two years, has your memory or
cognition declined?”. The remaining 24 questions were more specific, relating to difficulties in remembering
conversations/appointments/names/recent news, concentration problems, difficulties starting or keeping
track of conversations and difficulties keeping track with daily activities due to any decline in memory
over the past two years. The positive responses (‘yes’) were summed and expressed as a percentage of the
maximum score (24 points).

2.2.3. General Health Perception (Quality of Life)

The 36-Item Short-Form Survey (SF-36) was used to measure participants’ perception of physical
and mental wellbeing in the last four weeks before their scheduled visit and reflects QoL [27,28].
It includes eight subscales (physical functioning, body pain, role of physical limitation, general health
perceptions (=physical wellbeing subcomponent), social functioning, general mental health, role of
mental limitation and energy/vitality (=mental wellbeing subcomponent), each with a maximum score
of 100, indicating no disability. An average of all subscales yielded the overall QoL score.

2.2.4. APOE4 Analysis

Only plasma aliquots from participants who had been allocated to one of the fish oil treatments
(fish oil alone or in combination with curcumin, n = 65) were used to measure APOE4 concentrations,
since APOE4 status has previously been shown to influence responses to fish oil [20] but does not appear
to influence responses to curcumin supplementation [23]. APOE4 analysis was performed at the Hunter
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Medical Research Institute by a trained researcher who was blind to the intervention procedures.
Plasma APOE4 concentrations were measured using a commercial Apolipoprotein E4 (human)
Enzyme-linked Immunosorbent Assay (ELISA) kit (Biovision, Milpitas, CA, USA). Sensitivity of the
assay was 25 ng/mL with a detection range of 50–800 ng/mL, 8% intra-assay reproducibility and
12% inter-assay reproducibility, as reported by the manufacturer. Participants with plasma APOE4
concentrations that fell within the detection range were deemed to be APOE4 carriers, i.e., with an
APOE2/E4, APOE3/E4 or APOE4/E4 genotype.

2.3. Investigational Product and Intervention

The intervention supplements were supplied by Blackmores Institute (Sydney, Australia) and
were identical in appearance to their respective placebos, identifiable only by code. Participants were
allocated to one of the four treatment groups by an independent investigator according to Altman’s
allocation by minimization method [29] based on their age, BMI and sex:

• FO group: active fish oil capsules (Blackmores Omega Brain™: 400 mg EPA and 2000 mg DHA/day)
with placebo curcumin capsules (maltodextrin with yellow food colouring);

• CUR group: active curcumin capsules (Blackmores Brain Active™: 800 mg Longvida® containing
160 mg curcumin/day) with placebo fish oil capsules (mix of corn and olive oil with 20 mg of fish
oil to match odour);

• FO + CUR group: active fish oil and active curcumin capsules;
• PL group: placebo fish oil and placebo curcumin capsules.

Participants were instructed to consume six capsules daily, two fish oil and one curcumin
(or matching placebos) in the morning and again in the evening with meals, and to record their
supplement intake in an assigned diary, together with any changes in medication intake. The curcumin
supplement was identical to that used in the studies by Cox et al. [9,10]. However, as our participants
were supplemented twice a day, their total dose was double that used previously. The twice daily
supplementation schedule was an attempt to increase curcumin’s efficacy by ensuring a sustained level
in the blood, as curcumin has a relatively short half-life (approx. 7.5 h for Longvida® curcumin [30]).
For fish oil, splitting the dose into twice per day can also help to minimize fishy burps, which are
commonly reported as an unpleasant side effect. The fish oil dose was based on previous literature
indicating the need for high DHA doses to see effects [18,31,32].

Participants were further instructed to maintain their habitual diet and exercise regimen.
At mid-intervention, participants were followed up with a phone call to enquire about their wellbeing.
At the end of the trial, participants returned any remaining supplements. Capsule counts and changes
in erythrocyte Omega-3 Index (analysed as described in Kuszewski et al. [24]) were used to monitor
overall compliance. Blinding was maintained until all data analysis had been completed.

2.4. Statistical Analysis

This is an analysis of secondary outcomes from our previously published clinical trial [24].
An estimated 136 participants were needed to detect a 0.7 effect size (Cohen’s d) difference between
treatment groups in the primary outcome (CVR to hypercapnia) at alpha = 0.05.

Using a per-protocol analysis and setting compliance to 80%, significant effects of treatment on
mean changes in the variables (mood states, SMCs and QoL) between the groups were determined by
a one-way MANOVA (IBM SPSS version 24, New York, NY, USA). Effect sizes are indicated by Cohen’s
d or, if group sizes were different, by Hedge’s g. Using the 2 × 2 factorial design, effects of fish oil and
curcumin treatment were also assessed independently with two-way ANOVA:

• Fish oil (FO and FO + CUR group) vs. no fish oil (CUR and PL group);
• Curcumin (CUR and FO + CUR group) vs. no curcumin (FO and PL group).

To examine the influence of APOE4 status on fish oil’s effects on mental wellbeing and QoL,
an independent t test was used to determine differences in response to fish oil between APOE4 carriers
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and non-carriers. Additional post-hoc analyses (one-way MANOVA) were performed to look at
treatment changes in variables between groups in APOE4 non-carriers only.

Pearson’s correlation analysis was used to determine whether changes in mood states and SMCs
were related to changes in QoL. All results are presented as the mean ± standard error of mean (SEM).
As this is an exploratory analysis, no adjustments were made for multiple comparisons.

3. Results

3.1. Participant Disposition and Baseline Characteristics

Of the 152 participants enrolled in this study between June 2017 and August 2018, 134 completed
the intervention and 126 were compliant with supplementation (PL n = 32, FO n = 32, CUR n = 31,
FO + CUR n = 31; for CONSORT diagram see Kuszewski et al. [24]). Four participants experienced
side effects with supplementation (digestive problems: PL n = 1, CUR n = 1, FO + CUR n = 1;
reflux: PL n= 1) and seven reported unrelated health issues, of which two occurred before supplementation
was commenced. Of the remaining five health issues, two occurred in the fish oil group (pneumonia), two in
the curcumin group (vein thrombosis, knee operation) and one in the combination group (heart attack).
However, they were unlikely to be related to supplementation. For analysis of mental wellbeing measures,
three participants had to be excluded: one participant was unable to complete the mental wellbeing
questionnaires at week 16 (FO+CUR group), one participant experienced major life changes during the trial,
affecting mental wellbeing measures (CUR group) and one participant had incomplete data (FO group),
leaving 123 participants for the final analysis (PL n = 32, FO n = 31, CUR n = 30, FO + CUR n = 30).

Participants’ baseline characteristics are described in Table 1. Participants were, on average, elderly,
marginally obese, had low total mood disturbance and their average CES-D score was 9.0± 0.6—well below
the cut-off score of 16/60 for suspected depression. Furthermore, 72% (n = 109) of participants indicated
that they have SMCs (first question of the SMCs questionnaire), with the total score of SMCs averaging
36 ± 2%. There were no significant differences in baseline characteristics between groups, except for the
POMS mood subscale of tension (PL: 16.0 ± 2.2 vs. FO + CUR: 23.7 ± 3.1, p = 0.040).

Table 1. Participants’ baseline characteristics per group.

Characteristics
PL

(n = 36)
FO

(n = 39)
CUR

(n = 38)
FO + CUR

(n = 39)

Sex (female %) 50 56 55 56
Age (years) 65.4 ± 1.3 65.4 ± 1.2 65.4 ± 1.2 66.2 ± 1.3
BMI (kg/m2) 31.0 ± 0.7 31.0 ± 0.7 30.5 ± 0.7 30.9 ± 0.6

Depressive symptoms (%) 13.4 ± 1.9 14.0 ± 1.7 17.0 ± 2.1 15.4 ± 2.4
Mood states (POMS)

Tension (%) 16.0 ± 2.2 16.8 ± 2.2 23.1 ± 2.9 23.7 ± 3.1 *
Depression (%) 5.6 ± 1.1 7.9 ± 1.8 9.6 ± 1.9 10.6 ± 2.1

Anger (%) 7.0 ± 1.0 7.1 ± 1.4 10.7 ± 2.0 10.5 ± 1.7
Fatigue (%) 28.1 ± 4.1 28.1 ± 4.6 30.4 ± 3.9 28.3 ± 3.5

Confusion (%) 23.8 ± 2.9 23.9 ± 3.1 28.6 ± 3.3 24.5 ± 2.8
Vigour (%) 56.2 ± 2.8 50.5 ± 3.0 49.2 ± 2.8 52.5 ± 3.5
TMD a (%) −40.1 ± 3.6 −33.7 ± 4.6 −28.7 ± 4.2 −33.0 ± 5.0

Subjective memory complaints (%) 37.5 ± 4.1 33.7 ± 4.1 35.7 ± 3.9 39.4 ± 4.5
Quality of Life (%) 70.4 ± 2.4 72.5 ± 1.9 67.1 ± 2.5 69.4 ± 2.4

Values are expressed as the mean ± SEM. a Greater negative value equals better overall mood. * Significant compared
to placebo, p < 0.05. BMI, body mass index; CUR, curcumin alone; FO, fish oil alone; FO + CUR, fish oil and
curcumin combination; PL, placebo; TMD, total mood disturbance.

3.2. Effects of Treatment on Mental Wellbeing Measures

Curcumin supplementation improved vigour compared to placebo (p = 0.044, Cohen’s d = 0.55).
Supplementation with fish oil, alone or in combination with curcumin, for 16 weeks did not significantly
affect mood states (Table 2).
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Table 2. Treatment changes in measures of mental wellbeing and quality of life (n = 123).

PL
(n = 32)

FO
(n = 31)

CUR
(n = 30)

FO + CUR
(n = 30)

Tension (%) 0.4 ± 1.5 −0.5 ± 2.1 0.0 ± 2.1 −0.8 ± 2.5
Depression (%) −0.6 ± 1.3 −1.6 ± 1.8 −1.8 ± 2.1 −0.1 ± 1.6

Anger (%) −2.1 ± 1.2 0.2 ± 1.5 −2.1 ± 2.1 −2.2 ± 1.7
Fatigue (%) −3.1 ± 4.0 0.1 ± 4.0 −1.5 ± 3.5 3.8 ± 3.9

Confusion (%) −3.1 ± 2.4 −3.4 ± 2.8 −7.6 ± 3.1 −3.8 ± 2.4
Vigour (%) −3.7 ± 2.6 1.5 ± 2.9 3.5 ± 2.0 * 2.5 ± 2.4
TMD a (%) 2.0 ± 3.8 −2.6 ± 4.2 −6.1 ± 3.3 −3.1 ± 3.7

Subjective memory complaints (%) −1.8 ± 2.5 −2.6 ± 2.4 −6.7 ± 2.7 −8.9 ± 3.1
Quality of Life (%) 0.3 ± 1.8 2.4 ± 1.8 2.0 ± 2.1 2.1 ± 2.4

Values are expressed as the mean± SEM. a Greater reduction is favourable. * Significant compared to placebo, p < 0.05.
BMI, body mass index; CUR, curcumin alone; FO, fish oil alone; FO + CUR, fish oil and curcumin combination;
PL, placebo; TMD, total mood disturbance.

SMCs were unaffected by fish oil supplementation, while curcumin and the combination of fish
oil and curcumin supplementation tended to reduce SMCs. Combining these two groups in the 2 × 2
factorial analysis showed a 21% reduction in SMCs from baseline following curcumin supplementation,
which was significant compared to no curcumin supplementation (CUR n = 60: −7.8 ± 2.0% vs. no
CUR n = 63: −2.2 ± 1.7%, p = 0.038, Cohen’s d = 0.38). This reduction was even more significant among
participants who reported SMCs at baseline (CUR n = 44: −9.4 ± 2.5% vs. no CUR n = 48: −2.4 ± 2.0%;
p = 0.029, Cohen’s d = 0.46). The reduction in SMCs following curcumin supplementation (n = 60) was
correlated with changes in confusion (R = 0.392, p = 0.002) and depression (R = 0.356, p = 0.006).

3.3. Effects of Treatment on Quality of Life

The overall score of QoL as well as the subcomponents of physical and mental wellbeing were not
significantly affected by treatment (Table 2). However, the observed changes in vigour were correlated
with changes in overall QoL (whole study population n = 122: R = 0.323, p < 0.001; curcumin group
n = 59: R = 0.418, p = 0.001) and changes in SMCs were inversely correlated with changes in overall
QoL (whole study population n = 122: R = −0.360, p < 0.001; curcumin group n = 59: R = −0.472,
p < 0.001).

3.4. Influence of APOE4 Status

Of the 65 participants who were taking fish oil supplements, 26% were APOE4 carriers, with an
average plasma APOE4 concentration of 76.7 ± 10.9 μg/mL. APOE4 carriers were slightly younger
with a lower mean BMI but had the same percentage of self-reported depressive symptoms compared
to APOE4 non-carriers. Baseline demographics or wellbeing measures were not significantly different
between APOE4 carriers and non-carriers (Table 3).

APOE4 status significantly influenced effects of fish oil on mental wellbeing measures but not QoL.
In general, while APOE4 carriers had a negative response to fish oil supplementation, i.e., greater mood
disturbance and more SMCs, APOE4 non-carriers showed improvements in all mental wellbeing
measures (Figure 1). Changes in tension (p = 0.014, Hedge’s g = 0.74), depression (p = 0.003, Hedge’s
g = 0.90), anger (p = 0.043, Hedge’s g = 0.60), confusion (p = 0.028, Hedge’s g = 0.66), total mood
disturbance (TMD) (p = 0.016, Hedge’s g = 0.72) and SMCs (p = 0.015, Hedge’s g = 0.75) following fish
oil supplementation were significantly different between APOE4 carriers and non-carriers.
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Table 3. Baseline demographics and wellbeing measures in APOE4 carriers vs. non-carriers.

APOE4 Non-Carrier
(n = 48)

APOE4 Carrier
(n = 17)

p-Value

Sex (female %) 52 53
Age (years) 66.3 ± 1.2 64.0 ± 1.8 0.298
BMI (kg/m2) 31.5 ± 0.6 29.3 ± 0.7 0.052

Depressive symptoms (%) 15.2 ± 1.8 15.4 ± 4.2 0.953
EPA (%) 1.06 ± 0.37 1.04 ± 0.44 0.807
DHA (%) 5.49 ± 1.36 5.73 ± 1.31 0.527

Tension (%) 20.9 ± 2.3 25.5 ± 5.3 0.356
Depression (%) 10.4 ± 1.8 9.7 ± 3.4 0.855

Anger (%) 8.5 ± 1.4 12.2 ± 3.1 0.214
Fatigue (%) 30.3 ± 4.1 23.3 ± 3.9 0.219

Confusion (%) 26.8 ± 2.8 22.3 ± 4.0 0.388
Vigour (%) 49.4 ± 2.7 52.2 ± 5.7 0.619
TMD a (%) −30.0 ± 4.2 −33.6 ± 8.0 0.671

Subjective memory complaints (%) 41.9 ± 3.8 30.6 ± 6.5 0.137
Quality of life (%) 69.5 ± 2.0 72.7 ± 3.4 0.430

Values are expressed as the mean ± SEM. a Greater negative value equals better overall mood. APOE4, apolipoprotein E4;
BMI, body mass index; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; TMD, total mood disturbance.

There were no differences between APOE4 carriers and non-carriers in erythrocyte EPA and DHA
levels at baseline or in the changes in EPA (APOE4: 1.25± 0.32% vs. non-APOE4: 1.21 ± 0.47%, p= 0.756)
and DHA (APOE4: 4.16 ± 1.33% vs. non-APOE4: 4.65 ± 1.39%, p = 0.256) levels following treatment.

 

Figure 1. Differences between APOE4 carriers (n= 16) and APOE4 non-carriers (n= 44) in treatment changes
of mental wellbeing measures and quality of life following fish oil supplementation. * Significant, p < 0.05.
TMD: total mood disturbance, SMC: subjective memory complaints, QoL: quality of life.

3.5. Subanalysis in APOE4 Non-Carriers

Since APOE4 status influenced responses to fish oil supplementation, we re-examined the effect
of fish oil supplementation in APOE4 non-carriers after excluding APOE4 carriers from the fish oil
and fish oil + curcumin group (n = 17). This exploratory subanalysis showed a significant increase
in vigour (p = 0.030, Hedge’s g = 0.56) and decrease in TMD (p = 0.048, Hedge’s g = 0.55) following
fish oil supplementation compared to placebo (Table 4). The decrease in TMD following fish oil
supplementation was inversely correlated with changes in vigour (R = −0.937, p < 0.001) and positively
correlated with changes in fatigue (R = 0.590, p = 0.004). The combination of fish oil and curcumin
significantly decreased SMCs (p = 0.029, Hedge’s g = 0.57).

31



Nutrients 2020, 12, 2902

Table 4. Subanalysis of treatment changes in measures of mental wellbeing and quality of life in APOE4
non-carriers (n = 106).

PL
(n = 32)

FO
(n = 22)

CUR
(n = 30)

FO + CUR
(n = 22)

Tension (%) 0.4 ± 1.5 −3.6 ± 1.8 0.0 ± 2.1 −2.7 ± 3.0
Depression (%) −0.6 ± 1.3 −4.4 ± 1.9 −1.8 ± 2.1 −1.7 ± 1.9

Anger (%) −2.1 ± 1.2 −1.8 ± 1.3 −2.1 ± 2.1 −2.9 ± 2.0
Fatigue (%) −3.1 ± 4.0 −3.8 ± 4.4 −1.5 ± 3.5 2.3 ± 4.8

Confusion (%) −3.1 ± 2.4 −7.9 ± 2.7 −7.6 ± 3.1 −4.4 ± 3.1
Vigour (%) −3.7 ± 2.6 4.8 ± 3.3 * 3.5 ± 2.0 * 3.6 ± 3.1
TMD a (%) 2.0 ± 3.8 −9.1 ± 4.0 * −6.1 ± 3.3 −5.4 ± 4.8

Subjective memory complaints (%) −1.8 ± 2.5 −6.1 ± 2.6 −6.7 ± 2.7 −11.0 ± 3.9 *
Quality of life (%) 0.3 ± 1.8 4.6 ± 2.0 2.0 ± 2.1 1.8 ± 2.9

Values are expressed as the mean ± SEM. a greater reduction being favourable. * Significant compared to placebo,
p < 0.05. CUR, curcumin alone; FO, fish oil alone; FO + CUR, fish oil and curcumin combination; PL, placebo;
TMD, total mood disturbance.

The increase in overall QoL score following fish oil supplementation was not significant, but
changes in vigour were correlated with changes in overall QoL (whole group n = 106: R = 0.287,
p = 0.003; FO supplementation n = 44: R = 0.433, p = 0.003), and changes in TMD were inversely
correlated with changes in overall QoL (R= −0.453, p < 0.001; FO supplementation n = 44: R= −0.597,
p < 0.001).

4. Discussion

This exploratory analysis provides supportive evidence of curcumin’s mood-enhancing effects
and furthermore shows curcumin’s potential to reduce SMCs in overweight or obese middle-aged
and older adults without clinical depression. However, combining curcumin with fish oil did not
result in any additional benefits on mental wellbeing. Fish oil supplementation alone did not affect
mental wellbeing, although the response to fish oil was significantly affected by APOE4 status.
APOE4 non-carriers showed improvements in mental wellbeing, whereas APOE4 carriers did not
respond to fish oil. A subanalysis of the whole study cohort, excluding APOE4 carriers, revealed that
fish oil supplementation improved vigour and decreased TMD.

QoL was not significantly improved, which might be due to the fact that baseline overall QoL scores
were already relative high (average 69.9 ± 2%) and comparable to results from a large survey across
Australian households [27], showing an average overall score of 71%. Nevertheless, improvements in
vigour and SMCs following curcumin supplementation and improvements in vigour and TMD following
fish oil supplementation were correlated with improved overall QoL, suggesting that curcumin’s and fish
oil’s effects are clinically relevant.

4.1. Curcumin Supplementation

The observed mood-enhancing effect of curcumin, i.e., increase in vigour, is consistent with previous
studies study by Cox et al., which found reductions in fatigue following 4 and 12 weeks of supplementation
in older non-depressed adults [9,10]. Furthermore, Cox et al. found significant reductions in tension,
anger, confusion and TMD following supplementation. However, these effects were only short-term and
were not sustained after 12 weeks of supplementation [10]. In both studies, Cox et al. supplemented their
participants with 400 mg Longvida curcumin (80 mg curcumin) once a day; however, we chose to give
this dose twice daily to ensure a sustained level of curcumin in the blood. Consistent with findings from
Cox et al. we observed reductions in confusion and TMD following 16 weeks of curcumin supplementation;
however, they were not significant compared to placebo and combining curcumin with fish oil did not
result in additional effects on these outcomes. Thus, it might be possible that curcumin has only short-term
effects on confusion and TDM but stronger, longer-lasting effects on fatigue-vigour. Further studies are
warranted to confirm the promising mood-enhancing effects of curcumin in older adults without clinical
depression and identify the underlying mechanisms and how the efficacy of curcumin could be improved.
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Moreover, we found that the change in vigour was positively correlated with change in quality of life;
however, further investigation is needed to determine whether the mood-enhancing effects of curcumin
can help to prevent the onset of depression.

Next to improvements in vigour, we found that curcumin reduced SMCs, which—to the best
of our knowledge—is the first evidence of this benefit. Increasing evidence links SMCs to increased
dementia risk, suggesting that SMCs reflect early, subtle cognitive changes [7]. This is supported by
neuroimaging studies, which indicate changes in brain structure and function in individuals with
SMCs [33]. SMCs have also been shown to be closely related to poor mood and negatively impact QoL
in healthy older adults [4,34]. The observed attenuation in SMCs following curcumin might thus be
partly mediated by its mood-enhancing effects, which resulted in slight, non-significant reductions in
depressive mood and confusion that were, however, significantly correlated with decreased SMCs.
Additionally, our observation that the reduction in SMCs following curcumin was related to increased
QoL is encouraging. Targeting SMCs might thus offer an early window of opportunity to intervene
prior to the development of poor mood and the detection of measurable cognitive deficits.

Nevertheless, changes in SMCs during the 16 week intervention period and correlations with
changes in mood states and QoL need to be interpreted with caution. The assessment of SMCs
estimates SMCs over the last two years; therefore a longer intervention time is needed to meaningfully
monitor changes in SMCs. Moreover, assessment of SMCs in a clinical setting has its limitations as it is
difficult to distinguish between worried and well individuals and those who have subtle cognitive
impairments [35]. Lastly, a further limitation is that the SMCs questionnaire utilized in this study,
although more extensive than others with 27 items, has not been validated before in cognitively
unimpaired elderly.

To the best of our knowledge, only two other studies have examined the potential of diet or
dietary supplements to reduce SMCs. An observational study showed an inverse correlation between
adherence to a healthy diet—mix of a Mediterranean diet and Dietary Approaches to Stop Hypertension
(DASH) diet—and SMCs in adults aged above 70 years who did not suffer from depression [36].
Moreover, a 12 week clinical trial of BrainPower Advanced, a supplement containing a mix of
15 ingredients (Ginkgo biloba extract, green tea extract, l-pyroglutamic acid amongst others), showed
improvements in SMCs compared to placebo in older adults (average 67 years) [37].

A healthy diet and dietary supplements, such as curcumin, might thus have the potential
to attenuate SMCs. However, future studies are needed to confirm these encouraging findings,
further investigate the long-term effects of reducing SMCs on cognitive function, mood and QoL and
explore potential underlying mechanisms. These studies might also need to incorporate neuroimaging
to more accurately assess SMCs in individuals at baseline.

4.2. Effects of Fish oil Supplementation Influenced by APOE4 Status

In line with two previous studies conducted in healthy older adults without clinical depression, fish oil
supplementation did not significantly affect mental wellbeing measures [17,19]. However, we found that
the effect of fish oil on mental wellbeing was significantly influenced by APOE4 status; subanalysis in
APOE4 non-carriers showed that fish oil supplementation significantly improved vigour and reduced TMD.
The reduction in TMD was mostly driven by changes in vigour and fatigue. Improvements in these mood
subscales might increase motivation to be more proactive in making healthy lifestyle choices such as eating
a more healthy diet, which in turn can further improve mood and mental wellbeing [38,39].

Our finding that APOE4 status affects the response to fish oil supplementation is consistent with
previous literature demonstrating a fish oil–APOE4 interaction [20,22]. For instance, APOE4 carriers
were shown to be less sensitive to the protective effects of fish oil/consumption of fatty fish on cognitive
function and all-cause dementia risk [40,41]. The mechanisms underlying the differential responses to
fish oil are, however, poorly understood and need further investigation.
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4.3. Combination of Fish Oil and Curcumin

The combination of fish oil and curcumin had neither an additive nor synergistic influence on
mental wellbeing and QoL. Since this is the first exploratory analysis to look at the effects of this
nutrient combination on mental wellbeing, further investigations are needed to identify whether there
are potential synergistic effects between LCn-3PUFAs and curcumin in humans and whether they
might depend on an optimal dose combination of fish oil and curcumin or might only benefit certain
population groups.

4.4. Study Limitations

As this was an exploratory analysis of secondary outcomes of a large interventions study, it was
not powered to detect differences in changes in mental wellbeing measures and QoL.

Another limitation is that APOE4 status was determined by measuring APOE4 in plasma, which is
not as informative as APOE4 genotyping. It only indicates that a participant has the APOE4 allele, but not
how many copies. Therefore, the exact genotype remains unknown. Our finding that the response to
fish oil on mental wellbeing measures is dependent on APOE4 status is preliminary; further studies
are needed to confirm this finding and whether it can be extrapolated to other populations.

5. Conclusions

This exploratory analysis of a 16 week dietary intervention trial in overweight or obese middle-aged
and older adults without clinical depression adds further evidence that curcumin supplementation has
potential beneficial effects on mood. Furthermore, our findings indicate that curcumin supplementation
can reduce SMCs and that the improvements in both mood and SMCs are associated with improved QoL.
These potential benefits of curcumin warrant further evaluation. Combining curcumin with fish oil did
not result in additional benefits. Fish oil independently improved vigour and total mood disturbance,
but only in APOE4 non-carriers. The observation that the mental wellbeing response to fish oil was
influenced by APOE4 status should be followed up with studies designed to compare effects of fish oil
on mental wellbeing between APOE4 carriers and non-carriers.
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Abstract: Dietary supplementation with curcumin has been previously reported to have beneficial
effects in people with insulin resistance, type 2 diabetes (T2D) and Alzheimer’s disease (AD). This study
investigated the effects of dietary supplementation with curcumin on key peptides implicated in
insulin resistance in individuals with high risk of developing T2D. Plasma samples from participants
recruited for a randomised controlled trial with curcumin (180 mg/day) for 12 weeks were analysed for
circulating glycogen synthase kinase-3 β (GSK-3β) and islet amyloid polypeptide (IAPP). Outcome
measures were determined using ELISA kits. The homeostasis model for assessment of insulin
resistance (HOMA-IR) was measured as parameters of glycaemic control. Curcumin supplementation
significantly reduced circulating GSK-3β (−2.4 ± 0.4 ng/mL vs. −0.3 ± 0.6, p = 0.0068) and IAPP
(−2.0 ± 0.7 ng/mL vs. 0.4 ± 0.6, p = 0.0163) levels compared with the placebo group. Curcumin
supplementation significantly reduced insulin resistance (−0.3 ± 0.1 vs. 0.01 ± 0.05, p = 0.0142)
compared with placebo group. Dietary supplementation with curcumin reduced circulating levels of
IAPP and GSK-3β, thus suggesting a novel mechanism through which curcumin could potentially be
used for alleviating insulin resistance related markers for reducing the risk of T2D and AD.

Keywords: curcumin; glycogen synthase kinase-3; insulin resistance; Islet amyloid polypeptide;
type 2 diabetes mellitus

1. Introduction

Insulin resistance is of particular interest as defective insulin signalling in the brain contributes to
the accumulation of amyloid beta (Aβ) and tau protein, presenting a pathophysiological link between
Alzheimer’s disease (AD) and type 2 diabetes (T2D) [1]. It has been previously described as diabetes
of the brain, or type 3 diabetes [2]. The prevalence of insulin resistance is growing exponentially,
with over 463 million people suffering from diabetes worldwide according to the recent edition of
the International Diabetes Federation Atlas 2019, of which >90% are T2D. Recent evidence from a
population-based study shows a link between T2D and AD, with an incidence 2–5 times higher in
those with T2D [3] and hyperinsulinemia [4].

Islet amyloid polypeptide (IAPP) is a peptide hormone co-secreted with insulin by pancreatic
β-cells [5]. Elevated serum levels of IAPP is a pathological hallmark of insulin resistance and correlates
with AD diagnosis [6]. Furthermore, the amyloidosis of IAPP involving formation of Aβ-like structures
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and extracellular deposits of amyloid in the pancreas is a distinctive feature of T2D [5]. IAPP can
also induce peripheral insulin resistance by antagonising insulin activity, further linking to the
overexpression of glycogen synthase kinase-3 (GSK-3) [7]. Impaired insulin signalling and subsequent
hyperactivity of GSK-3 in rodent and human models have been associated with the accumulation of Aβ

and tau protein in the brain [8]. Recent research has uncovered a pathophysiological link between T2D
and AD involving insulin resistance and the activation of GSK-3, a serine-threonine kinase involved in
a multitude of physiological processes including glycogen metabolism and microtubule stability [9,10].
GSK-3 produces two isoforms (α and β) upon activation. Along with its pleiotropic roles in human
physiology in skeletal muscle and liver, GSK-3 is linked to cognitive disorders and is thought to play
an important role in the pathogenesis of AD [10]. Insulin triggers the phosphorylation (inactivation)
of GSK-3 via the PI3k/Akt signalling cascade, while defective insulin signalling results in decreased
phosphorylation and consequently elevated activation of GSK-3 in the brain [11]. Over-activity of
GSK-3α mainly enhances plaque-associated aggregation of insoluble Aβ, while GSK-3β primarily
contributes to the hyper-phosphorylation of tau [11]. The purported role of GSK-3 in the development
of AD has led to it being investigated as a potential therapeutic target.

Curcumin is a bio-active curcuminoid, extracted from the rhizomes of turmeric with a wide
range of pharmacological properties including the ability to reduce inflammation, oxidative stress
and insulin resistance [12–14]. In vivo studies in animal models [13] and a few clinical trials [15]
have shown beneficial effects of curcumin on insulin resistance. Systematic reviews have provided
strong evidence for investigating curcumin efficacy for management of type 2 diabetes mellitus [15].
Substantial in vitro data are available on the anti-oxidant anti-inflammatory activities of curcumin,
suggesting a possible link to its protective effect on dementia and AD [16]. In animal models,
curcumin has been shown to reduce systemic inflammatory markers (cyclooxygenase (COX-2) and
phospholipases; transcription factors such as nuclear factor kappa-B; pro-inflammatory cytokines
such as tumour necrosis factor-α and IL-1β and C-reactive protein (CRP) concentrations) suggesting a
possible link between its anti-inflammatory and cognitive protection effects [17]. Curcumin has been
proven to have strong antioxidant action by the inhibition of the formation and of free radicals [18].
It decreases the oxidation of low-density lipoprotein that cause the deterioration of neurons, not only
in AD but also in other neuron degenerative disorders (Huntington’s and Parkinson’s disease) [18].
Curcumin also increased memory function and non-spatial memory related parameters in aged rodent
models with cognitive impairments [19–21]. Curcumin inhibits the activity of activator protein-1,
a transcription factor implicated in the expression of Aβ [22]. Increasing evidence suggests that
curcumin supplementation mitigates Aβ deposition and tauopathy whilst exerting inhibitory effects
on GSK-3 activity via interactions with the PI3k/Akt cascade [23]. Epidemiologic studies also suggest
a link between curcumin and cognitive benefits. Ng et al. [24] observed that subjects with higher
curry (curcumin is a common ingredient) consumption had 6% higher Mini-Mental State Examination
(MMSE) scores compared with subjects who never or rarely consume curry.

The widespread use of curcumin as an additive, the relatively high safety profile established in
a number of short-term trials and the potency of curcumin to suppress insulin resistance could be
a beneficial factor in management of both T2D and AD. The aim of this study was to determine if
dietary supplementation with curcumin reduce plasma levels of peptides, GSK-3β and IAPP that are
implicated in the insulin resistance in people at a high risk of developing T2D.

2. Materials and Methods

2.1. Participants

Participants were recruited for the purposes of the curcumin and omega-3 fatty acids for prevention
of type 2 diabetes (COP-D) study [25] from the Hunter region in New South Wales, Australia. Interested
participants were screened through telephone interviews per the inclusion and exclusion criteria.
If eligible, potential participants were posted self-administered health/medical, diet, and physical
activity questionnaires as well as a consent form. Inclusion criteria for the current study included:
aged of 30–70 (years); body mass index (BMI) of 25–45 kg/m2; ≥12 score in the Australian Type
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2 Diabetes Risk (AUSDRISK) questionnaire (a non-invasive questionnaire for assessing the risk of
developing type 2 diabetes); diagnosed with either impaired fasting glucose (IFG, fasting glucose of
6.1–6.9 mmol/L) or impaired glucose tolerance (IGT, 2-h plasma glucose≥7.8 mmol/L and<11.1 mmol/L)
or both; and glycosylated haemoglobin (HbA1c) levels of 5.7–6.4%. Participants were excluded if
they were unwilling to provide blood samples at the baseline and post-intervention (12-week) site
visits; diagnosed with T2D; gallbladder problems; pacemaker implants; severe neurological diseases
or seizures; pregnant, planning to become pregnant or breastfeeding/lactating; taking any dietary
supplements (such as fish oil, cinnamon, probiotics, vitamin D, chromium, etc.) known to influence
blood glucose levels; consuming ≥2 servings of oily fish per week; or taking any medications known
to have drug-nutrient interactions with curcumin (blood thinning medications such as Aspirin and
warfarin). All participants gave their written informed consent. The study was conducted in accordance
with the Declaration of Helsinki, and has been approved by the University of Newcastle Human
Research Ethics Committee (H-2014-0385). The trial is registered with the Australia & New Zealand
Clinical Trial Registry (ACTRN12615000559516).

2.2. Study Design

The detailed protocol of the current study is previously published [25]. Screened participants
were randomised to placebo (2 × placebo tablets matching for curcumin) and curcumin (2 × 500 mg
curcumin tablets [Meriva®] providing 180 mg of curcumin per day). Participant compliance was
measured during the follow-up (6-week) and post-intervention (12-week) site visits via a capsule
count-back method and capsule intake log. Any illnesses, changes in medications or medical diagnoses
during the study timeframe were recorded.

2.3. Data Collection and Outcome Measures

The primary outcome of this study was to evaluate the effects of curcumin on circulating levels of
GSK-3β in adults at a high risk of developing T2D. Fasting (≥10-h) blood samples were collected from
participants at baseline and post-intervention (12-week), at either the Nutraceuticals Research Program
clinical trial facility or John Hunter Hospital in Newcastle, NSW. These samples were analysed using
GSK-3β enzyme linked immunosorbent assay (ELISA) kits, which have high specificity for human
GSK-3β and no detectable cross-reactivity with other relevant proteins (manufacturer, Aviva systems
biology; detection range, 0.625–40 ng/mL; mean intra-Assay CV, <10%; and mean inter-Assay CV,
<12%). The secondary outcome was to evaluate the effects of curcumin supplements on IAPP, which
was analysed via ELISA (manufacturer, Aviva systems biology; detection range, 0.156–10 ng/mL; mean
intra-assay CV%, <4.6%; Mean inter-assay CV%, <7.4%). Serum insulin and glucose were measured
by Hunter Area Pathology Services using radio immunoassay technique. HOMA2-IR was calculated
using the Diabetes Trials Unit online calculator.

Questionnaires (Diet, Physical Activity and Medical History)

Medical history data collected include medication and supplement use as well as family medical
history. Demographic characteristics collected from participants include age, sex and ethnicity.
Participants were advised to maintain their regular dietary pattern and physical activity levels
throughout the 12-week study period. To estimate their habitual dietary patterns, participants were
asked to complete a 3-day (2 weekdays plus 1 weekend day) food diary prior to all three site visits.
Food diaries were analysed using FoodWorks Xyris (version 8.0) to assess changes in energy intakes
(kJ) during the study period. Habitual physical activity (METs, minutes/week) was assessed using the
International Physical Activity Questionnaire (IPAQ) long form version (2002), which was completed
by participants prior to all three site visits.

2.4. Body Composition and Anthropometric Measures

Body composition measurements included body weight (kg), muscle mass (kg), body fat mass
(kg), body mass index (BMI, kg/m2) and body fat per cent (%). Body composition was measured
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using direct segmental multi-frequency bioelectrical impedance (InBody 230, Biospace Co., Ltd.
Seoul, Korea). Anthropometric measurements included height (cm; SE206, Seca), BMI (kg/m2) and
waist-circumference (cm).

2.5. Statistical Analysis

For the purposes of the current sub-study, n = 29 (15 allocated to placebo group and 14 allocated
to curcumin treatment group) participants were analysed for GSK-3β and IAPP resulting in a study
power of 97.7% for the detection of a 2.4 ng/mL reduction in serum GSK-3β level (1.3 ng/mL SD,
p value = 0.01). Data collected at baseline were analysed for normality using histograms with a normal
distribution curve overlaid the Shapiro–Wilk test, and are presented as mean ± SEM (standard error of
the mean) or median (IQR, interquartile range) as appropriate. Significant changes in the baseline data
between the two intervention groups were assessed through t-test or Mann–Whitney U Test when the
normality assumption was not met. Post-intervention data are presented as mean ± SEM or median
(IQR) of absolute change (post-intervention value minus baseline value). Changes from baseline to
post-intervention within treatment groups were assessed through t-test or Wilcoxon signed-rank test.

3. Results

3.1. Baseline Characteristics

Twenty-nine serum samples were analysed from the COP-D trial for the primary outcome,
GSK-3β, and for IAPP. No significant differences were observed between the two participant groups
for all baseline characteristics, including demographics and serum outcome measures (Table 1).
All participants were insulin resistant, with an average fasting glucose of 5.4 ± 0.1 mmol/L and median
fasting serum insulin of 9.9 (4.9) mIU/L. Trial participants had a median GSK-3β of 3.0 (1.7) ng/mL
and median IAPP of 4.5 (2.6) ng/mL. Likewise, there were no significant changes in dietary intake or
physical activity within and between the two groups post-intervention (Table 2). Comparisons between
the placebo and curcumin group showed no significant differences in the body composition and
anthropometric measurements collected at baseline and post intervention (Tables 1 and 2). The average
BMI of participants at baseline was within the obese category (≥30 kg/m2) and was accompanied
by high body fat per cent (34.7 ± 1.8%) and waist circumference (105.4 ± 2.4 cm). There were no
significant changes in body composition and anthropometric measurements post-intervention (Table 2).
According to the capsule count, mean compliance to the randomised intervention was 94.9 ± 5.80%.
Curcumin was well tolerated by participants and no adverse events due to the allocated intervention
were reported during the 12-week study period.
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Table 1. Baseline characteristics of the trial participants.

Characteristics
Total

(n = 29)
Placebo
(n = 15)

Curcumin
(n = 14)

p Value

Age (years) 52.3 ± 1.9 50.4 ± 2.6 54.5 ± 2.9 0.2998
Males/females (n/n) 12/17 6/9 6/8 -
Ethnicity—no (%)

Caucasian 23 12 (80) 11 (78.6) -
Asian 3 1 (6.7) 2 (14.3) -
Others 3 2 (13.3) 1 (7.1) -

Anthropometry measures
Body weight (kg) 88.8 ± 3.0 90.7 ± 4.9 86.7 ± 3.5 0.5206
Muscle mass (kg) 33.3 ± 1.4 32.4 ± 1.7 34.4 ± 2.4 0.4998

Body fat mass (kg) 32.4 ± 2.2 33.7 ± 3.5 31.1 ± 3.0 0.5785
Body mass index (kg. m−2) 31.3 ± 1.0 32.3 ± 1.7 30.2 ± 1.1 0.3276

Waist circumference(cm) 105.4 ± 2.4 106.0 ± 3.9 104.9 ± 2.9 0.8246
Percent body fat (%) 34.7 ± 1.8 35.3 ± 2.2 34.8 ± 2.5 0.5467

Plasma outcome measures
Fasting glucose (mmol/L) 5.4 ± 0.1 5.2 ± 0.1 5.6 ± 0.2 0.1121

Fasting serum insulin (mIU/L) 9.9 (4.9) 10.3 (7.9) 9.1 (4.6) 0.6005
HOMA2-IR 1.3 (0.6) 1.3 (1.1) 1.2 (0.6) 0.7268

IAPP (ng/mL) 4.5 (2.6) 4.1 (2.6) 3.9 (3.1) 0.8948
GSK-3β (ng/mL) 3.0 (1.7) 2.7 (1.8) 3.4 (2.7) 0.1625

Dietary intakes (kj) 9047.3 ± 424.9 8497.1 ± 599.6 9682.1 ± 573.06 0.1685
Physical Activity

(METs-minutes/week) 2432 (4920) 3894 (5214) 1765 (1597) 0.1161

Data are presented as mean ± SEM or median (IQR) for continuous variables and n (%) for categorical variables.
n, number of participants; METs, metabolic equivalents; SEM, standard error of the mean; IAPP, islet amyloid
polypeptide; GSK-3β, glycogen synthase kinase-3 beta. p-values represent the significant differences between
the groups.

Table 2. Changes in the study parameters of the participants in placebo and curcumin group after
three-month intervention period.

Outcome Measures
Treatment

Group
Mean Change p Value

Mean Difference
between Treatment

Groups
p Value

Body weight (kg) Placebo 0.64 ± 0.4 0.1731
Curcumin −0.1 ± 0.4 0.8272 −0.7 ± 0.6 0.2292

Muscle mass (kg) Placebo 0.1 (0.1) 0.8902
Curcumin 0.25 (0.7) 0.4440 0.1(0.8) 0.5257

Body fat mass (kg) Placebo 0.1 (0.4) 0.7577
Curcumin −0.85 (0.9) 0.8487 −0.5 (2.1) 0.3478

Body mass index (kg/m2) Placebo 0.20 (0.2) 0.1945
Curcumin 0.03 (0.2) 0.8296 0 (0.7) 0.3573

Waist circumference (cm) Placebo 0.87 ± 0.7 0.2258
Curcumin −0.10 ± 0.8 0.8940 −0.1 ± 1.0 0.3557

Percent body fat (%) Placebo 0.5 (1.8) 0.4388
Curcumin −0.6 (1.6) 0.5980 0 (2) 0.7699

Fasting glucose (mmol/L) Placebo −0.06 ± 0.1 0.3625
Curcumin −0.07 ± 0.1 0.6041 −0.004 ± 0.1 0.9747

Fasting serum insulin (μIU/L) Placebo 0.1 ± 0.4 0.8251
Curcumin −1.9 ± 0.6 0.0076 −2.0 ± 0.4 0.0115

Dietary intakes (kj) Placebo −134.5 ± 479.2 0.7830
Curcumin 298.4 ± 487.9 0.5520 −433.0 ± 686.6 0.5338

Physical activity (Metabolic
equivalent-minute/week) Placebo −473 (3880) 0.2202

Curcumin 104.5 (1508) 0.6249 0 (2618) 0.2386

Data are presented as mean ± SEM or median (IQR) as appropriate. p-values represent the significant differences
with-in and between the groups.

3.2. Effects of Curcumin on GSK-3β and IAPP

After 12- weeks of curcumin supplementation, circulating GSK-3β levels were significantly lower
in the curcumin group (−2.4 ± 0.4 ng/mL, p value = 0.00001) (Figure 1). When compared to placebo,
there was also significant (p value = 0.0068) reduction in serum GSK-3β levels in the curcumin group.
Similar observation was found with IAPP (−2.0 ± 0.7 ng/mL, p value 0.01) within curcumin group
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post-intervention (Figure 2); When compared to PL, there was also a significant (p value = 0.0163)
change in mean IAPP.

Figure 1. Absolute change in serum glycogen synthase kinase –β (GSK-3β) from baseline to
post-intervention in placebo and curcumin groups for 12 weeks. *** p < 0.001 represents the
difference within the treatment group. Small letter (a) represents the significant difference between the
treatment groups.

Figure 2. Absolute change in serum islet amyloid peptide (IAPP) from baseline to post-intervention in
placebo and curcumin groups for 12 weeks. * p < 0.05 represents the difference within the treatment
group. Small letter (a) represents the significant difference between the treatment groups.

3.3. Glycaemic Indices

Serum insulin was significantly reduced (p value = 0.0076) in the curcumin treatment group
(−1.9 μIU) from baseline (Table 2) and was also significantly different from placebo (0.0115). Similar
trends were observed with respect to HOMA2-IR (Figure 3) in curcumin group. Post-intervention,
significant changes (p value = 0.0142) in HOMA2-IR were only observed in the curcumin treated group
(−0.11 ± 0.05) compared to the placebo group. No significant changes were observed on blood glucose
levels after supplementation with curcumin (p = 0.9747) compared to the placebo group.
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Figure 3. Absolute change in HOMA2-IR from baseline to post-intervention in placebo and curcumin
groups for 12 weeks. ** p < 0.01 represents the difference within the treatment group. Small letter (a)
represents the significant difference between the treatment groups.

4. Discussion

The primary finding of this study is that oral supplementation with curcumin (180 mg per day)
for 12 weeks reduces the circulating levels of peptides that are implicated in insulin resistance, namelt
GSK-3β and IAPP (Figure 4). In addition, we demonstrated that curcumin supplementation positively
affects glycaemic control via reduction in insulin resistance and fasting serum insulin compared with
the placebo group.

 

Figure 4. Summary of potential mechanism of curcumin in reducing the risk of type 2 diabetes and
Alzheimer’s disease.

The aetiology of insulin resistance is dependent on multiple of factors [26] and there is substantial
evidence implicating the role of GSK-3 in insulin resistance [27]. In T2D, GSK-3 is an enzyme of
glycogen synthesis, which plays a key role in regulating blood glucose. Its role in insulin deficiency and
insulin resistance [28] is implicated via insulin/PI3-kinase/protein kinase B (insulin/PI3K/Akt) signalling
pathway [29]. In AD, GSK-3β is involved in the hyperphosphorylation of microtubule-associated
protein tau (tau), which is one of the pathological features in AD [30].

There are multiple potential reasons for evaluating the effects of curcumin on serum GSK-3β levels.
Pre-clinical studies indicated that curcumin supplementation reduced GSK-3 activity resulting in
protection against Aβ accumulation and hyper-phosphorylation of tau [23,31,32]. Simulated docking
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studies have shown optimal binding capacity of curcumin with GSK-3β and interactions with key amino
acids resulting in the deactivation of the kinase [33]. Glycogen metabolism is a highly regulated process
in which GSK-3β plays an essential role [33]. Follow-up in vitro and in vivo studies have confirmed
curcumin’s pharmacological activities by demonstrating that this bioactive potently inhibits GSK-3β
(IC50 = 66.3 nM) and increases fasting liver glycogen levels [33]. A recent randomised placebo-controlled
trial with curcumin (90 mg), similar to the current study dose, demonstrated reduction in Aβand tau in
a certain brain areas leading to the improvement memory and attention in adults aged 51–84 years [33].
Amyloid and tau accumulation on brain were assessed by positron emission tomography (FDDNP-PET).
Curcumin significantly lowered binding in the amygdala (ES = −0.41, p = 0.04) compared with a
placebo [34]. In line with these observations from the pre-clinical reports, in the current study we
showed that dietary supplementation with curcumin significantly reduce serum levels of GSK-3β in
adults with insulin resistance. Follow-up studies are required to determine if this effect has direct
implications in reducing the risk for T2D and AD.

IAPP, a pancreatic beta cell peptide, can evoke insulin resistance by antagonising insulin in a
non-competitive manner [7,35]. Although IAPP has been previously shown to have no significant
effect on glucose transport, it decreased insulin-stimulated glucose transport by about 30% [35]. IAPP
also increased GSK-3 activity, which in turn led to increased phosphorylation of glycogen synthase
and decreased glycogen synthesis de novo [7]. IAPP mediates several important brain functions via
binding to its receptor in the brain, including regulating glucose metabolism, inflammatory responses,
and potentially in neurogenesis [36,37]. However, amylin can aggregate when concentrations are high
and become neurotoxic in cell cultures and is associated with brain amyloid burden and cognitive
impairment in AD [38,39]. Recent studies have also indicated that the high plasma levels of IAPP
is a pathological hallmark of insulin resistance [40] and correlates with AD diagnosis and brain
structure [41]. In vitro studies revealed that curcumin significantly reduces h-IAPP fibril formation and
aggregates formed in the presence of curcumin display alternative structure compared to the actual
peptide [42]. Curcumin increased the time required for the conversion of IAPP monomer to assemblies
that are visible in NMR, including β-sheet, suggesting that curcumin has the potential to inhibit the
formation of the oligomers that are on-pathway to formation of amyloid [42]. In the current study,
we reported if curcumin has a direct effect on the plasma levels of IAPP. Curcumin supplementation
significantly reduced the plasma IAPP levels in the current study, providing further insights into the
beneficial effects of curcumin on glycaemic homeostasis.

Insulin resistance and hyperinsulinemia is associated with the development of both T2D and
AD [43]. Converging evidence from cross-sectional studies has shown significant associations of
HOMA-IR with mild cognitive impairment and AD [44,45]. Moreover, presence of IR accelerates the
formation of Neuritic plaques which are involved in the pathogenic process of AD [45]. Curcumin has
repeatedly demonstrated efficacy in regard to improving insulin resistance [15]. Curcumin treatment
reduced both serum insulin and insulin resistance (measured via HOMA2-IR). A similar effect of
curcumin on insulin resistance was observed in a nine-month randomised controlled trial with
curcumin extract in a pre-diabetic population [46]. Curcumin intervention reduced insulin resistance,
as indicated by an increased HOMA-IR and reduced C-peptide levels [47]. Another three-month
randomised controlled trial with overweight/obese T2DM patients has also indicated that the curcumin
supplementation group resulted in a significant reduction of fasting glycaemia and insulin resistance [48].
However, in contrast to these, we did not observe any significant reductions in fasting glucose with
curcumin supplementation. Curcumin mediated reduction in the insulin levels and insulin resistance
(HOMA-IR) could reduce the risk factors for cognitive impairment such as neuritic plaques and
amyloid formation. As IR and hyperinsulinemia are significantly associated and there is a common
molecular pathway for T2D and AD, this study’s findings on the effect of curcumin on insulin resistance
implicates a potential role of curcumin in reducing the risk for AD. In this study, we provided novel
insights on the efficacy of curcumin in insulin resistance by providing evidence on regulation of key
peptides such as GSK-3β and IAPP, which play an important role in insulin resistance.

Participants compliance to the intervention in the current study was high. Aviva Systems Biology
GSK-3β ELISA kits used to measure the primary outcome have high specificity for human GSK-3β
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and no detectable cross-reactivity with other relevant proteins. The link between AD and T2D is a
relatively new and emerging area of research. In this study, we were able to provide novel potential
adjuvants for ameliorating common risk factors underlying T2D and AD. However, the results of
the current sub-study are limited by their preliminary nature, and as such a follow-up study is
required to substantiate effects of curcumin supplementation on GSK-3β and IAPP and whether it can
affect neurological/metabolic parameters specific to T2D and AD in high-risk adults. Furthermore,
the preliminary results of this sub-study may not be generalisable or transferable to other populations
as only adults with insulin resistance and high risk of T2D were studied.
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Citation: Jabczyk, M.; Nowak, J.;

Hudzik, B.; Zubelewicz-Szkodzińska,
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Abstract: Curcumin is one of the most frequently researched herbal substances; however, it has
been reported to have a poor bioavailability and fast metabolism, which has led to doubts about
its effectiveness. Curcumin has antioxidant and anti-inflammatory effects, and has demonstrated
favorable health effects. Nevertheless, well-reported in vivo pharmacological activities of curcumin
are limited by its poor solubility, bioavailability, and pharmacokinetic profile. The bidirectional
interactions between curcumin and gut microbiota play key roles in understanding the ambiguity
between the bioavailability and biological activity of curcumin, including its wider health impact.

Keywords: curcumin; antioxidant; microbiota; health

1. Introduction

Curcumin is a polyphenol substance isolated from the rhizome of Zingiberaceae
and Araceae plants. It is a major active constituent of turmeric, a common Asian spice
used as a dietary spice, food-coloring, as a herbal remedy, and in the beverage industries.
Its bioactive components have been investigated recently [1,2]. Diferuloylmethane (1,7-
bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione), which is commonly referred
to as curcumin, has been shown to have activity at the cellular level, by signaling mul-
tiple molecules. In addition it exerts antioxidant and anti-inflammatory properties. It
may have many therapeutic effects [2,3], having exhibited antitumor, chemosensitizing,
hepatoprotective, lipid-modifying, and neuroprotective effects [4]. Nevertheless, well-
reported in vivo pharmacological activities of curcumin are limited by its poor solubility,
bioavailability, and pharmacokinetic profile. As many data have suggested, despite its
low absorption, curcumin may demonstrate beneficial effects on health by influencing
the intestinal barrier function, sustaining high concentrations in the intestinal mucosa,
modulating the functioning of the intestinal barrier, and decreasing high concentrations of
bacterial lipopolysaccharide (LPS) levels [5–7]. This review presents the mechanisms of
action of curcumin and its potential influence for prevention and treatment by regulating
the gut microbiota.

1.1. Curcumin Safety

The Joint United Nations and World Health Organization Expert Committee on Food
Additives (JECFA) and the European Food Safety Authority (EFSA) have set the allowable
daily intake (ADI) for curcumin at 0–3 mg/kg body weight. Some studies have reported
negative side effects in healthy adults that received 500–12,000 mg in a dose response
manner [2]. Some studies have showed that nausea, diarrhea, and elevated serum alkaline
phosphatase and lactate dehydrogenase levels may be observed in subjects receiving
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0.45–3.6 g/day [8]. On the other hand, Shabbir et al. [4] suggested that many studies have
shown that it is safe to consume 8 g/day of curcumin.

1.2. Oral Bioavailability of Curcumin

Curcumin belongs to the family of polyphenol compounds, which has at least one
aromatic ring structure with at least one hydroxyl group. Polyphenols are found in many
vegetables and secondary metabolites, and derive from the shikimic acid pathway [9].

Factors impacting on oral curcumin bioavailability in the diet may be affected by
food processing, macronutrients, and origin. In food, polyphenol composition is affected
not only by heating changes but also drying, grinding, climate, and plant stress, among
others. The poor availability of curcumin has resulted in the development of several
curcumin formulations over the last decade, which could improve its bioavailability. Those
formulations include curcumin nanoparticles, curcumin in lecithin, phosphatidylcholine
carrier, and solid lipid curcumin nanoparticles [7].

As Shabbir et al. [4] emphasized, dietary lipids may affect the solubility and absorption
of curcumin. The lipophilic nature of curcumin and the existence of hydroxyl groups in
its structure allow it to be metabolized very rapidly in the kidneys and liver. More, it is
unstable in most bodily fluids, such as water. Thus, it is recommended to be mixed with oil
(or, even, milk) before consumption, in order to improve its absorption [4].

Moreover, Dei Cas and Ghidoni [10] pointed out that, to increase the dietary intake of
curcuminoids, turmeric should be paired with lecithin-rich products, such as vegetable
oils or eggs. In a recent study, Jardim et al. [11] demonstrated that the addition of lecithin
is a promising strategy for improving the properties of nanoparticles such as curcumin,
leading to its enhanced efficiency.

Piperine is a natural alkaloid that is found in black pepper (Piper nigrum), which is
capable of increasing the bioavailability of curcumin by inhibition of biotransformation—
especially glucuronidation [10]—in the liver and small intestine [12]. As Hewlings and
Kalman [13] emphasized in their work, piperine has been associated with an increase in
the bioavailability of curcumin by 2000%.

Interestingly, Schiborr et al. [14] revealed the existence of sex differences, with respect
to the plasma levels of oral micellar curcumin. They have demonstrated that women
absorbed curcumin to a larger extent than men (1.4-fold higher in women, in comparison to
men). The researchers hypothesized that it may be explained by the increased expression
and activity of drug efflux in the liver and some enzymes involved in curcumin biotrans-
formation in men. It is worth mentioning that these results may also be due to differences
in body weight, blood volume, and body fat. As such, this topic requires further research.

The potential beneficial effects of curcumin depend on its dietary and supplemen-
tation intake, as well as the individual’s capacity for metabolism, which depends on the
biodiversity of their microbiota.

Many studies have reported that high concentrations of curcumin after oral adminis-
tration have been detected in the gastrointestinal tract. Scazzocchio et al. [15] noted the
ambiguity between the low systemic bioavailability and broad pharmacological activity of
curcumin. The hypothesis stated that polyphenol directly exerts regulatory effects on mi-
crobiota. In turn, Ng et al. [16], in their meta-analysis, suggested another thing which may
contribute to the therapeutic effect of curcumin. They emphasized that poor oral bioavail-
ability and the fact that curcumin ingested may be excreted in the feces unmetabolized lead
to the point that, after digestion, curcumin reaches the intestine almost unchanged and that
may demonstrate hypothetical beneficial effects on the intestinal microflora. Moreover, the
potential beneficial effects depend largely on the dietary intake of curcumin, either in terms
of an individual’s capacity for metabolizing it, or as a consequence of the composition of
the intestinal microflora of individuals [15].
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1.3. Curcumin Metabolism

The primary sites of metabolism for curcumin are the liver, together with the intestine
and gut microbiota. After several reactions, curcumin’s double bonds are reduced in
hepatocytes and enterocytes, and form dihydrocurcumin, tetrahydrocurcumin, hexahy-
drocurcumin, and octahydrocurcumin [10,17]. Following oral ingestion, the extensive
metabolism of curcumin include reduction, sulfation, and glucuronidation in the liver,
kidneys, and intestinal mucosa. 99% of plasma curcumin is present as glucuronide and
sulphate conjugate metabolites which are less active [18]. Interestingly, a recent study has
shown greater metabolic conjugation and reduction in the human gastrointestinal tract, in
comparison to rat intestines [19].

Many other studies have revealed the presence of curcumin metabolites in the human
intestinal tract [17]. Due to its resistance to low pH (i.e., stable in the range of pH 2.5 to 6.5),
curcumin reaches the large intestine and undergoes extensive metabolic phases [15]. So far,
two phases of curcumin metabolism have been reported [10,17,20].

Phase I includes the reduction of the four double bonds of the heptadiene-3,5-dione
structure, reduction of curcumin to dihydrocurcumin (DHC), then to tetrahydrocurcumin
(THC), and later to hexahydrocurcumin and, finally, octahydrocurcumin.

In phase II which takes place in the intestinal and hepatic cytosol [10], curcumin
and its reduced metabolites are conjugated with monoglucuronide, a monosulfate, and
then a mixed sulfate/glucuronide (conjugated curcumin), followed by conjugated DHC,
conjugated THC, conjugated hexahydrocurcumin and, finally, conjugated octahydrocur-
cumin [20]. Hexahydrocurcumin and THC are the major products observed in most studies,
whereas DHC and octahydrocurcuminol are generally not detected at all [21]. The lack
of these two products may be the result of the enzymes responsible for the bioreduction
which have been found to reside in the cytosol of the liver and intestine. These compounds
may be easily conjugated in vivo and in vitro. For instance, hexahydrocurcumin shares the
same phenolic groups or diketo moieties as curcumin, but has no olefinic double bonds.
This fact makes it more stable than curcumin at a physiological pH level of 7.4 [22].

Interestingly, the intestinal microflora can deconjugate phase II metabolites and con-
vert them back to the corresponding phase I metabolites, which may also lead to some
fission products, such as ferulic acid [23]. Moreover, curcumin also may be metabolized
alternatively by intestinal microflora, such as Escherichia coli and Blautia sp. E. coli has
been reported to be active by an nicotinamide adenine dinucleotide phosphate (NADPH)-
dependent reductase in a two-step reduction pathway from curcumin to DHC, then to
THC. In turn, Blautia sp. carries out curcumin demethylation into two derivates: demethyl-
curcumin and bis-demethylcurcumin [10,24]. Curcumin and its reduced metabolites seem
to be readily conjugated in vivo and in vitro [21]. Reductive conjugative metabolism of
curcumin and an alternative metabolism by intestinal microbiota are shown in Figure 1.

Wang et al. [25] have recently developed a rapid LC-MS/MS ( consisting of an LC-
20 AD parallel pump, a SIL-20A autosampler, a DGU-20A3R degasser unit, a CTO-20A
column oven and an MS-8040 spectrometer ) method which evaluates the pharmacoki-
netics and tissue distribution of curcumin and its metabolites in mice. Fifty male mice
were randomly divided into ten groups, and received 20 mg/kg curcumin. After drug
administration, blood samples were drawn from the heart at various intervals. The study
described decreased THC and DHC in plasma, while THC was present as a main metabolite
of curcumin in plasma. Moreover, the results showed that curcumin and THC may be
detected in the liver, and curcumin and DHC may be detected in the kidneys. Interestingly,
only curcumin was detected in the brain, which (as suggested) means that curcumin may
cross the blood-brain barrier [4,25].
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Figure 1. Reductive conjugative metabolism of curcumin and an alternative metabolism by intestinal microbiota; based
on [10,20,24]. Abbreviation: NADH - nicotinamide adenine dinucleotide.

In a recent article, Shabbir et al. [4] drew attention to these metabolites and their
antioxidant, anti-inflammatory, and neuroprotective effects, considering the gut-brain
axis and pathways such as the demethylation, reduction, acetylation, hydroxylation, and
demethoxylation of curcumin. They highlighted the results of altered microbial abundance
and biodiversity through curcumin biotransformation, exerting indirect health benefits in
Alzheimer disease-induced in transgenic mice [26]. This topic needs further study.

1.4. Curcumin and Microbiota

The human intestinal microbiota contains micro-organisms, estimated to consist of
more than 1000 bacterial species, which are indispensable for organism physiology and
metabolism and, as a consequence, play key roles in maintaining general health [1]. To
date, many studies have examined alterations in the composition of microbiota and its
link to spectrum of diseases, including diabetes, obesity, inflammatory bowel, liver dis-
eases, depression, psoriasis, and neurogenerative disorders, and the field is growing at a
dynamic rate.

Interestingly, despite its poor plasma and tissue bioavailability, preferential distri-
bution and accumulation of curcumin in the intestine has been reported after oral or
intraperitoneal administration [1]. Several studies have examined whether curcumin may
exert regulative effects on the microbiota community. Human intestinal microbiota can
transform curcumin in various metabolism pathways, including producing active metabo-
lites which are able to exert local and systemic effects, but also by reducing the heptadienone
backbone and demethylation by Blautia spp. [5,24]. As Pandey et al. [17] have suggested,
an alternative metabolism of curcumin occurs by the intestinal microflora, especially by
Escherichia coli. Hassaninasab et al. [20] also identified micro-organisms (strain Escherichia
coli) capable of converting curcumin, isolated from the feces of two healthy subjects. An
NADPH-dependent enzyme (CurA) in E. coli converts curcumin into dihydrocurcumin
(DHC) and tetrahydrocurcumin (THC) [17]. In turn, the results of a study on Bifidobacte-
ria reported by Jazayeri et al. [27] presented that micro-organisms such as Bifidobacteria
pseudocatenulaum, Enterococcus faecalis, Bifidobacteria longum, Lactobacillus acidophilus, and
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Lactobacillus casei are important bacterial strains which are capable of reducing the parent
compound of curcumin more than 50% and, in this way, can metabolize curcumin.

Shen et al. [28] reported ananalysis of the intestinal microflora in curcumin-administered
mice and controls by pyrosequencing the V3 and V4 regions of the bacterial 16S riboso-
mal RNA genes. The researchers investigated whether the concentration of curcumin
in the intestines following oral administration may result in regulative effects on the in-
testinal microbiota. One group of mice (n = 6) received a standard diet enriched with
natural mixtures isolated from turmeric, which contained the three major parts of curcumin
(40.9%), demethoxycurcumin (33.2%), and bidemethoxycurcumin (23.3%), in a dose of
100 mg/kg body weight for 15 days. The control group (n = 6) was supplied with the
same feed, but without curcumin gavage. Following the addition of curcumin, significant
increases (p < 0.05) in several representative families in the gut, including Prevotellaceae,
Bacterioidaceae, and Rikenellaceae, were recorded. The abundance of Prevotellaceae decreased
significantly in the curcumin group, in comparison to controls (from 15.48% to 6.16%;
p = 0.01). A significant reduction was also reported in Prevotella abundance (from 13.29%
to 4.63%; p = 0.00), Conversely, Bacteroidaceae in the curcumin group was significantly
higher in comparison to the control group (3.21% to 1.15%; p = 0.00). Similarly, the amount
of Rikenellaceae increased (from 4.73% to 7.96%; p = 0.04) with Alistipes abundance (from
4.73% to 7.96%; p = 0.04). These results indicated that, despite no significant alteration, oral
administration of curcumin tended to decrease the microbiome biodiversity. More studies
are required to extend the current microbiome outcomes, in order to prove the therapeutic
application of curcumin for the gut microbiome.

The action of curcumin (as well as resveratrol and simvastatin) has also been ex-
amined in animals affected by Toxoplasma gondii. It was found that curcumin, resvera-
trol, and simvastatin-treated animals had less proinflammatory Enterobacteria and Ente-
rococci by 3.0–3.5 (p < 0.000001) and 1.0–1.5 (p < 0.0005), respectively. The potentially
anti-inflammatory Lactobacilli or Bifidobacteria were slightly increased, by up to 1.0 log
orders (p < 0.05–0.0005) [29].

The influence of curcumin on the intestinal microbiota is still not clear. However,
current evidence indicates that curcumin is biotransformed not only in the gut to various
metabolites via different pathways which include among others demethylation, hydroxyla-
tion, and demethoxylation. These metabolites have been reported to be even more bioactive
than the parent curcumin, but also the gut microbiota may be regulated by administration
of curcumin and lead to changes in the biodiversity and composition of microbes. This
plays a key role in potential indirect health benefits [1]. The bi-directional interplay between
curcumin and gut microflora is presented in Figure 2.

1.5. Curcumin and Microbiota in Liver Disease

Feng et al. [30] have investigated, using taxon-based analysis, the correlation between
changes in gut microbiota regulation in curcumin-mediated attenuation and the devel-
opment of non-alcoholic fatty liver disease in rats. Their data revealed that curcumin
treatment significantly changed the gut microbial composition. The operational taxonomic
units that were altered by curcumin treatment were related to hepatic steatosis parameters.
Types such as Spirochateae, Tenericutes, and Elusimicrobia were decreased, conversely to
Actinobacteria, which were markedly increased. In their discussion, they paid attention
to the immunomodulatory effects of curcumin, due to its alteration in intestinal bacterial
communities, which led to the relative abundance of short-chain fatty acid (SCFA) produc-
ing bacteria (including Blautia and Allobaculum). That may contribute to the alleviation
of inflammation, insulin resistance, and obesity [31]. As a consequence, it may serve as a
prevention target in mucosal abnormalities and hepatic steatosis. Midura-Kiela et al. [32]
and Feng et al. [30] have reported that curcumin acts as an interferon gamma (IFN-γ)
signaling inhibitor in colonocytes.
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Figure 2. Interplay between curcumin and gut microbiota; based on [1,4,15,23].

1.6. Curcumin and Microbiota in Colitis

Two independent studies [33,34] have explored the modulative effects of nanoparticle
curcumin administration on colonic microbiota during colitis, and suggested a modulating
structure of intestine biodiversity. Interestingly, the results of randomized, double-blind,
placebo-controlled study published in 2021 showed that 8 weeks administration of Cur-
cugen™, a curcumin extract (DolCas Biotech, LLC, 9 Lenel Rd, Landing, NJ 07850, USA),
was correlated with an improvement in gastrointestinal symptoms (abdominal pain, in-
digestion, diarrhea, and constipation) in adults [35]. The curcumin extract Curcugen™
contains 98.5% turmeric-based ingredients (50% curcuminoids, 1.5% essential oils, and
other native turmeric molecules). Additionally, the potential mechanisms associated with
curcumin’s influence on microbial diversity have been examined. In comparison to placebo,
no significant changes in the biodiversity (from the phylum to genus level) of bacteria
which are regularly observed in adults with irritable bowel syndrome (IBS) were reported.
These results could suggest that changes in the gut microbiota are not responsible for
improving gastrointestinal symptoms in adults. In another previous study by McFadden
et al., curcumin elevated microbial richness, prevented alpha diversity decrease, and in-
creased the proportion of Lactobacillales, while conversely decreasing the proportion of
Coriobacterales in mice, during colitis and colon cancer prevention [34].

1.7. Curcumin and Microbiota and Urinary Metabolism

Another interesting in vivo study has been carried out in healthy adults [36]. The
aim of this study was to describe the potential effects of curcumin on changes in 24-hour
urinary composition in healthy volunteers in response to daily consumption of a dried
Curcuma longa extract containing a standardized amount of curcuminoid (equivalent to
100 mg of curcuminoids) for 28 days. Their results showed curcumin-induced alterations
in urinary metabolites. Curcumin and two metabolic derivates (HTC and DHC) were
detected in the urine, this fact points to the absorption of the major curcuminoid from the
extract and its further metabolism by the liver and intestinal microflora.

54



Nutrients 2021, 13, 2004

Peterson et al. [5], in their pilot study, examined gut microflora profiles in healthy
humans. All study participants were blinded to the treatments they received (curcumin
tablets, turmeric, or placebo). The results concluded that the respondent’s microbiota
response was individualized over time; however, the comparison of microbiota alterations
in the turmeric and curcumin supplementation groups were highly similar. The authors
interpreted this observation of the turmeric response as a reflection of the catabolism of
polysaccharide compounds in the root, involving a wide range of glycosyl hydrolases
encoded by the species, which were elevated in the responsive subjects (Bacteroides, Bifi-
dobacterium, Alistipes, Parabacteroides).

1.8. Curcumin and Microbiota in Exercise Performance

There is some evidence suggesting that exercise training has an effect on gut micro-
biota, through its impact on the autonomic nervous system (vagal tone) by improving gut
microbiota composition [37]. Chen et al. [38] investigated the effect of nano-bubble cur-
cumin extract (NCE-5x) supplementation on microbiota and exercise performance in mice.
They found that six weeks of nano-bubble curcumin extract treatment have modulated
the gut microbiota composition and led to anti-fatigue effects, which resulted in improved
exercise performance in the mice. Animals following the nano-curcumin extract had a
reduced amount of Bacteroidetes and an elevated amount of Firmicutes. The number of
bacteria from the family Lactobacillaceae and Lactobacillus genus was higher in the NCE-5x
group, in comparison to the vehicle group. However, the amount of Clostridiales and
Allobaculum were lower in the NCE-5x group than in the vehicle group. Therefore, there
seems to be a definite need for establishing an optimal dosage of curcumin which is safe
and effective, as a result of further studies in this field, especially in humans.

1.9. Curcumin and Microbiota in Dental Disease

Interestingly, some studies have shown the effects of curcumin on oral bacteria associ-
ated with dental disease. Li et al. [39] evaluated the inhibitory properties of curcumin on
the metabolism and the formation of a biofilm in planktonic Streptococcus mutans, which
has been shown to be a main etiological factor in dental caries [40]. They exhibited its ther-
apeutic antibacterial activity by proving that curcumin decreased the biofilm metabolism
after both 5 min and 24 h, thus inhibiting the number of live and total bacteria in the
short- and long-term. The in vitro biofilm models of S. mutans were treated with different
concentrations of curcumin. To analyze the composition and extracellular polysaccharide
content of S. mutans biofilm after curcumin treatment, the researchers used confocal laser
scanning microscopy.

Moreover, their study revealed that curcumin treatment decreased not only the two-
component transduction system but also metabolism adherence, carbohydrate metabolism,
and the expression of genes that are linked to the synthesis of extracellular polysaccharide.
Curcumin did not demonstrate any effect on the growth kinetics of S. mutans, so the
reduced number of alive microorganisms in the study indicated a direct effect of curcumin
on S. mutans. Despite the fact that Li et al. have explored the antibacterial effect of curcumin
on S. mutans, it is important to take into account that the bacterial strains of S. mutans are
heterogenic, with a variety of strains. Therefore, many more strains of S. mutans in the
future should be assessed, in order to obtain more relevant results [39]. Table 1 lists some
of the alterations in the number of gut microbes after curcumin treatment.
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Table 1. Alteration in gut microbiota after curcumin treatment.

Dose of Curcumin Alterations in Gut Microbiota p Author, Year, [Reference]

100 mg/kg body weight of mice
(15 days)

Decrease:
Prevotellaceae (15.48% -> 6.16%)

Prevotella (13.29% -> 4.63%)

Increase:
Bacteroidaceae (3.21% -> 1.15%)
Rikenellaceae (4.73% -> 7.96%)

Alistipes (4.73% -> 7.96%)
Bacteroides (1.15% -> 3.21%)

p = 0.01
p = 0.00

p = 0.00
p = 0.04
p = 0.04
p = 0.00

Shen L., 2017 [28]

200 mg/kg body weight of rats
(4 weeks) after HFD (high-fat diet)

Decrease:
Spirochaetae (0.0091%)
Tenericutes (0.013%)

Elusimicrobia (0.0045%)

Increase:
Actinobateria (7.47%)

Collinsella (7.18%)
Streptococcus (0.66%)

Suterella (0.23%)
Gemella (0.09%)

Thalassospira (0.26%)
Gordonibacter (0.071%)
Actinomyces (0.038%)

p < 0.05 Feng W., 2017 [30]

8–162 mg/kg body weight of mice
during colitis and colon cancer

prevention (the entire study lasted
30 weeks)

Decrease:
Coriobacterales

Increase:
Lactobacillales

McFadden R.M.T., 2015 [34]

Pilot study in humans (three
groups: placebo, turmeric, and

curcumin)
tablets 1000 mg of curcumin +

1.25 mg black pepper)

Decrease:
Blautia spp.

Increase:
Clostridium spp.
Bacteroides spp.
Citrobacter spp.
Cronobacter spp.
Enterobacter spp.
Enterococcus spp.

Klebsiella spp.
Parabacteroides spp.
Pseudosomonas spp.

Peterson C.T., 2018 [5]

100 mg/kg body weight of rats
(three groups: ovariectomized,

sham operation, curcumin)

Decrease:
Anaerotruncus

Helicobacter

Increase:
Serratia

Shewanella
Pseudomonas
Papillibacter

Exiguobacterium

p = 0.004
p = 0.049

p = 0.002
p = 0.006
p = 0.014
p = 0.029
p = 0.032

Zhang Z., 2017 [41]

Male mice divided into 3 groups:
Vehicle, 0;

NCE-1x, 3.075 g/kg-1 day-1;
NCE-5x, 15.375 g/kg-1 day-1

Increased:
Firmicutes

Lactobacillaceae
Lactobacillus

Decreased:
Bacteroidetes
Clostridiales
Allobaculum

p < 0.05 Chen Y-M., 2020 [38]

Abbreviations: HFD—high fat diet; NCE-1x—nano-bubble curcumin extract-1x; NCE-5x—nano-bubble curcumin extract-5x.

56



Nutrients 2021, 13, 2004

1.10. Curcumin and Metabolic Health

Numerous studies have shown that the changes in the microbiome are associated with
many metabolic conditions which include among others obesity, diabetes, and chronic liver
disease. These entities may be linked with changes in intestinal microbiome [28]. The first
study reporting on the association between curcumin ingestion and the diversity of gut
microbiome in a menopausal rat model was published in 2017 [41]. Their results suggested
that curcumin may partially reverse the alterations in the biodiversity of rat gut microbiota
by the changed distribution of intestinal microflora due to estrogen deficiency induced by
ovariectomy. Curcumin promoted increases in the number of species of Serratia, Shewanella,
Pseudomonas, Papillibacter, and Exiguobacterium, and decreases in Anaerotruncus and Heli-
cobacter pylori. Moreover, Wang et al. [6] have delineated the underlying mechanism of the
association of curcumin with metabolic diseases and chronic inflammation, through modu-
lating the function of intestinal epithelial cells (IECs) and the intestinal barrier function.
They used the human IEC lines immortalized cell line of human colorectal adenocarcinoma
cells (Caco-2) and human colorectal adenocarcinoma cell line with epithelial morphology
(HT-29), in this case examining the modulation effects of LPS on intracellular signaling
as well as tight junctions. The presented results showed that curcumin attenuated the
activation of IECs as well as macrophages and as a consequence led to decreased secretion
of interleukin 1β (IL-1β). It is worth mentioning that IECs are activated by luminal LPS,
which stimulates (through intestinal macrophages) proinflammatory cytokines. Circu-
lating LPS levels and metabolic diseases (e.g., type 2 diabetes and atherosclerosis) have
been associated. Western-type diets rich in high-fat foods induce alterations in the gut
microbiota by releasing bacteria-derived products (e.g., LPS). Zam W. [42], in his review,
mentioned that treatment with the nanoparticle curcumin (named Theracurmin) reduced
mucosal mRNA expression of inflammatory mediators and the activation of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB) in colonic epithelial cells. This has
resulted in the elevation of the amount of butyrate-producing bacteria and fecal butyrate
levels. The results of this study have been examined in experimental colitis mice [33].

Kato et al. [43] used curcumin dispersed in colloidal nanoparticles and stimulated the
secretion of glucagon-like peptide 1 (GLP-1) thus leading to an increased synthesis and
secretion of insulin, which resulted in a better glycemia control. Oral administration of
highly dispersible and bioavailable curcumin, through the stimulation of insulin secretion
in vivo, resulted in lower glycemia. Curcumin was administrated prior to IP glucose
injection to confirm that the hypoglycemic and insulin secretion effects were linked to
the stimulation of GLP-1 secretion. This finding suggests a potential role of curcumin in
the treatment of diabetes mellitus. However, the use of native curcumin did not achieve
therapeutic outcomes and did not improve glucose tolerance in mice.

Another interesting study has determined the effects of different nano-curcumin
levels, and have revealed beneficial effects on growth, cholesterol levels, blood constitution,
antioxidant indices, immunity, and growth of quails, as well as increased amounts of
lactic acid bacteria and reduced amounts of pathogenic bacteria. In the study conducted
by Reda et al. [44], liver function reflected by the alanine aminotransferase (ALT) and
asparate aminotransferase (AST) levels significantly improved following the addition
of dietary nano-curcumin. The addition of any amount of nano-curcumin in the quail
diet also significantly improved the lipid profile. Moreover, the caecal microbiota of
quail was altered, following the supplementation of nano-curcumin levels. Reductions
in Enterobacter, Salmonella, and E. coli counts were observed. However, they highlighted
the use of nanoparticles, such as nanocurcumin, which more easily pass through cell
membranes and interplay promptly with biological systems.

2. Summary

Polyphenols, such as curcuminoids, are naturally occurring bioactive compounds that,
due to their antioxidant abilities, play important roles in human nutrition. A substantial
amount of promising evidence has indicated that curcumin may be capable of preventing
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and combating several metabolic syndromes, cancer, and obesity, and may even play a
neuroprotective role. The metabolism of curcumin, which occurs in the intestine, enhances
its biological activity and, as a consequence, biotransforms it into active metabolites, which
may promote beneficial effects in the gut microbiota. However, there are also many
limitations, such as its poor bioavailability, determining the dosage level of curcumin to
achieve the optimal health results, and limitations related to animal studies. Currently,
based on available data, there are several contraindications for use of cur-cumin. Curcumin
should be used with caution given the dual effects of curcumin on alcoholic liver injury
in people with liver disease, like cirrhosis, biliary obstruction, gallstones, biliary colic,
and people abusing alcohol. In addition, curcumin may interact with nonsteroidal anti-
inflammatory drugs, reserpine, and blood thinners. Therefore, the use of curcumin in
people who are taking those drugs is also not recommended. Another important limitation
is that curcumin cannot be tested in randomized placebo-controlled studies. Hence, there
are much more difficulties to conduct research in any given clinical condition. Moreover,
curcumin metabolism may be different from person to person due to the individual’s
variety of microorganism content. At present, extrapolation of animal studies has lead to
the recommendation of administering oral curcumin in the amount of about 500 mg per
day (about 4 g raw curcumin). The use of nano-curcumin is one of the possible mechanism
for enhancing the bioavailability of curcumin increasing its absorption. Nanoparticles such
as nanocurcumin seem to give the best effects on gut microbiota and have shown the best
properties for the body.

In summary, many studies have indicated that a curcumin intervention using a high-
bioavailability formulation would be more effective than treatment with standard curcumin,
even considering a longer period of time. Additionally, some considerations for the effective
dosage might be specific to the particular formulation in question, as well as the bioavail-
ability of the curcumin within the compound. Future studies should focus on providing
more comprehensive data concerning high-bioavailability curcumin supplementation, es-
pecially in humans. There is also a need to better understand the bi-directional metabolism
of curcumin, as well as its potential beneficial effects on microbiota and overall health.
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Abstract: Due to the global increase in lifespan, the proportion of people showing cognitive impair-
ment is expected to grow exponentially. As target-specific drugs capable of tackling dementia are
lagging behind, the focus of preclinical and clinical research has recently shifted towards natural
products. Curcumin, one of the best investigated botanical constituents in the biomedical liter-
ature, has been receiving increased interest due to its unique molecular structure, which targets
inflammatory and antioxidant pathways. These pathways have been shown to be critical for neurode-
generative disorders such as Alzheimer’s disease and more in general for cognitive decline. Despite
the substantial preclinical literature on the potential biomedical effects of curcumin, its relatively
low bioavailability, poor water solubility and rapid metabolism/excretion have hampered clinical
trials, resulting in mixed and inconclusive findings. In this review, we highlight current knowledge
on the potential effects of this natural compound on cognition. Furthermore, we focus on new
strategies to overcome current limitations in its use and improve its efficacy, with attention also on
gender-driven differences.

Keywords: turmeric; aging; brain; cognition; bioavailability; oxidative stress; inflammation

1. Introduction

Cognitive decline is a highly disabling and prevalent condition in the aging population,
greatly affecting physical health and quality of life. Global average life expectancy, as
observed in 2019 by the Global Health Observatory (GHO), was estimated to be 73.4 years
in the WHO European Region (https://www.who.int/gho/mortality_burden_disease/
life_tables/situation_trends_text/en/ accessed on 25 April 2021). In 2050, the number
of people over the age of 60 is expected to reach a total of about 2.1 billion (https://
www.who.int/ageing/publications/active_ageing/en/ accessed on 25 April 2021). As
the ageing population is rapidly growing due to the global increase in life expectancy in
westernized life-style countries, the number of people experiencing cognitive impairment
is also expected to grow in parallel. Disregarding overt pathologies, the impact of age itself
on cognitive abilities is so disruptive and so underestimated that it has been described as
“the elephant in the room” [1,2].

The lack of effective pharmacotherapy has led researchers to seek alternative ap-
proaches in order to treat or prevent the cognitive decline accompanying ageing. Accumu-
lating evidence suggests that conditions co-occurring in metabolic dysfunctions such as
neuroinflammation, oxidative stress (OS), mitochondrial dysfunction or autophagy may all
potentially act as triggers for cognitive decline. Indeed, metabolic syndrome (MetS, defined
as the presence of three or more of the following five medical conditions: abdominal obe-
sity, high blood pressure, high blood sugar, high serum triglycerides (TG) and low serum
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high-density lipoprotein—HDL), negatively impacts cognitive performance and brain func-
tion possibly increasing neuroinflammation, OS and brain lipid metabolism [3]. Insulin
resistance (IR, defined as the inability of peripheral target tissues to respond normally to
insulin) is a common condition experienced at old age and often associated with obesity. It
typically precedes the onset of type 2 diabetes (T2D) by several years and is considered
as a risk factor for cognitive decline in both diabetic and non-diabetic populations [4]. In
fact, peripheral IR, by decreasing insulin signaling within the brain, may alter its metabolic
functions, increasing OS and neuroinflammation, eventually setting the stage for dementia
and neurodegeneration. Thus, neuroinflammation, OS and metabolic dysfunctions involve
a strict connection between the brain and the overall metabolic regulation that occur in the
periphery. Moreover, changes in microbiota composition and dysbiosis, can potentially
influence a number of pathological conditions, include MetS, obesity, T2D, heart failure,
and cognitive function (see [5] and references therein).

While novel target-specific drugs are currently lacking [6], some epidemiological
studies indicate that natural antioxidant agents, such as polyphenols, polyunsaturated
n-3 fatty acids or vitamin-rich foods may delay the occurrence of neurodegenerative
disorders. Polyphenols, in particular (e.g., curcumin and resveratrol) having pleiotropic
protective effects appear ideal to prevent or treat conditions (such as AD) whose origin
is multifactorial [7]. A growing body of research suggests that regular consumption of
natural products (vegetables, fruits, leaves, roots, seeds, berries etc.) rich in polyphenols
might improve health outcomes through different mechanisms boosting the organisms’
antioxidant defenses [8]. Natural compounds represent a major source for the discovery of
drug targets and are ever increasingly attracting the interest of the scientific community,
with the main aim of validating their efficacy for the prevention and treatment of different
conditions, including cognitive decline and metabolic disorders [9]. Notwithstanding the
growing interest in this class of compounds, rigorous clinic trials addressing their specific
effects are lacking or show biases due to the nutritional status of the subjects, genetic
background, gender, treatment duration and dose–response relationship [10]. With regard
to this latter point, a major drawback is related to their bioavailability, i.e., the amount of
compound (or of its active principles) that reaches systemic circulation due to intestinal
endothelium absorption and first-pass metabolism. Thus, the use of natural products and
nutraceuticals poses important questions regarding human safety and calls for a better
understanding of their therapeutic efficacy as well as their mechanisms of action.

Curcumin, one of the best investigated botanical constituents in the biomedical
literature, has been receiving increased interest due to its unique molecular structure,
which targets inflammatory and antioxidant pathways, and its potential to improve
healthspan [11–15]. The genus Curcuma includes approximately 80 species and is re-
garded as one of the largest genera of the Zingiberaceae family [16]. Curcumin (1,7-
bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) is a lipophilic polyphenol ac-
tive extract deriving from the rhizome of Curcuma longa. Curcumin (and curcuminoid
analogs such as demethoxycurcumin and bisdemethoxycurcumin) provides the char-
acteristic bright yellowish/golden pigment of turmeric widely used in traditional In-
dian and Chinese medicine from thousands of years because of a number of benefi-
cial effects on human health [17,18]. Today curcumin is used all over the world as a
supplement, spice and food additive. It is considered a safe compound suitable for
daily dietary use by the United States Food and Drug Administration (FDA), the Joint
FAO/WHO Expert Committee on Food Additives (JECFA) and the European Food Safety
Authority (EFSA) who have indicated 0–3 mg/kg as an acceptable daily intake (https:
//www.fda.gov/food/generally-recognized-safe-gras/gras-notice-inventory accessed on
25 April 2021) [19]. Many of its medical uses have been mechanistically validated in in vitro
and in vivo preclinical studies (more than 3000 investigations, see [20]) mainly focusing
on its antioxidant and anti-inflammatory properties. In recent years, the positive effects
of curcumin have been observed in several chronic diseases ranging from cardiovascular,
gastrointestinal, neurological disorders and diabetes to several types of cancer [21–24]. The
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consumption of curcumin has been associated with a global improvement in the glycemic
and lipid profile in patients with MetS [25]. In addition, amelioration in cognitive func-
tion in animal models has been widely documented due to its action on structure and
functionality of neuronal membranes [26,27]. Despite this evidence it is worth mentioning
that curcumin is characterized by poor stability, a feature resulting in an overall low oral
absorption, though, once in the blood stream, curcumin appears to be stable and able to
reach target tissues [28]. However, as far as the brain is concerned, its application raises the
critical issue of its ability to cross the blood–brain barrier (BBB), an issue deserving further
investigation [29].

This paper will focus on Curcuma longa as a very promising natural compound to
counteract inflammaging and cognitive decline. It will review its possible mechanisms of
actions and efficacy and will critically address the issue of its bioavailability and describe
recent strategies aimed at improving its supplementation.

2. Curcumin, Cognitive Decline and Glucose Homeostasis (Peripheral and
Central Actions)

The concept of energy homeostasis is receiving much attention nowadays due to the
global spread of obesity and diabetes. Hyperglycemia is one of the conditions characteriz-
ing MetS, a main risk factor for multi-cause morbidity that includes T2D, cardiovascular
disease and also dementia and Alzheimer’s disease (AD). Insulin plays an important role
in neuronal survival, in the protection of excitatory synapses and the formation of dendritic
spines through the activation of AKT, mTOR and Ras-related pathways that are part of
the insulin signaling cascade (see [4] and references therein). Moreover, it regulates levels
of GABA, NMDA and AMPA-mediated mechanisms involved in brain plasticity. Insulin
binding is highest in the cerebral cortex that plays a role in the control of executive func-
tions as well as in the hippocampus, a brain area involved in learning and memory [4].
The mammalian brain is a highly demanding organ in terms of energy expenditure and
shows reduced capacity for cellular regeneration and poor antioxidant defenses, making it
particularly susceptible to metabolic and OS insults [30]. Indeed, exposure to hypercaloric
diets and obesity has been shown to decrease insulin transport into the mammalian brain,
a condition that is restored upon caloric restriction (see [31] and references therein). Recent
evidence suggests that IR within the brain, a condition that may be described as the inability
of brain cells to respond to insulin and its receptors, has major potential to impact cognitive
functions and to contribute to the etiopathogenesis of AD. IR in peripheral tissues and
organs (a conditions underlying hyperglycemia and diabetes) is often associated with IR
within the brain leading to insulin deficiency and impaired glucose transport inside the
neurons [32]. Such a condition may lead to neuronal death, apoptosis and degeneration,
predisposing the individual to neurodegenerative diseases and the resultant cognitive
decline. Thus, brain desensitization to insulin receptor due to untreated T2D, obesity or
chronic consumption of hypercaloric diets may play a key role in what has now been
defined as a novel form of diabetes (type 3 diabetes, T3DM) and its complications [33],
indicating glucose homeostasis as key in the maintenance of cognitive function.

A growing body of clinical and preclinical data suggests that curcumin holds potential
for the control of glucose homeostasis [34] since it may improve glucose uptake, insulin
sensitivity and beta islet cell function. Moreover, curcumin may reduce glucose and lipid
levels in addition to reducing OS and inflammation [35] by interacting with almost all
the players involved in these processes, as demonstrated in in vitro studies [11,35]. A
very large amount of literature is now available on curcumin effects. Thus, we will only
summarize some of the main aspects.

Preclinical animal models have clearly shown a main effect of natural compounds,
including curcumin, on cognitive function during ageing [26,36–39]. These effects are
most likely related to the ability of curcumin to act directly on Aβ plaques as well as to
its anti-inflammatory and antioxidant properties. Indeed, a number of preclinical studies
have reported downregulation of biomarkers of inflammation (e.g., TNF-α, IL-1β) and OS
(e.g., lipid peroxidation, reactive oxygen species—ROS—nitrite and glutathione) believed
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to be involved in cognitive impairments, confirming the anti-inflammatory and antioxidant
properties of curcumin [40–50].

Results of published clinical studies, although in some cases not conclusive, show
promise for curcumin’s use as a therapeutic for cognitive decline [51]. The efficacy of
curcumin supplementation in humans has been evaluated in several randomized controlled
trials, suggesting its potential to reduce blood glucose, C-peptide, glycated hemoglobin
(HbA1c), alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in patients
with T2D [52]. A recent meta-analysis provides evidence for curcumin’s ability to reduce
body mass index, body weight, body fat and leptin values and to increase adiponectin
levels in patients with MetS and related disorders [53]. Its effectiveness in reducing TG
and C-reactive protein (CRP) and increased adiponectin levels has also been reported [54].
In addition to the ability of curcumin to control glucose homeostasis, and indirectly, to
improve/counteract cognitive decline, direct effects have also been observed (and are
currently being studied) in the brain. In fact, curcumin has received increased interest
due to its unique molecular structure that targets directly amyloid aggregation, one of the
major hallmarks of AD. To this regard, Yang and colleagues have provided in vitro and
in vivo evidence for curcumin to inhibit Aβ aggregation as well as to prevent oligomer
formation [55]; Garcia-Alloza, in a mouse model of AD, found that curcumin reversed
existing amyloid pathology and improved the associated neurotoxicity [56].

Beyond its use as a compound to prevent/counteract cognitive decline, intriguing
evidence supports a possible application for in vivo diagnostics for AD and other related
neurodegenerative pathologies [57]. In fact, AD diagnosis can be currently made only by
means of clinical criteria supported by invasive and time consuming investigations [58].
Thus, a patient-friendly and repeatable amyloid or Aβ biomarker may alleviate the burden
related to currently available diagnostic tools as well as support therapy monitoring in
clinical trials [57]. In fact, den Haan and colleagues, by taking advantage of the peculiar
feature of curcumin of being naturally fluorescent as well as its Aβ-binding properties,
have provided evidence of a selective binding (of curcumin and its related isoforms) to
fibrillar Aβ in plaques and cerebral amyloid angiopathy in post mortem AD brain tissues.
However, in order to use curcumin as a feasible tool for in vivo detection of Aβ, its poor
bioavailability and in vivo metabolism should be carefully considered (see below).

3. Curcumin, Oxidative Stress and Inflammation

The neuropathological features of the brain affected by dementia suggest that the
oxidative and inflammatory burden plays a role in the progression of pathological signs by
reducing brain plasticity, thus, being an important risk factor for cognitive disability [58].
To this regard, metabolic dysfunctions that are often associated with OS and inflammation,
may greatly accelerate the onset and worsen the progression of cognitive functions by
promoting brain ageing and reducing healthspan [59].

Neuroinflammatory processes are a main feature of neurodegenerative disorders in
which microglia and astrocytes are over-activated, resulting in increased production of
pro-inflammatory cytokines. Moreover, deficiencies in the anti-inflammatory response
may also contribute to neuroinflammation. More specifically, the activated neuroglia by
increasing both NF-κB, COX2 and iNOS levels may induce, in turn, the release of pro-
inflammatory cytokines, such as IL-6, IL-1α and TNF-β. This pervasive inflammatory
condition results in an overall increase in the OS burden leading to neuronal toxicity and
the subsequent cognitive deficits characterizing neurodegenerative diseases. Numerous
studies have indicated that curcumin is an effective antioxidant both in vivo and in vitro [9].
Curcumin treatment could attenuate cell apoptosis, decrease the level of lipid peroxidation,
and increase the activity of various antioxidant enzymes including superoxide dismutase
(MnSOD) and glutathione (GSH) [60], thus helping to break the vicious cycle sustaining
neuroinflammation and containing the progression of neurodegenerative diseases [61]. The
underlying mechanism is possibly associated with the function of NFE2-related factor-2
(Nrf2), a transcription factor promoting the upregulation of antioxidant defenses [61].
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As far as apoptosis is concerned, many mechanisms have been proposed. Xi-Xun Du
and colleagues indicated that curcumin’s property of iron chelation and reduction may
underlie its anti-apoptotic effects [62]. Chen and co-workers reported that curcumin may
exert its cytoprotective effects against neurotoxic agents via its antiapoptotic and antiox-
idant properties through the Bcl-2–mitochondrion–ROS–inducible nitric oxide synthase
pathway [63]. Moreover, Yu and colleagues reported that the inhibition of JNK pathway
and the activation of caspase-3 cleavage might prevent neuronal death [64]. Indeed, the
anti-inflammatory and antioxidant properties of curcumin are strictly related to its action
on apoptotic pathways and on neuronal death. In fact, pro-inflammatory cytokines are
not only involved in the so-called neuroinflammaging but may also trigger the apoptotic
process. Likewise, excessive OS may directly lead to mitochondrial swelling and apopto-
sis. Thus, inflammation and apoptosis are related in a vicious cycle leading to neuronal
death [65].

Recently, several studies have highlighted the role of inflammatory pathways me-
diated by the inflammasome in neurodegenerative diseases. In particular, the NOD-like
receptor pyrin domain-containing-3 (NLRP3) has been suggested to play a pathogenic role
in several neuroinflammatory diseases, including AD [66]. In vitro and in vivo studies
have shown that Aβ peptide activates NLRP3 inflammasome in microglial cells. Further-
more, in a mouse model of AD, NLRP3 knockout (KO) mice were protected from impaired
spatial memory performance and showed a decrease in the Aβ plaque load [67], similar
results were obtained when a specific NLRP3 inhibitor was administered to mice [68]. This
evidence points to the inflammasome as a potential therapeutic target for AD treatment [69].
Notably, recent evidence shows that curcumin, by modulating the activity of NLRP3 inflam-
masome, could be beneficial in reducing neuroinflammation and/or neurodegeneration
in different neurological disorders, such as major depression, brain ischemia, AD and
epilepsy [13,70,71].

OS is a condition characterizing aerobic biological systems, the major portion of ROS
being generated as a by-product of the electron transport chain operating in the mitochon-
dria [30]. As already mentioned, OS is a condition strongly associated to inflammation that
may act both as (con)cause and effect of pathological conditions affecting brain ageing;
however, a growing body of evidence suggests that ROS are not only responsible for
oxidative damage to cells and macromolecules but they may also play a role as mediators
in specific signaling cascades. Hydrogen peroxide (H2O2) in particular has been identified
as a ROS able to affect the ageing process by specifically mediating insulin signaling and
promoting fat accumulation, ultimately affecting the ageing process [72]. Worth to notice,
the master regulator of this process is the p66Shc gerontogene, which, by acting within the
mitochondrion, increases the generation of H2O2, amplifying insulin signaling [73–75].
Interestingly, deletion of p66Shc gene in mice resulted in the decreased formation of mito-
chondrial H2O2 [75], a feature that has been associated with reduced fat accumulation as
well as decreased incidence of metabolic and cardiovascular pathologies [73,76]. Moreover,
p66Shc KO mice were characterized by elevated resistance to OS, delayed brain ageing and
improved overall healthspan, all features associated with increased brain and behavioral
plasticity. In fact, the brain of p66Shc KO mice was characterized by reduced levels of
inflammation and OS and increased levels of the neurotrophin brain-derived neurotrophic
factor (BDNF); in addition, these mice showed decreased emotionality and improved
cognitive function [77–79].

Lifestyles have the potential to modulate healthspan during ageing. For example,
physical exercise and diet, as well as the consumption of nutraceutical compounds (includ-
ing curcumin), may greatly contribute to reducing neuroinflammaging by targeting brain
pathways related to OS and inflammation (see below, next paragraph). Physical exercise in
elderly women has been shown to improve metabolic functions and this was paralleled by
a decrease in the peripheral levels of p66Shc gene [80,81]. Very recently, a role for curcumin
was also reported in the modulation of the p66Shc gene as its was able to downregulate the
expression levels of this gene in peripheral blood mononuclear cells (PBMC), improving
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diabetic nephropathy in a rat model [82]. These data overall suggest that p66Shc might
be exploited as a suitable biomarker of curcumin efficacy to counteract the ageing-related
burden and to improve overall healthspan.

4. A Potential Mechanism of Action: Curcumin as a “Hormetin”

A large epidemiological Indo-US Cross National Dementia study showed that rural
Indian populations have a low prevalence of AD and AD-associated dementia compared
to the US population, and this may be linked to the high curcumin consumption [17],
although such correlation does not necessarily imply causative connection.

An ever-increasing body of evidence suggests that natural compounds may alleviate
the burden of chronic diseases by increasing individuals’ ability to cope with OS. Notably,
differently from the consumption/administration of antioxidants (of natural or synthetic
origin), whose beneficial effects are still debated, most natural compounds do not act solely
as free radical scavengers but rather, and most interestingly, as “antioxidant boosters” [83].
In this regard, it is important to point out that ROS also function as signaling molecules
underlying physiological processes and, for this reason, their generation and scavenging
needs to be tightly regulated (see below).

As reviewed by Lee and colleagues [8], cellular stressors that are relevant to the patho-
genesis of chronic diseases may be roughly categorized into four general types: (1) OS
resulting from the unbalance between ROS production and the organism’s antioxidant de-
fenses; (2) metabolic stress deriving from impaired cellular bioenergetics and mitochondrial
dysfunctions; (3) proteotoxic stress protein misfolding and aggregates accumulation, and
(4) inflammatory stress that leads to the production of ROS from immune cells. All these
stressors are relevant for brain ageing. Moreover, and most importantly, OS is also involved
as a cause or as a consequence in all the above-mentioned categories. Cytotoxic effects of
ROS contribute to the death of neurons during chronic neurodegenerative diseases such as
AD and Parkinson’s disease and also during the ageing process. However, ROS also func-
tion as signaling molecules underlying physiological processes including cell proliferation,
migration, and survival through the regulation of neurotrophic factors [84,85]. Therefore,
the generation and scavenging of ROS needs to be tightly regulated and nutraceutical
compounds appear to be good candidates to play a role in this process. In this regard, the
cells throughout the body and brain might trigger stress signaling pathways, eventually
leading to the enhancement of their own resistance to further stressors, including OS. An
intriguing hypothesis suggests that nutraceuticals might be perceived as potentially toxic
by the organism (at high doses). However, exposure to low doses of these compounds
might stimulate the organism’s hormetic/adaptive responses aimed at counteracting such
threats (“hormesis hypothesis”, see [8]. Indeed, a recent paper by Calabrese and co-workers
provides evidence that curcumin displays hormetic-like biphasic dose response features
that are independent from the biological model used for investigation, cell type, and
endpoints [86]. These findings hold major implications for study design, including selec-
tion of doses and sample size, also considering the specific context of bioavailability and
pharmacokinetics, see Figure 1.
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Figure 1. An intriguing hypothesis suggests that nutraceuticals might be perceived as potentially toxicant by the organism
(at high doses), however, exposure to low doses of these compounds might stimulate the organism’s hormetic/adaptive
responses aimed at counteracting such threats. Likewise, Curcuma longa acting as a mild stress might trigger signaling
cascades boosting antioxidant and anti-inflammatory pathways (related to Nrf2, NF-kB, NLRP3), leading to decreased
neuroinflammation, increased neurogenesis and brain plasticity, finally improving cognitive abilities. Figure adapted
from [87], Copyright © 2014 University of Massachusetts.

5. Criticisms to Be Considered in Curcumin Supplementation

Despite plenty of data on the positive health effects of curcumin [88,89], some prob-
lems strongly limit its effectiveness and usefulness. First of all, its low bioavailability.
Curcumin is characterized by low water solubility and high instability in most body fluids;
in addition, it is poorly absorbed by the gastrointestinal tract. In fact, curcumin is rapidly
metabolized by the large intestine and by liver enzymes, leading ultimately to the produc-
tion of sulphate and glucuronide O-conjugated metabolites [90]. Specifically, curcumin
that does reach the blood flow undergoes phase I (reduction) and phase II metabolism
(conjugation). Reductases reduce curcumin to dihydrocurcumin, tetrahydrocurcumin and
hexahydrocurcumin (phase I) [91,92], then these phase I metabolites are conjugated to
sulphates and glucuronides (phase II) [93,94].

In animal and human studies, a low concentration of curcumin in blood plasma and
urine was observed after oral administration, in particular, serum curcumin levels are
undetectable in humans even after high oral doses (up to 8 g/day) [95,96]. Finally, the
presence of curcumin in the blood is not sufficient to ensure the delivery in the brain
to exert the neuroprotective activity because several studies have demonstrated that it
does not easily cross the BBB. All these factors together have pushed research towards
finding new formulations or new ways of administration able to stabilize the molecule
and increase its bioavailability, by reducing its metabolism and increasing the retention
time in the bloodstream [97]. To this regard, the simultaneous administration of curcumin
with piperine [98,99], essential oil [100] or milk [101] have been suggested to stimulate
the gastrointestinal system, prevent the efflux of curcumin and to increase absorption and
metabolism. Many studies have been aimed at devising and testing new drug delivery
strategies using, for example, carriers such as soy lecithin phosphatidylcholine (phyto-
some, Meriva®) that improve both the absorption of curcumin in the intestine as well as
its penetration into the cells [102–105]. In addition, nanoparticles, liposomes, micelles,
phospholipid complexes, emulsions, microemulsions, nanoemulsions, solid lipid nanopar-
ticles, nanostructured lipid carriers, biopolymer nanoparticles and microgels are able to
increase curcumin bioavailability by enhancing small intestine permeation, preventing
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possible degradation in the microenvironment, eventually increasing plasma half-life and
enhancing curcumin efficacy [106–113]. Another way to administer curcumin is by using
exosomes, nanovesicles (30–100 nm) that are generated within the cell in the endosomal
network. This method, which appears to be safe and non-cytotoxic [114,115], increases
both the plasma concentration as well as the bioavailability of curcumin 5–10 times more
than curcumin alone [116]. Other studies have confirmed that increased solubility, stability
and bioavailability of curcumin can be obtained by incorporating it into exosomes. All
these different curcumin formulations enhance its bioavailability and allow for greater per-
sistence in the body, better permeability and resistance to metabolic processes and a higher
efficacy [97]. Other studies have focused on changing the chemical structure of curcumin,
generating curcumin derivatives that may show not only an improved pharmacological
activity, but also better physicochemical and pharmacokinetic properties [117,118], see
Figure 2.

Figure 2. New delivery systems such as polymeric micelles, polymer nanoparticles, nanogels, dendrimers, nanoemul-sions,
inclusion complexes, phytosomes, solid-lipid nanoparticles, curcumin nanoparticles and liposomesnanoparticles, liposomes,
micelles, nanogel, dendrimers, nanoemulsions, inclusion complexes and phytosomes have the potential to reduce intestinal
degradation and increase curcumin bioavailability, ultimately enhancing its efficacy throughout the body and the brain.
Within this latter organ the increased curcumin bioavailability might counteract cognitive decline. Figure adapted with
permission from [119]. Copyright © 2018, Said Moselhi.

It is worth noting that the paradox of the curcumin pharmacological effect, despite its
poor bioavailability could be, at least partially, explained by the influence of the microbiome
on curcumin metabolism. Indeed, the biological activities of curcumin are linked to the
digestion by the intestinal flora, which can produce active metabolites. Thus, the beneficial
effects of curcumin seem to depend on the individual ability to metabolize it, that is, to the
composition of each person’s intestinal microbiota [120]. Several microorganisms capable
of modifying curcumin have been identified in the human microbiota, including Bifidobac-
teria longum, Bifidobacteria pseudocatenulaum, Enterococcus faecalis, Lactobacillus acidophilus
and Lactobacillus casei [121]. Many of them metabolize curcumin to a large extent (more
than 50%) and produce a number of metabolites (approximately 23 of them have been
identified) by different metabolic pathways such as acetylation, hydroxylation, reduction,
demethylation [122]. Several studies have shown that the metabolites have similar prop-
erties to curcumin [123] and many of them have been shown to exhibit neuroprotective
effects [124,125], suggesting that curcumin transformed by the gut microbiota could be
useful for microbiome-targeting therapies for AD. In fact, bidirectional communication
exists between the central nervous system and the gut microbiota, which plays a key role
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in human health [5]. A growing body of evidence suggests that the gut microbiota can
influence human brain and behavior, and the different metabolites secreted by the gut
microbiota can affect the cognitive abilities of patients diagnosed with neurodegenera-
tive disorders [126,127]. Changes in the gut microbiota composition, caused by dietary
habits, antibiotic exposure and/or infections might result in conditions of dysbiosis (also
known as dysbacteriosis) that are involved in the etiopathogenesis of different diseases
in humans, including MetS, obesity, T2D and neurodegenerative disorders [127,128]. In-
deed, changes in gut microbiota homeostasis leads to increased intestinal permeability
that, in turn, results in the translocation of bacteria and endotoxins across the epithelial
barrier, a condition that might trigger an immunological response associated with the
production of pro-inflammatory cytokines. Such mechanisms have the potential to greatly
contribute to neuroinflammation through the secretion of pro-inflammatory cytokines,
ultimately altering brain functions [5]. Thus, curcumin supplementation may be useful to
counteract/prevent cognitive decline also by mechanisms involving the preservation of
individuals’ microbiota homeostasis.

6. What have We Learned and What Needs to Be Done

Although only a few clinical studies have examined curcumin’s effect on human cogni-
tive functioning, the results of these trials are sometimes inconsistent, highlighting the dif-
ficulty in translating basic research to the clinic. While some studies report no cognitive en-
hancing effects of curcumin [129,130], other data indicate positive effects of this compound
on cognitive function [131–133]. Also in preclinical studies, we found great heterogeneity
and limited ability to standardize age of administration or endpoints [39,73,134,135].

Nonetheless, even in very different animal models, curcumin consistently decreases
both systemic and central neuroinflammation while improving redox state [51]. As many
clinical studies did not include inflammatory and oxidative biomarkers, future trials should
target these measures to yield further insight into why curcumin has not shown consistent
cognitive effects in humans. Among these, changes in p66Shc transcription in PBMC
might be exploited as a potential biomarker of curcumin efficacy [82,136]. Bioavailability
may be one main factor that increases variability between studies. Administration of any
of the three constituents (curcumin, bisdemethoxycurcumin and demethoxycurcumin)
separately instead of the parent curcuminoid mixture was recommended as a more efficient
way of treatment [125]. Furthermore, a synergistic effect of curcumin with other dietary
supplements, such as piperine, α-lipoic acid, N-acetylcysteine, B vitamins, vitamin C,
and folate can improve its effects [137,138]. Nowadays, nanoparticles are mainly used
since they demonstrate better penetration at the BBB and cause more evident biochemical
changes than free curcumin [9,46,49,139,140].

Nevertheless, there is still room for improvement. As an example, use of soy lecithin
phosphatidylcholine (phytosome, Meriva®), which improves both the absorption of cur-
cumin in the intestine as well as its penetration into the cells, has been used and has
resulted in significant effects in clinical studies assessing a number of variables such as
liver function, inflammation, gastrointestinal disturbances and T2D [141–145]. Thus, using
new delivery systems that increase bioavailability appears to be a must-do for future clinical
trials [26,51].

Other drawbacks of previous clinical trials are limited power, different formulations
of curcumin used [129] and differences in ethnicity, as an example Caucasians vs. Asians,
making it difficult to compare results derived from different studies [146]. Genetic factors,
such as polymorphisms or dietary differences, such as higher consumption of curcumin in
Asia, could underlie differential effects in different ethnic groups.

A dose–response relationship should also be taken into account. The optimal dose
would have maximum cognitive enhancing effects with the safest pharmacokinetic profile.
We have previously shown in animal studies that, in general, beneficial effects of natural
compounds on cognition are dose-dependent with the higher dosages generally being
more effective compared to lower dosages, although a significant effect of nutraceutical
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compounds on memory retention and OS was also demonstrated at the lowest dose [39]. In
addition, when selecting the most effective dose in basic or clinical studies it should be care-
fully taken into account that curcumin commonly displays a biphasic dose–response curve,
such as hormetic compounds do [86,147]. In this regard, it should be noted that problems
such as optimal dose and bioavailability are common to different natural compounds. A
recent review by Mazzanti and Di Giacomo pointed out that such issues may also represent
a major drawback when trying to compare the efficacy of curcuma and resveratrol, two
polyphenols with very similar antioxidant and anti-inflammatory properties, to counteract
cognitive decline [7]. As an example, both curcumin and resveratrol are able to activate
the Nrf2 and NF-kB pathways as well as to modify insulin signaling. Their effects mostly
overlap and both have been shown to enhance cognitive function in animal models [8].
More recently, Saleh and co-workers when trying to compare the protective effects of
curcumin, resveratrol and sulphoraphane in an in vitro study, confirmed that enhancing
the delivery of phytochemicals (either by designing novel nanostructures or using mixtures
of natural compounds that work synergistically) is a priority in this field of research [148].
Thus, further research is mandatory to establish the most effective substance to be used, in
which conditions and for whom.

7. Targeting Both Genders

The male-female health-survival paradox, also known as the morbidity-mortality
paradox or gender paradox, poses that women live longer, though they experience more
disabilities and medical issues throughout life, compared to men. Such a paradox holds
true in almost every country in the world since virtually all the primary causes of death
are higher for men at all ages [149]. Thus, due to their greater resilience to stress, women
live longer than men but experience higher rates of physical illness, leading to debilitat-
ing, though rarely lethal, conditions. Several hypotheses have been proposed for this
phenomenon that could be interpreted as a sex-driven resilience to stressors (leading to
longer lifespan), including more efficient female immune functioning, the protective role of
estrogens as well as increased antioxidant capacity [149].

Many chronic conditions, including dementia and AD, though not lethal per se, are
strongly linked to disability and loss of physiological functions. Alzheimer’s disease is a
multifactorial neurodegenerative disorder, the development of which depends upon both
environmental as well as genetic risk factors. A recent review by Christensen and Pike put
the attention specifically on two risk factors that may play a key role in the initiation and/or
progression of AD and that may be particularly problematic for women: inflammation
and obesity [150]. Alzheimer’s disease and other dementias are highly prevalent among
women [151] and the onset of menopause, which is associated with estrogen breakdown,
decreases women’s vulnerability threshold to both metabolic and cognitive disorders that
depend upon central adiposity and overall inflammation [150].

In women, the shift from adulthood to middle-age is characterized by an overall
increase in the proportions of overweight and/or obese subjects [152]. Clinical and pre-
clinical studies suggest that the age-related loss of ovarian hormones results in weight
gain and contributes to changes in the distribution of adipose tissue leading to increased
waist-to-hip ratio [153]. Elevated adiposity increases the risk of different pathological or
sub-pathological conditions, including MetS [154], T2D [155] and AD [156]. One conse-
quence of increased adiposity that may underlie its pathogenic role is chronic inflammation,
which is observed both systemically as well as in the brain (see [150] and references therein).
A large body of data supports the link between estrogens (and other sex steroid hormones)
and the modulation of the individual inflammatory profile. Indeed, estrogens are powerful
anti-inflammatory mediators, thus, the drop experienced by women at menopause trig-
gers a rise in pro-inflammatory cytokines that may place tissues throughout the body at
increased risk of inflammaging-associated diseases [157]. A recent clinical trial aimed at
assessing the efficacy of oral curcumin (500 mg) administration twice/day for 8 weeks on
anxiety and other specific symptoms that accompany menopause, has shown that curcumin
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significantly reduced hot flashes in postmenopausal women [158]. In this context, it is
possible to foresee the use of curcumin as a possible preventive strategy to be administered
in pre-menopausal women aimed at boosting anti-inflammatory and antioxidant capacity
when natural defenses that women are endowed with start to be threatened by the absence
of estrogens (see Figure 3). In fact, it is important to stress here that, given the current knowl-
edge on age-associated cognitive decline, it would be unrealistic to foresee a therapeutic
use of nutraceuticals in overt pathologies characterized by massive neurodegeneration,
such as AD. Thus, early diagnosis of the pathology and prompt interventions should be
aimed at preventing or slowing down its progression. In this regard, the identification
of suitable, least-invasive biomarkers (e.g., through blood tests) should be considered a
priority. Moreover, it is more and more evident that prevention through specific diets
and physical exercise will represent the key in the future to counteract cluster conditions
that put the individual at greater risk for cognitive and physical decline, including, e.g.,
MetS [39].

 

Figure 3. During middle-age, women experience menopause that is characterized by the physiological drop in the protective
effects of estrogen hormones. Such a drop leads to increased inflammation and adiposity, two conditions that might reinforce
one another in either decreasing brain plasticity or increasing amyloid deposition or both. Curcumin administration in
middle-aged pre-menopausal women has the potential to break this vicious cycle overall boosting anti-inflammatory
defenses, counteracting fat-mediated insulin resistance and preserving brain plasticity (left panel). So far, no specific
sex-differences have been found with regard to curcumin dose–response efficacy. However, it is important to stress that
identifying sex-specific critical time windows throughout life to start curcumin administration might be equally important
and might improve the chance to protect the brain and to counteract cognitive decline. Such a time window in women might
be the middle-age, right before the beginning of menopause, when the organism still retains a certain degree of metabolic
flexibility. Thus, the earlier the intervention (also through specific diets and physical exercise) the greater the chance to
prevent the decay in mental and physical health (right panel). Figure adapted with permission from [150], Copyright ©
2015 Christensen and Pike, and from [136,159]: © 2007 Springer International Publishing and © 2020 Published by Elsevier
Ltd on behalf of IBRO.

8. Conclusions

In this review, we have touched upon a number of critical issues that should be taken
into account when designing preclinical and clinical studies aimed at assessing curcumin
efficacy on cognitive functions. Among these, one important factor that clearly needs to
be tackled in the future has to do with increasing its bioavailability as well as controlling
the impact of nutritional status/diet and lifestyle on curcumin’s effects. Diet is also likely
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to influence microbiota status, thus, controlling for nutritional status will be crucial for
effective future studies.

Another important point relates to the need to assess the effects of this natural com-
pound on both males and females, both in preclinical and clinical studies. As dementia and
AD show a much greater prevalence in the female population, it is imperative to address
this issue by targeting both sexes/genders [151].

Moreover, given the overlap between the mechanisms of action of many compounds
(see, e.g., curcumin and resveratrol), it will be important to target multiple molecular path-
ways to maximize the effects. Traditional medicines mostly use mixtures of phytochemicals,
rather than individual compounds, which suggests the need to examine, with rigorous
clinical trials, the role of plant mixtures on brain health [9,160].

Ultimately, in order to assess the effects of natural compounds, such as curcuma, we
need to refine our ability to measure health (and the lack of) in a life-long perspective and
to characterize the conditions for the transition from health to disease [39,73,135].
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Abstract: Curcumin is a lipophilic polyphenol, isolated from the plant turmeric of Curcuma longa.
Curcuma longa has always been used in traditional medicine in Asian countries because it is believed
to have numerous health benefits. Nowadays it is widely used as spice component and in emerging
nutraceutical food worldwide. Numerous studies have shown that curcumin possesses, among
others, potential anti-inflammatory properties. Obesity represents a main risk factor for several
chronic diseases, including type 2 diabetes, cardiovascular disease, and some types of cancer. The
establishment of a low-grade chronic inflammation, both systemically and locally in adipose tissue,
occurring in obesity most likely represents a main factor in the pathogenesis of chronic diseases. The
molecular mechanisms responsible for the onset of the obesity-associated inflammation are different
from those involved in the classic inflammatory response caused by infections and involves different
signaling pathways. The inflammatory process in obese people is triggered by an inadequate intake
of nutrients that produces quantitative and qualitative alterations of adipose tissue lipid content, as
well as of various molecules that act as endogenous ligands to activate immune cells. In particular,
dysfunctional adipocytes secrete inflammatory cytokines and chemokines, the adipocytokines, able
to recruit immune cells into adipose tissue, amplifying the inflammatory response also at systemic
level. This review summarizes the most recent studies focused at elucidating the molecular targets of
curcumin activity responsible for its anti-inflammatory properties in obesity-associated inflammation
and related pathologies.

Keywords: curcumin; obesity; inflammation; adipose tissue

1. Introduction

Curcumin, the main natural polyphenol found in the rhizome of Curcuma longa
(turmeric) [1], has been recognized for thousands of years because of its medicinal prop-
erties and potential health benefits [2]. It is used worldwide in different forms: as spice,
antiseptic, anti-inflammatory, preservative or coloring agent, as well as supplement in
capsules or powder form [3]. It has been reported the beneficial effect of curcumin in vari-
ous diseases, including inflammatory and degenerative conditions, cancer, dyslipidemia,
metabolic syndrome (MetS), and obesity [4–7]. Several studies have also shown that most
of the benefits are due to its antioxidant and anti-inflammatory activities [5]. Overweight
and obesity are a major public health problem all over the world [8]. Obesity is caused by
the imbalance between energy intake and energy expenditure, culminating in the excess of
fat accumulation in the adipose tissue (AT) [9]. It is associated with a chronic low-grade
inflammation that might represent the main factor linking obesity and the development
and progression of various diseases including type 2 diabetes (T2D), dyslipidemia, heart
diseases, stroke, and cancer [10,11]. AT, indeed, is recognized as an endocrine organ that
secretes a number of cytokines and chemokines with regulatory and immune functions [12].
Dysfunctions of the secretory activity of AT, thus, most likely play a pathogenic role in
the occurrence of the obesity-related pathologies [13]. In consideration of this, the current
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review examines specifically the possible role of curcumin in counteracting the activation of
inflammatory pathways in AT. To this purpose, we conducted a comprehensive literature
search until December 2020 in PubMed, using “obesity”, “inflammation”, “adipose tissue”,
“adipocyte” as key words in combination with “curcumin” and “dietary curcumin”.

2. Obesity, AT Dysfunction and Inflammation

Obesity is characterized by an excessive AT expansion due to hyperplasia (increase
in number) and/or hypertrophy (increase in size) of adipocytes, the major cellular com-
ponent of AT. Although the main function of adipocytes is the storage and release of
lipids, they secrete also active molecules that are used for intracellular signaling and
to communicate with every organ system in the body. The second largest AT cellular
component beyond adipocytes are resident immune cells that, in turn, play important
roles in the maintenance of AT homeostasis. The intensity and complexity of these sig-
nal networks are highly regulated, differ in each fat pad, and are dramatically affected
by various disease states. In conclusion, AT is an active endocrine organ, secreting a
variety of hormones and metabolites that regulate systemic metabolism. When the im-
balance in the storage of lipids by fat cells is established, alterations in secretive function
occur and systemic metabolic dysfunctions might happen, such as in T2D, cardiovascu-
lar and liver diseases, and cancers. Through these cellular derangement and metabolic
dysfunction, an excessive caloric intake contributes to a chronic low-grade inflamma-
tion, also known as ‘metainflammation’. In particular, visceral AT accumulated in the
abdominal seat, shows a disrupted balance between secreted pro- and anti-inflammatory
factors, with increased levels of pro-inflammatory adipocytokines, including leptin [14],
and decrease of anti-inflammatory adipokines, such as adiponectin [15]. These events
all together cause local alterations of the AT environment and alter the normal cross-talk
with other organs, such as liver, muscle, brain, and pancreas [16,17], which leads, as a
further result, to metabolic dysfunctions, such as hyperinsulinemia and insulin resistance
(IR) [11]. Furthermore, the polarization profile of the resident immune cells depends on
the health status of the adipocytes [18]. Changes in the adipocyte secretion profile, in
fact, trigger the recruitment and activation of immune cells [19]. In particular, in obese
subjects, AT macrophages shift from an anti-inflammatory profile (such as that found in
normal weight people) towards a pro-inflammatory phenotype [20,21] producing them-
selves an alteration in the production/activation of key factors that exacerbate local and
systemic inflammation [22], such as tumor necrosis factor (TNF)α, interleukin (IL)-6, IL-1β,
toll-like receptor (TLR) 4, and nuclear factor (NF)-κB, that may amplify the inflammatory
state and favor the onset of pathologies [23–27]. The pro-inflammatory profile in obese
individuals is evidenced by elevated serum levels of TNFα and IL-6, simultaneously with
adiponectin and anti-inflammatory cytokines decrease [28,29]. The expression of the pro-
inflammatory cytokines is regulated by the activation of the transcription factor NF-κB.
This factor is stored in the cytoplasm as inactive form bound to the inhibitor IκBα that is, in
turn, regulated by the inhibitor of κB kinase (IKK) complex consisting of 2 subunits, IKKα

and IKKβ. Different stimuli, including growth factors, cytokines and foreign pathogens
or molecules, such as lipopolysaccharides (LPS) and free fatty acids (FFA) [30], activate
the IKK kinase complex inducing proteasomal degradation of IκBα and leading to the
translocation of NF-κB in the nucleus, where it induces the expression of genes of various
inflammatory mediators. Obese people show an increased activation of NF-κB pathway,
most likely responsible for the increased pro-inflammatory cytokine release [31]. Among
the pro-inflammatory compounds, it should be mentioned leptin; it is primarily produced
by AT, its level increases in obese people and participates in the control of body weight
by regulating food intake and energy expenditure [32]. On the other hand, adiponectin,
produced almost exclusively by AT, circulates in high concentration in plasma and has
anti-inflammatory properties probably related to the inhibition of NF-κB activation and,
consequently, to the reduced synthesis of pro-inflammatory cytokine [33,34]. The secretion
of anti-inflammatory adipocytokines is inhibited in visceral AT from obese patients and
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subjects with MetS leading to a significant reduction in their plasma levels [35,36]. Despite
the intense experimental work carried out, the exact molecular mechanisms responsible
for the chronic low-grade metabolic inflammation in obesity are not completely clarified
yet. However, with the identification of the nod-like receptor pyrin domain-containing
(NLRP)3 inflammasome in AT, a new hypothesis has been formulated suggesting that
it might be relevant for regulating obesity-associated inflammation and insulin sensitiv-
ity [37]. The NLRP3 inflammasome is a cytosolic molecular complex whose expression in
AT directly correlates with body weight and aging, while its inactivation significantly miti-
gates metabolic disorders [38,39]. A number of exogenous and endogenous signals might
act as NLRP3 inflammasome activator in AT leading to the production of pro-inflammatory
cytokines [40,41] a potential mechanism linking an elevated intake of saturated fatty acids
(SFAs) to the progression of metabolic diseases. In line with this, increased gene expres-
sions of NLRP3 and its key effectors IL-1β and IL-18 have been observed in visceral fat
of metabolically unhealthy individuals compared to those from lean healthy control or
metabolically healthy obese individuals [42]. Furthermore, these inflammatory effects were
suppressed, after weight loss, in the subcutaneous fat of patients with obesity and T2D,
with consequent improvement in insulin sensitivity [38]. Studies have hypothesized a
causal nexus between systemic inflammation and an increased release of FFA from AT
in obese and insulin-resistant subjects [43,44]. Indeed, the direct drainage of free FA and
adipokines from visceral AT to the liver can activate immune responses leading to the
secretion of inflammatory compounds [17]. A potential mechanism of action through which
FFA, and mainly dietary SFAs, can mediate AT dysfunctions contributing to the onset of
inflammation involves the TLR4 [45,46]. TLR4 belongs to the TLR family and is expressed
not only on leukocytes but also on many non-immune cells, including adipocytes, hepato-
cytes, and muscle cells. It has been hypothesized that FFA can bind and stimulate TLR4;
thus, the elevated plasma level of FFA observed in obesity could activate TLR4. A recent
research showed that the TLR4 activation can mediate inflammatory processes also through
the impairment of adipogenesis which, in turn, elicit adipocyte and resident immune cell
dysfunctions [47]. In conclusion, the onset of inflammatory processes linked to obesity and
metabolic dysfunction in AT involves a number of different factors closely intertwined.
The inflammation associated with obesity has been shown to derive from changes in the
delicate crosstalk between adipocytes and macrophages due to an increased infiltration
of macrophages into AT, the activation of a number of pro-inflammatory pathways, the
alterations of adipokine production and increased expression and release of a panel of in-
flammatory cytokines. Understanding the molecular and metabolic switches that, starting
from AT, lead to immune cells polarization towards inflammatory phenotypes may allow
the definition of interventions capable of leading to the resolution of inflammation and
blocking the sequence of events responsible for the occurrence of clinical complications
in obesity. Targeting the key intracellular pathways underlying AT dysfunctions might
represent a useful tool in counteracting obesity-related pathologies. From this point of
view, the identification of potential protective activity of curcumin in positively modulating
AT pro/anti-inflammatory balance has been gaining significant interest.

3. Curcumin and Inflammation in Obesity

Several studies carried out in humans have shown that curcumin attenuates inflam-
mation in obesity and obesity-related diseases by rebalancing the equilibrium between anti-
and pro-inflammatory factors via different mechanisms due to the interactions of curcumin
with a wide range of biomolecules, such as transcription factors, cellular receptors, growth
factors, enzymes, cytokines, and chemokines [48,49]. Moreover, some reports have sug-
gested that curcumin can enhance weight loss induced by diet and lifestyle intervention
on overweight subjects with MetS ([50,51]. However, it should be considered that a main
problem in the use of curcumin is its poor bioavailability. To increase curcumin bioavail-
ability, different delivery systems including micelles, liposomes, phospholipid complexes,
nanostructured lipid carriers, and biopolymer nanoparticles have been developed, as well

81



Nutrients 2021, 13, 1021

as the addition of piperine, a bioactive alkaloid extracted from the Piper species, which has
been shown to effectively enhance the bioavailability of several nutritional supplements
including curcumin [52].

4. Curcumin Decreases Circulating Inflammatory Markers in Overweight/Obese Subjects

There is an increasing evidence that curcumin treatment could be able to alleviate the
altered pro-inflammatory mediator secretions present in obesity and related pathologies.
In this section, data from human studies carried out on overweight and obese subjects with
curcumin supplementation are collected and summarized. A research performed on 84
overweight or obese patients with non-alcoholic fatty liver disease (NAFLD) demonstrated
that, curcumin supplementation with two 40 mg capsules/day after meals for 3 months,
induces a decrease in many serum inflammatory markers, such as TNFα, high-sensitive
C-reactive protein (hs-CRP), and IL-6 [53]. The same conclusions were reached by other
studies carried out in obese/overweight people; specifically, curcumin administration
(1 g/day) for 8 weeks reduces serum concentrations of TNFα, IL-6, and monocyte chemoat-
tractant protein 1 (MCP-1) in males and females with diagnosis of MetS with respect to
the placebo group [7]. In a randomized placebo-controlled clinical trial carried out on
60 adolescent girls undergoing to a slight weight-loss diet for 10 weeks, curcumin con-
sumption (500 mg/day) was able to induce a significant decrease in hs-CRP and IL-6
compared to placebo supplementation [54]. In addition, it has been demonstrated that
curcumin modulates circulating levels of IL-1β in thirty subjects randomized to receive
curcumin (1 g/day) or a matched placebo for 4 weeks. Serum IL-1β was found to be signif-
icantly reduced by curcumin treatment. In contrast, no significant difference was observed
in the concentrations of IL-6, and MCP-1 [55]. Finally, curcuminoids supplementation
(300 mg/day) for 3 months in T2D patients led to a significant decrease in circulating FFA
levels [56], that are considered a major factor linking obesity and inflammation [57–59].

5. Curcumin Modulates Adipokines

Adiponectin and leptin are two important adipokines released by adipocytes that
have [18] several target organs including brain, liver, pancreas, muscle, immune system,
and AT itself. They are involved in inflammation and immune response, showing, as stated
above, adiponectin anti-inflammatory properties, leptin, on the contrary, pro-inflammatory
ones [60]. Obese subjects are characterized by an imbalance of the two adipokines showing
a low concentration of adiponectin and high levels of leptin in plasma [61]. Curcumin
has been shown to increase the production of adiponectin [62]. To this regard, a system-
atic review [63] showed that curcuminoid administration significantly increased plasma
adiponectin concentrations in randomized controlled trials. Specifically, in a double-blind
randomized trial carried out over a 12-week period on 118 patients with T2D the effects
of the daily administration of 1 g curcumin added with 10 mg piperine were compared
to placebo. The treatment with curcumin plus piperine reduced serum levels of TNFα
and increased serum level of adiponectin [64]. In another study, curcumin supplementa-
tion (1 g/day) for 6 weeks increased serum adiponectin concentrations compared to both
curcumin-phospholipid complex (1 g/day) and placebo groups in 120 men and women
with MetS [65]. In a randomized double-blind study 44 men and women with T2D were
treated with curcumin 1500 mg/day or placebo for 10 weeks. At the end of the study, a sig-
nificant increase in serum adiponectin concentration together with a decrease in the mean
weight were observed in the curcumin group [66]. Conversely, no effect on adiponectin
was seen in 22 young men randomly assigned to receive curcumin (500 mg/day) or placebo
for 12 weeks. This finding might be determined by the low dose of curcumin used for
the treatment [67]. However, the same amount of curcumin (500 mg/day) for 4 weeks
reduced serum leptin and resistin and increased adiponectin content in 15 children and
15 adults [68,69]. Accordingly, elevated levels of adiponectin and decreased leptin levels
were reported in diabetic men and women after 6-month intervention with a high dose of
curcumin (1500 mg/day) [70]. Similar effects on serum levels of leptin were observed in
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males and females with NAFLD treated for 12 weeks with even higher doses of curcumin
(3000 mg/day) [71]. In conclusion, all the studies discussed show that curcumin supplemen-
tation contributes to rebalance pro- and anti-inflammatory factor production significantly
increasing the levels of anti-inflammatory adipocytokines, such as adiponectin, and de-
creasing the pro-inflammatory ones, such as TNFα, IL-6, IL-1β, and MCP-1, counteracting
the chronic inflammatory condition in overweight/obese subjects (Table 1).

Table 1. Effects of curcumin on inflammation in obesity: human studies.

Study Design Subjects Treatment Duration Outcomes References

Randomized
double-blind,

placebo-controlled

Overweight/obese
with NAFLD

(males and females,
n = 84)

42 curcumin
(40 mg/day)
42 placebo

3 months ↓TNF-alpha and
IL-6 [53]

Randomized,
double-blind,

placebo-controlled

Overweight/obese
with MetS

(males and females,
n = 117)

59 curcumin (1 g/day)
58 placebo 8 weeks ↓TNF-α, IL-6, and

MCP-1 [7]

Randomized,
double-blind,

placebo-controlled

Overweight/obese
(adolescent girls,

n = 60)

30 curcumin
(500 mg/day)

30 placebo
10 weeks ↓IL-6 [54]

Randomized,
double blind,

crossover

Obese
(males and females,

n = 30)

15 curcumin (1g/day +
5 mg bioperine)

15 placebo

4 weeks each
treatment +

2 weeks wash-out
between the

regimens.

↓IL-1β
no changes IL-6,

and MCP-1
[55]

Randomized,
double-blind,

placebo-controlled

Overweight/obese
with T2D

(males and females,
n = 100)

50 curcumin
(300 mg/day)

50 placebo
3 months ↓FFA [56]

Randomized,
double-blind,

placebo-controlled

T2D
(unspecified gender

n= 100)

50 curcumin (1 g +
10 mg piperine/day)

50 placebo
12 weeks

↓TNF-α and
Leptin

↑ Adiponectin
[64]

Randomized,
double-blind,

placebo-controlled

Overweight with
T2D (males and
females, n = 44)

21 curcumin
(1500 mg/day)

23 placebo
10 weeks ↑ Adiponectin

↓weight [66]

Randomized,
double-blind,

placebo-controlled

Obese
(males and females,

29 adults, 29
children)

15 children curcumin
(500 mg/day)

14 children placebo
15 adults curcumin

(500 mg/day)
14 adults placebo

4 weeks
↓Leptin
↓Resistin

↑Adiponectin
[68,69]

Randomized,
double-blind,

placebo-controlled

Obese with MetS
(males and females,

n = 120)

40 curcumin (1 g/day)
40 placebo

40 phospholipidated
curcumin (1 g/day)

6 weeks ↑ Adiponectin [65]

Randomized,
double-blind,

placebo-controlled

Overweight T2D
(males and females,

n = 210)

107 curcumin
(1.5 g/day)
103 placebo

6 months ↓ Leptin
↑ Adiponectin [70]

Randomized
double-blind,

placebo-controlled

Overweight\obese
with

NAFLD
(males and females,

n = 46)

23 curcumin (3 g/day)
23 placebo 12 weeks ↓Leptin [71]
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Table 1. Cont.

Study Design Subjects Treatment Duration Outcomes References

Randomized
double-blind,

placebo-controlled

Obese
(males, n = 22)

11 curcumin
(500 mg/day)

11 placebo
12 weeks no change

Adiponectin [67]

Abbreviations: ↑ Increases; ↓ Decreases; IL-6, interleukin-6; IL-1β, interleukin-1β; MCP-1, monocyte chemoattractant protein-1; TNFα,
tumor necrosis factor α; FFA, free fatty acids; T2D, type 2 diabetes; MetS, metabolic syndrome; NAFLD; nonalcoholic fatty liver disease.

6. Effects of Curcumin on Inflammatory Signaling Pathways

Most of the potential molecular mechanisms responsible for the health effects of cur-
cumin have been studied in animals and in vitro models using stabilized cell lines or human
primary cells. Although the results obtained in this way cannot be completely extrapolated
to humans, they allowed to suggest possible mechanisms of curcumin action that could ex-
plain the phenotypic effects evidenced by the studies carried out in humans (Figure 1). As
regards animal studies, the anti-inflammatory effect of curcumin was first demonstrated in
acute and chronic models of inflammation in rats and mice [72]. Specifically, in obese mice,
curcumin treatment (3% by weight for 6 weeks) decreases NF-κB activity in liver tissue,
associated with decreased hepatic expression of inflammatory molecules, such as TNFα
and MCP-1. Curcumin-treated obese mice also show a decreased macrophage infiltration
and an increased expression of forkhead transcription factor (Foxo)1 and adiponectin into
AT, and higher circulating adiponectin levels [72]. In line with these results, an in vivo
study performed in male rats, T2D insulin resistant because of high-fat diet (HFD) con-
sumption, demonstrated oral administration of curcumin (80 mg/kg body weight) was
able to improve insulin sensitivity by attenuating TNFα serum levels [73]. Moreover,
dietary curcumin (4 g/kg diet added 2 days/week) attenuated the inflammatory response
induced by HFD in mice through inhibiting NF-κB expression and JNK signaling pathway
in epididymal AT [74]. Interestingly, administration of 0.1% curcumin associated with
white pepper (0.01%) (Curcuma-P®) significantly down-regulated the proinflammatory
cytokines IL-6 and TNFα, but did not modify IL-1β and MCP-1, in the subcutaneous AT
of mice after 4 weeks of HFD. This effect was relatively tissue-specific and independent
on macrophage infiltration. Indeed, the inflammatory cell infiltration in AT was not modi-
fied by Curcuma-P® supplementation [75]. Another interesting activity of curcumin has
been demonstrated on endoplasmic reticulum (ER). The involvement of ER stress (with
accumulation of misfolded proteins) in the release of FFA has been observed in several stud-
ies [76–78]. Curcumin has been demonstrated to mitigate ER stress in mice fed HFD and in
primary adipocytes. Specifically, short-term HFD feeding (10 days) increased ER stress in
mouse AT by increasing the expression of phospho-inositol-requiring kinase 1(p-IRE1) and
phospho-eukaryotic Initiation Factor 2 (p-eIF2), two important indicators of ER stress. Oral
administration of curcumin (50 mg/kg) counteracted the activation of IRE1 and eIF2 by
reducing the phosphorylation, and consequently inhibiting the ER stress in vivo. Similarly,
curcumin (0.1, 1, 10 μM) treatment inhibited IRE1 and eIF2 activation in mouse AT treated
with 100 μM of palmitate (inductor of ER stress). Furthermore, curcumin administration
reduced glycerol and FFA released from AT of HFD-fed mice blocking cAMP/PKA signal-
ing via regulation of AMP-activated protein kinase (AMPK) [79], as well as significantly
decreased plasma FFA levels in HF-induced obese rats [80]. Several in vitro models have
been used to collect more detailed information about the potential molecular mechanisms
of action through which curcumin exerts its effects. Curcumin has been shown to inhibit the
activation of the pro-inflammatory NF-κB signaling pathway in several cell types, includ-
ing human adipocytes and macrophages [48]. In adipocytes treated with TNFα to induce
inflammatory processes, the contemporary treatment with 20 μM curcumin suppressed
the degradation of IκBα, the NF-κB inhibitor, reducing, consequently, NF-κB translocation
to the nucleus and significantly inhibiting the expression of TNFα, IL-1β, IL-6 and COX2
genes and IL-6 secretion [81]. In the same type of cells, curcumin also exerts a protective
effect on hypoxia in a dose-dependent manner (5, 10, and 20 μM) reducing the secretion of
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the inflammatory cytokines and protecting mitochondrial functions [82]. Besides a direct
effect on adipocytes, curcumin has been shown to exert anti-inflammatory effects by coun-
teracting the increased recruitment of macrophages in AT from obese mice [72,83]. Several
studies have evidenced that curcumin treatment reduces macrophage invasion of AT in
mouse models of obesity [62,72]. It has been shown that the cross-talk between adipocytes
and macrophages in AT triggers and increases inflammatory responses in obesity including
the increased production of MCP-1 and other inflammatory cytokines [84,85]. Curcumin
treatment (0.1–10 μM) of Raw 264.7 macrophages incubated with the culture medium of
mesenteric AT taken from obese mice, potentially able to induce an inflammatory response,
significantly inhibited the production of TNFα, MCP-1, and nitric oxide, as well as the
migration capacity of the macrophages with respect to the cells not treated with curcumin.
Furthermore, 10 μM curcumin treatment significantly inhibited MCP-1 release from 3T3-L1
adipocytes [86]. Studies carried out in different cell systems strongly suggest that the
anti-inflammatory activity of curcumin occurs by modulating NLRP3 inflammasome. In
THP-1 macrophages treated with phorbol 12-myristate 13-acetate (PMA), an activator of
NLRP3 inflammasome, curcumin (6.25, 12.5, and 25 μM) reduced NLRP3 inflammasome
level, the activation of caspase-1 and the secretion of IL-1β in a dose-dependent manner,
most likely down-regulating TLR4/NF-κB signal transduction pathway that is involved
in NLRP3 inflammasome activation [87]. In mouse bone marrow-derived macrophages
(BMDM) treated with nigericin, another NLRP3 inflammasome activator, the pre-treatment
with curcumin (30–50 μM) inhibited caspase-1 cleavage and IL-1β secretion. The same
results were observed in human macrophages. Specifically, differentiated THP-1 cells
pretreated with curcumin showed reduced caspase-1 activation and IL-1β secretion after
treatment with LPS and nigericin. The inhibition of NLRP3 activation by curcumin appears
to be due to the suppression of K+ efflux [88].

Figure 1. Potential anti-inflammatory mechanisms of curcumin in obesity. VAT: visceral adipose tissue; FFA: free fatty
acids; TNFα: tumor necrosis factor α; IL-6: interleukin 6; IL-1β: interleukin β; ER: endoplasmic reticulum; NF-κB:
Nuclear transcriptor factor kappa B; MCP-1: Monocyte chemoattractant protein-1; NLRP-3: nod-like receptor pyrin
domain-containing 3.

In conclusion, a growing body of experimental data supports the hypothesis that
the beneficial effects of curcumin on obesity-related pathologies may be related to the
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suppression of IL-6, TNFα, IL-1β, and MCP-1 expression from adipocytes, the inhibition
of macrophage recruitment in AT, and the inhibition of the inflammatory activity of the
NLRP3 inflammasome [89] (Table 2).

Table 2. Effects of curcumin on inflammation in obesity: in vivo and in vitro studies.

Animal Model Diet Duration Outcome References

Male C57BL/6 mice
Wild-type and ob/ob

Standard diet (4% fat) ±
curcumin 3% by weight

HFD (35% fat) ± curcumin
3% by weight
(n = 5/group)

6-weeks

in adipose tissue
↑Foxo1 and adiponectin

expression
↓infiltration of macrophages
↑circulating Adiponectin

levels
↓MCP-1.

↓TNFα, MCP-1 expression,
and NF-κB activity in liver

[72]

Male Sprague Dawley rats

Standard diet (control)
HFD

HFD + curcumin
(80 mg/kg/day)
(n = 11/group)

60 days
75 days

↓FFA and TNFα serum
levels in all group compared
to non-treated HFD groups

[73]

Male C57BL/6J mice

Low-fat diet (10% Kcal from
fat)

HFD (45% Kcal from fat)
HFD + curcumin (4 g/kg

diet)
(n = 12/group)

28 weeks

in adipose tissue
↓macrophage infiltration

↓NF-κB expression and JNK
signaling pathway activation

[74]

Male C57BL/6J mice

Standard Diet (control)
HFD

HFD + Curcuma-P® (0.1%
curcumin + 0.01% white

pepper)
(n = 8/group)

4 weeks
↓IL-6 and TNFα, no changes
in MCP1, IL-1β, CD68, and

F4/80 in adipose tissue
[75]

Male C57BL/6 mice
HFD

HFD + curcumin (50 mg/kg)
(n = 6/group)

10 days
↓ER stress in adipose tissue
↓FFA release from adipose

tissue
[79]

Male Wistar rats

Standard diet (control)
HFD

HFD + curcuminoid (30, 60,
90 mg\Kg body weigth\day)

(n = 12/group)

12 weeks ↓FFA plasma levels [80]

Cell type

Raw 264.7 macrophages
treated with conditioned
medium by mesenteric

adipose tissue
3T3-L1 adipocytes

0.1–1–10 μM curcumin
10 μM curcumin 24 h ↓TNFα and MCP-1 release

↓MCP-1 release [86]

3T3-L1 adipocytes treated
with TNF-α 2–20 μM curcumin 62 h

↓NF-κB activation.
↓TNFα, IL-1β, IL-6,

expression
↓IL-6 secretion

[81]

3T3-L1 adipocytes 24-h
hypoxia 5, 10, 20 mM curcumin 24 h ↓TNFα, IL-1β, IL-6 release [82]

86



Nutrients 2021, 13, 1021

Table 2. Cont.

Animal Model Diet Duration Outcome References

THP-1 macrophages
treated with PMA 6.25, 12.5, 25 μM curcumin 24 h

↓NLRP3 inflammasome
expression,

caspase-1 activation, IL-1β
secretion,

TLR4 expression, and NF-κB
activation

[87]

Mouse, bone
marrow-derived

macrophages (BMDM)
treated with nigericin (10

mM)
THP-1 cells treated with

LPS

30–50 μM curcumin
30–50 μM curcumin 1 h

↓caspase-1 cleavage
↓IL-1β secretion

↓caspase-1 activation
↓IL-1β secretion

[88]

Abbreviations: ↑ Increases; ↓ Decreases; IL-6, interleukin-6; IL-1β, interleukin-1β; MCP-1, monocyte chemoattractant protein-1; TNFα,
tumor necrosis factor α; FFA, free fatty acids; HFD, high-fat diet; ER, endoplasmic reticulum; LPS, lipopolysaccharides; PMA, phorbol
12-myristate 13-acetate; Foxo1, forkhead transcription factor 1; NF-κB, nuclear transcriptor factor kappa B; JNK, jun N-terminal kinase;
TLR4, toll-like receptor 4; NLRP3, nod-like receptor pyrin domain-containing 3.

7. Conclusions

The inflammation present in AT is involved in the development of various obesity-
related pathologies. The studies reported in this review clearly show that curcumin
supplementation significantly decreases inflammatory cytokine production and increases
adiponectin level in plasma of obese and overweight subjects. Furthermore, curcumin
can regulate several molecular targets including transcription factors (NF-kB, NLP3),
signaling pathways and other complex regulatory systems in AT resulting in the suppres-
sion/attenuation of the chronic low-grade inflammation. However, since curcumin is
widely used as a supplement around the world because of its health promoting properties,
further studies, both in vitro to better define the mechanisms of action, and in humans
by controlled gender-based clinical trials to evaluate the real effectiveness, are mandatory.
It should be reached, thus, that ultimate evidence on curcumin effects and highlighted
possible differences in the response to curcumin treatment between women and men,
allowing the definition of personalized advice about curcumin consumption.
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Abstract: Glioblastoma (GBM) is the most malignant brain tumor and accounts for most adult
brain tumors. Current available treatment options for GBM are multimodal, which include surgical
resection, radiation, and chemotherapy. Despite the significant advances in diagnostic and therapeutic
approaches, GBM remains largely resistant to treatment, with a poor median survival rate between
12 and 18 months. With increasing drug resistance, the introduction of phytochemicals into current
GBM treatment has become a potential strategy to combat GBM. Phytochemicals possess multifarious
bioactivities with multitarget sites and comparatively marginal toxicity. Among them, curcumin
is the most studied compound described as a potential anticancer agent due to its multi-targeted
signaling/molecular pathways properties. Curcumin possesses the ability to modulate the core
pathways involved in GBM cell proliferation, apoptosis, cell cycle arrest, autophagy, paraptosis,
oxidative stress, and tumor cell motility. This review discusses curcumin’s anticancer mechanism
through modulation of Rb, p53, MAPK, P13K/Akt, JAK/STAT, Shh, and NF-κB pathways, which
are commonly involved and dysregulated in preclinical and clinical GBM models. In addition,
limitation issues such as bioavailability, pharmacokinetics perspectives strategies, and clinical trials
were discussed.

Keywords: curcumin; glioblastoma; anticancer; molecular signaling mechanism

1. Introduction

Brain tumors can be classified into grade I and II (benign, low-grade), grade III (ma-
lignant, high-grade) such as anaplastic astrocytoma, and grade IV (highly aggressive and
malignant) such as glioblastoma (GBM) [1]. GBM is the most common and aggressive
form of malignant primary adult brain tumor [2]. In the United States alone, the annual
age-adjusted incidence of GBM is 3.22 per 100,000 persons based on registry data from
2012 to 2016 [2]. Based on the 2016 WHO classification of the central nervous system
tumors, GBM is classified as a grade IV diffuse glioma. GBM is further classified into
isocitrate dehydrogenase-wildtype (IDH-wildtype), IDH-mutant, and not otherwise spec-
ified (NOS) [3]. IDH-wildtype or primary (de novo) GBM accounts for 90% of the total
proportion of GBM cases [3]. The IDH-mutant or secondary GBM, which may arise from a
lower grade diffuse glioma, only accounts for about 10% of the total GBM cases [3]. Primary
GBM is more common in elderly patients (median age of 62 years), while secondary GBM
preferentially arises in younger patients (median age of 44 years) [3].

The standard care for newly diagnosed GBM patients is surgical resection, followed
by radiotherapy (60Gy in 30 fractions) with concurrent oral administration of temozolo-
mide (TMZ), followed by six cycles of adjuvant [4]. Additionally, monoclonal antibody
bevacizumab and other alkylating agents such as carmustine, lomustine, nimustine, and
fotemustine are used in GBM treatment [4]. Unfortunately, these treatments often prove
ineffective, given the poor prognosis outcomes of GBM with a five-year survival rate under
10% and a median survival rate of around 12 to 18 months [2,5]. The high infiltration
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degree of GBM often causes surgical resection incapable of fully resecting the GBM tumor,
leaving the residual presence of microscopic foci [6,7]. Moreover, the GBM tumors often
develop chemo- and radio-resistance with the formation of glioma stem cells, leading to
GBM recurrence [8]. In TMZ-resistant GBM tumors, numerous molecular pathways such as
nuclear factor kappa light chain enhancer of activated B cells (NF-κB), p53, and JAK-STAT
are found to be commonly dysregulated [8]. In addition, several clinical complications
such as pancytopenia, pyrexia, wound healing complications, multi-organ failure, or even
death are observed following the chemo-radiation and immunotherapy treatment [8–10].

Thus, in recent years, scientists have been focusing on phytochemicals as poten-
tial therapeutic agents in cancer management to minimize drug toxicity and side effects.
Flavonoids represent the most common and widely distributed phytochemicals in fruits
and vegetables. Various flavonoids such as tannins, quinones, stilbenes, and curcuminoids
possess antioxidant, anti-inflammatory, antiviral, antimutagenic, and, most importantly,
anticancer properties [11,12]. Among them, curcuminoids (especially curcumin) have been
gaining immense attention because of its anticarcinogenic, antitumor, antioxidant, and anti-
inflammatory actions [13–15]. Curcuminoids are a family of active compounds found in the
turmeric rhizome (Curcuma longa), an Indian spice commonly used in cooking. Natural cur-
cuminoids are composed of curcumin, bisdemethoxycurcumin, and desmethoxycurcumin
in a proportion of 77:3:17 [16]. Among them, curcumin is the most abundant compound
and has been widely studied as a potential therapeutic agent in chronic diseases, such as
neurodegenerative, cardiovascular, pulmonary, metabolic, and autoimmune diseases [17].
For instance, curcumin was able to restore oxidative stress and DNA methyltransferase
(DNMT) functions against diabetic retinopathy [15]. Curcumin also acts as a wound
healing promoting agent by facilitating collagen synthesis and fibroblast migration [18].
Several pre-clinical and clinical studies also reported its anticancer effects in colorectal
cancer [19,20], pancreatic cancer [21], lung cancer [22], and GBM [23]. Curcumin can
modulate multiple cellular signaling pathways and molecular targets involved in GBM
tumor growth, migration, invasion, cell death, and proliferation [24–27]. Retinoblastoma
(Rb), p53, MAP kinase (MAPK), P13K/Akt, JAK/STAT, sonic hedgehog (Shh), and NF-κB
pathways are the most common targeted dysregulated pathways found in GBM and mod-
ulated by curcumin [28–34]. Moreover, curcumin is highly lipophilic and able to cross the
blood–brain barrier (BBB) [35,36].

To date, numerous review studies have suggested curcumin as a potential drug for
GBM. However, a greater focus on curcumin’s anticancer potential in molecular signaling
pathways that are commonly dysregulated in GBM is needed to provide a more com-
prehensive understanding of its therapeutic effects. This review includes the initial until
recent pre-clinical and clinical studies of curcumin’s mechanisms of action in modulating
several molecular pathways such as Rb, p53, MAPK, P13K/Akt, JAK/STAT, Shh, and
NF-κB pathways. This review paper also discusses curcumin’s related issues such as low
bioavailability, pharmacokinetics, and the perspective strategies to overcome these issues.

2. Dysregulated Signaling Pathways Associated with GBM Pathogenesis

Almost all GBMs are found to have dysregulated Rb, p53, JAK/STAT, MAPK, P13K/Akt,
Shh, and NF-κB pathways. Thus, the following section discusses the mechanisms of action
modulated by curcumin via these molecular signaling pathways involved in GBM cell
proliferation, apoptosis, cell cycle arrest, autophagy, paraptosis, oxidative stress, and cell
motility. The reported observation of in vitro and in vivo studies of curcumin against GBM
are summarized in Table 1.
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Table 1. Signaling pathways and mechanism of actions targeted by curcumin in vitro and in vivo against glioblastoma (GBM).

Molecular
Pathway

GBM Model (In Vitro
or In Vivo)

Pathway Mechanism Targeted by Curcumin OR
Mechanism of Actions Induced by Curcumin

References

Rb DBTRG Induced G1/S phase arrest by upregulating CDKN2A/p16
and downregulating the expression of RB protein [28]

P53
DBTRG Induced G2/M phase arrest by upregulating p21 and

downregulating cdc2, followed by increasing of p53 protein [28]

U251 Induced G2/M phase arrest by upregulating
ING4 expression [37]

C6 Induced G0/G1 phase arrest and apoptosis by upregulating
p53 and p21Waf/Cip1 protein levels [38]

U87MG Enhanced anticancer effect of ETP and TMZ through
downregulation of the p53 protein expression [39]

A172 Induced paraptosis by regulating the ER-related miRNAs
that interact with the p53-BCL2 pathway [40]

KSN60
U251MG (KO) Decreased p21 expression and increased cyclin B1 [41]

U87MG Induced apoptosis through increased BAX:BCL2 ratio via
mitochondria-mediated pathway [42]

JAK/STAT

Tu-2449
Tu-9648
Tu-251

Suppressed cell proliferation by inducing G2/M cell cycle
arrest and inhibited cell invasion through downregulation
of STAT3 target genes c-Myc, MMP-9, Snail and Twist, Ki67 [29]

C6B3F1 mice
Reduced growth and midline crossing of intracranially
implanted tumors and proliferation of tumor, increased
tumor-free long term survival rate by 15% and 38%

A-172
MZ-18
MZ-54

MZ-256
MZ-304

Inhibited cell proliferation, migration, invasion by
decreasing expression of phosphorylated STAT3 protein and
its target genes c-Myc and Ki67

[43]

U251
U87

Induce epigenetic modifications through suppression of
STAT3 protein activity, followed by RANK promoter
methylation along with RANK activation

[44]

Glio3
Glio9

Induction of intracellular ROS production through
downregulation of STAT3 activity [30]

MAPK

U87MG
U373MG
CRT-MG

Inhibited invasion of GBM cells through downregulation of
MAP kinase pathway along with decreased PMA-induced
mRNA expression of MMP-1, -3, -9, and -4

[45,46]

Glio3
Glio9

Decreased GSC viability through induction of P38, ERK,
and JNK activity [30]

U87MG Inhibited cell proliferation by upregulating Egr-1 expression
through ERK and JNK pathway [47]

U87MG
U373MG Induced autophagy through induction of ERK1/2 pathway [48]

C6 Inhibited neuroinflammatory effect through inhibition of
LPS-induced CCL2 expression via JNK pathway [49]

U138MG
U87

U373
C6

Induced cell cycle arrest in G2/M phase and apoptosis by
inhibiting Akt phosphorylation on Ser473 [33]

C6 mice Reduced tumor size and increased number of apoptotic
cells in tumor

P13K/Akt U251
Inhibited cell proliferation, migration, and invasion by
decreasing P13K/mTOR protein expression and restoring
PTEN expression [31]

U87
U87 xenograft Inhibited tumor growth and increased PTEN expression
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Table 1. Cont.

Molecular
Pathway

GBM Model (In Vitro
or In Vivo)

Pathway Mechanism Targeted by Curcumin OR
Mechanism of Actions Induced by Curcumin

References

U87MG
GL261

F98
U373MG

Induced autophagy through suppression of
AKT/mTOR/p70S6K pathway [48,50]

U87 xenograft Inhibited tumor growth and induced autophagy
U118MG
U251MG
U87MG

Enhanced anti-proliferation, anti-migration, and
proapoptotic activities of ACNU against GBM by
suppressing P13K/Akt pathway

[51]

Shh

U87
T98G

Inhibited GBM cell proliferation, migration, and invasion
through suppressing core components and GLI1-dependent
target genes in Shh/GLI1 pathway [32]

U87 xenograft Inhibited GBM growth and prolonged the survival rate
U87

U251
Promoted expression of mi-R326 and enhanced inhibition of
SHH/GLI1 pathway [52]

U87 xenograft Inhibited GBM growth and prolonged the survival rate

U138MG
C6

Induced apoptosis through inhibition of NF-κB survival
pathways by downregulating the antiapoptotic proteins [33]

C6-implanted rats Decreased brain tumors (growth/size/) without reported
tissues, metabolic, oxidative, or hematology toxicity

NF-κB
U118MG
U251MG
U887MG

Blocked GBM tumor growth by inhibiting NF-κB/COX-2
pathway [51]

T98G Induced apoptosis through downregulation of NF-κB, IAPs,
and upregulation expression of IκBα [53]

NP-2 Induced tumor cell death through downregulation of NF-κB
activity and its regulated protein cyclin D1 [54]

GBM 8401 Induced apoptosis through inhibition of NF-κB activity [55]

C6 Induced cytotoxic and antiproliferative activity of PTX
through inhibition of NF-κB signaling pathway [38]

U87MG
Induced apoptosis through suppression of apoptosis
protein inhibitor and downregulation of anti-apoptotic
NF-κB dependent genes

[42]

2.1. Retinoblastoma (RB) Pathway

The RB pathway plays a central role in cell proliferation by regulating the cell cycle [56].
This pathway mainly consists of five components, which are CDKN2A/p16Ink4a, cyclin
D1, cyclin-dependent protein kinases (cdk4/6), RB-family of pocket proteins (RB, p107,
p103), and E2F [57,58]. CDKN2A/p16 is a negative regulator that competes with cyclin
D1 to bind to and inhibit the activity of CDK4/6. This, in turn, can induce cell cycle arrest
at the G1/S phase by inhibiting phosphorylation of RB protein by the cyclin D1/cdk4/6
complex. The unphosphorylated RB protein binds to E2F protein to inhibit the activation of
E2F-regulated gene expression, thereby inhibiting cell cycle progression, DNA replication,
and nucleotide biosynthesis [57].

Many of the important components of this pathway are frequently altered in many
cancer cells, including GBM [59]. According to The Cancer Genome Atlas (TCGA) pilot
project, most of the GBM acquired mutations include homozygous deletion or mutation of
CDKN2A/p16 and RB1, and amplification of CDK4, CDK6, and cyclin D, which are associated
with the RB signaling pathway [60]. RB promoter methylation and gene silencing are found
in GBMs and are more frequently reported in secondary GBMs than primary GBMs [61].
The inhibition of the RB pathway via silencing/suppression of its component proteins
increases etoposide-induced DNA double strand breaks, p53 activation, and TMZ-induced
GBM apoptosis [62–65]. Additionally, the inhibition of cyclin D1 can downregulate P-
glycoprotein (pgp) expression, which may help to overcome chemoresistance in GBMs [63].

96



Nutrients 2021, 13, 950

Thus, the RB signaling pathway is an important drug targeted pathway to improve GBM
prognosis and patient outcomes.

As shown in Figure 1a, curcumin inhibits the RB signaling pathway by increasing the
negative regulator CDKN2A/p16Ink4a activity, which then suppresses the phosphoryla-
tion of RB protein. To date, Chin-Cheng Su and colleagues demonstrated that curcumin
significantly inhibited the RB pathway in DBTRG glial cells in a time- and concentration-
dependent manner [28]. In this study, curcumin treatment upregulated CDKN2A/p16 and
downregulated the phosphorylated RB protein. It has been shown that CDKN2A/p16
protein compete with cyclin D1 to bind to CDK4/6 protein, which then inhibits phosphory-
lation of RB protein. Unphosphorylated RB protein could not dissociate from its repressor
E2F to permit transcription of G1 genes for proceeding from G1 to S phase.

2.2. P53 Pathway

P53 is a tumor suppressor protein that can activate cell cycle arrest or induce cell
apoptosis to prevent damaged cells from further dividing and growing [66]. Following
DNA damage, p53 is activated to induce transcription of p21Waf/Cip1, a cyclin-dependent
kinase inhibitor [58]. This P21Waf/Cip1 protein can induce G1/S and G2/M arrest by bind-
ing to and inhibiting the activity of Cdc2, cyclin-CDK2, -CDK1, and CDK4/6 complexes.
This allows the damaged cells to undergo DNA repair prior to mitosis. The p53 activity can
be inhibited by MDM2, the transcription of which is induced by TP53 through a negative
feedback loop [67]. However, P14ARF, which is located in part of the CDKN2A locus,
can bind to and inhibit MDM2 from binding to the N-terminal transactivation domain
of TP53 [58,68]. On the other hand, activated p53 protein can activate the pro-apoptotic
BH3-only members of the Bcl-2 protein family [69]. These pro-apoptotic proteins bind
and inhibit the pro-survival Bcl-2 proteins to initiate the pro-apoptotic multi-BH domain
members of the Bcl-2 family, such as BAX and BAK, to induce cell apoptosis.

Dysregulation of p53 pathway in GBM is mostly due to TP53 mutation, amplification
of MDM2, or loss of expression of CDKN2A-p14ARF [70]. The TCGA project demonstrated
that the p53 signaling pathway is altered in most GBM samples with the association of TP53
mutation or homozygous deletion, P14ARF deletions, and amplification of MDM2 and
MDM4 [60]. According to WHO, the TP53 mutation is more commonly seen in secondary
GBM and is higher in proportion to primary GBM [3]. The clinical study showed that
most of the sample cells (from GBM patients with age around 56) were Bcl-2 positive,
and most of the Bcl-2 positive cloned cells acquired chemoresistance [71]. Thus, various
strategies have been developed to target the p53 pathway, such as inhibition of pro-survival
genes or MDM2/p53 interaction, degradation of mutant p53, and restoration of wildtype
p53 [72–74].
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As shown in Figure 1b, curcumin upregulates the expression of p53, p21, and ING4
and increases the BAX:BCL2 ratio to induce cell cycle arrest and apoptosis. Curcumin
upregulates the expression of p53 and p21 in a time- and concentration-dependent manner,
which then induces G2/M arrest in DBTRG cells [28]. Curcumin induces p53 activity
by upregulating p21Waf/Cip1 and ING4 protein expression [37]. The upregulation of
ING4 expression can increase p53 acetylation at Lys-382 and protein stability [75,76].
The acetylation of p53 inhibits its interaction with MDM2, which eventually induces cell
cycle arrest and apoptosis, as observed in U251 cells [37]. In a different study, curcumin
enhances paclitaxel (PTX) activity in C6 cells by increasing TP53 and p21 gene expression.
In response to the increase of TP53 and p21 gene expression, the cell population in the
G0/G1 phase increases while the cell population in the S phase decreases, indicating
G0/G1 phase arrest [38]. Moreover, curcumin suppresses A172 cell viability by inducing
paraptosis through the regulation of genes associated with the endoplasmic reticulum
(ER) stress response [40]. Interestingly, in this study, interaction network analysis (with
IPA software) revealed that the altered levels of ER-related miRNAs interact with p53-
BCL2 pathways. Thus, it was suggested that the p53-BCL2 pathway might be involved in
curcumin anticancer mechanisms. Additionally, curcumin potentiates the cytotoxic and
apoptosis-inducing effect of etoposide and TMZ through downregulation of p53 mRNAs
and upregulation of BAX-Bcl-2 in T98G and U87MG cells [39,42,55].

However, a contradictory finding showed that curcumin did not induce cell cycle
arrest, as it enhanced cyclin B1 and decreased p21 expression in the radioresistant KNS60
and U251MG(KO) cells [41]. These radioresistant cells usually have a high basal p53 level,
but the expression of p53 decreased following curcumin treatment. These results showed
that mechanism actions of curcumin in radioresistant GBM cells are different.

2.3. JAK/STAT Pathway

Cytokines and growth factors can activate the Janus kinase/signal transducers and
activators of transcription (JAK/STAT) pathway to regulate cell proliferation, differenti-
ation, migration, and apoptosis. This pathway involves the activation of growth factor
receptor kinases, phosphorylation, dimerization, and translocation of STAT proteins into
the nucleus to activate the downstream target genes. JAKs (Jak1, JAK2, JAK3, Tyk2) are the
cytoplasmic tyrosine kinases that relay intracellular signals originating from extracellular
receptors [77–79]. Following JAKs activation and phosphorylation of the tyrosine residues
on receptors, STAT is activated through its recruitment and binding to the phosphorylated
tyrosine residues. The activation of STATs only lasts from a few minutes to several hours
under normal physiological conditions. However, aberrant activation of STAT signaling is
found in many GBM tissues compared with normal human astrocytes, white matter, and
normal adjacent tissue to the tumor [29,80,81]. Studies showed that the inhibition of either
JAK or STAT phosphorylation is associated with reduced levels of anti-apoptotic proteins,
resulting in apoptosis in GBM cells [29,43,81–83].

As shown in Figure 1c, curcumin can inhibit STAT activation and its downstream
target genes involved in cell proliferation, migration, and invasion. Curcumin inhibits
JAK1,2/STAT3 tyrosine-phosphorylation, and STAT3 target genes such as c-Myc, MMP-9,
Snail, Twist, and Ki67, which in turn decrease GBM cell migration, invasion, and prolifera-
tion [29]. In the same study, curcumin significantly decreased the tumor cell proliferation
and growth of the mid-line crossing in the intracranially implanted tumor-bearing mice
compared with the control diet. Moreover, curcumin treatment resulted in 15% and 38%
tumor-free long-term survival in Tu-2449-bearing mice and Tu-9648-bearing mice, respec-
tively, where all control mice died. Consistently, another study supported that curcumin
is capable of inhibiting cell proliferation through the inhibition of STAT3 protein along
with reduction c-Myc and Ki-67 transcription in several glioma cell lines [43]. Moreover,
curcumin can inhibit the DNMTanalogue M.Sssl to demethylate the RANK CpG sites and
transcriptionally upregulate RANK gene expression in U251 cells [44]. This study further
reported that curcumin induces RANK expression through STAT3 suppression. Activation
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of RANK has been known to be associated with pro-apoptotic and anti-tumorigenesis activ-
ities [84,85]. Additionally, inhibition of STAT3 can result in suppression of STAT3-DNMT1
interaction, which then demethylates tumor suppressor gene promoters [86]. Other than
that, curcumin decreases the Tyr705 and increases the Ser737 phosphorylated form of
STAT3 in human patient-derived GSC lines [30]. This causes the inactivation of STAT3
proteins via suppression of its nucleus translocation, which suppresses the activation of its
downstream target genes, such as survivin, which inhibits GBM cell proliferation.

2.4. MAP Kinase Pathway

The mitogen-activated protein kinase (MAPK) pathway is a three-layer signaling
cascade. This MAPK cascade is comprised of MAPK3, which activates MAPKK2 through
serine/threonine phosphorylation, which then activates MAPK through tyrosine/threonine
phosphorylation within a conserved Thr–Xxx–Tyr motif in the activation loop of the kinase
domain [87]. There are at least 11 members of the MAPK superfamily, which are divided
into three main groups: the extracellular signal-regulated protein kinases (ERK), c-Jun
N-terminal kinases (JNK), and p38s [88]. Generally, ERK genes are activated by growth
factors and mitogen, and the signaling cascades include RAF as MAPKKK and MEK as
MAPK. The activation of ERK signaling promotes cell growth, apoptosis, differentiation,
and development [89]. While p38s and JNK are activated by stress, inflammatory cytokines,
and growth factors [90], their signaling cascades include MEKK as MAPKKK and MKK as
MAPKK. Activation of either p38s or JNK genes may support inflammation, cell apoptosis,
cell motility, growth, and chromatin remodeling. ERK, p38, and JNK signaling pathways
favor both anti-apoptotic and pro-apoptotic proteins, depending on the cell type and
condition [91]. Hence, the aberrant activation or deactivation of this MAPK pathway can
promote abnormal cell proliferation, contributing to tumorigenesis.

Studies showed that targeting the MEK-ERK1/2 pathway is one of the approaches to
block adhesion of GBM cells onto gelatin/collagen component of ECM, therefore decreasing
the proliferation and migration of GBM cells [92,93]. The high expression of p38 had a
positive correlation with the glioma’s malignancy grade, while suppressing p38 expression
inhibited proliferation and induced apoptosis in GBM cells [94]. Ken-ichiro Matsuda
and colleagues discovered that self-renewing stem-like GBM cells have elevated JNK
phosphorylation levels, accompanied by increased c-JUN phosphorylation at the cognate
JNK phosphorylation site [95]. Treatment with JNK inhibitor reduced the self-renewing
ability of the stem-like GBM cells, suggesting JNK is needed for self-renewal in vitro and
in vivo. Several studies showed that the inhibition of ERK, JNK, and p38 MAPK pathways
induced GBM cell cycle arrest and inhibited cell proliferation [96–99].

Curcumin can modulate the MAPK signaling pathway to regulate cell proliferation,
tumorigenesis, apoptosis, and inflammation, as shown in Figure 1d. So-Young Kim and
colleagues discovered that curcumin potently inhibited glioma invasion by inhibiting all
the MAPK pathways (JNK, p38, ERK), which then suppressed phorbol myristate acetate
(PMA)-induced mRNA expression of MMP-1, -3, -9, and -14 in U87MG and U373MG
cells [45,46]. Overexpression of the matrix metalloproteinases (MMPs) facilitates migration
and invasion of malignant brain tumor cells to the surrounding brain tissues. These MMPs
are upregulated in human malignant gliomas [100]. Among the MMPs, MMP-9 is the
most common enzyme that promotes brain tumor invasion and is frequently found in
GBM [101]. MMP-1 protein level is increased with the tumor grade and correlated with
increased glioma invasiveness [102]. At the same time, the activation of MMP-3 can degrade
the brain’s hyaluronic acid-rich matrix, which leads to the invasion and migration of tumor
cells [103]. Additionally, MMP-14 is a membrane-bound protease that can remodel the
ECM to stimulate proMMP-2 activation. Curcumin treatment (10 μM) inhibits cell invasion
by more than 90% in U87MG and U373MG cells [45].

In contrast, curcumin increases the phosphorylated ERK, p38, and c-Jun proteins levels,
which decreases GBM stem cell (GSCs) proliferation, sphere-forming ability, and colony-
forming potential [30]. Curcumin can also promote MAPK pathway activation through the
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induction of reactive oxygen species (ROS) [30]. The production of intracellular ROS can
induce the activation of ERK and p38 MAPK pathways through oxidative modification
of intracellular kinases and inactivation of the MAPK phosphatases [104,105]. Moreover,
curcumin induced Egr-1 expression through the activation of p38, ERK, and JNK pathways,
which mediated the transactivation of Elk-1 in U87MG human GBM cells [47]. Egr-1
binds directly to the p21 promoter to stimulate p21 transcription, inhibiting CDK activity
and resulting in cell cycle arrest. Elk-1 is the direct target gene of the p38, ERK, and
JNK pathways, which can form a complex with serum response factor on the serum
response element of the Egr-1 promoter to activate the p53-independent transcriptional
activation of p21Waf/Cip1 protein. Additionally, curcumin can induce autophagy in GBM
cells through the inhibition of the ERK1/2 pathway [48]. Another study suggests that
the inhibition of the ERK pathway can lead to suppression of TORC1, which plays an
important role in inhibiting autophagy initiation through the phosphorylation of Atg13,
ULK, AMBRA, and Atg-14L [106]. In a C6 orthotropic xenograft, curcumin suppressed
the phosphorylated JNK1 and JNK2 levels, which decreased lipopolysaccharide-induced
CCL2 production [49]. The overexpression of CCL2 can contribute to GBM progression
by inducing encephalopathy with mild perivascular leukocyte infiltration, impaired BBB
function, and increased expression of proinflammatory cytokine expression [107].

2.5. P13K/AKT Pathway

The phosphatidylinositol-3-kinase (P13K)/Akt signaling pathway is critical in regu-
lating cell growth, cell cycle arrest, apoptosis, and mRNA translation to maintain normal
physiological conditions. There are three different classes of P13Ks, namely Class I, II,
and III, which are categorized accordingly to their different structure and specific sub-
strates [108,109]. Class I P13Ks are heterodimers consisting of a p110 catalytic subunit and
p85 adaptor subunit [110,111]. Notably, Class 1 P13Ks is the most common type of P13K,
which is incriminated in human cancer. The binding of cytokines or growth factors to the
corresponding receptors results in the tyrosine residue autophosphorylation, followed by
P13K binding protein recruitment. Upon allosteric activation of the p110 catalytic subunit,
P13K catalyzes the phosphorylation of PtdIns(4,5) P2 (PIP2) to PtdIns(3,4,5) P3 (PIP3),
which then recruits a subset of signaling proteins with pleckstrin homology (PH), such as
AKT and PDK1, to initiate cell proliferation pathways. Protein-phosphatase and tensin
homologue (PTEN) act to dephosphorylate PIP3 into PIP2 to prevent activation of the
downstream kinases [110,111]. One of Akt’s common target proteins is mTOR, which
regulates cell growth and proliferation by promoting biosynthesis of multiple proteins
such as cyclin D1, HIF, and VEGF [110]. The mTORC1 activates S6K and inactivates 4EBP1,
promoting the production and translation of proteins to promote cell growth. While the
mechanism of mTORC2 is less well clarified, it has the same responsibility in promoting
cell proliferation [110].

Studies have reported that mutations of the core genes involved in P13K/AKT path-
ways are commonly found in human GBM tissues [60,112]. Alfeu Zanotto-Flho and col-
leagues reported that the P13K/Akt pathway are highly upregulated (seven- to eight-fold)
in C6 and U138MG cell lines compared to the normal astrocytes cells [33]. Consistently,
data from the TCGA pilot project showed that most of the GBM samples acquire homozy-
gous deletion or mutation of PTEN, P13K mutation, and amplification of AKT and FOXO
genes [60]. Another report indicated that genetic alterations such as loss of heterozygosity
(LOH), mutation, and methylation have been identified in most GBM patients. LOH or
PTEN mutation is positively associated with the poor survival of GBM patients [113]. It
was reported that the delivery of Akt small-molecule inhibitor to inhibit the P13K/AKT
pathway effectively suppressed the growth of both stem and non-stem GBM cell popula-
tions [114].

As seen in Figure 1e, the P13K/Akt signaling pathway and its key molecular targets
are inhibited by curcumin to prevent GBM progression. Curcumin inhibits 80% of the
P13K/Akt pathway’s constitutive activation by suppressing the phosphorylation of Akt
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proteins on Ser473 [33]. Inhibition of the P13K/Akt pathway resulted in the induction of
G2/M phase arrest as an early step of the apoptotic mechanism, which could probably
explain how curcumin spared the non-transformed and its selectivity towards the tumor
cells. In the same study, curcumin decreased GBM tumor size and increased apoptotic
tumor cells in C6-implanted Wistar rats. Most importantly, curcumin did not cause any
tissue toxicity in the rats’ liver, kidney, lungs, or heart. Other than that, curcumin inhibited
the P13K/Akt pathway by increasing PTEN expression, which decreased p-Akt and p-
mTOR expression, leading to cell apoptosis [31]. In the same study, curcumin also inhibited
GBM tumor growth by increasing PTEN protein expression in the U87 xenograft model.

Additionally, curcumin induces autophagy by inhibiting the AKT/mTOR/p70S6K
pathway in GBM cell lines and xenograft models [48,50]. In these studies, curcumin
significantly decreased the levels of P13Kp85, phosphoP13Kp85, total Akt, p-AKT, mTOR,
and p-mTOR. mTOR is not only a major effector of cell growth and proliferation, but it can
also inhibit autophagy events in its active form [115]. Thus, inhibiting expression of P13K
and AKT, which regulate mTOR expression, is a feasible strategy to induce autophagy–
cell death in GBM cells. Notably, curcumin downregulates Bcl-2 and upregulates BAX,
leading to the release of cytochrome-c and caspase-3 activation. Curcumin also enhances
the anti-cancer effects of nimustine hydrochloride (ACNU) against GBM by inhibiting the
phosphorylation of P13K and the AKT (serine/threonine) [51,116].

2.6. Sonic Hedgehog (Shh) Pathway

The hedgehog (Hh) signaling pathway is critical for embryonic development, organo-
genesis, regeneration, and homeostasis for adult tissue [117]. There are three main types
of Hh proteins, which are sonic hedgehog (Shh), Indian hedgehog (Ihh), and desert
hedgehog (Dhh). The activation of the Shh pathway can occur either through canoni-
cal or non-canonical signaling pathways [117]. The canonical Shh activation occurs by
ligand-dependent interaction when Shh binds to the patched transmembrane receptor
(PTCH) [117,118]. Following this binding, PTCH is incapable of inhibiting the second trans-
membrane protein, smoothened (Smo). Smo signals the suppressor of fused (SUFU), which
is the negative regulator of glioma-associated oncogene homologue (GLI), to release and
activate GLI. The activated GLI translocates into the nucleus and modulates downstream
gene expression. On the other hand, the non-canonical Shh activation occurs through
either GLI-independent mechanisms or Smo-independent mechanisms [117,118]. In the
GLI-independent mechanism, Smo is no longer inhibited by the PTCH, and therefore it
can stimulate the release of calcium ions from the ER to control the growth of the actin
cytoskeleton [118]. In contrast, the Smo-independent mechanism is involved in cyclin B
activation to increase cell proliferation and survival [118].

Under normal physiological conditions, the Shh pathway is minimally active in differ-
entiated adult tissue, as it is a highly conserved development pathway. The Shh pathway is
frequently associated with GBM tumorigenesis [119–122]. Studies have reported that most
of the GBM patient tissues samples exhibited an aberrant activation of Hh signaling with
the presence of GLI1 in both nucleus and cytoplasm [119,123]. Among GLI family mem-
bers, overexpression of GLI1 is mostly associated with poor prognosis in several cancers,
including GBMs [32,124–127]. GLI1 protein can upregulate several target genes such as
PTCH1, CycD1, MYC, Bcl-2, NANOG, and SOX2 to promote cell proliferation, apoptosis,
angiogenesis, and stem cell self-renewal [128–130]. A study showed that inhibiting GLI1
alone significantly decreases the metabolic activity of GBM cells to reduce chemoresis-
tance [119]. This study also revealed that inhibiting the expression of GLI1 proteins can
elevate the nuclear p53 level in U87MG cells. Additionally, the overexpression of Smo
is significantly associated with poor prognosis in GBM patients [131]. Smo expression
inhibition, which suppresses GBM proliferation, migration, invasion, and tumorigenesis,
further supports this observation [132].

As shown in Figure 1f, curcumin is a potent inhibitor of the SHH/GLI signaling path-
way by downregulating the Shh, Smo, PTCH, and GLI protein levels and its downstream
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target genes such as cyclin D1, Bcl-2, and Foxm-1 [32,52,133]. Curcumin inhibits GBM cell
proliferation, colony formation, migration, and induced apoptosis through downregulation
of both mRNA and protein levels of SHH/GLI1 signaling (Shh, Smo, and GLI1) in U87
and T98G cells [32]. Curcumin also inhibits GLI nuclear translocation, which deactivates
its downstream target genes including cyclin D1, Bcl-1, and Foxm-1. The combination
treatment of curcumin and miR-326 can further reduce the tumor volume and prolong
the survival period of U87-bearing mice by inhibiting GLI1 proteins compared with miR-
326 or curcumin treatment alone [52]. In the same study, curcumin-treated GBM cells
significantly decreased the expression of GLI1 protein, and this observation was enhanced
with combination treatment with miR-326. The curcumin and miR-326 treatment also
increased the expression of caspase-3 cleaved anti-poly ADP ribose polymerase 1 (PARP-1)
caspase-in GBM cells. Simultaneously, the pro-survival proteins BCL-XL, MCL1, and RIP1
were decreased compared to the control and curcumin only-treated GBM cells.

2.7. NF-κB Pathway

NF-κB is a family of highly conserved transcription factors that regulate the tran-
scription of various genes involved in cellular activities. There are four members under
this NF-κB family: NF-κB1(p50/p105), NF-κB2(p52/p100), Rel-like domain-containing
protein A (RelA/p65), and c-rel [134]. They form a dimeric complex (either homodimers or
heterodimers) and bind to the specific sequences of DNA called response elements (RE)
for the transcription of gene involved in cell proliferation, apoptosis, and inflammatory
response [133,135]. NF-κB activation can occur through two major signaling pathways:
the canonical and the non-canonical NF-κB signaling pathways [136,137]. The canonical
pathway is mediated through the nuclear translocation of p50, RelA, and c-Rel into the
nucleus and binding to the targeted DNA sequences. In contrast, the non-canonical NF-κB
pathway selectively responds to stimulus and activates p100-sequestered NF-κB members,
predominantly via translocation of NF-κB p52 and Rel B into the nucleus. NF-κB members
normally bind to the DNA sequences of anti-apoptotic, pro-survival, and immune response
genes. Several studies have demonstrated that human GBM cells have aberrant NF-κB
activity to maintain their tumorigenic activity [138–143].

NF-κB p65 subunit is overexpressed in 81% of 69 samples of GBM and is frequently
noted in high-grade compared to low-grade astrocytomas [139]. The constitutive activation
of NF-κB p65 is detected in 93% of the GBM cells as compared to normal astrocytes. Studies
conducted by Baisakhi et al. showed that inhibition of NF-κB activity resulted in decreased
IL-8 transcription, which then inhibited GBM cell invasion and migration [140]. A study
conducted by Denise Smith et al. demonstrated that GBM cells that are transfected with
short hairpin inhibitory RNAs of RelA and c-Rel for six days displayed reduced tumor
growth, signifying the role of RelA and c-Rel in GBM [144]. These studies highlight the
importance of inhibiting the overactivation of NF-κB subunits as molecular targets in GBM.

Curcumin modulates the NF-κB pathway to confer the anti-inflammation, anti-
proliferation, and apoptotic activity in GBM cells, as shown in Figure 1e. Curcumin
can downregulate NF-κB activity by decreasing the expression of anti-apoptotic protein Bcl-
xL in GBM cell lines [33]. Reducing the Bcl-xL triggers mitochondrial depolarization, which
precedes the losses in mitochondrial membrane integrity. This suggests that curcumin
induces mitochondrial-mediated apoptosis in GBM following the inhibition of NF-κB
pathways. Other than mitochondrial depolarization, curcumin promotes cell cycle arrest in
the G2/M phase prior to cell apoptosis. Most importantly, curcumin acts irrespective of
the p53 or PTEN mutational status of the cells. Both PTEN and p53 mutated cells had the
same experimental outcomes compared with the wild-type cells after being treated with
curcumin. This shows that curcumin exerts p53-independent cell death via inhibition of
NF-κB pathways. In the same study, the inhibition of NF-κB by curcumin increases the
number of apoptotic cells in tumors, further reducing the tumor size and hemorrhagic
areas in C6-implanted Wistar rats. This was in line with other studies showing that cur-
cumin increases the IκB inhibitor proteins and decreases the expression of NF-κB-regulated
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genes that contribute to GBM chemoresistance [51,53,145]. Curcumin also enhances the
anticancer effect of nimustine hydrochloride (ACNU) by suppressing the phosphorylation
of IκB, p65, and p50, which then decreases COX-2 expression [51]. Additionally, curcumin’s
antiproliferative activity might be facilitated through the downregulation of cyclin D1,
since the promoter of cyclin D1 is regulated by NF-κB [54]. In the study conducted by
Tzuu-Yuan and colleagues, curcumin increased NF-κB transcription factor inhibition in a
concentration-dependent manner in GBM 8401 cells [55].

Curcumin improves the cytotoxic effect of PTX by reducing the phosphorylation of
IκB and suppressing NF-κB p65 nuclear translocation to inhibit cell growth in C6 rat glioma
cells [38]. Furthermore, curcumin upregulates the pro-apoptotic molecular Smac/Diablo
to suppress NF-κB and IAPs (cIAP-1 and cIAP-2), which induces apoptosis [42]. Studies
suggest a positive feedback system between NF-κB and IAPs, as IAPs can be upregulated
by NF-κB and vice versa [146–148]. Hence, downregulation of both NF-κB and IAPs protein
might further suppress GBM tumorigenesis.

3. Issues of Curcumin Bioavailability and Methods to Overcome Them

Despite the promising anticancer mechanisms, curcumin efficacy is hindered by its
low bioavailability. Various studies have reported that very low curcumin concentration
was detected in blood, tumors, or extraintestinal tissues [149–151], which may be due to
the poor absorption, rapid metabolism, chemical instability, and rapid systemic elimination
characteristics of curcumin [16]. A study reported that orally-administered curcumin at a
dose of 500 mg/kg only had 0.06 μg/mL maximum serum concentration, indicating only
1% oral bioavailability [152]. Due to its chemical structure, curcumin has low solubility
in neutral or acidic pH. It is fully protonated, unlike in alkaline conditions where it can
be hydrolyzed, especially in the intestinal (pH 6.8). Additionally, rapid metabolism and
systemic elimination happen through the formation of glucuronides and sulphates by
conjugation in the intestine. Studies reported that free curcumin was undetectable, but
curcumin glucuronides and sulphates were highly detected in most of the subjects’ serum
samples who had been administered with curcumin, and this indicates rapid metabolism
of curcumin [153,154].

The first step of pharmaceutical strategies is to improve curcumin solubility and its
absorption to overcome this problem. The incorporation of curcumin in solid dispersion,
nanoparticles, micelles, conjugates, liposomes, and phytosomal formulations have in-
creased curcumin’s solubility and absorption rate in GBM cells [155–161]. Studies showed
that curcumin-loaded noisome nanoparticles (CM-NP) can more effectively suppress the
viability, proliferation, and migration of GSCs by inducing cell cycle arrest and apopto-
sis [155]. The CM-NP also efficiently increases ROS-suppression of tumor growth and
inhibits monocyte chemoattractant protein 1 (MCP1) to reduce the invasiveness of GSCs
compared to curcumin alone. Additionally, rats injected with curcumin-loaded PLGA
nanoparticles have significantly smaller tumor size after five days of injection, while the
group injected with curcumin alone displayed no significant change [156]. Another in vivo
study reported that the combination of antisense-oligonucleotide against miR-21 with
curcumin-loaded DP micelle complex reduced the tumor volume more effectively than
single therapy curcumin or miR21ASO alone [157].

Additionally, relative to natural curcumin, solid lipid curcumin particles can pro-
mote cell death and DNA fragmentation by increasing the levels of caspase-3, Bax, and
p53 with downregulation of Bcl-2, c-Myc, and Akt proteins in GBM cell lines [159]. The
antibody-conjugated biodegradable polymeric nanoparticles (Mab-PLGA NPs) could en-
hance the photodynamic efficiency of curcumin on DKMG/EGFRvIII GBM cells compared
to curcumin loaded biodegradable polymeric nanoparticles alone (56% vs. 24%) [158].
Furthermore, curcumin analogue induces FBXL2-mediated AR ubiquitination, ROS, lipid
peroxidation, and suppression of glutathione peroxidase 4 to inhibit growth of TMZ-
sensitive and -resistant GBM in vitro and in vivo [160].
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Moreover, curcumin liposomes can significantly improve the anti-tumor effects of
curcumin by enhancing the uptake effects, apoptosis effects, and endocytic effects of C6
glioma cells and C6 glioma stem cells. Curcumin liposomes were also shown to inhibit
tumor growth and increase the survival period of brain glioma-bearing mice [161]. Other
than that, a study showed that curcumin-loaded targeted liposomes cross the BBB two-fold
higher than the non-targeted liposomes loaded with curcumin [162]. Curcumin-loaded
targeted liposomes can more effectively inhibit GBM tumor growth and increase the
survival rate of U87 GBM tumor-bearing mice compared to free curcumin as well as the
non-targeted liposome-loaded curcumin [162]. Additionally, curcumin phytosome meriva
(CCP) has been shown to improve curcumin bioavailability [163], which then help to
activate natural killer cells and mediate elimination of GBM and GBM stem cells [164].
Based on the results of the preclinical studies, the use of the conjugate, nanoparticles,
micelles, solid lipid, analogues, liposomes, or phytosomal formulation could certainly be
clinically developed to benefit GBM patients.

4. Clinical Trials

Currently, there is only one clinical study investigating the curcumin effects on 13
newly diagnosed pre-operative GBM patients [23]. In 2014, this clinical study reported the
highest serum and intratumoral concentrations of curcumin detected using the micellar
curcumin formulation. It was reported that the intratumoral concentration of curcumin
detected might not be sufficient to cause short-term antitumor effects. Still, it might help to
control tumor growth in a long-term way. Moreover, intratumoral inorganic phosphate
was significantly increased by curcumin. This might indicate increased demand for high-
energy phosphates or mitochondrial dysfunction, since inorganic phosphate is used for
ATP generation [23]. In addition, the side effects of taking curcumin are significantly less
severe than the current chemotherapeutic drugs [23]. Thus, the oral administration of
micellar curcumin is relatively safer and well-tolerated. However, this clinical trial only
involved a small number of patients with a small dose of curcumin. Further clinical trials
should be carried out to strengthen the statistical validity with a larger sample size. In the
future, phase I/II clinical trials should be carried out to determine the safety and ideal
dosage for GBM treatment, and phase III to IV to examine curcumin’s efficacy and potential
side effects with a larger sample population. Other than that, randomized controlled trials
can be carried out to avoid bias and provide higher accuracy results.

5. Conclusions and Future Perspectives

Taken together, curcumin possesses the ability to modulate various core signaling
pathways that are commonly dysregulated in GBM. However, among these signaling path-
ways, a greater emphasis on Rb and Shh pathways could be of focus for future pre-clinical
studies, since the current data are still limited. Additionally, the contradictory findings
on curcumin modulation of the p53 pathway warrant future investigation and suggest
that curcumin use may be selective against radioresistant GBM tumor. Nevertheless, the
combination of curcumin with standard chemotherapeutic drugs mainly results in the mod-
ulation of multiple signaling pathways that promote their anti-cancer effects. Curcumin’s
ability to modulate the major signaling pathways while promoting the efficacy of standard
chemotherapeutic drugs warrants its use as a potential nutraceutical-based adjuvant drug
for GBM treatment.

Since the clinical studies of curcumin in GBM patients are lacking, it is worthwhile
for future clinical studies to incorporate curcumin as a potential neo-adjuvant in GBM.
Although issues such as bioavailability, poor absorption, and rapid systemic elimination
may hinder its efficacy, the pre-clinical use of nanodelivery has shown great promise
while increasing the efficacy of curcumin and chemotherapeutic drugs. Considering this, a
greater emphasis should also be given towards the nanoformulations of curcumin in future
clinical studies, in combination with the standard chemotherapeutic drugs. Therefore,
the multimodal modulation of signaling pathways via nanoformulation of targeted cur-
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cumin delivery that can synergize chemotherapeutic drugs efficacy may provide a clinical
perspective in GBM therapy.
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Abstract: Diabetes mellitus is an important issue for public health, and it is growing in the world.
In recent years, there has been a growing research interest on efficacy evidence of the curcumin
use in the regulation of glycemia and lipidaemia. The molecular structure of curcumins allows to
intercept reactive oxygen species (ROI) that are particularly harmful in chronic inflammation and
tumorigenesis models. The aim of our study performed a systematic review and meta-analysis to
evaluate the effect of curcumin on glycemic and lipid profile in subjects with uncomplicated type
2 diabetes. The papers included in the meta-analysis were sought in the MEDLINE, EMBASE, Scopus,
Clinicaltrials.gov, Web of Science, and Cochrane Library databases as of October 2020. The sizes were
pooled across studies in order to obtain an overall effect size. A random effects model was used to
account for different sources of variation among studies. Cohen’s d, with 95% confidence interval
(CI) was used as a measure of the effect size. Heterogeneity was assessed while using Q statistics.
The ANOVA-Q test was used to value the differences among groups. Publication bias was analyzed
and represented by a funnel plot. Curcumin treatment does not show a statistically significant
reduction between treated and untreated patients. On the other hand, glycosylated hemoglobin,
homeostasis model assessment (HOMA), and low-density lipoprotein (LDL) showed a statistically
significant reduction in subjects that were treated with curcumin, respectively (p = 0.008, p < 0.001,
p = 0.021). When considering HBA1c, the meta-regressions only showed statistical significance
for gender (p = 0.034). Our meta-analysis seems to confirm the benefits on glucose metabolism,
with results that appear to be more solid than those of lipid metabolism. However, further studies
are needed in order to test the efficacy and safety of curcumin in uncomplicated type 2 diabetes.

Keywords: curcuma; turmeric; type 2 diabetes; dyslipidemia; meta-analysis; randomized control trial

1. Introduction

Type 2 diabetes (T2DM) is an important issue for public health, and it is growing
in the world; in fact, according to the World Health Organization (WHO) report in 2016,
422-million people are diagnosed with diabetes [1]. In Europe, 50% of Countries show
T2DM prevalence rates in the range of 8–9% [2]. Bommer et al. have demonstrated that the
global costs of T2DM and its consequences are large, and they will substantially increase
by 2030 [3].

Lifestyle risk factors that are related to diabetes, as obesity and overweight are two
major risk factors. The treatment of T2DM includes the use of anti-diabetic drugs and pre-
vention based on lifestyle habits. In recent years, there has been growing research interest
on the efficacy evidence of curcumin use in the regulation of glycemia and lipidaemia [4].
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Curcumin is the main bioactive component that is extracted from the rhizome of
Curcuma Longa. It is a product used since ancient times, in cuisine, as in traditional
medicine [5]. The properties that are attributed to curcumin are remarkable: in fact, it has
an antioxidant and anti-inflammatory effect [6].

Its molecular structure makes it possible to intercept reactive oxygen species (ROI)
that are particularly harmful in chronic inflammation and tumorigenesis models [5].

Curcumin can have a therapeutic effect on some chronic diseases, such as rheumatoid
arthritis, coronary artery disease, atherosclerosis, T2DM, and obesity [7].

Ramirez-Bosca et al. showed that daily treatment with curcumin can decrease the
low-density lipoprotein (LDL) in healthy subjects [8]. In addition, Mohammadi et al. [9]
demonstrated that one-month oral administration of curcumin (1 gram/day) could reduce
the triglycerides concentrations in obese subjects. Rahimi et al., in a randomized trial,
highlighted that curcumin reduces HbA1c during three months of therapy [10].

In order to evaluate its effectiveness, some studies have been conducted on the effects
of curcumin on glycemic and lipid control in subjects with uncomplicated T2DM [10–16].

In this systematic review and meta-analysis, we aim to evaluate the effect of curcumin
on glycemic and lipid profile in subjects with uncomplicated T2DM.

2. Materials and Methods

The papers that were included in the meta-analysis were sought in the MEDLINE,
EMBASE, Scopus, Clinicaltrials.gov, Web of Science, and Cochrane Library databases as
of October 2020. The search terms used were: curcuma or curcumins or turmeric AND
type 2 diabetes or diabetes; (“Diabetes Mellitus, Type 2” [Mesh]) AND (“Curcuma” [Mesh])
and applied the following filters: humans, published articles from 2000 to 2020, and
clinical trials.

The papers were selected while using the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) flowchart (Figure 1) and the PRISMA checklist
(Table S1) [17]. A manual search of possible references of interest was also performed.
Only studies that were published in English were considered. The papers were selected
by two independent reviewers (P.M.A. and C.M); a methodologist (E.A.) resolved any
disagreements. Bias was assessed using the Cochrane Collaboration tool for assessing the
risk of bias (Table S2) [18].

Figure 1. Prisma Flow-chart.
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3. Statistical Analysis

The sizes were pooled across studies in order to obtain an overall effect size. A random
effects model was used to account for the different sources of variation among studies [19].
Cohen’s d, with 95% confidence interval (CI) and p-value, was used as a measure of effect
size [20]. Heterogeneity was assessed using Q statistics, I2, Tau, and Tau2. The stabil-
ity of study findings was checked with moderator analysis. A subgroups analysis was
also performed while considering the country of primary studies, because four of seven
studies were conducted in Iran. The ANOVA-Q test was used to value the differences
among groups. Publication bias was analyzed and represented by a funnel plot; funnel
plot symmetry was assessed with Egger’s test [21]. Finally, publication bias was checked
using the trim and fill procedure; we used Rosenthal’s estimator and the fail-safe number
to analyze publication bias [22]. Finally, meta-regression analyses were utilized for the
following variables: article publication year, gender, age, and dose. Regression models
were applied for continuous variables. Meta-regressions were performed when the num-
ber of studies containing the variables to be analyzed was ≥4. PROMETA 3 software
(IDo Statistics-Internovi, Cesena, Italy) was used. The considered outcomes were body
mass index (BMI), homeostasis model assessment-insulin resistance index (HOMA-IR),
glycosylated hemoglobin (Hb1Ac), Triglycerides (TG), Total Cholesterol (TC), High-density
lipoprotein (HDL), and LDL. All of the values were reported in mg/mL while using a
conversion formula [23].

4. Results

The literature search highlighted the presence of 529 references (Figure 1). After re-
moving the duplicates, 358 papers were screened. Twenty-three full texts were verified.
16 were excluded and seven were included in the meta-analysis.

Table 1 reports the characteristics of the primary studies and results of outcomes.
Table 2 shows the results of meta-analysis. We highlight that the papers included in this
meta-analysis showed a low risk of bias: Supplementary Table S2 reports the results of risk
bias assessment. The results of meta-regressions are showed in Table S3. Figures S1–S7
show results of sensitivity analysis.

Table 1. The characteristics of included studies, according to intervention group (curcumins) and control groups (placebo)
and results for each selected outcome.

Author,
Year,

Country

Mean
Age

Male
%

Diabetes
Duration

(Years)
Groups

BMI
Variation

Mean
(SD)

HOMA-IR
Hb1Ac
Mean
(SD)

TG
Mean
(SD)

TC
Mean
(SD)

HDL
Mean
(SD)

LDL
Mean
(SD)

Hodaei
2019 Iran [10] 59 50 1–10

Intervention
Group
N = 21

(1500 mg)

29.2
(3.76)
28.9

(3.73)

62
(63)
62.4
(42)

11.3
(1.6)
11

(2.0)

- - - -

Control
Group
N = 23

28.2
(2.5)
28.1
(2.5)

53
(40)
65

(44)

11.2 (1.3)
11.1 (1.8) - - - -

Adibian
2019

Iran [11]
59 50 1–10

Intervention
Group
N = 21

(1500 mg)

- - - 124 (36)
109 (36)

167 (34)
163 (39)

30 (2)
30 (2)

112 (31)
108 (36)

Control
Group
N = 23

- - - 126 (52)
121 (44)

180 (47)
175 (47)

30 (2)
30 (2)

125 (44)
118 (47)
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Table 1. Cont.

Author,
Year,

Country

Mean
Age

Male
%

Diabetes
Duration

(Years)
Groups

BMI
Variation

Mean
(SD)

HOMA-IR
Hb1Ac
Mean
(SD)

TG
Mean
(SD)

TC
Mean
(SD)

HDL
Mean
(SD)

LDL
Mean
(SD)

Adab 2018 Iran [12] 55 51 5–10

Intervention
Group
N = 39

(2100 mg)

28.98
(3.68)
28.26.
(3.45)

2.42
(1.73)
2.21

(1.43)

7.06
(1.01)

7.04 (0.98)

181.56
(79.9)
141.74
(52.02)

148.85
(36.11)
149.82
(35.67)

38.79
(10.30)
37.07
(9.12)

82.56
(20.99)
75.23

(18.84)

Control
Group
N= 36

28.82
(4.96)
28.68
(4.86)

2.24
(1.48)
2.69

(2.02)

6.79
(1.08)

7.28 (1.59)

164.05
(81.19)
197.05
(96.98)

155.36
(36.27)
176.88
(37.58)

44.63
(10.66)
42.11
(9.39)

86.61
(21.99)
89.05

(21.46)

Rahimi
2015

Iran [13]
58.64 45 NR

Intervention
Group
(80 mg)
N = 35

26.92
(2.71)
25.57
(2.71)

- 7.59 (1.74)
7.31 (1.54)

109
(94.75)

131
(60.27)

163.4
(33.94)
158.62
(44.06)

54.30
(14.02)
60.95

(15.68)

96.57
(33.94)
91.04

(28.72)

Control
Group
N = 35

27.27
(3.59)
27.50
(3.38)

- 7.49 (1.75)
9.05 (2.33)

142 (97.5)
113 (58)

85.5
(15.3)
80.5
(9.1)

60.35
(15.96)
55.00

(11.09)

98.78
(30.33)
99.78

(30.33)
84.00

(12.59)

Chuengsamarn
Thailand
2014 [14]

59 48 12

Intervention
Group

N = 107
-

9.58
(4.3)

4,32 (1.8)
-

219.12
(97.52)
141.99
(67.79)

- - -

Control
Groups
N = 106

- 6.89 (2.67)
6.78 (2.5) -

252.72
(114.12)

252
(114.12)

- - -

Na
China

2013 [15]
55.07 49 7.6

Intervention
Group

(300 Mg)
N = 50

-
5.80

(3.35)
4.14 (1.81)

7.77 (1.82)
7.02 (2.04)

223.8
(46.8)
157.5
(49.5)

540
(100)
493

(41.7)

52.9
(10.04)

54.8
(11.2)

166.0
(46.3)
146.7
(39.7)

Control
Group
N= 50

-

5.82
(3.90)
5.49

(2.15)

7.72 (2.12)
7.99 (2.86)

193.8
(92.04)
186.7
(66.3)

538
(109)
522

(105.3)

51.35
(10.81)
51.74
(8.8)

166.8
(44.4)
160.2

(45.17)

Usharani
India

2008 [16]
52 8

Intervention
Group
N = 23

(300 mg)

- -
8.04

(0.85)
8.03 (0.76)

176.39
(27.61)
165.26
(25.78)

195.0
(41.16)
185.34
(34.35)

38.78
(7.69)
39.91
(0.68)

120.35
(42.13)
111.34
(37.65)

Control
Group
N= 21

- - 7.82 (0.57)
7.80 (0.62)

170.14
(47.54)
168.14
(47.10)

195.95
(35.72)
198.76
(35.09)

36.38
(7.67)
37.04
(5.92)

124.59
(34.94)
122.18
(35.56)

%: Males enrolled in each study.TG: triglycerides, TC: total cholesterol.

Table 2. Meta-Analysis results and moderator analysis (country: Iran versus outside Iran).

Outcome K
Total

Sample
Size

Effect Size Heterogeneity Publication Bias

(95% CI) p I2 p T2 T
Egger

(p)
BEGGS

(p)
Fail Safe

(n)
Rosenthal

(n)

BMI 3 168 −0.30 (−0.62, 0.02) 0.067 0.00 0.514 0.00 0.00 0.842 0.602 0 25

Hb1Ac 5 333 −0.42 (−0.77, −0.11) 0.008 42.42 0.107 0.06 0.24 0.501 0.327 12 35

Iran 3 189 −0.52 (−1.00, −0.04) 0.032 61.35 0.075 0.11 0.33

Outside
Iran 2 144 −0.28 (−0.67, 0.10) 0.153 22.22 0.257 0.02 0.14

ANOVA Q TEST p = 0.443

HOMA 4 432 −0.41 (−0.66, −0.22) <0.001 0.00 0.916 0.00 0.00 0.073 0.042 12 30

Iran 2 119 −0.33 (−0.69, 0.04) 0.078 0.00 0.667 0.00 0.00

Outside
Iran 2 313 −0.45 (−0.67, −0.22) <0.001 0.00 0.885 0.00 0.00
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Table 2. Cont.

Outcome K
Total

Sample
Size

Effect Size Heterogeneity Publication Bias

(95% CI) p I2 p T2 T
Egger

(p)
BEGGS

(p)
Fail Safe

(n)
Rosenthal

(n)

ANOVA Q TEST p = 0.580

HDL 5 333 0.22 (−0.08, 0.52) 0.143 45.91 0.116 0.05 0.27 0.856 0.327 1 35

Iran 3 189 0.31 (−0.21, 0.839 0.241 68.28 0.043 0.22 0.41

Outside
Iran 2 145 0.11 (−0.22, 0.43) 0.527 0.00 0.713 0.00 0.00

ANOVA Q TEST: p = 0.512

LDL 5 300 −0.28 (−0.52, −0.04) 0.021 0.00 0.083 0.00 0.00 0.646 0.624 1 35

Iran 3 156 −0.32 (−0.67, 0.03) 0.077 0.00 0.582 0.00 0.00

Outside
Iran 2 144 −0.25 (−0.77, 0.42) 0.130 0.00 0.754 0.00 0.00

ANOVA Q TEST: p = 0.793

TG 5 476 −0.57 (−0.83, −0.31) <0.001 41.56 0.144 0.04 0.19 0.943 0.322 37 35

Iran 2 119 −0.59 (−1.22, 0.03) 0.063 63.77 0.099 0.13 0.36

Outside
Iran 3 357 −0.55 (−0.88, −0.22) <0.001 49.19 0.140 0.04 0.20

ANOVA Q TEST p = 0.904

TC 5 312 −0.30 (−0.53, −0.07) 0.01 0.00 0.573 0.00 0.00 0.975 1.00 3 30

Iran 3 168 −0.27 (−0.69, 0.15) 0.211 30.47 0.237 0.10 0.31

Outside
Iran 2 144 −0.32 (−0.65, 0.01) 0.056 0.00 0.979 0.00 0.00

ANOVA Q TEST p = 0.847

4.1. BMI

BMI was investigated in three studies [10,12,13] involving a total of 168 patients. Overall,
curcumin treatment does not show a statistically significant reduction between the treated and
untreated patients: this results in the absence of statistical heterogeneity (Table 2, Figure 2).

Figure 2. Meta-analysis results according to body mass index (BMI): (a) forest plot (b) funnel plot.
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4.2. Hb1Ac

Glycosylated hemoglobin was evaluated in five studies [10,12,13,15,16]. A statistically
significant reduction was found in subjects that were treated with curcumin: −0.42 (−0.77;
−0.11) p = 0.008, with moderate heterogeneity (I2 = 42.42), but not statistically significant
(p = 0.107). Publication bias analysis did not highlight any differences between the observed
and estimated values. It should be emphasized that there is a difference between the studies
conducted in Iran and those conducted in other countries (Table 2, Figure 3); however, this
difference is not statistically significant (ANOVA Q test p = 0.443). The meta-regressions
only showed statistical significance for gender (p = 0.034).

Figure 3. Meta-analysis results according to glycosylated hemoglobin (Hb1Ac): (a) forest plot
(b) funnel plot.

4.3. HOMA

HOMA was detected in four studies [10,12,14,15] for a total of 432 patients. There is
a statistically significant reduction of this index, without statistical heterogeneity: −0.42
(−0.77; −0.11) p < 0.001, (Table 2, Figure 4). Publication bias analysis highlighted a
difference between the observed and estimated values: 0.45 (−0.61; −0.28) p < 0.001,
with two trimmed studies. The subgroup analysis showed a difference between the
studies that were conducted in Iran and those conducted in other countries, however this
difference is not statistically significant (Table 2). The meta-regressions, concerning the
selected moderators, did not show any statistical significance (Table S3).
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Figure 4. Meta-analysis results according to homeostasis model assessment (HOMA): (a) forest plot
(b) funnel plot.

4.4. HDL

HDL was evaluated in five studies for a total of 333 patients [11–13,15,16]. The analysis
did not show statistically significant differences (Table 2, Figure 5). The subgroup analysis did
not show a difference between the studies that were conducted in Iran and those conducted
in other countries. Publication bias analysis did not highlight any differences between the
observed and estimated values. Meta-regressions, regarding the selected moderators, did not
show any statistical significance, with the exception of gender (p = 0.002) (Table S3).

Figure 5. Meta-analysis results according to high-density lipoprotein (HDL): (a) forest plot (b) funnel plot.
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4.5. LDL

The LDL dosage was evaluated in 300 patients for a total of five studies [11–13,15,16].
The meta-analysis showed a statistically significant reduction in curcumin-treated patients
when compared to the placebo, with no statistical heterogeneity: −0.28 (−0.52; −0.04)
p = 0.021, I2 0.00 (Table 2, Figure 6). The subgroup analysis, as shown in Table 2, highlights
a difference between studies that were conducted in Iran and those conducted outside
Iran, but there is not a statistically significant difference. Publication bias analysis did not
highlight any differences between the observed and estimated values. The meta-regressions,
for the selected moderators, did not show any statistical significance (Table S3).

Figure 6. Meta-analysis results according to low-density lipoprotein (LDL): (a) forest plot (b) funnel plot.

4.6. Triglycerides

Triglycerides were evaluated in five primary studies, involving a total of 476 patients [11–16].
In patients treated with curcumin, a non-significant reduction in plasma triglyceride concentra-
tions, without statistical heterogeneity, was identified (Table 2, Figure 7). The publication bias
analysis highlighted a difference between observed and estimated values, respectively:
−0.62 (−0.87; −0.37) (p < 0.001), −0.57 (−0.83; −0.31), with 1 trimmed study. The subgroup
analysis revealed a non-statistically significant difference.

4.7. Total Cholesterol

The total cholesterol was investigated in five studies for a total of 312 statistical units [11–13,15,16].
There is a reduction in cholesterol in curcumin-treated patients as compared to the placebo-treated
patients, with no statistical heterogeneity (Table 2, Figure 8). Publication bias analysis highlighted
a difference between the observed and estimated values, respectively: −0.30 (−0.53; −0.07)
p < 0.001, −0.40 (−0.62; −0.28) (p < 0.001) with two trimmed studies. No statistically
significant associations were found in meta-regressions (Table S3).
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Figure 7. Meta-analysis results according to Triglycerides: (a) forest plot (b) funnel plot.

Figure 8. Meta-analysis results according to Total Cholesterol: (a) forest plot (b) funnel plot.

5. Discussion

In recent decades, there has been considerable interest among researchers in nutraceuti-
cals and in particular, in naturally derived products, also known as natural health products
(NHP), for the prevention, cure, and treatment of cardiovascular and metabolic diseases [24–26].
Some research indicates that chronically ill people tend to consume more NHP, and some
surveys confirm that patients with T2DM are not excluded from this [27–31]. The pan-
demic spread of non-communicable diseases (NCD), and T2DM in particular, makes this
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population a target market of considerable interest for producers. The use of NHP in
diabetics is linked to the co-treatment of hyperglycemia, dyslipidemia, and complications
of diabetes. Among the various products, there is also curcumin. Currently, the FDA and
EFSA recommend doses of curcumin of maximum 3 mg/kg/day, including the onset of
toxicity for higher quantities (in particular, teratogenic effects, astrocytic cell abnormalities
are reported, and it is not recommended in gallbladder stones) [5]. Overall, curcumin
has a low bioavailability due to its hydrophobicity, so the pharmacologically active form
is administered with a lipid vehicle or in association with piperine [5,32]. Specifically,
for diabetes, curcumin also has an effect on hepatic lipogenesis, blocking the activity of
the sterol regulatory element-binding protein gene (SREBP1) [6,33] and simultaneously
activating the enzymes carnitine palmitoyltransferase 1 (CPT1) and acyl-CoA cholesterol
acyltransferase (ACAT) that are involved in lipid mobilization [6,33].

The results of our meta-analysis seem to confirm this modulating capacity on lipid
metabolism. The trials considered highlighted an overall reduction in LDL, TG, and TC in
patients with uncomplicated T2DM. This result does not seem to be affected by statistical
heterogeneity. There is a moderate publication bias. The low fail-safe for LDL, HDL,
and TC indicates caution in the interpretation of the overall result, even if a high Rosenthal
value allows for the observation found to be considered valid [22]. In order to confirm this,
the subgroup analysis shows some differences that could be explained by the following
considerations: method of conducting the study, quantity of curcumin administered,
execution techniques, analysis, and collection of the blood chemistry method. The lack of
influence of curcumin on HDL can be motivated by the fact that, notoriously, the increase
in HDL is due globally to a more active lifestyle [34]. Similarly, the non-influence on BMI
could be interpreted [35].

Because hypoglycemic properties of curcumin have been known since 1972 [36,37],
the action is probably mediated by the inhibition of Phosporilase Kinase, which is to say,
avoiding the mobilization of glucose from glycogen reserves [32,37–39]. Furthermore,
curcumin would have a role in reducing the accumulation of advanced glycation end
products [40] and the accumulation of these same metabolites at the level of the pancreatic
insulae [41]. The inhibition of this process would mediate the Peroxisome Proliferator
Activated Receptor Gamma (PPAR-Y), which, by increasing the amount of glutathione,
would prevent oxidative damage that is caused by the state of hyperglycemia [42].

Hb1Ac and HOMA show significant results without statistical heterogeneity and
publication bias. Regarding Hb1Ac, the subgroup analysis shows a difference between
the studies that were conducted in Iran and those conducted outside Iran; on the contrary,
this is not the case for HOMA, which shows concordant results. The hypoglycemic capacity
of curcumin has also been tested in prediabetic populations with some success [43].

Concerning Hb1Ac and HDL, the results of the meta-regressions only show statistical
significance with respect to gender.

6. Conclusions

Our meta-analysis seems to confirm the benefits on glucose metabolism, with results
that appear to be more solid than those of lipid metabolism. In conclusion, the daily supple-
ment of curcumin could improve some metabolic aspects of uncomplicated T2DM patients.

However, further studies are needed in order to test the efficacy and safety of curcumin
in uncomplicated T2DM. The limitations of the present work can be attributed to some
biases present in the primary studies: the small numbers of enrolled patients and the
possible impact of grey literature. These aspects cannot be totally corrected through the
meta-analytic technique.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
643/13//404/s1, Table S1: Prisma Checklist, Table S2: Risk of bias assessment, Table S3: Meta-
regressions Results, Figures S1–S7: Sensitivity Analysis.
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Abstract: One of the most systematically studied bioactive nutraceuticals for its benefits in the
management of various diseases is the turmeric-derived compounds: curcumin. Turmeric obtained
from the rhizome of a perennial herb Curcuma longa L. is a condiment commonly used in our diet.
Curcumin is well known for its potential role in inhibiting cancer by targeting epigenetic machinery,
with DNA methylation at the forefront. The dynamic DNA methylation processes serve as an
adaptive mechanism to a wide variety of environmental factors, including diet. Every healthy
tissue has a precise DNA methylation pattern that changes during cancer development, forming a
cancer-specific design. Hypermethylation of tumor suppressor genes, global DNA demethylation,
and promoter hypomethylation of oncogenes and prometastatic genes are hallmarks of nearly all
types of cancer, including breast cancer. Curcumin has been shown to modulate epigenetic events
that are dysregulated in cancer cells and possess the potential to prevent cancer or enhance the effects
of conventional anti-cancer therapy. Although mechanisms underlying curcumin-mediated changes
in the epigenome remain to be fully elucidated, the mode of action targeting both hypermethylated
and hypomethylated genes in cancer is promising for cancer chemoprevention. This review provides
a comprehensive discussion of potential epigenetic mechanisms of curcumin in reversing altered
patterns of DNA methylation in breast cancer that is the most commonly diagnosed cancer and the
leading cause of cancer death among females worldwide. Insight into the other bioactive components
of turmeric rhizome as potential epigenetic modifiers has been indicated as well.

Keywords: curcumin; turmeric; bioactive nutraceutical; nutriepigenomics; DNA methylation; breast
cancer; chemoprevention

1. Introduction

The rates of incidence and mortality from female breast cancer are swiftly increasing
worldwide. The variety of causes of mammary cancer reflects the heterogeneity, extended
life expectancy, and rapid expansion of the global population. Thus, the differences in the
prevalence of the risk factors for breast cancer are often associated with socioeconomic
development, followed by deleterious lifestyle changes and environmental exposures,
including diet, that are major determinants of any type of cancer. Mammary cancer
is the most commonly diagnosed cancer and the leading cause of cancer death among
females [1,2]. According to Global Cancer Statistics (GLOBOCAN) 2018, the estimates
of incidence and mortality worldwide for breast cancer show about 2.1 million newly
diagnosed female breast cancer cases, accounting for almost 25% of all cancer cases, as well
as over 626,000 deaths, accounting for 15% of all cancer deaths among women [1,2].

Nutrients 2021, 13, 332. https://doi.org/10.3390/nu13020332 https://www.mdpi.com/journal/nutrients125



Nutrients 2021, 13, 332

Among various anti-cancer strategies, the early detection (screening and surveillance)
remains the best approach to enhance and manage the mammary cancer outcomes, al-
though adherence to the breast cancer screening guidelines is still low. Thus, the application
of different therapeutics is still an effective therapy against breast cancer. As over 70%
of breast cancer cases are estrogen receptor (ER) positive type, hormonal therapy or aro-
matase inhibitors are often used as the main treatment. However, there is another group of
triple-negative breast cancer (TNBC) patients that lack the expression of ER, PR (PRGR;
Progesterone receptor), and HER-2 (ERBB2; Receptor tyrosine-protein kinase erbB-2) recep-
tors. Five subtypes of breast cancer (Luminal A, Luminal B, basal, EERB2-overexpressing,
and normal breast-like subtypes) have been described based on the gene expression pro-
file [3,4]. Since breast cancer comprises a heterogeneous population of cells (breast cancer
heterogeneity) [3,4], it makes it more difficult to treat with the current standard of therapy,
including surgery, radiation, and chemotherapeutic drugs [5]. In cancer cells, including
mammary cancer cells, diverse genetic and epigenetic alterations, simultaneous activa-
tion of numerous cell-surface receptors and interconnected, multiple, complex signaling
pathways have been observed [6]. Hence, using anti-cancer drugs targeting a single gene
product or cell signaling pathway from the whole intricate cancer-related signaling net-
work may lead to activation of alternative pathways followed by the development of drug
resistance and tumor recurrence that are common in all breast cancer subtypes [3–6]. All
this, together with the high toxicity of the current conventional single-target chemothera-
peutics [5] entails the necessity of finding novel anti-cancer agents with low toxicity and
enhanced efficacy, targeting multiple cancer-related genes and signaling pathways.

The personal or family history of mammary malignancies and inherited genetic
mutations in breast cancer susceptibility genes, mostly BRCA1 (BRCA1 DNA Repair
Associated) and BRCA2 (BRCA2 DNA Repair Associated), account for 5% to 10% of breast
tumor cases. The studies of people migration have revealed that nonhereditary factors (i.e.,
demographic, social, economic, environmental, and lifestyle factors) are the main drivers of
the observed international and interethnic differences in cancer incidence, including breast
cancer incidence. Increased incidence rates of breast cancer in successive generations of the
developed countries with higher HDI (The Human Development Index) and transitioned
countries are attributed to a raised prevalence of known risk factors [1,2]. Those risk factors
are related to menstruation (early menarche, late menopause), reproduction (nulliparity,
the postponement of childbearing, having fewer children), exogenous hormone intake
(prolonged oral contraception and hormone replacement therapy), nutrition (poor diet with
excessive consumption of processed meat and red meat, alcohol abuse), anthropometry
(overweight in adulthood, greater levels of obesity, mass and distribution of body fat),
cigarette smoking, and physical inactivity. Thus, breastfeeding (with longer duration),
healthy diet, and physical activity are known preventive factors with potential beneficial
health effects [7].

Therefore, it is necessary to ask why certain types of cancer, such as breast cancer, are
more prevalent in some countries than in others. The incidence rate of breast neoplastic
diseases is predominantly higher in women of Western nations when compared to women
in Asian countries. The exact reason for this disparity is not clear, but dietary factors have
been conceived to account for approximately 30% of cancer cases in Western nations [8,9]. It
has been hypothesized that different dietary patterns related to specific culture and ethnicity,
including consumption of a variety of vegetables, herbs and spices abundant in natural
bioactive compounds (i.e., polyphenols and vitamins) would be a pivotal reason [8,9].
Of all the spices, turmeric (Curcuma longa L.) has been gaining more and more attention
due to its beneficial health effects. The turmeric-derived polyphenol, curcumin, is one of
the most systematically studied bioactive nutraceuticals for its utility in the management
of various diseases, with cancer at the forefront [10]. Importantly, recent reports have
shown that some phytochemicals, such as curcumin have the ability to target many breast
cancer-related signaling pathways, including Wnt/β-Catenin, Notch, Hedgehog, JAK-
STAT, and PI3K/Akt/mTOR [11]. The hitherto studies on curcumin chemopreventive
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activities suggests that curcumin is one of the most relevant compounds to manage the
challenges of breast cancer treatment [10–12].

Moreover, curcumin is well known for its potential role in inhibiting cancer by tar-
geting epigenetic machinery, especially DNA methylation machinery. The dynamic DNA
methylation processes serve as an adaptive mechanism to a wide variety of environmental
factors, including diet. Every healthy tissue has a precise DNA methylation pattern that
changes during cancer development forming a cancer-specific design. Hypermethylation
of tumor suppressor genes (TSGs), global DNA demethylation, and hypomethylation of
oncogenes and prometastatic genes are hallmarks of nearly all types of cancer, including
breast cancer. Curcumin has been shown to modulate epigenetic events that are dysregu-
lated in cancer cells and possess the potential to prevent cancer or enhance the effects of
conventional anti-cancer therapy [12,13].

Although mechanisms underlying curcumin-mediated changes in the epigenome
remain to be fully elucidated, the mode of action targeting both hypermethylated and
hypomethylated genes in cancer is promising for cancer chemoprevention.

This review provides a comprehensive discussion of potential epigenetic mechanisms
of curcumin in reversing altered patterns of DNA methylation in breast cancer. Insight
into the other bioactive components of turmeric rhizome as potential epigenetic modifiers
has been indicated as well. The turmeric rhizome contains not only curcumin but also
other antioxidative agents, such as C and E vitamins, several minerals, as well as B-
group vitamins (i.e., B2, B6 and B9 vitamins) participating in one-carbon metabolism via
regulation of S-adenosyl-L-methionine (SAM, a ubiquitous methyl group donor) pool and
DNA methylation reaction.

2. Curcumin: Chemical Structure and Physical Properties

Curcumin (synonym: diferuloylmethane; molecular formula: C21H20O6; molec-
ular weight: 368.38 g/mol) is a well-known dietary polyphenol (IUPAC name: 1,7-
bis(4-hydroxy3-methoxyphenyl) hepta-1,6-diene-3,5-dione) derived from the rhizome of
turmeric, Curcuma longa L. [14] and other Curcuma species of the ginger family, Zingiberaceae.
Both turmeric and curcumin have a history of human application in foods, supplements,
and cosmetics, as well as for therapeutic goals in Asia, Europe and the United States of
America. Products containing curcumin are available on the market all over the world.
The bright orange-yellow powder known as turmeric is prepared from boiled and dried
rhizomes of the Asian, perennial, herbaceous plant Curcuma longa L. It includes a mixture of
three diarylheptanoids, together called curcuminoids, i.e., curcumin, demethoxycurcumin,
and bis-demethoxycurcumin [12,15]. The literature data indicates the level of curcumin
and other curcuminoids in turmeric powder at approximately 3–5% [16]. Commercially, in
turmeric extract, mostly used in preclinical studies and clinical trials, the curcuminoid con-
tent is often increased to as high as 95%, including approximately 75% (a/a) curcumin, 20%
(a/a) demethoxycurcumin, and 5% (a/a) bisdemethoxycurcumin (HPLC, area%). These
phytochemicals are practically insoluble in water at acidic and neutral pH, but soluble in
methanol, ethanol, acetone and dimethylsulfoxide (DMSO).

The curcumin itself is a colored, yellow to orange, crystalline compound that is
commonly used as a coloring and flavoring agent, and food additive. In 2004, the Joint
FAO (The Food and Agriculture Organization)/WHO (The World Health Organization)
Expert Committee on Food Additives (JECFA) established an acceptable daily intake (ADI)
for curcumin of 0–3 mg/kg body weight. The ADI estimation for curcumin was based on
the NOAEL (no-observed-adverse-effect level) of 250–320 mg/kg body weight/day from
the reproductive toxicity study for a decreased body weight gain in the F2 rat generation
observed at the maximum dose, and an uncertainty factor equal to 100 [17]. JECFA and the
European Food Safety Authority (EFSA) Panel on Food Additives and Nutrient Sources
added to Food (ANS)) agreed that curcumin (symbol E-100, EFSA) is not carcinogenic and
genotoxic. The EFSA Panel perceived that the normal diet provides the curcumin amount
of less than 7% of the aforementioned ADI [18].
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Curcumin is a hydrophobic molecule, practically insoluble in the aqueous phase of
the digestive fluids. Curcumin is rapidly eliminated from the digestive tract, having poor
oral bioavailability, due to low absorption from the intestine and rapid degradation in
the liver [19] reported in human and animal studies [15]. Under physiological pH condi-
tions, such as 0.1 M phosphate buffer (pH 7.2) at 37 ◦C over 90% of curcumin is degraded
within 30 min [20]. The in vivo studies indicate that following curcumin reduction to
dihydrocurcumin and tetrahydrocurcumin, quick conversion to mono-glucuronidated
conjugates occurs [21]. Thus, the main curcumin metabolites reported in vivo are the
curcumin-, dihydrocurcumin-, and tetrahydrocurcumin-glucuronides, as well as tetrahy-
drocurcumin [22].

Moreover, the studies in humans revealed that it is unlikely that substantial concen-
trations of curcumin occur in the body after its ingestion at high doses up to 12 g/person,
equivalent to 200 mg/kg body weight for a 60 kg individual. Even upon the oral expo-
sure of 10–12 g of curcumin, the detected plasma concentration of this polyphenol was
low, in the nanomolar range, with the highest level of less than 160 nmol/L [23]. The
numerous studies supported the safety of high doses of curcumin, depicting only gastric
disturbance [15].

According to reports of the U.S. Department of Agriculture (USDA), 100 g of turmeric
rhizome contain from 2% to 9% of curcumin and other curcuminoids, as well as several
vitamins. Those vitamins include some lipid-soluble vitamins such as E and K vitamins,
as well as some water-soluble vitamins such as vitamin C and the B-group vitamins,
i.e., folic acid (B9), riboflavin (B2), and pyridoxine (B6). Moreover, the Curcuma longa
rhizome comprises the minerals (Fe, Mg, Zn, K, Na, and Ca) and macromolecules (proteins,
lipids, carbohydrates, and dietary fiber) essential for human health (Table 1) [19]. The
co-occurrence of several bioactive compounds such as curcumin and vitamins C and E in
natural turmeric enhances its antioxidative properties and encourage greater consumption
of natural Curcuma-derived products rather than dietary supplements with pure turmeric-
extracted curcumin.

Due to the poor bioavailability and low absorption of pure bioactive curcumin, many
researchers have focused on studies to ameliorate its bioavailability, pharmacological
properties, chemopreventive activity and therapeutic utility [24–26]. The novel curcumin
derivatives have been developed. Thus, curcumin and its derivatives have been still exten-
sively investigated as potential anti-cancer, antioxidant, anti-bacterial, anti-inflammatory,
analgesic, accelerating wound healing and improving digestion processes agents. The
recent studies have revealed that bioavailability of pure curcumin may be enhanced by
various natural or synthetic adjuvants, i.e., piperine from black pepper [24] or folic acid [25].
Moreover, taking into account curcumin hydrophobic properties, its bioavailability and
retention time can be improved by applying different forms of conjugates, including
liposomes, polymeric micelles, phospholipid complexes, microemulsions and nanoparti-
cles [26]. Further studies are needed to establish their clinical application and effectiveness.
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Table 1. Nutrients in 100 g of turmeric, Curcuma longa L. (FoodData Central: Spices, turmeric, ground;
Data Type: SR Legacy; Food Category: Spices and Herbs; FDC ID: 172231; NDB Number: 2043; FDC
Published: 4/1/2019; U.S. Department of Agriculture (USDA), Agricultural Research Service [19].)

Name
Amount

(Min-Max)
Unit

Water 12.850 g
Energy 312.000 kcal
Protein 9.680 g

Total lipid (fat) 3.250 g
Carbohydrate 67.140 g

Fiber, total dietary 22.700 g
Calcium, Ca 168.000 mg

Iron, Fe 55.000 mg
Magnesium, Mg 208.000 mg
Phosphorus, P 299.000 mg
Potassium, K 2080.000 mg
Sodium, Na 27.000 mg

Zinc, Zn 4.500 mg
Copper, Cu 1.300 mg

Manganese, Mn 19.800 mg
Selenium, Se 6.200 μg

Vitamin C, total ascorbic acid 0.700 mg
Vitamin B1 (thiamin) 0.058 mg

Vitamin B2 (riboflavin) 0.150 mg
Vitamin B3 (niacin) 1.350 mg

Vitamin B5 (pantothenic acid) 0.542 mg
Vitamin B6 (pyridoxine) 0.107 (0.034–0.180) mg

Folate, total 20.000 μg
Choline, total 49.200 mg
Betaine, total 9.700 mg

Vitamin E (alpha-tocopherol) 4.430 mg
Vitamin K (phylloquinone) 13.400 μg
Fatty acids, total saturated 1.838 g

Fatty acids, total monounsaturated 0.449 g
Fatty acids, total polyunsaturated 0.756 g

Curcuminoids 2.000–9.000 g

3. DNA Methylation and Demethylation Processes

DNA methylation is one of the most important, epigenetic modifications without any
alterations in the primary DNA sequence and is frequently associated with silencing of gene
expression [27]. This process is tightly connected with replication during the normal cell
growth and plays an important role in the regulation of crucial cell functions such as DNA
repair, cell cycle, cell differentiation, intracellular signal transduction, and cell apoptosis.
Moreover, the aberrations of DNA methylation patterns can be implicated in neoplastic
processes of both normal cells and cells with pathological changes. The aberrant DNA
methylation patterns are observed at very early stages of pre-cancerous transformation
of cells that are still not exhibiting any cancerous phenotype [28]. The tumor-specific
alterations of DNA methylation pattern can include global DNA hypomethylation and loci-
specific hypomethylation of oncogenes and pro-metastatic genes, as well as loci-specific
hypermethylation within TSG regulatory regions such as proximal promoter regions
frequently containing CpG islands and/or enhancers [28–31].

The ageing or cancer-related global DNA hypomethylation may result in microsatellite
instability, transposon activation and stimulation of oncogene expression. In cancer, the
hypermethylation of TSG promoters is often associated with the overexpression of DNA
methyltransferases (DNMTs). The DNMT enzymes catalyze a reaction in which methyl
group is transferred from S-adenosyl-L-methionine (SAM) to cytosine located in CpG
dinucleotide sequences (CpGs) giving 5-methylcytosine (5mC). In normal cells, CpG-rich
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regions, called CpG islands, are mostly unmethylated and are located within regulatory re-
gions of house-keeping genes, tissue-specific genes, and TSGs [32]. The elevated promoter
methylation is a predominant mechanism of chromatin inactivation. Epigenetic modifica-
tions, apart from DNA methylation, include covalent post-translational modifications of
histone tails (mainly methylation/demethylation and acetylation/deacetylation). DNA
hypermethylation and histone deacetylation are concerted to determine the transcriptional
activity of certain genes, leading frequently to condensation of chromatin structure making
the DNA inaccessible to complexes of transcription proteins [33].

Neoplastic development might be associated with both hypermethylation of gene
promoters and increase in the number of silent genes, mainly TSGs encoding proteins that
control the normal cell functions and the balance between cell proliferation and apoptosis.
Additionally, DNA hypermethylation of CpG island within the gene promoter can cause
genetic alterations. The spontaneous deamination of 5mC and its transition to thymine
within CpG sequences of TP53 (Tumor Protein P53) gene have been observed in cells of
various types of cancer [34].

In mammalian cells, the reaction of DNA methylation is the post-replicative DNA
modification taking place at the replication fork. It is catalyzed by the enzymes of the
DNMT family, including DNMT1, DNMT2, DNMT3A, DNMT3B, and DNMT3L (DNA
Methyltransferase 3 Like) [32]. DNMT1 is the main DNA methylating enzyme responsible
for the maintenance DNA methylation in normal cells, as well as for the maintenance
and de novo DNA methylation in cancer cells. DNMT3A and DNMT3B catalyze de novo
DNA methylation. The differences between the DNMT1 and other DNMTs are in the
length of the N-terminal regulatory domain. The C-terminal catalytic domain of DNMT1
protein contains the following regions: one implicated in the binding of SAM (methyl
donor), another one responsible for binding to DNA, and an active center containing
proline and cysteine. Whereas, the N-terminal regulatory domain of DNMT1 can interact
with numerous proteins like DMAP1 (DNA methyltransferase 1-associated protein 1),
PCNA (Proliferating cell nuclear antigen), and RB (Retinoblastoma-associated protein).
It is multifunctional and contains a DNA binding region, a cysteine-rich region, several
Zn-binding domains, and two regions responsible for the localization to replication foci.
There are also regions implicated in DNMT1 interactions with histone deacetylases HDAC1
and HDAC2, as well as the other DNA methyltransferases, DNMT3A and DNMT3B [13].

In mammalian cells, two additional DNMTs have been described, i.e., DNMT2
(TRDMT1) and DNMT3L. They do not possess catalytic activity towards DNA. The
DNMT3L has been shown to interact with de novo DNMTs, DNMT3A and likely DNMT3B,
what supports their stability and stimulates DNMT3A-mediated DNA methylation [35].
The DNMT2 activity does not involve DNA methylation but RNA methylation, specifically
cytosine 38 in the anticodon loop of aspartic acid tRNA [36]. The role of DNMT3L in breast
tumorigenesis is not well understood. Girault et al. reported that DNMT3L mRNA levels
were very low (only detectable but not quantifiable) in a subgroup of 46 breast tumors [37].

Upon DNA replication, within the transcriptionally active DNA (euchromatic DNA),
the DNMT1 cooperates with the PCNA protein to form the DNA-DNMT1-PCNA complex
responsible for the maintenance of the DNA methylation patterns [38]. In normal somatic
cells, the DNA methylation can be inhibited by CDN1A (Cyclin-dependent kinase inhibitor
1, encoded by CDKN1A (P21) gene) protein, which is the inhibitor of cyclin-dependent
kinases. In this case, the CDN1A (P21) protein disrupts the PCNA-DNMT1 complex and
forms a new P21-PCNA complex. It leads to inhibition of polymerase δ activity followed
by inhibition of both DNA methylation and replication [39]. All this allows the repair
processes of DNA double-strand breaks. It is noteworthy to indicate that the P21 and
DNMT1 proteins compete for binding to the same motif of the PCNA protein. Several
studies have revealed an inverse relation between P21 and DNMT1 concentrations in
normal and cancer cells. In normal cells, the protein level of P21 is much higher than
DNMT1, whereas in cancer cells the relation is opposite [40].
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In normal cells, the DNMT1 activity can be also inhibited by interaction of RB protein
with the N-terminal regulatory domain of the DNMT1 protein. The RB binding to DNMT1
blocks the formation of the DNA-DNMT1-PCNA complex and consequently DNA methy-
lation reaction. It might be one of the mechanisms preventing some DNA fragments (e.g.,
promoters of TSGs) from methylation during normal cell development [41].

The DMAP1 (transcriptional co-repressor) protein affects DNMT1 activity as well. It
interacts with DNMT1 at replication foci when the DNMT1 enzyme is bound to PCNA.
During this interaction, DNMT1 binds to the co-repressor DMAP1 and simultaneously to
HDAC2. The repressive activity of this complex is probably responsible for the appearance
of the condensed chromatin state (heterochromatin) and the maintenance of transcriptional
silencing of methylated genes upon DNA replication [42].

Among important proteins interacting with the regulatory domain of DNMT1 are the
nuclear proteins that are characterized by the presence of a methyl-CpG binding domain
(MBD). The MBD2 (Methyl-CpG-binding domain protein 2), MBD3 (Methyl-CpG-binding
domain protein 3) and MECP2 (Methyl-CpG-binding protein 2) proteins exert a two-way
effect on the epigenome. On the one hand, MECP2 can bind fully methylated DNA mediat-
ing transcriptional repression through interaction with HDAC and the corepressor SIN3A
(Paired amphipathic helix protein Sin3a) [43]. On the other hand, MBD proteins can bind to
hemimethylated DNA and then form the complex with DNMT1 that is forced to catalyze
methylation of a newly synthesized DNA strand and cover recognition elements [44].

To achieve transcriptional silencing of the selected genes, DNMT1 cooperates directly
with de novo DNMTs, DNMT3A and DNMT3B. These two enzymes are responsible for the
de novo DNA methylation in normal cell development. However, in cancer cells, DNMT3A
and DNMT3B enzymes synergistically enhance the DNMT1 activity and shift its activity
towards de novo DNA methylation [40].

Moreover, the studies revealed that DNMT1 directly interacts with histone-modifying
enzymes such as histone deacetylases HDAC1 and HDAC2, and histone methyltransferase
SUV91 (Histone-lysine N-methyltransferase SUV39H1) [45]. The studies revealed that
methylation of heterochromatic DNA might be triggered by histone modifications, i.e.,
methylation of histone H3, and deacetylation of histone H3 and H4 [46].

Thus, the interactions of DNMT1 with the aforementioned proteins, i.e., MBPs,
DNMT3A and DNMT3B, HDAC1 and HDAC2, and SUV39B may result in transcriptional
repression of many genes in cancer cells, mainly TSGs, thereby stabilizing the heterochro-
matic state [32]. The aberrant DNMTs activity followed by the altered DNA methylation
patterns plays a pivotal role during carcinogenesis, including breast cancer development.
The literature data indicated that more than 100 genes have been hypermethylated in
primary breast tumors and breast cancer cell lines, i.e., PTEN (Phosphatase And Tensin
Homolog), RARB (Retinoic Acid Receptor Beta), APC (APC Regulator Of WNT Signal-
ing Pathway), CDKN2A (P16; Cyclin Dependent Kinase Inhibitor 2A), CDH1 (Cadherin
1), DAPK1 (Death Associated Protein Kinase 1), GSTP1 (Glutathione S-Transferase Pi 1),
RASSF1 (Ras Association Domain Family Member 1), TIMP3 (TIMP Metallopeptidase
Inhibitor 3), and MGMT (O-6-Methylguanine-DNA Methyltransferase) [13,47].

The role of altered expression of TET (Methylcytosine dioxygenase TET) demethylat-
ing enzymes (i.e., TET1, TET2 and TET3) in cancer is less well understood. The downregu-
lation of TET expression and reduced 5hmC (5-hydroxymethylcytosine) levels have been
shown to be associated with breast, gastric, liver, and lung tumors [48]. Moreover, high
levels of TET expression estimated in over 160 samples of breast cancer tissue correlated
with increased patient survival, probably resulting from potential DNA demethylation–
mediated upregulation of TSGs [49]. Yang et al. reported that the TETs expression, mostly
TET1, was significantly decreased in human breast tumors, and the 5hmC levels were
broadly diminished in breast cancer tissues [50].

The mechanism of DNA methylation and demethylation processes have been depicted
in Figure 1.
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Figure 1. The mechanisms of DNA methylation and demethylation processes. SAM is a methyl donor in the DNMT-
catalyzed methylation reactions of cytosine (Cyt) to 5mC. TET proteins catalyze the multi-stage process of 5-methylcytosine
oxidation to 5hmC, 5fC, and 5caC. Furthermore, 5mC and 5hmC may be transformed into thymine (Thy) and 5hmU in
deamination process, respectively. These misincorporations are recognized and replaced with cytosine by BER pathway
and glycosylases, i.e., TDG and SMUG1. The other products of 5mC oxidation process, 5fC and 5caC undergo BER as
well. 5mC, 5-methylcytosine; 5hmC, 5-hydroxymethylcytosine; 5hmU, 5-hydroxymethyluracil; 5fC, 5-formylcytosine;
5caC, 5-carboxylcytosine; AID, activation-induced deaminase; APOBEC, DNA dC->dU-editing enzyme APOBEC; BER,
base excision repair pathway; Cyt, cytosine; DNMT, DNA methyltransferase; SAH, S-adenosyl-L-homocysteine; SAM,
S-adenosyl-L-methionine; SMUG1, Single-strand selective monofunctional uracil DNA glycosylase; Thy, thymine; TET,
Methylcytosine dioxygenase TET; TDG, G/T mismatch-specific thymine DNA glycosylase.

4. Curcumin as an Epigenetic Inhibitor of Mammary Cancer

The numerous studies have shown that natural spices and their bioactive components,
such as turmeric and curcumin, may induce epigenetic remodeling in breast cancer cells
leading to TSG reactivation and oncogene downregulation. Those changes in expression
of genes encoding proteins involved in the regulation of intracellular oncogenic signaling
pathways may cause inhibition of breast cancer cell proliferation via cell cycle arrest and
simultaneously induce cell apoptosis [9,12,15,51].

Several in vitro and in vivo studies on breast cancer indicated that the main bioactive
component of turmeric rhizome, curcumin is a potent breast cancer inhibitor possessing
anti-proliferative and proapoptotic properties [52–54].

The studies in two tumor cell lines, human breast cancer MCF-7 and T cell lymphoma
EL4 of murine origin, as well as in two types of normal cells, including mouse spleen
lymphocytes and NIH3T3 mouse fibroblast cells, have revealed the potent cytotoxic cancer-
specific activity of curcumin. Total curcumin uptake was significantly higher in both tumor
cell lines comparing to normal cells. Moreover, localization of curcumin in the human
breast cancer MCF-7 cells has been determined using laser confocal microscopy [55]. The
different subcellular distribution of curcumin was observed in MCF-7 cells. It has been
documented that curcumin accumulates mainly in the cell membrane and the uptake
of curcumin by other cell components is in the following order: cytoplasm > nucleus
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> mitochondria. Most likely, the lipophilic curcumin interacts with cellular membrane
lipids, what explains why the polyphenol is mainly located in the cell membrane. These
findings are consistent with the results of the other studies showing that curcumin uptake is
significantly higher in tumor cells compared to normal cells [55–57]. It could be caused by
different composition of the lipid droplets in non-malignant and malignant human breast
epithelial cell lines. Abramczyk et al. analyzed the chemical composition of lipids and
proteins in non-malignant (MCF10A), mildly malignant (MCF7) and malignant (MDA-MB-
231) breast cancer cells by Raman imaging. Results of the studies demonstrate increased
lipid contents in malignant breast cancer cells compared to non-malignant cells. The
number of cytoplasmic lipid droplets correlates with increased aggressiveness of cancer. In
malignant breast cells MCF7 and MDA-MB-231 it is respectively 2 and 4 times higher, than
in non-malignant MCF10A cells. The higher content of lipid droplets in breast cancer cells
may explain better solubility of curcumin and its higher intracellular concentration [58].
Thus, increased uptake of curcumin is consistent with its increased toxicity [55].

4.1. Curcumin and DNMTs

Alterations in methylation of gene promoters play an important role in gene tran-
scriptional activity. Hypermethylation-mediated silencing of TSGs and hypomethylation-
mediated activation of oncogenes and pro-metastatic genes are probably the most consistent
epigenetic hallmarks of human cancers, including breast cancer. Significance of epige-
netic changes in cancer development, especially aberrant DNA methylation patterns, is
comparable to the relevance of genetic mutations.

The DNA methylation is mediated by specific DNMTs. Increased level of DNMTs was
observed in cancer patients. In the study of Mirza et al., the levels of DNMT1, DNMT3A,
and DNMT3B mRNA were observed to be 1.2- to 4.4-folds, 1.1- to 3.77-folds, and 1.06-
to 4.01-folds elevated in the most of the analyzed breast cancer tissues, respectively, as
compared to the adjacent normal breast tissues [59].

In another study, the expression of DNMT1, DNMT3A, and DNMT3B in 256 breast
cancer and 36 breast fibroadenoma cases were investigated. The DNMT1 and DNMT3A
expression levels were significantly higher in breast cancer than in fibroadenoma samples.
The DNMT1 and DNMT3A overexpression was associated with promoter hypermethyla-
tion and downregulation of ERα and BRCA1 [60].

The DNMT1 up-regulation was also revealed in most cancer-associated fibroblasts
in relation to their corresponding adjacent normal fibroblasts. The ectopic expression of
DNMT1 activated primary normal breast fibroblasts and promoted their pro-carcinogenic
effects, both in vitro and in orthotopic tumor xenografts whereas DNMT1 knockdown
normalized breast myofibroblasts. DNMT1 seems to be critical for the activation of breast
stromal fibroblasts as well as the persistence of their active status [61].

Therefore, in recent years, DNA methylation has emerged as an attractive target for
the anti-cancer therapeutics. Moreover, natural bioactive compounds, including curcumin,
have received increasing attention as potential modulators of epigenetic machinery in
cancer cells. The numerous studies have shown that curcumin exerts robust epigenetic
anti-cancer effects against breast cancer (Table 2).

In 2009, Liu et al. based on the results of molecular docking (interaction of curcumin
and DNMT1) suggested that curcumin covalently blocks the catalytic thiolate of C1226
of DNMT1 to exert its inhibitory effect [62]. Moreover, they observed in in vitro tests that
curcumin and one of its major metabolites—tetrahydrocurcumin, can inhibit the activity
of CpG Methyltransferase M.SssI (a DNMT1 analog with a structurally similar catalytic
domain) [62].
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Table 2. Curcumin impact on epigenetic machinery in breast cancer inhibition.

DNMTs Expression Change Model Curcumin Treatment Reference

mRNA level

decrease in all DNMTs
(DNMT1, DNMT3A,

DNMT3B)

MCF-7
MDA-MB-231 IC50—10 μM/96 h Mirza S. et al., J Breast

Cancer, 2013 [59]

decrease in all DNMTs
(DNMT1, DNMT3A,

DNMT3B)
MCF-7 2 and 20 μM/12 and 24 h Chatterjee B. et al., J

Cell Biochem, 2019 [63]

decrease in DNMT1
(without changes in

DNMT3A, DNMT3B)

MDA-MB-361
MDA-MB-231 MCF-7 40 μM/48 h Liu Y. et al., Mol Cell

Biochem, 2017 [65]

decrease in DNMT1 MCF-7 10 and 20 μM/72 h Du L. et al., Nutr
Cancer, 2012 [66]

protein level

2-fold decrease in
DNMT1

MCF-7
MDA-MB-231 IC50—10 μM/96 h Mirza S. et al., J Breast

Cancer, 2013 [59]

decrease in all DNMTs
(DNMT1, DNMT3A,

DNMT3B)
MCF-7 2 and 20 μM/12 and 24 h Chatterjee B. et al., J

Cell Biochem, 2019 [63]

reduction in DNMT1
protein level

increase in DNMT3A and
DNMT3B protein level

HCC-38
UACC-3199 T47D 5 and 10 μM/6 days Al-Yousef N. et al.,

Oncol Rep, 2020 [64]

decrease in DNMT1
(without changes in

DNMT3A, DNMT3B)

MDA-MB-361
MDA-MB-231 40 μM/48 h Liu Y. et al., Mol Cell

Biochem, 2017 [65]

decrease in DNMT1 MCF-7 10 and 20 μM/72 h Du L. et al., Nutr
Cancer, 2012 [66]

Other proteins

increase in TET1 mRNA
and TET1 protein level HCC-38 5 and 10 μM/6 days Al-Yousef N. et al.,

Oncol Rep, 2020 [64]

3-fold decrease in
HDAC1 protein level

MCF-7
MDA-MB-231 IC50—10 μM/96 h Mirza S. et al., J Breast

Cancer, 2013 [59]

decrease in HDAC1 and
HDAC2 protein level

MCF-7
MDA-MB-231 50 μM/24 h

Mukherjeea S. et al., Int.
J. Green Nanotechnol,

2012 [67]

oncogene
decrease in SNCG mRNA

(down to 2-fold) and
SNCG protein level

T47D
HCC-38 5 and 10 μM/6 days Al-Yousef N. et al.,

Oncol Rep, 2020 [64]

tumor suppressor
induction of DLC1

expression on mRNA
and protein level

MDA-MB-361 20 and 40 μM/48 h Liu Y. et al., Mol Cell
Biochem, 2017 [65]

tumor suppressor

increase in BRCA1
mRNA level up to 2-fold

with consequent high
increase in BRCA1

protein level

HCC-38 UACC-3199 5 and 10 μM/6 days Al-Yousef N. et al.,
Oncol Rep, 2020 [64]

134



Nutrients 2021, 13, 332

Table 2. Cont.

DNMTs Expression Change Model Curcumin Treatment Reference

tumor suppressor

increased level of
CDKN1A (p21, 2-fold in

MDA-MB-231 and 4-fold
in MCF-7)

MCF-7
MDA-MB-231 IC50—10 μM/96 h Mirza S. et al., J Breast

Cancer, 2013 [59]

tumor suppressor increased level of
CDKN1A (p21)

MCF-7
MDA-MB-231 50 μM/24 h

Mukherjeea S. et al., Int.
J. Green Nanotechnol,

2012 [67]

tumor suppressor
increased expression of

TP53 and KLF4 on mRNA
and protein levels

MCF-7 2 and 20 μM/12 and 24 h Chatterjee B. et al., J
Cell Biochem, 2019 [63]

tumor suppressor
enhanced mRNA and the

protein levels of
RASSF1A

MCF-7
MDA-MB-231 10 and 20 μM/72 h Du L. et al., Nutr

Cancer, 2012 [66]

transcription factor reduction in SP1
expression MDA-MB-361 40 μM/48 h Liu Y. et al., Mol Cell

Biochem, 2017 [65]

DNMTs activity

methylation activity of
DNMT1 in nuclear

extract decreased by
about 70% (compared to

the control)

MCF-7 10 and 20 μM/72 h Du L. et al., Nutr
Cancer, 2012 [66]

Promoter
methylation

demethylation of the
proximal promoter of

CDKN1A (p21)
MCF-7 2 and 20 μM/12 and 24 h Chatterjee B. et al., J

Cell Biochem, 2019 [63]

hypermethylation of the
SNCG promoter T47D 5 and 10 μM/6 days Al-Yousef N. et al.,

Oncol Rep, 2020 [64]

partial hypomethylation
of the BRCA1 promoter HCC-38 UACC-3199 5 and 10 μM/6 days Al-Yousef N. et al.,

Oncol Rep, 2020 [64]

demethylation of DLC1
promoter MDA-MB-361 20 and 40 μM/48 h Liu Y. et al., Mol Cell

Biochem, 2017 [65]

decrease in RASSF1A
promoter methylation MCF-7 10 μM/72 h Du L. et al., Nutr

Cancer, 2012 [66]

Global DNA
methylation

hypomethylation MCF-7 2 and 20 μM/12 and 24 h Chatterjee B. et al., J
Cell Biochem, 2019 [63]

the global DNA
methylation (GDM)
decreased by about

30–35%

MCF-7 10 μM/72 h Du L. et al., Nutr
Cancer, 2012 [66]
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Table 2. Cont.

DNMTs Expression Change Model Curcumin Treatment Reference

miRNA

downregulation of
oncogenic miR-19

(modulates downstream
proteins: PTEN, AKT1,

MDM2, TP53)

MCF-7 1 μM/4 days Li X. et al., Phytother
Res, 2014 [68]

upregulation of miR-29b T47D 5 and 10 μM/6 days Al-Yousef N. et al.,
Oncol Rep, 2020 [64]

upregulation of miR-34a
(reduction in BCL2 and

BMI1 expression)

MDA-MB-231
MDA-MB-435 30 or 34 μM/24 h Guo J. et al., Mol Cell

Biochem, 2013 [69]

upregulation of miR181b
(reduction in CXCL1,

CXCL2, MMPs
expression)

MDA-MB-231 25 μM/24 h Kronski E. et al., Mol
Oncol, 2014 [70]

upregulation of miR-15a
and miR-16 (reduction in

BCL2 expression)
MCF-7 10–60 μM/24 h Yang J. et al., Med

Oncol, 2010 [71]

AKT1 (AKT Serine/Threonine Kinase 1); BCL2 (BCL2 Apoptosis Regulator); BMI1 (BMI1 Proto-Oncogene, Polycomb Ring Finger); BRCA1
(BRCA1 DNA Repair Associated); CDKN1A (Cyclin Dependent Kinase Inhibitor 1A); CXCL1 (C-X-C Motif Chemokine Ligand 1); CXCL2
(C-X-C Motif Chemokine Ligand 2); DLC1 (DLC1 Rho GTPase Activating Protein); DNMT1 (DNA Methyltransferase 1); DNMT3A (DNA
Methyltransferase 3 Alpha); DNMT3B (DNA Methyltransferase 3 Beta); HDAC (Histone Deacetylase); KLF4 (Kruppel Like Factor 4);
MDM2 (MDM2 Proto-Oncogene); MMPs (Matrix Metallopeptidases); PTEN (Phosphatase And Tensin Homolog PTEN); RASSF1 (Ras
Association Domain Family Member 1; Tumor Suppressor Protein RDA32); SNCG (Synuclein, Gamma (Breast Cancer-Specific Protein 1));
SP1 (Sp1 Transcription Factor); TET1 (Tet Methylcytosine Dioxygenase 1); TP53 (Tumor Protein P53).

Furthermore, apart from that direct chemical mechanism of the reduction of DNMTs
enzymatic activity in response to curcumin exposure, the second one is the biological
inhibition of DNMTs synthesis. In many studies, in breast cancer cells incubated with
curcumin, the DNMT1 protein level was significantly decreased [59,63–66] and it was
consistent with the mRNA levels of DNMT1, also significantly downregulated in curcumin-
exposed cells [59,63,65,66]. These curcumin-mediated effects may be associated with the
disruption of binding of the NF-κB/SP1 complex to the DNMT1 promoter region [66].

4.2. Curcumin and HDACs/HATs

Epigenetic alterations, which may occur as a part of the carcinogenesis process, mod-
ulate gene expression. In tumor cells, silencing of TSGs and activation of oncogenes are
observed and usually, these aberrant methylation patterns are not caused by histone mod-
ification or DNA methylation alone. All those epigenetic processes are combined and
interdependent [13].

Histone deacetylases (HDACs) and histone acetyltransferases (HATs) are the two
major groups of enzymes that modulate chromatin structure via histone modifications.
The balance between histone acetylation and deacetylation is important for the epigenetic
regulation of gene function and dysregulation of these processes may contribute to cancer
development. Curcumin has been reported to inhibit HDACs such as HDAC1 and HDAC2
in breast cancer cell lines, MCF-7 and MDA-MBA-231. The HDAC1 and HDAC2 expression
levels were constitutively very high in these breast cancer cell lines, comparing to the
normal breast epithelial cells MCF-12F. Treatment of cells with 50 μM curcumin for 24 h led
to 84% inhibition of HDAC1 expression and 70% inhibition of HDAC2 expression in the
case of MCF-7 cells. Similar exposure to curcumin in MDA-MB-231 cells downregulated
HDACs, particularly HDAC2, but to a lesser extent (HDAC1 by 75% and HDAC2 by 45%).
These changes were accompanied by cell cycle arrest via P21 upregulation in breast cancer
MCF-7 cells, and by apoptosis induction via caspase-9 activation [59,67].
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Similar observations were made by Mirza et al., 96 h exposure of MCF-7 and MDA-
MB-231 cell to 10 μM curcumin led to a 3-fold decrease in HDAC1 level in both cell lines.
A decrease in the HDAC1 (and DNMT1) expression caused an opposite effect on the P21
protein level. Curcumin exposures of the breast cancer cells resulted in 2- and 4-fold
increases in the P21 expression in MDA-MB-231 and MCF-7, respectively [59].

Curcumin was also found to be highly potent direct HDAC inhibitor. Molecular
docking studies showed that curcumin binds to HDAC8 (the other class I HDAC, apart
from HDAC1 and 2) and makes hydrophobic contact with active site residues of the
enzyme [72].

4.3. Curcumin and miRNAs

Curcumin has also been shown to modulate the expression of miRNAs (small non-
coding RNA sequences containing about 22 nucleotides involved in post-transcriptional
regulation of gene expression) in breast cancer [73]. Curcumin was able to affect the expres-
sion of oncogenic (miR-19a and miR-19b) [68] and tumor-suppressive miRNAs (miR-15a,
miR-16, miR-29a, miR-34a, and miR-181b) in breast cancer cells [64,69–71]. The observed
changes in miRNA expression led in consequence to the suppression of tumorigenesis and
metastasis, and induction of apoptosis.

4.4. Curcumin Epigenetic Anti-Cancer Effects Revealed in In Vivo Studies

Du et al. revealed that curcumin in MCF-7 cells downregulates the mRNA and
protein level of DNMT1, thereby decreasing the methylating activity of the nuclear extract
and global DNA methylation in MCF-7 cells. Curcumin reactivates a silenced TSG ras-
association domain family protein 1A (RASSF1A) at least partially due to its promoter
hypomethylation in breast cancer MCF-7 and MDA-MB-231 cell lines. Since RASSF1A
tumor suppressor silencing is associated with the deregulated proliferation activity of
some cancer cells, the curcumin-mediated RASSF1A reactivation may be associated with
its anti-proliferative activity in vitro and anti-tumor growth activity in vivo. The mRNA
level of RASSF1A was found to be significantly higher not only in breast cancer cell lines
but also in MCF-7 cell engrafted tumor tissue collected from tumor bearing nude mice
treated with an intraperitoneal administration of 100 mg/kg curcumin in reference to those
treated with the vehicle. Curcumin treatment caused also 65% decrease in tumor size in
nude mice without any observed cytotoxicity [66].

The antitumor activity of curcumin in ER-negative human breast cancer was as-
sessed in in vivo mouse model of breast cancer (MDA-MB-231 xenograft model in female
Foxn1nu/nu mice). 16 mice were randomized into two groups: 8 controls (normal diet)
and 8 curcumin-treated through 6 weeks after tumor cell implementation. Results obtained
in the study indicated that curcumin inhibits tumor growth and angiogenesis without
toxicity effect on mice. The data showed that curcumin represses the activation of NF-κB
as far as NF-κB-regulated gene products such as cyclin D1, p65, and PECAM-1 (significant
reductions in the expression of PECAM-1, cyclin D1, and p65 compared to the control
group were observed) [74]. Similar observations were made in the other study, in which
the effects of curcumin on the human breast cancer cell line MDA-MB-231 in vitro and in a
mouse metastasis model (MDA-MB-231 cells were intracardiac injected in immunodeficient
mice) were examined. Curcumin appeared to inhibit the expression and activity of AP-1
and NF-κB and consequently reduce the expression of major matrix metalloproteinases
(MMPs). Curcumin caused also a diminution of IκB and p65 phosphorylation, reduced
activation of survival pathway NF-κB and the number of metastases [75].

Curcumin alone and in combination with mitomycin C (MMC) inhibited MCF-7
breast cancer cell proliferation and viability in vitro and in vivo. In MCF-7 xenografts,
combined administration of curcumin (100 mg/kg) and MMC (1–2 mg/kg) for 4 weeks
produced significantly greater inhibition on tumor growth than either treatment alone.
The combined treatment resulted in significantly greater G1 arrest than MMC or curcumin
alone. Moreover, the cell cycle arrest was associated with inhibition of cyclin D1, cyclin E,
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cyclin A, cyclin-dependent kinase 2 (CDK2) and CDK4, along with the induction of the cell
cycle inhibitor P21 and P27 both in MCF-7 cells and in MCF-7 xenografts. These proteins
were regulated through the P38 MAPK pathway [76].

4.5. Curcumin Epigenetic Anti-Cancer Effects Revealed in Clinical Trials

Since there is a need to improve the efficacy of breast cancer chemotherapy espe-
cially with safe molecules, therefore the feasibility and tolerability of the combination of
chemotherapeutics with natural compounds are investigated.

In a clinical trial evaluating curcumin in combination with docetaxel in advanced and
metastatic breast cancer patients, it was revealed that the safety profile of the combination
is consistent with that observed with monotherapy of docetaxel. Curcumin was given
orally for seven consecutive days in 8000 mg/day dose, in combination with docetaxel
100 mg/m2 administered every 3 weeks for six cycles. Curcumin/docetaxel combination
demonstrated antitumor activity. Among the 14 patients enrolled in this study, nine
patients were evaluated for tumor response. In seven patients, the biological response was
documented with the decrease of tumor markers, which was up to 50% in four patients [77].

In the other clinical trial the efficacy and safety of curcumin, administering intra-
venously, in combination with paclitaxel in patients with advanced, metastatic breast
cancer was explored. A total of 150 women with advanced and metastatic breast cancer
were randomly assigned to receive either paclitaxel (80 mg/m2) plus placebo or paclitaxel
plus curcumin (CUC-1®, 300 mg solution, once per week) intravenously for 12 weeks with
3 months of follow-up (133 patients complete the study treatments). Objective response
rate (percent of patients with complete and partial tumor reduction) of curcumin/paclitaxel
combination was significantly higher (50.7%) than that of the placebo/paclitaxel (33.3%;
p < 0.05) after 12 weeks of treatment and 4 weeks of follow-up. Intravenously administered
curcumin caused no major safety issues and no reduction in quality of life, and it was
assumed as slight beneficial in reducing fatigue [78].

Those findings confirmed the safety of curcumin and its potential in elevating antitu-
mor activity of conventional chemotherapeutics applied in anti-cancer treatment, also in
breast cancer therapy.

5. Insight into the Other Bioactive Components of Turmeric Rhizome as Potential
Epigenetic Modifiers

The turmeric rhizome contains the numerous bioactive agents, including not only
polyphenolic curcumin but also the B-group vitamins (riboflavin, pyridoxine and folic acid),
antioxidative vitamins C and E, several minerals (i.e., zinc), and turmeric oil [19]. Folic acid as
a dietary methyl donor, as well as vitamins B2 and B6 as cofactors of enzymes, are implicated
in one-carbon metabolism involved in SAM synthesis and DNA methylation reaction. The
bioactive compounds derived from turmeric rhizome may affect DNA methylation processes
by changes in DNMTs expression and activity, as well as by alterations in SAM level, the
ubiquitous donor of a methyl group in DNA methylation reaction (Figure 2).

DNA methylation is a SAM-dependent modulation in which SAM plays the role
of methyl group donor. The process of SAM synthesis (from methionine) is a part of
the methionine cycle [79]. In the cycle, SAM is converted to S-adenosylhomocysteine
(SAH) that is transformed to homocysteine. Subsequently obtaining methyl group from 5-
methyltetrahydrofolate (5-MTHF) enables the methylation of homocysteine to methionine
and then the formation of SAM. Importantly, 5-methyltetrahydrofolate is created in the
folate cycle that begins with the conversion of folic acid. The connection of folate and
methionine cycles allows transferring a methyl group from 5-MTHF to methionine [80].
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Figure 2. Potential interference of curcumin and other components of turmeric in DNA methylation reaction and one-
carbon metabolism. MTHFR, Methylenetetrahydrofolate reductase; SAH, S-adenosyl-L-homocysteine; SAM, S-adenosyl-L-
methionine.

After carrying out the genome methylation, SAM is converted to SAH that is a potent
inhibitor of DNMTs, especially DNMT1. SAH can bind to the catalytic region of most
SAM-dependent methyltransferases [79]. The ratio of SAM to SAH is called “methylation
index” [81]. The proper ratio of SAM to SAH is very important for the stability of DNA
methylation patterns. Methylation index can indicate the probability of DNA hyper or
hypomethylation [82]. Cancer development is associated with SAM depletion, global DNA
hypomethylation, activation of oncogenes as well as hypermethylation and silencing of
TSGs [83–85].

As mentioned above, the methionine cycle is connected with a folate cycle. The folate
cycle is regulated by B-group vitamins which, as cofactors of the cycle, indirectly affect
the synthesis and concentration of SAM. One carbon metabolism pathway starts with folic
acid (vitamin B9) which is transformed into dihydrofolate (DHF), tetrahydrofolate (THF),
5,10-methylenetetrahydrofolate (5,10-MTHF) and 5-MTHF [86]. Conversion of THF to
5-MTHF occurs in the presence of pyridoxine (vitamin B6), while riboflavin (vitamin B2)
as a component of FAD, participates in the conversion of 5,10-MTHF to 5-MTHF. A low
pyridoxine plasma concentration is linked to an increase in SAH level, a lower ratio of
SAM to SAH and DNA hypomethylation, which can increase the risk of cancer. According
to the literature, vitamins B9 and B6 take part in the reduction of breast cancer growth [13].
They regulate indirectly the level of SAM and SAH, while SAH is an inhibitor of DNMTs.

Moreover, folic acid can enhance curcumin inhibitory effect on DNMTs activity, proba-
bly by improving the solubility and bioavailability of curcumin, what was documented
by Liu Z [87]. The important role of folates is confirmed by studies including Chinese
breast cancer cases. The studies indicate that high folate intake may reduce cancer risk
in premenopausal women. The protective role of folate in breast cancer, particularly in
ER-negative cancer was shown in another prospective study [88]. On the other hand,
some cases indicated that low methionine and B-vitamins intake may be related to a breast
cancer carcinogenesis [89]. Other studies showed that folate deficiency leads to decreased
SAM level and slight, statistically significant global hypomethylation which is an early
epigenetic modification in many cancers [90].
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As it was mentioned before, antioxidant and anti-inflammatory properties are also
the two mechanisms of curcumin chemopreventive activity. Accumulation of free-radicals
(reactive oxygen species (ROS) and reactive nitrogen species (RNS)) is responsible for
peroxidation of membrane lipids and oxidative damage of DNA and proteins, and it is
implicated in the development of chronic pathological complications, such as cancer. Cur-
cumin has been shown to inhibit cyclooxygenase-2 (COX-2), lipoxygenase (LOX), inducible
nitric oxide synthase (iNOS) and xanthine oxidoreductase (XOR) enzymes, generating ROS.
That is the reason why curcumin is considered as a potent chemopreventive antioxidant
agent [91].

Additionally, curcumin enhances cell antioxidant ability via increasing the activity of
antioxidant enzymes such as glutathione peroxidase (GPx), glutathione reductase (GR),
glutathione S-transferase (GST) and superoxide dismutase (SOD), glucose-6-phosphate
dehydrogenase and catalase [92,93].

It was also reported that curcumin mediates nuclear transport of transcription factor
NF2L2 (Nrf-2; Nuclear factor erythroid 2-related factor 2) which regulates antioxidant
signaling pathway. NF2L2-targeted genes encode proteins that may be classified as the
phase II xenobiotic-metabolizing antioxidant enzymes, playing a pivotal role in cancer
prevention [94].

However, curcumin can also activate ROS formation and enhance oxidative stress in
cancer cells. Curcumin-mediated rapid generation of ROS induces apoptosis via caspase
activation and alterations in mitochondrial membrane potential followed by cytochrome c
release. Thus, curcumin can initiate apoptosis and mediate chemosensitization of cancer
cells [57,95].

In human breast cancer cells, a combination of arabinogalactan and curcumin signifi-
cantly decreased cell growth without any significant effect on normal cells. This combina-
tion of compounds promoted apoptosis by increased ROS level, changed mitochondrial
membrane potential and glutathione reduction. Moreover, in vivo mice studies indicated
that the combination of curcumin and arabinogalactan inhibited the progression of breast
tumors [96].

Interestingly, the turmeric rhizome also contains two potent antioxidants: vitamin C and
vitamin E. The vitamins may intensify the antioxidative properties of curcumin by neutralizing
free radicals of environmental carcinogens. Moreover, according to Minor’s studies, vitamin
C participates in the hydroxylation of 5-methylcytosine to 5-hydroxymethylcytosine in DNA
and it probably takes part in the modulation of epigenetic control of genome activity leading
to the active demethylation of DNA [97].

It is also necessary to mention about two important substances that are present in a
turmeric rhizome: zinc ions and turmeric oil. Some studies show that zinc deficiency may
result in reduced methyl group transfer from SAM to cytosine in the methylated gene. It
can also complicate the binding of DNMT1 to DNA, which can lead to DNA demethylation
and global DNA hypomethylation [98].

6. Discussion, Conclusions and Future Perspectives

Numerous data have shown that curcumin from turmeric rhizome can modulate our
epigenome (Figure 3). It raises questions on its pharmacological applications in epigenetic
chemoprevention and anti-cancer therapy. From the experimental evidence discussed in
the present review, epigenetic modifications, mainly DNA methylation, are one of the
mechanisms by which curcumin inhibits breast cancer cell growth.
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Figure 3. Scheme demonstrating mechanisms used by curcumin to drive changes in the epigenome in breast cancer
inhibition. Curcumin binds to the DNMT1 catalytic domain and impairs its enzymatic activity. PCNA is crucial for DNMT1
activity during replication when DNA methylation pattern is copied from a parental to a daughter DNA strand. CDN1A
(P21 encoded by CDKN1A gene) competes with DNMT1 for the same binding site on PCNA, which impairs DNMT1
activity. Curcumin that leads to an increase in P21 expression may affect DNA methylation. Interconnections between the
components of the epigenome: DNA methylation, histone modifications and miRNAs. Curcumin driving changes in DNA
methylation patterns in breast cancer cells may have indirect effects on other epigenetic components (histone modifications
and miRNAs) and vice versa.

Aberrant epigenetic processes lead to dysregulated expression of many genes, with
the upregulated oncogenes and silenced TSGs at the different stages of breast cancer
development. Curcumin binds to the DNMT1 catalytic domain and impairs its enzymatic
activity. Moreover, curcumin-mediated CDN1A (P21 protein encoded by CDKN1A gene)
upregulation impairs DNMT1 activity. Since PCNA is crucial for DNMT1 activity during
replication when DNA methylation pattern is copied from a parental to a daughter DNA
strand, curcumin-reactivated CDN1A (P21) competes with DNMT1 for the same binding
site on PCNA. Hence, curcumin that leads to a relevant increase in P21 expression may
affect DNA methylation processes. The hitherto studies in different breast cancer models
have shown that curcumin exposure caused relevant changes in the expression profile of
genes encoding DNA methylating/demethylating enzymes (DNMTs (mostly DNMT1)
downregulation and TET1 upregulation), and histone deacetylating enzymes (HDAC1 and
HDAC2 downregulation), and alterations in the activity of numerous miRNAs. Therefore,
the interconnections between the components of the epigenome: DNA methylation, histone
modifications and miRNAs have to be highlighted. Curcumin driving changes in DNA
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methylation patterns in breast cancer cells may have indirect effects on other epigenetic
components (histone modifications and miRNAs) and vice versa.

Recent studies have shown that, as compared to most single-target drugs, the majority
of bioactive compounds, including curcumin do not target a single protein or pathway but
affects multiple cell signaling pathways. It may allow phytochemicals such as curcumin to
evade the development of resistance due to the activation of supporting alternative path-
ways. Curcumin via epigenetic anti-cancer activity may lead to re-activation of numerous
DNA-methylation-silenced TSGs and downregulation of oncogenes via promoter hyper-
methylation, and the proteins encoded by these genes might be the negative or positive
regulators of various intracellular oncogenic signaling pathways. Moreover, curcumin
by modulating the activity of different transcription factors, such as AP-1, NF-κB/SP1 or
TP53, may affect the transcriptional activity of DNMT1, as the AP-1, NF-κB/SP1 or TP53
binding sites have been identified within the DNMT1 regulatory region. It seems like the
curcumin would have the potential to alter “cancer-specific” DNA methylation pattern
and gene expression profile towards “normal-like”. Cell-type-specific effects of curcumin
are remarkable in many types of cancer, including breast cancer and only continued re-
search can allow a better understanding of cell signaling pathways targeted by this potent
anti-cancer agent.

Thus, curcumin showed promising chemopreventive effects in the laboratory experi-
ments, but its clinical application is still limited because of low water solubility and low
metabolic stability. Nevertheless, the numerous studies undergoing in various laboratories
and clinics intensively working on evolving novel phytochemical-based treatment options
for breast cancer implies that phytochemicals such as curcumin are the leading molecules
for future anti-cancer drug development targeting breast cancer-related signaling pathways.
Moreover, the effective doses of curcumin have not been shown to exert any toxicities or
side effects making this bioactive compound ideal preventative and anti-cancer agent.

Thus, the main challenges in the investigation of curcumin as an epigenetic anti-
cancer agent are new strategies of increasing its bioavailability, assessing the efficacy of the
metabolites and determining the role of this phytochemical alone or in combination with
other turmeric-derived compounds and existing drugs in improving anti-cancer efficacy.
These important issues should be addressed in future nutriepigenomic studies. Whilst
there is much more to be done, the available data so far indicate that curcumin can be a
potential target of drug development against cancer.
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Abstract: Curcumin, the main polyphenol contained in turmeric root (Curcuma longa), has played a
significant role in medicine for centuries. The growing interest in plant-derived substances has led to
increased consumption of them also in pregnancy. The pleiotropic and multi-targeting actions of
curcumin have made it very attractive as a health-promoting compound. In spite of the beneficial
effects observed in various chronic diseases in humans, limited and fragmentary information is
currently available about curcumin’s effects on pregnancy and pregnancy-related complications.
It is known that immune-metabolic alterations occurring during pregnancy have consequences
on both maternal and fetal tissues, leading to short- and long-term complications. The reported
anti-inflammatory, antioxidant, antitoxicant, neuroprotective, immunomodulatory, antiapoptotic,
antiangiogenic, anti-hypertensive, and antidiabetic properties of curcumin appear to be encouraging,
not only for the management of pregnancy-related disorders, including gestational diabetes mellitus
(GDM), preeclampsia (PE), depression, preterm birth, and fetal growth disorders but also to contrast
damage induced by natural and chemical toxic agents. The current review summarizes the latest
data, mostly obtained from animal models and in vitro studies, on the impact of curcumin on the
molecular mechanisms involved in pregnancy pathophysiology, with the aim to shed light on the
possible beneficial and/or adverse effects of curcumin on pregnancy outcomes.

Keywords: curcumin; pregnancy; pregnancy complications; postpartum depression; fetal development;
preterm birth; adverse effects

1. Introduction

Maternal nutrition is an essential and modifiable environmental factor that deeply influences maternal
and offspring health in the short and long-term [1–6]. Genetics, nutrition, and other environmental factors
significantly contribute to the physiological immune and metabolic modifications occurring in pregnancy,
to favor maternal adaptation to the growing and developing fetus. Maternal malnutrition adversely affects
these dynamic processes by acting on the mechanisms related to the nutritional programming, including
nutrition sensing signals, epigenetic regulation, gut microbiome, as well as on the nutrient-nutrient and
nutrient-drug interactions, modulating maternal and fetal genes in a sex-specific manner [3,6–9].

Over the last decades, the advantages of a healthy diet, rich in fruit and vegetables, have been
widely explored, highlighting that culinary herbs and spices might also effectively reduce the risk of
developing chronic diseases [10]. Among them, curcumin, a compound extracted from the rhizome
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of Curcuma longa, has been extensively studied in light of a wide range of properties, including
anti-inflammatory, antioxidant, anti-toxicant, antiapoptotic, immunomodulatory, neuroprotective,
hepatoprotective, antiangiogenic, anti-hypertensive, and antidiabetic activities, emerging as a candidate
therapeutic agent for several diseases [10–13]. Data from animal and in vitro studies provided evidence
that curcumin might be effective in counteracting the adverse programming processes in pregnancy.

The known pathophysiological mechanisms underlying pregnancy and the most common
pregnancy-related complications, such as gestational diabetes mellitus (GDM) [14], hypertension and
preeclampsia [15], fetal growth disorders [16], as well as the damage induced by natural and chemical
toxic agents [12] seem to be positively modulated by curcumin, although observed in in vitro and
animal studies.

Additionally, promising results from preclinical studies on the use of curcumin in different
neurological disorders [17] suggest a potential role in the treatment of post-partum depression (PPD)
as well, a largely underestimated pregnancy-related disorder [18].

Harmful effects of curcumin on embryo development in the early stages of pregnancy have also
been observed in animal studies [19]. Hence, the increasing consumption of natural products during
pregnancy requires particular attention, considering the complexity of the largely unknown processes
underlying maternal adaptation and fetal development.

We conducted a comprehensive literature search until 22 July 2020 using PubMed; and found
a good number of articles in English, using the keywords “pregnancy”, “pregnancy complications”,
“gestational diabetes”, “preeclampsia”, “reproductive toxicity”, “post-partum depression”, “placenta”,
“oocyte”, “blastocyst”, “embryo”, “preterm labor”, “fetal growth and development”, in combination
with the keywords “curcumin” and “dietary curcumin”. The aim of this review is to provide an
overview of both the potential health benefits and the possible adverse effects of curcumin in pregnancy
and pregnancy-related complications.

2. Curcumin: Functions, Bioavailability, and Delivery

Curcumin, also called diferuloylmethane, is a lipophilic polyphenol extracted from the rhizome of
Curcuma Longa (commonly known as turmeric). It has been widely used in traditional Indian
and Chinese medicine for thousands of years [20]. The pharmacological effects of turmeric
have been attributed mainly to curcuminoids, comprising curcumin and two related compounds,
demethoxycurcumin and bisdemethoxycurcumin, which are contained in commercial curcumin [21].
Curcumin is a potent anti-inflammatory and antioxidant agent that exerts a myriad of biological activities
by influencing multiple signaling pathways [10,11,13,22]. Curcumin is able to interact with a large
number of molecular and cellular targets (as summarized in this recent review [13]) and regulates gene
expression also by modulating epigenetic modifications (i.e., DNA methylation, histone modification,
and microRNA expression) [23,24]. This compound, by mutually interacting with intestinal microflora,
ameliorates gut microbiome dysbiosis, and influences the “gut–brain–microflora axis” to preserve
and favor brain health [25,26]. The overall result of these different activities is the improvement in
several disease states, including inflammatory, metabolic, endocrine, cardiovascular, gastrointestinal,
neurological, respiratory, viral, skin diseases, and cancer, as highlighted by the impressive number
of in vitro and in vivo studies summarized in recent papers [13,24,27,28]. Numerous clinical trials
have shown good tolerability, safety, and efficacy of curcumin in the treatment of multiple chronic
diseases—including cardiovascular diseases, diabetes, neurodegeneration, arthritis, and cancer—at
doses up to 6–12 g/day [10,11,13]. In light of this, the United States Food and Drug Administration
(FDA) has “Generally Recognized As Safe” (GRAS) curcumin as an ingredient in various food categories
(0.5–100 mg/100 g) [29]; and the European Food Safety Authority (EFSA) Panel on Food Additives and
Nutrient Sources added to Food (ANS), defined the Allowable Daily Intake (ADI) value of 0–3 mg/kg
bw/day of curcumin as a food additive [30]. However, despite its potential therapeutic benefits,
curcumin is poorly bioavailable due to its rapid metabolism, and the small portion of substance
that is absorbed is extensively bio-transformed into its water-soluble metabolites, glucuronides,
and sulfates [10]. Therefore, several strategies have been developed to enhance its bioavailability
and efficacy, to increase oral and gastro-intestinal absorption, and to reduce the clearance from the
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body [31–33]. For this purpose, taking into consideration that curcumin is fat-soluble, several delivery
systems have been developed to obtain a number of formulations by mixing curcumin with different
materials, including adjuvants, such as piperine [32,33]. Micelles, liposomes, phospholipid complexes,
phytosomes, emulsions, microemulsions, nano-emulsions, solid lipid nanoparticles, nanostructured
lipid carriers, biopolymer nanoparticles, and microgels represent different and recent technical
approaches to encapsulate curcumin [32–34], although further studies are needed to evaluate their
effectiveness and safety as potential health-promoting compounds in humans.

3. Role of Curcumin in Pregnancy

3.1. Altered Glucose Metabolism

It is well known that dynamic changes in insulin sensitivity take place during healthy pregnancy
to allow adequate supply to the growing fetus [35]. In pregnancy, several players, including hormones,
cytokines, and metabolic factors, contribute to the development of insulin resistance through complex
mechanisms, not yet completely understood [36,37]. Maternal obesity, related to unhealthy diet and
lifestyle, can negatively affect insulin sensitivity leading to the development of GDM and type 2
diabetes (T2D), with serious short and long-term health consequences for both the mother and the
offspring [38,39]. Recent evidence emphasized the anti-hyperglycemic activity of curcumin, both in
animals and humans [40]. Specifically, this compound had the capability to improve glucose uptake,
insulin sensitivity, and pancreatic β-cell function, as well as liver and kidney function, and to reduce
glucose and lipid levels, oxidative stress, and inflammation [41], by interacting with almost all the
players involved in these processes, as demonstrated in in vitro studies [13,41].

As regards human studies, the effects of curcumin supplementation have been evaluated in
several randomized controlled trials. A recent intervention study showed that 1500 mg/day curcumin
supplementation (500 mg capsules: 347 mg of curcumin, 84 mg of demethoxycurcumin, and 9 mg
of bisdemethoxycurcumin) for 10 weeks reduced triglycerides (TG) and C-reactive protein (CRP),
and increased adiponectin levels [42], whereas 500 mg/day curcumin co-administered with piperine
5 mg/day for three months was able to reduce blood glucose, C-peptide, glycated hemoglobin (HbA1c),
alanine aminotransferase (ALT) and aspartate aminotransferase (AST), in patients with T2D [43].
Another study showed that the daily ingestion of 2100 mg turmeric powder for eight weeks resulted
in a reduction in body weight, low density lipoprotein-cholesterol (LDL-c), and TG levels, with no
significant effects on glycemia, CRP, and HbA1c, in hyperlipidemic T2D patients [44]. In obese women
with polycystic ovary syndrome (PCOS), 1000 mg/day curcumin supplementation (500 mg twice
daily: 70–80% curcumin, 15–20% demethoxycurcumin and 2.5–6.5% bisdemethoxycurcumin) for six
weeks improved serum insulin and the Quantitative Insulin Sensitivity Check Index [45]. A recent
meta-analysis reported that curcumin intake was associated with reduced body mass index (BMI),
body weight, body fat, leptin value, and increased adiponectin levels in patients with metabolic
syndrome and related disorders [46]. Overall, the dosage and duration of curcumin supplementation
appear to differently modulate glucose metabolism in humans.

A recent promising approach to treat hyperglycemia consists of combining the effects of curcumin
and the ongoing antidiabetic agents, as observed in diabetic rats treated with a combination of curcumin
and metformin. Specifically, this association improved hyperglycemia, dyslipidemia, and oxidative
stress, increasing the activity of the antioxidant enzyme paraoxonase 1 (PON1), in diabetic rats [47].

Dietary bioactive compounds might have beneficial effects on GDM [5,48]. In particular, curcumin
appeared to improve GDM and GDM-related complications in a recent study in a mouse model.
Specifically, C57 BL/KsJdb/+ diabetic pregnant mice were supplemented with different curcumin
dosages: 50 mg/kg and 100 mg/kg/day, from gestational day zero (GD 0) to GD20. Results showed
that 100 mg/kg curcumin significantly reduced blood glucose and insulin levels, increased hepatic
glycogen content, and improved oxidative stress by reducing thiobarbituric acid reactive substance
(TBARS) and increasing glutathione (GSH) levels, superoxide dismutase (SOD), and catalase (CAT)
activities in the liver of diabetic pregnant mice at gestational day 20. The reduced 5’ adenosine
monophosphate-activated protein kinase (AMPK) and increased Histone Deacetylase 4 HDAC4
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activities observed in GDM liver were reverted by curcumin treatment. Furthermore, curcumin
positively influenced the offspring of mothers with GDM, restoring litter size and birth weight, and
inducing the reduction of glucose-6-phosphatase (G6Pase) expression and activity in the liver [14]
(Table 1). Congenital birth defects, including neural tube defects (NTD), occur more often in the offspring
of diabetic mothers. In a recent study, mouse embryos (at E8.5 of development) were cultured for 24 h
with 100 mg/dL glucose, in the absence or presence of curcumin (10 and 20 μM). Remarkably, 20 μM
curcumin was able to reduce the rate of embryos with NTD induced by high glucose. Curcumin reduced
high glucose-induced oxidative and nitrosative stress [i.e., decreased 4-hydroxynonenal (4-HNE),
nitrotyrosine levels, and lipid hydroperoxide (LPO)], as well as endoplasmic reticulum (ER) stress
(i.e., decreased expression of ER-markers stress such as phosphorylated protein kinase-like endoplasmic
reticulum kinase (p-PERK), phosphorylated inositol-requiring protein-1α (p-IRE1α), phosphorylated
eukaryotic initiation factor 2α (p-eIF2α), C/EBP-homologous protein (CHOP), binding immunoglobulin
protein (BiP), and x-box binding protein 1 (XBP1). Moreover, 20 μM curcumin inhibited the cleavage
of pro-apoptotic caspases (i.e., casp-3 and -8) [49]. Although the results from preclinical studies
are overall promising, further research is needed to better understand the molecular mechanisms
underlying diabetic complications, as well as the pharmacodynamics and pharmacokinetics of
curcumin in pregnancy, to conceivably employ this compound as a therapeutic agent for human
pregnancy complications.

Table 1. Effects of curcumin on pregnancy and pregnancy-related disorders.

Curcumin Experimental Model Outcomes References

Altered glucose metabolism

100 mg/kg/day (from 0 to 20 GD) Mouse model of GDM

↓Maternal glucose and insulin levels;
improved oxidative stress (↑ GSH,
SOD, CAT), and ↑AMPK and
↓HDAC4, in the liver; restored
offspring litter size and body weight

Lu, X., 2019 [14]

20 μM for 24 h
Mouse embryos (E8.5 of
development) cultured for
24 h with 100 mg/dL glucose

↓Neural tube defects by reducing
oxidative stress (↓4-HNE, ↓LPO, ER
stress (↓p-PERK, p-IRE1α, p-eIF2α,
CHOP, BiP and XBP1 expression), and
apoptosis (↓caspase-3 and -8 cleavage)

Wu, Y., 2015 [49]

Cardiovascular disorders

0.36 mg/kg/day (from 0 to GD18) Rat model of PE
(LPS-induced)

Improved hypertension, proteinuria,
and renal damage; ↓serum levels of
IL-6 and MCP-1; ↓ placental TLR4,
IL-6, and NFkB expression; improved
trophoblast invasion and spiral artery
remodeling

Gong, P., 2016 [50]

0.36 mg/kg/day (from 0.5 to GD18) Mouse model of PE
(LPS-induced)

↑Number of live pups, and fetal and
placental weight; ↓inflammation
(↓TNF-α, IL-1β, IL-6, MCP-1, and
MIP-1 placental expression), ↑ Akt
activation

Zhou, J., 2017 [51]

5–10 μM for 24 h
HTR8/SVneotrophoblast
cells (model for human
first-trimester placenta)

↑Proliferation associated with Akt
activation, ↑tube formation;
↑proangiogenic factors VEGF,
VEGFR2, and FABP4 expression; ↑
expression of NOTCH-signaling
pathway mediators; ↑promoter
hypomethylation of oxidative and
metabolic stress genes

Basak, H., 2020 [15]
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Table 1. Cont.

Curcumin Experimental Model Outcomes References

5 μM for 24 h HTR8/SVneo trophoblast
cells (H2O2-treated)

↑Cells viability; ↓oxidative stress
(↑CAT, GSH-Px activities); ↑Nrf2
activation and ↓ caspase-3 activation

Qi, L., 2020 [52]

60 μM for 24 h Human placental and fetal
membranes, LPS-treated

↓IL-6, IL-8, and COX-2 mRNA
expression; ↓PGE2 and PGF2a release;
↓MMP-9 expression and NFkB
activation

Lim, R., 2013 [53]

100 mg (single dose) 47 pregnant women with PE No differences in serum level of
COX-2 and IL-10 Fadinie, W., 2019 [54]

Fetal growth and development

100 mg/kg/day (from 1.5 to 19.5 GD) Mouse model of FGR
(low-protein diet)

↓Placental apoptosis and ↑ placental
blood sinusoids area; ↑GSH-Px
activity, Nfr2 mRNA expression;
↑antioxidant genes expression (SOD1,
SOD2, CAT, Nrf2, and HO-1), in fetal
liver

Qi, L., 2020 [16]

400 mg/kg/day at 6 weeks of age for
6 weeks FGR newborn rats

↓TNF-α, IL-1β and IL-6 levels,
↓activity of AST, ALT, and MDA,
↑Gpx and GSH activity, in
serum;↓NF-kB and JAK2 expression,
↑antioxidant genes (Nqo1, Hmox1,
Gst, Gpx1 and Sod1), an Nfr2
activation, in the liver

He, J., 2018 [55]

400 mg/kg/day at 6 weeks of age for
6 weeks FGR newborn rats

↓Glucose levels and IR; ↓TAG, NEFA,
total cholesterol, ↑glycogen (↓IRS-1
and Akt phosphorylation, CD36,
SREBP-1, and FASN expression,
↑PPARα), in the liver

Niu, Y., 2019 [56]

100 mg/kg (single dose) Mouse model of PTB,
LPS-induced

↓TNF-α, IL-8, MDA, and ↑SOD serum
levels; ↓NFkB activation in placenta Guo, Y.Z., 2017 [57]

Toxicant agents

200 mg/kg/day (from 7 to PND28) Pregnant rats, BPA-treated

Neuroprotective; ↑proliferation and
differentiation of neuronal stem cells
(↑neurogenin and neuroD1
expression); ↓apoptosis (↓Bax, ↑Bcl-2
expression); improvement in learning
and memory

Tiwari, S.K., 2019 [58]

150/300 ppm/day (from GD1 to
15PND)

Pregnant mice,
HgCl2-treated

↑Neurodevelopment and ↓anxiety
(↑levels of DA, 5-HT, AChE, and GSH)

Abu-Taweel, G.M.,
2019 [59]

150/300 ppm/day (from GD1 to
15PND)

Pregnant mice,
HgCl2-treated

↑Pups body weight; ↑male genitalia
weight, testosterone, and FSH levels;
↑ovary weight and progesterone, FSH
and LH levels; improved sexual
behavior in both sexes

Abu-Taweel, G.M.,
2020 [60]

16 g/kg/day during pregnancy and
lactation Pregnant rats, Pb-treated

Prevented central nervous system
dysfunction allowing normal
locomotor behavior

Benammi, H., 2017 [61]

Pretreatment with curcumin 500
nmol/kg/day (from ED 13.5 to E16.5)

Pregnant mice,
celecoxib-treated

↑Neurogenesis in fetal frontal cortex
(↑Cyclin D1 expression, and
activation of Wnt/βcatenin signaling
in neural progenitor cells)

Wang, R., 2017 [62]

Single-dose curcumin (1 g/kg) in
neonatal rats Pregnant rats, VPA-treated

↑Body and brain weight in pups;
↓IL-6, IFN-γ, and ↑GSH, CYP450
expression, in brain pups

Al-Askar, M., 2017 [63]

Offsprings 100 mg/kg/day
(from 28 to 35 PND

PLAE-pregnant mice
(offspring peri-adolescence
period)

Improved offspring anxiety and
memory deficits;
↓Neuroinflammation (↓IL-6, TNF-α,
and NF-kB expression)

Cantacorps, L.,
2020 [64]

Embryos 25 μM for 24 h PAE-pregnant mice
(embryos E17.5)

Improved offspring anxiety and
memory deficits; ↓neuroinflammation
(↓IL-6, TNF-α, and NF-kB expression)

Yan, X., 2017 [65]

Adverse effects on embryos

24 μM for 24 h Mouse blastocysts
↑Apoptosis (↑Bax and ↓Bcl-2
expression); ↓ implantation rate and
development

Chen, C.C., 2010 [66]

24 μM for 24 h Mouse oocytes ↑Apoptosis; ↓ oocytes fertilization;
↓implantation rate and development Chen, C.C., 2012 [67]
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Table 1. Cont.

Curcumin Experimental Model Outcomes References

6–24 μM for 24 h

Mouse blastocysts (at
implantation stage and
during the early
post-implantation stage)

Dose-dependent damage, 24 μM
lethal for all blastocysts Huang, F.J., 2013 [68]

Curcuma longa extract
(7.80–125 μg/mL) for 5 days

Zebrafish embryos and
larvae at different hours of
post-fertilization (24–120 h)

Dose-dependent toxic effects:
malformations above 62.50 μg /mL,
and mortality at 125.0 μg/mL

Alafiatayo, A.A.,
2019 [19]

Abbreviations: ↑ Increases; ↓ Decreases; GDM, gestational diabetes mellitus; GD, gestational day; GSH, glutathione;
SOD, superoxide dismutase; CAT, catalase; AMPK, 5′ AMP-activated protein chinasi; HDAC4, histone deacetylase 4;
4-HNE, 4-hydroxynonenal; LPO, lipid peroxidation; ER, endoplasmic reticulum; p-PERK, phospho-protein kinase-like
endoplasmic reticulum kinase; p-IRE1α, phospho-inositol-requiring kinase 1α; p-eIF2α, phospho-eukaryotic Initiation
Factor 2α; CHOP, C/EBP homologous protein; BiP, binding immunoglobulin protein; XBP1, X-box-binding protein-1;
PE, preeclampsia; LPS, lipopolysaccharides; IL6, interleukin-6; MCP-1, monocyte chemoattractant protein-1; TLR4,
toll-like Receptor 4; NFkB, nuclear transcriptor factor kappa B; TNFα, tumor necrosis factor α; IL1β, interleukin-1β;
MIP-1, macrophage inflammatory protein-1; Akt, protein kinase B; VEGF, vascular endothelial growth; VEGFR2,
vascular endothelial growth factor receptor 2; FABP4, fatty acid binding protein 4; GSH-Px, glutathione peroxidase;
Nrf2, nuclear factor erythroid-2-related factor-2; IL-8, interleukin-8; COX-2, cyclooxigenase-2; PGE2, prostaglandin
E2; PGF2a, prostaglandin F2α; MMP-9, metalloproteinase-9; IL-10, interleukin-10; FGR, fetal growth restriction; HO-1,
heme oxygenase-1(enzyme); AST, aspartate aminotransferase; ALT, aminotransferase; MDA, malondialdehyde; JAK2,
Janus kinase 2; Nqo1, quinone dehydrogenase; Hmox1, heme oxygenase 1 (gene); Gst, glutathione S-transferase; Gpx1,
glutathione peroxidase; IR, insulin resistance; TAG, triglycerides; NEFA, Non-Esterified Fatty Acids; IRS-1, insulin
receptor substrate-1; PTB, preterm birth; CD36, cluster of differentiation 36; SREBP-1, stearoyl CoA desaturase-1;
FASN, Fatty acid synthase; PPARα, Peroxisome Proliferator Activated Receptors-α; PND, postnatal day; BPA,
bisphenol-A; DA, dopamine; 5-HT, serotonin; AChE, acetylcholinesterase; FSH, follicle stimulating hormone; LH,
luteinizing hormone; ED, embrionic day; Pb, plumbum (lead); VPA, valproic acid; IFN-γ, interferon γ; CYP450,
cytochromes P450; PLAE, prenatal and lactational alcohol exposure; PAE, prenatal alcohol exposure; PND, postnatal
day; B-cell lymphoma protein 2 (Bcl-2)-associated X (Bax); B-cell lymphoma protein 2 (Bcl-2).

3.2. Cardiovascular Disorders

Critical changes in the cardiovascular system occur in physiological pregnancy, to ensure maternal
and fetal adaptation to the increased metabolic demand and to guarantee adequate uteroplacental
circulation for fetal growth. A healthy pregnancy is hallmarked by systemic vasodilatation, significantly
related to the high levels of estrogen and progesterone. Cardiac output and heart rate rise during
gestation and the activation of the renin-angiotensin-aldosterone system leads to a significant increase
in total blood volume. Alterations in these processes are associated with maternal and fetal morbidity
and mortality [69]. Obesity, older maternal age, and diabetes mellitus increase the risk of cardiovascular
diseases in pregnancy (1–4%), with a higher prevalence when including hypertensive disorders—chronic
hypertension, pregnancy-induced hypertension, pre-eclampsia, and HELLP syndrome (hemolysis,
elevated liver enzymes, and low platelet count) [70]. Considering the anti-inflammatory, antioxidant,
and antiangiogenic activities observed in several studies, curcumin is a potential therapeutic compound
in cardiovascular disorders [71].

Preeclampsia (PE) is a systemic syndrome characterized by hypertension and proteinuria,
which begins after 20 weeks of gestation; it occurs in 2–8% of pregnancies, and it is a leading
cause of maternal and fetal morbidity and mortality [72]. Although the pathophysiology of PE
remains to be elucidated, alterations in maternal vascular physiology have been described, leading to
a generalized vasoconstrictive state, systemic oxidative stress, inflammation, and endothelial cell
dysfunction, with severe adverse effects on the placenta, one of the major organs that develops
after conception [73,74]. Strategies to reverse or arrest the pathological processes of PE are aimed
at reducing excessive inflammatory response, micro-emboli formation, and vasoconstriction by
using specific drugs or natural products [75]. For this purpose, studies in animal models have
been performed. It has been observed that in lipopolysaccharides (LPS)-treated pregnant rats to
create a PE model (LPS 0.5 μg/kg on gestational day 5), the administration of curcumin (0.36 mg/kg,
from GD 0 to GD18) improved hypertension, proteinuria, and renal damage, and reduced serum
levels of IL-6 and monocyte chemoattractant protein-1 (MCP-1). Curcumin treatment ameliorated
inadequate trophoblast invasion and spiral artery remodeling, significant histopathological alterations
observed in PE. Analysis of placental tissue showed that curcumin administration decreased the
LPS-induced expression of the inflammatory molecules toll-like receptor (TLR)-4, IL-6, and the
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proinflammatory transcription factor NF-kB. According to the obtained data, the authors hypothesized
that curcumin may positively modulate the cascade of different signaling pathways involved in
PE development [50]. Similar results were obtained in a mouse model of LPS-induced PE. In this
study, in addition to blood pressure and proteinuria reduction, curcumin increased the number of
live pups, fetal and placental weight, and decreased fetal desorption. These effects were associated
with the inhibition of placental expression of TNF-α, IL-1β, IL-6 cytokines, and MCP-1 and MIP-1
chemokines, and with a reduction in macrophage infiltration. The reduced inflammatory status was
accompanied by increased activation of the serine/threonine-specific protein kinase Akt, involved
in cellular proliferation [51]. Neo-vascularization is a critical event mediated by several angiogenic
factors—including the vascular endothelial growth factor (VEGF), fibroblast growth factors (FGFs),
matrix metalloproteinases (MMPs)—and inflammatory factors such as Cyclooxygenase (COX)-2 and
NF-kB, occurring not only in tumor progression but also in early placentation [76,77]. Curcumin
appears to modulate the above-mentioned factors, influencing vessel formation by acting either as a
proangiogenic or as an antiangiogenic molecule, depending on the concentration and the cell type [77].
A recent study investigated the effect of curcumin in HTR8/SVneo trophoblasts cells, a model of
the human first-trimester placenta. Incubation with curcumin at low concentration (5–10 μM for
24 h) stimulated (i) proliferation with concomitant activation of Akt, (ii) tube formation of placental
trophoblast HTR8/SVneo cells, (iii) and increased the expression of the proangiogenic factors VEGF,
VEGFR2, and FABP4. In addition, curcumin treatment strongly increased the mRNA and protein
expression of HLA-G, involved in the immune regulation during trophoblast invasion; and mRNA
expression of a relevant number of genes related to the NOTCH-signaling pathway, which regulates
angiogenesis. The authors examined the promoter methylation of genes involved in metabolic and
oxidative stress and observed that curcumin induced hypomethylation in genes involved in the
protection against oxidative stress and DNA damage. Altogether these data indicate that curcumin is
able to promote angiogenesis and to activate protective pathways in the first trimester of pregnancy,
and supports the development of the placental trophoblast [15]. Moreover, HTR8/SVneo trophoblast
cells were used to evaluate the protective effects of curcumin against oxidative stress induced by
H2O2 (400 μM for 24 h). Results showed that pretreatment with curcumin (5 μM for 24 h) increased
cell viability, upregulated the activities of the antioxidant enzymes CAT and glutathione peroxidase
(GSH-Px), reduced the H2O2-induced ROS accumulation and the apoptotic rate. At molecular levels,
these data were associated with an increased nuclear translocation of the antioxidant transcription
factor Nrf2, and reduced expression of cleaved-caspase 3 [52].

The anti-inflammatory activity of curcumin has been also observed in vitro in human gestational
tissues treated with LPS. Specifically, incubation with curcumin (60 μM for 24 h) reduced IL-6 release,
and IL-6 and IL-8 mRNA expression induced by LPS, in both placenta and fetal membranes. Moreover,
curcumin decreased placental COX-2 mRNA expression, prostaglandin PGE2 and PGF2a release,
and the expression and activity of the matrix-degrading enzyme MMP-9, in association with reduced
activation of NF-kB [53].

Although several clinical trials emphasized the benefits of curcumin in different pathological
contexts [10,11,32,78], there are few data on curcumin supplementation in human pregnancy. Recently,
a double-blind randomized clinical trial involving 47 pregnant women with preeclampsia was
conducted to evaluate the possible effect of curcumin on the expression of COX-2 and IL-10, thought to
have a role in the pathogenesis of PE. The enrolled patients were randomized to receive either curcumin
100 mg/d (n = 23) or placebo (n = 24) [54]. The authors analyzed the circulating levels of IL-10 and
COX-2, at T0, 90 min after curcumin ingestion, and 12 h after delivery. Results showed that curcumin
did not modify the expression of the analyzed molecules at any tested time. The authors hypothesized
that the absence of effect might be due to the low dose of curcumin, taking into account that in
non-pregnant subjects doses can reach more than 1 g/day [54].

3.3. Postpartum Depression

During the antenatal and postpartum periods, women are particularly prone to develop mental
disorders, including depression. Postpartum depression (PPD) occurs in 10–20% of women, leading to
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significant health consequences for both mother and offspring [79]. This condition has been largely
underestimated and understudied so far. Hence, its prevalence is supposed to be higher, conceivably
reaching 50% of women. Symptoms of depression begin during pregnancy in about 30% of women and
numerous environmental, genetic, biochemical, and epigenetic factors likely contribute to the onset of
PPD [79–81], although the exact mechanisms responsible for this condition are not yet completely known.
Several pharmacological and psychological approaches are currently adopted to treat PPD, even though
complementary and alternative medicine have also been taken into consideration. Increasing data
have suggested the neuroprotective roles of a healthy diet, rich in fruit and vegetables, highlighting its
positive influence on mental health [82]. On the contrary, an unhealthy dietary pattern increases the risk
of systemic low-grade inflammation and neuroinflammation, known to be associated with PPD [18].
The neuroprotective and antidepressant benefits of curcumin have been known for a long time [83–85].
Several preclinical studies have suggested potential positive effects of curcumin in treating neurological
disorders, such as Alzheimer’s disease, Parkinson’s disease, multiple sclerosis, migraine, epilepsy,
brain and spinal cord injury, and depression [17,86,87]. Lopresti and colleagues have investigated the
effects of curcumin on depression outcomes in humans. They observed that eight-week curcumin
supplementation (500 mg twice a day) in subjects with major depressive disorder (MDD) was effective
in reducing depressive and anxiety symptoms, as demonstrated by the reduction in total depressive
symptoms (total IDS score), mood/cognitive depressive symptoms (IDSm), arousal-related symptoms
(IDSa), and trait anxiety (STAIt) [88]. This supplementation resulted in an increase in urinary levels
of both the arachidonic acid metabolite thromboxane B2 (Tbx-B2) and the neuropeptide substance P
(SUB-P), potentially involved in depression mechanisms. Moreover, although curcumin did not modify
plasma levels of endothelin-1 and leptin, a greater antidepressant benefit was observed in subjects
with the highest baseline levels of these molecules. The authors hypothesized that curcumin might act
by increasing endothelin and leptin receptor activities [89]. Similarly, in another trial, 1000 mg/day
curcumin ingestion for six weeks or the administration of the antidepressant drug fluoxetine showed
comparable efficacy in subjects with MDD [90]. A recent meta-analysis provided relevant information
about curcumin use in depression. Specifically, this analysis revealed that curcumin administration
(i) appears to be more effective in reducing depression symptoms at a higher dosage (1 g/day) and for
six weeks or more; (ii) can enhance the action of antidepressants; and (iii) has more effects on subjects
with major depression and without other comorbidities [86]. These results indicate the need for further
study to better comprehend the mechanisms of action of curcumin in depression treatment.

Data obtained from animal and in vitro studies have indicated that curcumin might exert
antidepressant activity by acting on different signaling pathways involved in mental disorders.
Specifically, this compound is able to ameliorate the hypothalamic-pituitary-adrenal (HPA) axis
disturbances [91]. Curcumin can influence the unbalanced release of monoamine neurotransmitters—
such as serotonin (5-HT), dopamine (DA), noradrenaline, and glutamate—the expression of monoamine
oxidase (MAO), the expression of neurotrophic factors such as brain-derived neurotrophic factor
(BDNF) and neurogenesis, as well as the dysregulated immune system function and oxidative
and nitrosative stress. Thus, curcumin appears to promote neurogenesis and inhibit neuronal cell
apoptosis [83,84,92,93]. Despite the consistent evidence of efficacy and safety of curcumin treatment in
other pathological conditions, to date, data on its effects on depression in pregnancy are completely
lacking. However, in the last years, there has been a growing awareness of the possible role of
anti-inflammatory micronutrients in improving PPD symptoms [18].

3.4. Fetal Growth and Development

According to the theory of the fetal origin of adult diseases (FOAD) hypothesized by David Barker,
the intrauterine environment has a relevant role in fetal growth and development and influences disease
susceptibility in the offspring in the short and long term [94]. The physiological processes of pregnancy
require immune and metabolic modifications to accommodate the growing fetus; maternal malnutrition
negatively influences this dynamic equilibrium, leading to tissue-specific impairment, with serious
adverse outcomes for both mother and child [3,6]. Taking into consideration the importance of nutrition
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in human development, there is a need for better understanding the nutritional programming and the
related mechanisms and players acting during pregnancy.

The placenta has the fundamental role of transferring nutrients to the fetus, and alterations in
placental function have severe effects on fetal growth. Placental insufficiency is the most common cause
of fetal growth restriction (FGR), a serious condition that affects 3–7% of all newborns [95]. Although the
pathophysiology of FGR is not completely known, excessive oxidative stress and inflammation, as well
as the activation of a complex network of several signaling pathways, appear to be involved [95,96].
The antioxidant and anti-inflammatory effects exerted by curcumin on the placenta [53] were confirmed
in a mouse model of FGR fed with a low-protein (LP) diet [16]. The authors showed that maternal
supplementation with curcumin (100 mg/kg day, from 1.5 to 19.5 GD) induced a potent antioxidant
response in LP-fed pregnant mice; specifically, curcumin (i) increased GSH-Px activity, Nfr2 mRNA
expression, and the blood sinusoids area; (ii) reduced malondialdehyde (MDA) content and apoptosis
in the placenta, leading to increased placental efficiency; and (iii) elevated the expression of the
antioxidant genes SOD1, SOD2, and CAT, and protein expression of Nrf2 and eme oxygenase-1(HO-1)
in the liver. Overall, curcumin supplementation during pregnancy was able to revert tissue damage
and contrast the decrease in fetal weight induced by a LP diet [16]. Curcumin appeared to improve
birth weight, inflammation, and oxidative damage also in FGR newborn rats. Indeed, FGR rats
supplemented with 400 mg/kg curcumin (at six weeks of age for six weeks) displayed reduced levels of
the inflammatory cytokines TNF-α, IL-1β, and IL-6, reduced activity of AST, ALT, and MDA enzymes,
and increased Gpx and GSH activity in serum. Antioxidant defense in the liver was significantly
improved as well. The attenuation of the inflammatory status induced by curcumin was associated
with (i) reduced activation of NF-kB and JAK2; (ii) increased expression of the antioxidant genes
(Nqo1, Hmox1, Gst, Gpx1, and Sod1), and activation of their regulatory transcription factor Nfr2,
in the liver [55]. Successively, the same authors investigated the effects of curcumin on insulin
resistance (IR) and hepatic lipid accumulation in FGR newborn rats. Specifically, supplementation
with 400 mg/kg curcumin (at six weeks of age for six weeks) attenuated IR by reducing serum insulin,
glycemia, and homeostasis model assessment of insulin resistance (HOMA-IR). Furthermore, in the
liver, curcumin diminished total cholesterol, TG, and non-esterified fatty acids (NEFA); increased
glycogen concentration and induced the activation of lipolytic enzymes, together with a reduction in
IRS-1 and Akt phosphorylation, a decrease in CD36, SREBP-1, and FASN expression, and an increase
in PPARα levels. Overall, these data showed that curcumin could improve IR and lipid accumulation
in the liver by regulating insulin signaling pathways, and promoting lipolysis and fatty acid oxidation
in FGR rats [56].

Of note, curcumin alleviated also jejunum damage in FGR growing pigs. Indeed, the addition of
200 mg/kg curcumin to diet improved antioxidant defense (i.e., increased SOD and decreased MDA
activity), immune-related gene expression (reduced mRNA of TNFα, IL-6, and IFNγ, and increased
IL-2), and decreased apoptotic genes, such as caspase3 and Bax in the jejunum. Moreover, curcumin
supplementation increased mRNA expression of the tight junction-related gene ocln [97].

Preterm birth (PTB) is a pregnancy complication that affects about 11% of births worldwide and is
associated with increased maternal and neonate morbidity and mortality [98]. An altered inflammatory
status appears to be associated with PTB. Thus the anti-inflammatory activity of curcumin has been
evaluated in a mouse model of PTB, obtained through LPS injection in the abdominal cavity [57].
The injection of 100 mg/kg curcumin into the abdominal cavity, one day before (preventative group)
or one day after (treatment group) LPS treatment, significantly reduced serum levels of TNF-α,
IL-8, and MDA, and increased SOD levels, in both the experimental conditions, in pregnant mice.
The staining intensity of NF-κB p65 showed that curcumin was able to reduce the LPS-induced
expression of this inflammatory transcription factor in placental tissue both in the preventative and in
the treatment group [57].

3.5. Toxicant Agents

Besides maternal nutrition, many other factors, including exposure to chemical and natural toxic
agents, drugs, alcohol, smoking, and maternal stress influence fetal growth and development [99].
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Among the myriad of properties, curcumin appears to be able to reduce toxicity induced by several
environmental agents in different organs and tissues, including the brain and liver [12].

Bisphenol-A (BPA) is a chemical substance adapted to produce plastic. It has been considered
an endocrine disruptor by the European Chemicals Agency (ECHA 2017) [100] due to its estrogenic
activity. BPA exposure in pregnancy is associated with negative outcomes, including impaired fetal
growth and childhood adiposity [101].

Remarkably, this synthetic compound affected the processes of neurogenesis in the hippocampus
of the developing rat brain, and curcumin treatment showed neuroprotective activity by reverting
BPA-induced effects. Specifically, pups from a pregnant rat receiving BPA (40 μg/kg body weight/day
from GD6 to PND28) were treated with curcumin (200 mg/kg body weight/day from PND7 to PND28).
The authors performed accurate experiments on embryo and pup brains and examined the expression
of genes and pathways involved in neurogenesis. They observed that curcumin attenuated the
BPA-induced reduction in neuronal stem cells (NSC) proliferation and differentiation. At molecular
levels, the improvement in neurogenesis was associated with the enhanced expression of the proneural
transcription factors neurogenin and neuroD1, the reduced expression of the proapoptotic molecule
Bax, the increased expression of the antiapoptotic molecule Bcl-2, and the activation of Wnt/βcatenin
signaling that regulates NSC proliferation and differentiation. Of note, the benefits of curcumin resulted
in improved learning and memory in BPA-treated pups [58].

Mercury (Hg) is a widely diffused toxic heavy metal that occurs naturally in three forms, namely
metallic Hg, organic Hg, and inorganic Hg. Human exposure to Hg occurs mainly through the
environment (e.g., mercury-contaminated sea fish, dental amalgam). Of note, occupation (e.g., mining)
is another important source of exposure for humans and is associated with possible multi-organ
toxicity [102]. As for the influence of Hg on neurodevelopment, a cross-sectional study, involving healthy
Saudi mothers and their infants (age 3–12 months), showed an association between Hg exposure
and neurodevelopmental delay, with possible negative effects persisting also in adulthood [103].
Interestingly, curcumin appeared to mitigate Hg toxicity in animal models [102]. Specifically, pregnant
mice were exposed (from 1GD to 15PND) to 10 ppm mercuric chloride (HgCl2) in the presence or absence
of 150 and 300 ppm curcumin. Hg exposure induced serious damage to the development of neuromotors,
and increased anxiety behavior in pups. Curcumin administration improved neurodevelopment
and reduced anxiety, by restoring the levels of neurotransmitters DA, 5-HT, and acetylcholinesterase
(AChE), and of the antioxidant GSH, decreased by Hg exposure, in forebrain pups [59]. Moreover,
by using the same experimental conditions, the authors analyzed changes in body weight, sexual
behavior, and fertility in male and female pups. The obtained data showed that curcumin counteracted
the perinatal effects of Hg exposure by increasing (i) body weight, liver and brain weight in male and
female pups; (ii) epididymis, seminal vesicle, testis weight in males; and (iii) ovary weight in females;
also sexual behavior was improved in both sexes. Moreover, curcumin increased testosterone and FSH
levels, and sperm motility in males, as well as FSH, LH, and progesterone in females, reduced by Hg
exposure [60].

Lead (Pb) is a heavy metal widely spread in the environment. It is extremely dangerous for
both animals and humans. Lead exposure occurs mainly through food and water contamination,
and air pollution. Lead can cross the placental and blood-brain barrier, inducing neurotoxicity.
Curcumin exerted neuroprotective effects contrasting lead-induced damage in rats. The concomitant
exposure of rat mothers to Pb (3 g/L) and curcumin (16 g/kg) during pregnancy and lactation resulted
in the recovery of the Pb-induced altered sensorimotor functions in neonatal rats. Pb neurotoxicity
produced alterations in locomotor neuronal network development and curcumin treatment reversed
these anomalies, allowing normal locomotor behavior. These findings indicate that curcumin has the
capability to prevent central nervous system dysfunction induced by lead during the earlier stages of
development [61].

Celecoxib is a selective inhibitor of COX-2 that is able to reduce pain and inflammation caused by
several inflammatory conditions [62]. Since recent data have shown that the inhibition of COX-2 reduced
adult neural cell proliferation and differentiation [104], Wang et al., investigated the neuroprotective
action of curcumin on fetal brain development in pregnant mice treated with celecoxib [62]. Specifically,
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pregnant mice were pretreated with curcumin (500 nmol/kg body weight) from embryonic day (E)
13.5 to E16.5, and then with celecoxib (300 mg/kg body weight) from E16.5 to E17.5. Results showed
that curcumin counteracted the celecoxib-induced inhibition of neurogenesis in the fetal frontal cortex,
by increasing proliferation and Cyclin D1 expression in neural progenitor cells, and by activating
Wnt/βcatenin signaling (i.e., decreased expression of glycogen synthase kinase 3 beta (GSK-3β),
and increased expression of βcatenin) [62].

Valproic acid (VPA), a branched short-chain fatty acid, is an antiepileptic agent that has been
associated with congenital malformations, including alterations in fetal brain development, and consequent
intellectual disabilities and autistic spectrum disorders in the offspring [105]. Curcumin appears to
attenuate the VPA-induced brain damage, as observed in a rodent model of autism. Neonatal rats, born
to mothers treated with VPA from 12.5 gestational day, received a single dose of curcumin (1 g/kg day),
and their brains were analyzed 28 days after birth. Curcumin was able to ameliorate body and brain
weight, and the altered expression of IL-6, IFN-γ, GSH, CYP450, in the brain of VPA-exposed pups [63].

Prenatal alcohol exposure (PAE) has dramatic effects on fetal growth and development (fetal alcohol
spectrum disorders: FASD) and is responsible for neurodevelopmental disorders (i.e., neurocognitive
and behavioral deficits, and increased susceptibility to mental health disorders) and birth defects
(growth deficits and physical abnormalities). PAE induces chromosomal rearrangements and epigenetic
alterations, therefore leading to altered gene-environment interactions that are responsible for
alcohol-induced disorders [106]. Curcumin (100 mg/kg body weight), administered during the
peri-adolescence period (PND 28–35), appeared to counteract fetal brain damage induced by prenatal
and lactational alcohol exposure (PLAE; 20% (v/v) alcohol solution) in mice. The authors showed that
curcumin improved anxiety and memory deficits caused by PLAE, and these improvements were
associated with reduced microglia activation and astrogliosis. At molecular levels, curcumin reduced
protein expression of IL-6, TNF-α, and NF-kB. These data showed that curcumin may act against
cognitive deficits and neuroinflammation induced by alcohol exposure in pregnancy [64].

Curcumin can counteract the deleterious effects of PAE on cardiac development, as demonstrated
in a mouse model. Pregnant mice were daily exposed to ethanol (56% v/v in saline) between embryonic
days 7.5 to 15.5; at embryonic day 17.5, mice were euthanized and embryonic hearts were removed.
Results showed that PAE treatment increased apoptosis in pup hearts; this finding was associated with
higher levels of caspase-3 and -8 mRNA expression, and reduced Bcl-2 mRNA expression, due to a
different modulation of histone H3K9 acetylation near the promoter regions of caspase-3, caspase-8
(hyperacetylation), and Bcl-2 (hypoacetylation). In vitro, curcumin (25 μM for 24 h) treatment abolished
apoptosis and reverted the expression of caspases and Bcl-2, induced by alcohol (200 mM), in cardiac
progenitor cells. These results highlighted the capability of curcumin to prevent congenital heart
diseases induced by PAE in pregnancy, by acting as an epigenetic modulator [65].

3.6. Adverse Effects on Embryos

Embryonic development is a complex process that is finely regulated and highly susceptible
to environmental influences. Therefore, it is reasonable to hypothesize that the anti-inflammatory,
antioxidative, antiproliferative, and antiangiogenic properties of curcumin could interfere with the
blastocyst stage, implantation and post-implantation development of embryos [66].

Chen and colleagues evaluated the possible embryotoxicity of curcumin in mouse blastocysts
both in vitro and in vivo. They observed that curcumin (24 μM for 24 h) induced apoptosis in mouse
blastocysts, and reduced implantation rate and development, in vitro. Then, embryos treated with
curcumin were transferred in vivo; results confirmed a significant reduction in implantation ratio, and,
among the implanted embryos, a higher rate of failure to develop normally. The authors evaluated the
possible mechanisms responsible for these effects and found that curcumin-induced apoptosis was
associated with the modulation of pro- and anti-apoptotic molecules (i.e., increased Bax and reduced
Bcl-2 expression), ROS generation, and caspase-3 activation [66]. Additionally, the same authors
showed that curcumin (24 μM) adversely affected oocytes maturation, in vitro. This effect resulted in
a reduced ability of oocytes to be fertilized, increased blastocyst apoptosis, and reduced blastocyst
implantation ratio and development. These results were confirmed in oocytes collected from female
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mice after feeding them with curcumin supplementation (40 μM) for four days [67]. Another in vitro
study highlighted that the degree of damage induced by curcumin (6, 12, or 24 μM curcumin for
24 h) on mouse blastocyst at the implantation stage and during the early post-implantation stage is
dose-dependent. Specifically, 6 μM and 12 μM curcumin inhibited cell proliferation of the blastocyst
but increased the formation of trophoblastic giant cells, whereas 24 μM curcumin exposure was lethal
to all blastocysts, and induced severe damage to the implanted blastocysts [68].

Further evidence on these effects comes from a recent study in zebrafish. The exposure of zebrafish
embryos and larvae to different concentrations of Curcuma Longa extract (7.80, 15.63, 31.25, 62.50,
125.0, and 250.0 μg/mL) at different hours post fertilization (hpf: 24, 48, 72, 96, 120 h) showed that a
dosage above 62.50 μg/mL had toxic effects, and a dosage of 125.0 μg/mL increased embryo mortality
and induced morphological deformities in larvae [19]. Despite the potential benefits of curcumin
described in different pathological conditions, all these data indicate that dosage and time of exposure
throughout pregnancy should be carefully evaluated to avoid serious damage to embryo development.

4. Conclusions and Future Perspectives

The use of the natural product curcumin to treat medical conditions is spreading around the world.
There is an increasing public interest in the potential health benefits of this compound, as evidenced by
the large number of currently available curcumin formulations, aimed at increasing its bioavailability
and efficacy, and by the considerable number of scientific papers published over the last years.

This review has drawn attention towards the effects of curcumin on pregnancy and pregnancy
complications, considering that during gestation, mother and fetus undergo significant (patho-)
physiological changes.

Almost all data emphasizing the numerous biological activities of curcumin have been obtained
from pregnant rodents and in vitro studies. Curcumin appeared to ameliorate diabetes in a GDM mouse
model, as well as PE in a PE rat model, and was found to be neuroprotective against environmental
toxic agents. The antidepressant activity of curcumin has also been tested in humans. However, to
date, studies on the possible beneficial effects of curcumin on PPD, a largely underestimated and
understudied condition, are completely lacking. As regards fetal growth and development, curcumin
counteracted the modifications associated with FGR and PTB in rodent models but negatively affected
blastocyst stage, implantation and post-implantation embryo development in healthy animals.

Altogether, these results indicate that the use of curcumin in pregnancy must be carefully evaluated.
The growing use of curcumin as self-medication along with the misleading perception that “natural” is
the equivalent of “safe” are additional issues of concern.

Further studies are needed to clarify whether pregnancy might benefit from curcumin’s
properties; for this purpose, the collaboration between multidisciplinary scientific teams is essential to
provide a holistic view of the complex networks between natural products and human physiology.
Systems biology and the recently developed network pharmacology represent new strategies to better
comprehend the mechanisms underlying curcumin activities in the human body.
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Abstract: Curcumin, a lipophilic polyphenol contained in the rhizome of Curcuma longa (turmeric),
has been used for centuries in traditional Asian medicine, and nowadays it is widely used in food as
dietary spice worldwide. It has received considerable attention for its pharmacological activities,
which appear to act primarily through anti-inflammatory and antioxidant mechanisms. For this reason,
it has been proposed as a tool for the management of many diseases, among which are gastrointestinal
and neurological diseases, diabetes, and several types of cancer. However, the pharmacology of
curcumin remains to be elucidated; indeed, a discrepancy exists between the well-documented
in vitro and in vivo activities of curcumin and its poor bioavailability and chemical instability that
should limit any therapeutic effect. Recently, it has been hypothesized that curcumin could exert
direct regulative effects primarily in the gastrointestinal tract, where high concentrations of this
polyphenol have been detected after oral administration. Consequently, it might be hypothesized
that curcumin directly exerts its regulatory effects on the gut microbiota, thus explaining the paradox
between its low systemic bioavailability and its wide pharmacological activities. It is well known
that the microbiota has several important roles in human physiology, and its composition can be
influenced by a multitude of environmental and lifestyle factors. Accordingly, any perturbations in
gut microbiome profile or dysbiosis can have a key role in human disease progression. Interestingly,
curcumin and its metabolites have been shown to influence the microbiota. It is worth noting that
from the interaction between curcumin and microbiota two different phenomena arise: the regulation
of intestinal microflora by curcumin and the biotransformation of curcumin by gut microbiota, both of
them potentially crucial for curcumin activity. This review summarizes the most recent studies on
this topic, highlighting the strong connection between curcumin and gut microbiota, with the final
aim of adding new insight into the potential mechanisms by which curcumin exerts its effects.

Keywords: gut microbiota; curcumin; polyphenols; health

1. Introduction

Curcumin, one of the major curcuminoids contained in the rhizome of Curcuma longa (turmeric),
is a lipophilic polyphenol that has been used for centuries as an essential tool of traditional medicine
in Asia [1]. Nowadays, it is widely used as dietary spice, but also in cosmetic and pharmaceutical
industries [2].

Curcumin has received considerable attention in the last years for its pharmacological activities.
Due to the presence of conjugated double bonds in its chemical structure, this polyphenol serves as an
effective electron donor to counteract the production of reactive oxygen species (ROS) in many redox
reactions [3], acting as a potent antioxidant. In addition, it has other important biological functions,
such as anti-inflammatory, antitumor, antimicrobial, and antiviral ones [4–7].
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Different studies highlighted that curcumin, like other dietary polyphenols, counteracts the effects
of toxic damage in different tissues [8,9] and, in addition, it is able to interfere with key cancer-associated
signaling pathways by directly targeting proteins or regulating gene expression [10,11]. According to
its biological activities, curcumin has been proposed as a potential treatment for many diseases, among
which are gastrointestinal, cardiovascular, and neurological disorders, diabetes, and several types of
cancer [12,13].

Unfortunately, these findings have not been consistently supported through human clinical trials,
except for the treatment of arthritis, pain, and major depressive disorder [14–16]. Consequently, the real
biological activities of curcumin remain to be better elucidated; indeed, a discrepancy exists between
the well-detailed in vitro and in vivo activities of curcumin and its poor bioavailability and chemical
instability that should limit any healthy therapeutic outcome.

High concentrations of curcumin have been detected in the gastrointestinal tract after oral
administration, and this has led to the hypothesis that the polyphenol directly exerts its regulatory
effects on gut microbiota, explaining in this way the paradox between its low systemic bioavailability
and its wide pharmacological activities that would be mediated by the gut microbiota.

It is well known that the gut microbiota has several important roles in normal human physiology,
and its composition can be influenced by a multitude of environmental and lifestyle factors [17–19].
Accordingly, any perturbations in gut microbiome profile, that is, dysbiosis, can have a key role in
human disease progression. Interestingly, curcumin and its metabolites have been shown to influence
the gut microbiota [20,21]. It is worth noting that the interaction between curcumin and gut microbiota
gives rise to two different phenomena: the first is the direct regulation of intestinal microflora by
curcumin and the second is the biotransformation of curcumin by gut microbiota, yielding active
metabolites [22,23]; both these phenomena seem to be crucial for the activity of curcumin.

This review summarizes the most recent studies on the reciprocal interaction between curcumin
and gut microbiota, with the final aim to provide novel insight for defining future effective preventive
strategies and microbiota-targeted therapies using curcumin. The observed high concentrations
of curcumin in the GI tract after oral administration can lead to two major effects: an altered gut
microbiota and the modulation of intestinal functions. We focused our literature search on the altered
gut microbiota. The search was conducted in PubMed on 29 May, 2020. The search syntax was
“curcumin”, “microbiota”, and “microbiome”. The scientific literatures were searched for in vivo,
experimental and clinical studies, and human randomized controlled trials, reporting results on the
interaction between curcumin and gut microbiota and vice versa.

The publication date was considered from 29 May, 2015 to 29 May, 2020 (five years).
In total, 89 titles were found through database search: after excluding review articles, studies in

animal models and in humans were identified and discussed more in detail.

2. Curcumin: Metabolism and Bioavailability

Curcumin, [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione], is the most representative
polyphenol component extracted from the rhizome of Curcuma longa (turmeric). It is almost completely
insoluble in water but it is easily soluble in organic solvents such as acetone and ethanol [24], and it is
quite stable in the acidic pH of the stomach [25]. From a chemical viewpoint, the molecule is symmetric
with two similar aromatic rings, and presents conjugate double bonds utilized as effective electron
donor to hinder ROS formation.

Curcumin is widely consumed, particularly in Asia, as one of the culinary ingredients in food
recipes. In the recent years, this polyphenol has increasingly received worldwide attention for
its multiple pharmacological activities, primarily anti-inflammatory and antioxidant ones [26–29].
A recent meta-analysis has evidenced curcumin efficacy as a free radical scavenger and an
inhibitor of malondialdehyde production, showing its ability in improving levels of antioxidants in
diseased individuals susceptible to oxidative stress. The reduction of oxidative stress by curcumin
supplementation was dependent on the dose and the duration of treatment [30].

Curcumin and the whole turmeric rhizome have some beneficial effects in the treatment of chronic
diseases such as gastrointestinal, cardiovascular, and neurological disorders, diabetes, and several
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types of cancer [31–35]. Clinical trials based on curcumin administration have been published or are
currently in progress, pointing out the expanding interest of the scientific community on the therapeutic
potential of curcumin [36–39].

The safety of orally administered curcumin has been clearly demonstrated: the US Food and
Drug Administration has approved curcumin as a compound “generally recognized as safe” and
also JECFA (The Joint FAO/WHO Expert Committee on Food Additives) and EFSA (European Food
Safety Authority) reported the ADI (acceptable daily intake) value of 0–3 mg·kg−1 for curcumin [40].
However, it has to been taken into account that very few reports on the potential adverse effects of
curcumin exist: recently, a case report showed a liver injury attributed to a curcumin supplement in a
woman with jaundice [41]. Curcumin could also interfere with systemic iron metabolism, suggesting
limited application of this compound in patients with chronic disease or anemia [42].

In spite of its therapeutic potential against a wide spectrum of human pathologies, curcumin
is known for its poor gastrointestinal absorption and low bioavailability, mainly attributed to water
insolubility, and rapid metabolism and excretion [43].

In humans, after curcumin oral administration, glucuronide conjugates and sulfate conjugates are
detected in blood, while intact curcumin is poorly detected [44]. As a first step, ingested curcumin
passes through the stomach, where practically no absorption takes place. Due to its resistance to low
pH, curcumin, without any chemical modifications, reaches the large intestine and undergoes extensive
phase I and II metabolism. Firstly, it is metabolized by phase I enzymes: different reductases introduce
reactive and polar groups in their substrates, yielding active metabolites, namely, dihydrocurcumin,
tetrahydrocurcumin, and hexahydrocurcumin [45–47] (Figure 1). This reductive metabolic reaction of
curcumin occurs extensively in enterocytes and hepatocytes [46,48,49].

Then, these phase I metabolites undergo phase II metabolism: in vitro and in vivo study have
previously demonstrated that curcumin and its reductive metabolites are easily conjugated [45,46,50].
Glucuronidases and sulfotrasferases are capable of conjugating glucuronic acid or sulphate molecule,
respectively, to any of the hydroxyl groups [51], to produce the corresponding glucuronide and sulfate
O-conjugated metabolites [22] (Figure 1). The conjugation process typically involves the addition of a
single moiety, although double glucuronidation has been reported in isolated liver microsomes [52],
and diglutathionylated curcumin has been found in isolated reaction systems [53]. The predominating
pathway of conjugation is represented by glucuronidation; indeed the glucuronide of curcumin is
usually found as the major metabolite of curcumin in body fluids, organs, and cells [47,54] even though,
due to the increase of molecular weight, these metabolites are less active than their substrates [54,55].

The very low concentrations of curcumin in blood plasma and urine after oral administration have
been demonstrated in both animal and human studies. It is important to underline that this could be
due to the fact that curcumin derivatives are not always assayed, thus underestimating its absorption.
In rats administered with an oral dose of 1000 mg/kg of curcumin, about 75% was excreted in feces,
and a very low amount was detected in the urine [56]. An oral dose of 0.1 g/kg administered to mice
yielded a peak plasma concentration of free curcumin that was only 2.25 mg/mL [47]. Even after high
oral doses (up to 8 g/day), serum levels of curcumin were undetectable in humans [57,58]. In another
clinical trial with an oral dose of 3.6 g of curcumin, a plasma level as low as 11.1 nmol/L was detected
an hour after oral dosing [59].
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Figure 1. Metabolism of curcumin. Reduction pathway and the two main conjugation pathways,
glucuronidation and sulfatation, are shown.

This low bioavailability of curcumin after oral administration could largely restrict its
pharmacological potential and consequently, its clinical application [60,61]. As a result, different delivery
systems including micelles, liposomes, phospholipid complexes, microemulsions, nanostructured
lipid carriers, and biopolymer nanoparticles have been developed to increase curcumin bioavailability.
Specifically, Kato et al., by using a new formulation where curcumin was dispersed with colloidal
nanoparticles, succeeded in improving hyperglycemia via stimulation of GLP-1 (glucagon-like peptide 1)
secretion and the subsequent insulin secretion [62], suggesting a possible use of curcumin formulation
in diabetes treatment. Such formulations may also be effective against inflammatory status and
osteoarthritis [63,64], even if the dosage represents a critical point because it should remain quite
low to avoid toxicity. Very recently, Chen et al. [65] clearly demonstrated that the supplementation
of nanobubble curcumin extract in mice had a beneficial effect on health and exercise performance,
helping mice to overcome physical fatigue. Moreover, several natural agents have been used to improve
curcumin bioavailability, most of which work by blocking curcumin metabolism in order to increase
its absorption [66]. Among these agents, piperine, the major active component of black pepper [67],
probably represents the most utilized one [68–70].

Some recent papers have also showed the importance of food matrix in curcumin absorption [71,72],
highlighting an enhanced bioavailability when it is consumed as fresh or powdered turmeric with
respect to supplements, which could be due to the synergic activity with other turmeric compounds
and/or to a turmeric matrix effect [71].

However, as previously stated, curcumin could exert its main regulative effects primarily in the
gut, where high concentrations are present after oral administration [73]. Actually, curcumin is able
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to modulate directly intestinal barrier function as well as dysregulated signaling pathways. On the
other hand, it might act at intestinal level by promoting changes in the composition and diversity of
the gut microbiota [74]. The possible role of the gut microbiota in the mechanisms responsible for the
biological activities of curcumin represents an interesting and attractive area of research and will be
discussed in detail in the following paragraphs.

3. Gut Microbiota

There is considerable attention given to the substantial discrepancy between the strong biological
effects of some functional foods and the poor bioavailability of these substances. For orally administered
drugs and functional food, the bioavailability is defined as “the quantity or the proportion of the
ingested dose that is directly absorbed in the small intestine to enter into circulation”. However,
since the gut microbiota is actually considered as an effective bioreactor in the human intestinal tract
and considering the emerging interactions between functional food and gut microbiota, probably we
should think of a redefinition of the concept of bioavailability.

Recently, high concentrations of curcumin have been detected in the gastrointestinal tract after
oral administration [20], thus suggesting that this polyphenol could directly interact with the gut
microbiota exerting its regulatory effects. Before analyzing in more detail the mutual interaction
between curcumin and gut microbiota, discussing the more recent findings on this topic, we will give a
brief overview on human gut microbiota.

In the last decades, human microbiota has emerged as an area of utmost interest, as many
studies have highlighted its impact on health and diseases [75]. It develops together with the host
and fulfils essential physiological functions for the host, such as preventing infection, promoting
the immune system maturation [76], participating in the regulation of nutritional absorption and
metabolism [77], producing soluble B-vitamins (cobalamin, thiamine, pyridoxine, biotin, folate,
nicotinic acid, pantothenic acid) and vitamin K lactic acid [78,79]. The colonization of newborn
microbiota begins in utero [80] and changes suddenly during the first year of life.

The gut microbiota is a hugely complex ecology of organisms, primarily comprising many classes
of bacteria (50 bacterial phyla and about a thousand of bacterial species), fungi, viruses, and a few
other species [81,82]. Collectively, the whole of all microbiota genes, the microbiome, is 150 times larger
than the human genome [83,84]. The gut microenvironment mainly favors the growth of bacteria from
seven predominant phyla: Bacteroidetes, Firmicutes, Actinobacteria, Fusobacteria, Proteobacteria,
Verrucomicrobia, and Cyanobacteria [85], with the first two phyla constituting more than 90% of
the total gut population. Most of the species under Firmicutes, such as Clostridium, Eubacterium,
and Ruminococcus, are the most representative in the gut [86].

The composition of microbiota varies greatly within each individual, in which about 150 bacterial
species can predominate, getting benefits from the nutrient-rich environment of the gut and performing
protective, metabolic, and structural functions. Understanding this variability in the “healthy
microbiome” represents one of the major challenge in microbiota research.

The gut microbial community is very dynamic and has specific properties that allowed it to
colonize the gut, among which are the possession of enzymes able to utilize the available nutrients,
the right cell-surface molecular pattern to attach at the “right” habitat, and the ability to evade
bacteriophages [86]. Usually, these microbes are mainly involved in nutrient metabolism through
fermentation of complex carbohydrates. This leads to the synthesis of short-chain fatty acids, well known
for their anti-inflammatory and anticancer properties, which represent an important energy source for
colonocytes. Intestinal microorganisms might also influence lipid and protein metabolism [87].

There is growing evidence that any perturbation in gut microbiota composition (dysbiosis),
associated with a reduced diversity and the predominance of a few pathogenic taxa, is closely linked to
many human diseases [88–90]. In particular, dysbiosis has been related to pathological gastrointestinal
conditions, such as inflammatory bowel disease and colorectal cancer (CRC) [91,92], but also to obesity,
diabetes, asthma, and allergies [93,94].

Microbiota composition can be influenced by a multitude of environmental and lifestyle factors,
among which dietary habits have a great impact on gut microbiome diversity. Del Bas et al. [95]
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have highlighted that the correct balance between fibers, simple carbohydrates, and fats is crucial
in determining the abundance of different gut microbial populations. It has also been shown that
unbalanced diets cause alterations in gut microbiota composition, resulting in modification of gut
permeability and in gut low-grade inflammation [96].

In view of the above, it is understandable the increasing interest in defining the effective interplay
between curcumin and gut microbiota.

4. Curcumin Modifies Gut Microbiota

As stated above, curcumin preferentially accumulates in the gastrointestinal tract after oral or
intraperitoneal administration, and therefore it is reasonable to hypothesize that this polyphenol may
exert its regulatory effect by modulating the microbial richness, diversity, and composition of the
intestinal microflora [97]. Many in vivo studies have confirmed this hypothesis, and the most recent
and interesting are discussed below.

A research has been carried out on adult healthy volunteers [98] asked to consume daily for
28 days a dried Curcuma longa extract containing a standardized amount of curcuminoids. The product
was formulated in tablets, each one containing 500 mg of Curcuma longa (equivalent to 100 mg of
curcuminoids). Metabolome analysis was performed to better understand the changes of 24-h urinary
metabolome composition following the extract consumption. The analysis revealed that curcumin
induced changes in urinary metabolites. In particular, metabolites related to fatty acid metabolism,
involved in energy production, and compounds related to inflammation were detected, suggesting a
key role of curcumin on the regulation of metabolic and anti-inflammatory pathways. Furthermore,
changes of several microbial metabolites clearly revealed, although indirectly, intestinal absorption
of curcuma constituents and gut microbiota metabolic activity, thus demonstrating an interaction
between curcumin and gut microbiota.

4.1. Curcumin Favors Beneficial Bacterial Strains in Gut Microbiota

Recently, an increasing number of studies have suggested that gut dysbiosis is linked with many
metabolic diseases, and curcumin seems to have beneficial effects on gut microbiota, favoring the
growth of beneficial bacteria strains.

Indeed, Zhai et al. [99] explored the effect of curcumin on ochratoxin-induced liver oxidative injury
in an animal model of liver disease. A total of 720 ducks were randomly assigned into four different
groups: control, ochhratoxin, curcumin (ducks fed a diet with 400 mg/kg curcumin), and ochhratoxin
plus curcumin and treated for 21 days. The ducks were provided with the different pelleted diets
and ad libitum access to feed and water. The authors demonstrated that curcumin counteracted
ochhratoxin-induced oxidative injury and lipid metabolism disruption. By 16S rRNA gene sequencing
of gut microbiota it was shown that curcumin supplementation was also able to neutralize the decrease
in butyric acid-producing bacteria induced by ochratoxin, and increased the richness and diversity
of gut microbiota [99]. Thus, the authors hypothesized that curcumin could alleviate liver oxidative
injury by modulating the gut microbiota.

Rats fed a high-fat diet show an altered hepatic metabolism accompanied by modified gut
microbiota composition and increased intestinal permeability. In a nonalcoholic fatty liver disease
(NAFLD) rat model induced by high-fat diet [20], rats were randomly divided into three groups
fed standard diet, high-fat diet, or high-fat diet plus curcumin (200 mg/kg of curcumin by gastric
gavage, daily for four weeks), respectively. The addition of curcumin to the diet significantly shifted
the composition of the microbiota toward that of lean control rats fed a standard diet. In particular,
curcumin was able to significantly counteract the high-fat-diet-induced abundance of several genera
that have previously been associated to diabetes and inflammation, such as Ruminococcus [100].
Moreover, the treatment with curcumin succeeded to decrease thirty-six potentially harmful bacterial
strains positively correlated with hepatic steatosis [20]. These data suggest that curcumin may have
the gut microbiota as target in the treatment of liver steatosis induced by high-fat diet.
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Other studies confirmed that oral curcumin administration was able to remarkably shift the
ratio between beneficial and harmful bacteria in gut microbiota community in favor of beneficial
bacteria strains, such as Bifidobacteria, Lactobacilli, and butyrate-producing bacteria, and reduces the
abundance of the pathogenic ones, such as Prevotellaceae, Coriobacterales, Enterobacteria, and Rikenellaceae,
often associated to the onset of systemic diseases [101–103]. In particular, Shen et al. [101] investigated
the regulative effects of oral curcumin administration on the gut microbiota of C57BL/6 mice.
After receiving daily curcumin gavage in a dose of 100 mg/kg body weight for 15 days, the gut
microbial composition was significantly modified, affecting the abundance of several representative
pathogenic families such as Prevotellaceae, Bacteroidaceae, and Rikenellaceae.

In APP/PS1 mice, a model of Alzheimer’s disease, it was found that curcumin administration
improved the spatial learning and memory abilities, also reducing the amyloid plaque burden in the
hippocampus [104]. Concomitantly, curcumin altered significantly the relative abundances of bacterial
strains such as Bacteroidaceae, Prevotellaceae, and Lactobacillaceae, which have been reported to be key
bacterial species associated with Alzheimer’s disease development [23]. In another study [105], estrogen
deficiency induced in rats by ovariectomy gave rise to changes in the structure and distribution of
intestinal microflora. Curcumin, administered at 100 mg/kg/day by oral gavage to ovariectomised rats,
was able to partially reverse changes in the diversity of gut microbiota after 12 weeks of treatment [105].

It is important to underline that curcumin treatment decreases the microbial abundance of
cancer-related species [106], such as Prevotella that were found to be greater in stool from CRC
patients than in that from cancer-free patients [107]. Mice with colon cancer were fed different
pelleted diets, with a calculated human equivalency dose of curcumin ranging from 8/mg/kg/day to
162 mg/kg/day [102]. Curcumin administration, at the highest dose, reduced or eliminated colon tumor
burden, increasing Lactobacilli and reducing Coriobacterales. It has also been clearly demonstrated that
curcumin treatment reduces several Ruminococcus species [108]; this represents an interesting finding
because increased population of Ruminococcus species has been linked to CRC occurrence [90,109],
even if the pathogenic role of Ruminococcus in cancer development has not been yet fully clarified.
Moreover, in mice treated with a mutagenic compound, dietary curcumin was able to restore to control
levels the amount of Lactobacilli [102], which have been shown to possess antitumoral function [110].
All these results support the potential anticancer activity of curcumin, at least against CRC, and have
prompted researchers to start clinical trials focused to define this issue.

Peterson et al., in a human randomized placebo-controlled trial [108], investigated the effects of
turmeric and curcumin dietary supplementation vs. placebo on 30 healthy subjects (10 for each group)
previously advised not to consume any other curcumin-containing food or supplements for the entire
study period. The turmeric tablets contained 1000 mg Curcuma longa plus 1.25 mg extract of piperine;
the curcumin tablets contained 1000 mg curcumin plus 1.25 mg extract of piperine; the subjects were
instructed to take three tablets orally with food, twice a day (total 6000 mg daily). Microbiota analyses
were performed at baseline and after 8 weeks of treatment. All the subjects showed both significant
variations of microbiota composition over the time and an individualized response to treatment.
The intestinal microflora varied significantly from person to person, and the responses to the treatment
were not uniform across individuals. However, comparing the number of bacterial species present
in each group before and after the treatments, the placebo group showed an overall reduction in
species by 15%, whereas the turmeric- and curcumin-treated groups displayed increases by 7% and
69%, respectively.

All these studies strongly suggest a protective effect of curcumin most likely based on its ability to
promote an evident shift from pathogenic to beneficial bacteria strains in the gut.

However, it must be highlighted that these studies provide data hardly comparable because they
use different doses and formulations. Moreover, the prebiotic effect of curcumin on gut microbiota is
probably due to an indirect effect. Indeed, it is unlikely that curcumin metabolism provides a “direct”
fitness advantage to any bacterial species: probably its prebiotic effect is the result of the induced host
changes that in turn alter the gut microbiota.
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In the light of the increasing data supporting a role of gut microbiota in the pathogenesis of many
diseases, the research findings defining the ability of curcumin to positively modulate gut microbiota
may help us to better understand its therapeutic benefits.

4.2. Curcumin Acts on Intestinal Barrier Function

Curcumin not only modifies the composition of the microbiota but might also enhance the function
of the intestinal barrier. The intestinal barrier primarily is composed of four different layers. In the
first one, the presence of alkaline phosphatase can detoxify bacterial endotoxin lipopolysaccharide.
The second layer (mucosa) inhibits the entry of pathogenic bacteria. The third layer consists of
tight junctions between intestinal epithelial cells, which form a barrier against bacterial endotoxin.
Antibacterial proteins, which do not allow bacteria to cross the intestinal barrier, constitute the final
layer [111]. Obviously, any defects in the intestinal barrier integrity can provoke an invasion of bacteria
into normal colonic tissue, giving rise to a dysregulation of intestinal epithelial cells [112] and a
subsequent local inflammation. Chronic inflammation underlies the development of western-induced
metabolic diseases, such as diabetes or atherosclerosis, but it is also believed to be one of the primary
reasons for the initiation of CRC.

In vitro studies have demonstrated that curcumin represents a potential compound to restore
disrupted intestinal permeability. Indeed, in CaCo2 cells, curcumin is able to attenuate the disruption
of intestinal epithelial barrier function, counteracting LPS-induced IL-1β secretion and preventing tight
junction protein disruption [113,114]. Furthermore, curcumin was also able to decrease p38 MAPK
activation, induced by IL-1β, and the subsequent raise in the phosphorylation of tight junction proteins
and resulting disruption of their normal arrangement [114].

These results have been confirmed in animal models; in rats fed a high-fat diet for 16 weeks,
curcumin treatment (200 mg/kg by daily oral gavage) improved the structure of intestinal tight junctions,
also reducing serum concentrations of TNF-α, and LPS and upregulating the expression of occludin in
the intestinal mucosa [115]. In a similar study, mice fed a Western diet for 16 weeks, and supplemented
with curcumin (100 mg/kg by daily oral gavage), significantly improved intestinal barrier function,
restoring the intestinal alkaline phosphatase activity and the expression of tight junction proteins ZO-1
and claudin-1 [116].

It is well known that the decreased expression of tight junction proteins, such as ZO-1 and
occludin, plays a key role also in the pathophysiology of NAFLD [117]. Starting from this assumption,
Feng et al. [20] demonstrated the beneficial effect of curcumin on the intestinal barrier integrity in
NAFLD rats. Immunohistochemical data and western blot analysis showed that protein expression
levels of ZO-1 and occludin were reduced in distal ileal tissues from NAFLD rats but were restored
following curcumin administration (200 mg/kg of curcumin by gastric gavage, daily for four weeks).
This work clearly highlighted that curcumin, by improving intestinal barrier integrity in vivo, might
have a role in a novel approach addressed to NAFLD therapy.

All together, these results provide convincing evidence that curcumin contributes to the
maintenance of intestinal barrier integrity, and thus may represent a new tool in preventive/therapeutic
strategies against intestinal pathologies. As previously stated in the introduction, the studies included
in this review were obtained using as keywords “curcumin and microbiome/microbiota”. This could
represent a limitation of this section.

4.3. Curcumin Effects on Gut Inflammation

In a randomized placebo-controlled human trial, fifty-eight NAFLD patients were randomly
allocated into two groups, which either received 250 mg curcumin–phospholipid delivery system,
which was equivalent to 50 mg/day pure curcumin, or placebo [118]. Metabolomic analysis showed
the beneficial effects of curcumin on biomarkers of oxidative stress and inflammation, which are
considered two features of NAFLD. The authors suggested that curcumin treatment counteracted the
increase of some bacterial strains that were changed during NAFLD progression.
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An in vivo animal study [119] reported that a newly developed nanoparticle curcumin actively
improves inflammation in mice with DSS (dextrane sulfate sodium)-colitis by inhibiting the expression
of proinflammatory mediators and inducing Treg expansion which was also accompanied by the
increase of fecal butyrate levels. Curcumin was mixed with the powder form of a normal rodent diet
(containing 0.2% (w/w) nanoparticle curcumin): this compound was able to suppress the activation of
NF-κB and the expression of proinflammatory mediators in the colonic epithelial cells of treated mice.

Alternatively, curcumin could act by attenuating LPS-induced inflammation by inhibiting the
activation of TLR4/MyD88/NF-κB signaling pathways [120,121]. Moreover, curcumin has been shown
to inhibit NF-κB nuclear translocation and to mitigate the expression of other pro-inflammatory genes
that are overactivated in cancer [122].

In Weaned piglets fed a diet supplemented with curcumin (300 mg/kg of curcumin, mixed with
the normal diet) for 28 days, Gan et al. demonstrated that this polyphenol was able to alleviate
inflammation downregulating the expression of TLR4 by inhibiting Escherichia coli proliferation [123].

Unfortunately, only limited studies have been performed on human subjects up to now and,
despite all the beneficial effects of curcumin described so far in in vivo studies, these results must be
consistently supported through larger human clinical trials.

5. Gut Microbiota Metabolizes Curcumin

It is worth noting that the interaction between curcumin and microbiota is bidirectional (Figure 2).
Consequently, an important effect of gut microbiota on curcumin has been evidenced. The metabolic
transformation of curcumin does not occur only in the enterocytes and in hepatocytes, but it is also
carried out by enzymes produced by the gut microbiota that generate many active metabolites [44].
The biological activity of curcumin metabolites may differ from that of the native curcumin, and specific
biological properties attributed to curcumin actually depend on bioactive metabolites produced by gut
microbiota digestion [124].

Figure 2. Reciprocal interaction between curcumin and gut microbiota.

Like for other dietary polyphenols such as anthocyanins, the biological activities of curcumin are
related not only to the absorption rate, but also to the digestion by intestinal flora that leads to active
curcumin metabolites. Moreover, the possible beneficial effects of curcumin depend not only on the
dietary intake of curcumin, but also on the individual capacity of metabolizing it, that is, ultimately,
on the composition of the gut microbiota of each person.

Several enteric bacteria capable of modifying curcumin have been identified: analyses of
microorganisms isolated from human feces have previously shown that Escherichia coli represents
the bacteria with the highest curcumin-metabolizing activity, via the NADPH-dependent curcumin/
dihydrocurcumin reductase. This enzyme is able to convert curcumin into dihydrocurcumin, and then
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in the final product, tetrahydrocurcumin [125]. Other microorganisms such as Bifidobacteria longum,
Bifidobacteria pseudocatenulaum, Enterococcus faecalis, Lactobacillus acidophilus, and Lactobacillus casei
represent relevant bacterial strains able to metabolize curcumin, with a reduction of the parent
compound higher than 50% [126].

Lou et al. [22] assessed whether curcumin was metabolized in vitro by human intestinal
microorganisms, performing an ultra-performance liquid chromatography analysis, coupled with
quadrupole time-of-flight mass. Curcumin (100 μM) was added to the intestinal bacteria culture
obtained from fresh human fecal samples. The results clearly indicate that curcumin was extensively
biotransformed by intestinal microflora, yielding 23 different metabolites also revealing different
metabolic pathways, such as acetylation, hydroxylation, reduction, demethylation, or a combination
of them, by which curcumin was metabolized by human intestinal microflora. The predominant
metabolites produced by this intestinal microflora system derive from the reduced curcumin.

In addition to the known reductive metabolism of curcuminoids, alternative biotransformation
pathways by human gut microbiota have been highlighted [127]. Fresh fecal samples from three
healthy volunteers were taken for the preparation of mixed-cell cultures, and a curcuminoid mixture
(10 mM), composed of curcumin, demethoxycurcumin, and bisdemethoxycurcumin, was added to
begin the biotransformation. The human intestinal bacterium Blautia sp. (MRG-PMF1), through a
demethylation process, was able to convert curcumin into two metabolites, bis-demethylcurcumin
and demethylcurcumin [127]. Interestingly, the demethylated curcuminoid metabolites were present
only in the culture where Blautia sp. was added, thus confirming that curcuminoids are differently
metabolized depending on the individual fecal microflora.

In an in vitro model containing human fecal starters to investigate the colonic metabolism of
curcuminoids [128], it was demonstrated that after 24 h of fermentation, up to 24% of curcumin, 61% of
demethoxycurcumin, and 87% of bisdemethoxycurcumin were degraded by the human fecal microbiota.
Three main metabolites were detected in the fermentation cultures: tetrahydrocurcumin, dihydroferulic
acid, and 1-(4-hydroxy-3-methoxyphenyl)-2-propanol. There is evidence that curcumin metabolites
have properties and potency similar to curcumin: tetrahydrocurcumin exhibits the same physiological
and pharmacological properties of the parental compound, probably by means of the beta-diketone
moiety, as well as phenolic hydroxyl groups [129]. Moreover, tetrahydrocurcumin is able to prevent
oxidative stress and neuroinflammation, exhibiting also anticancer effects, probably due to inhibition
of significant cytokine release, such as IL-6 and TNFα [130]. Consequently, the bacterial breakdown
products should be considered in further studies on curcumin since they could be responsible for
beneficial effects.

In transgenic mice with Alzheimer disease [23], the biotransformation of curcumin induced by
gut microbiota was studied. The mice were divided in three groups (high-level curcumin group,
low-level curcumin group, and control). Curcumin was administered daily at 200 mg/kg body weight
(high) or 50 mg/kg (low) by oral gavage for 3 months, and the metabolites of curcumin from the
feces of mice were identified by HPLC-Q-TOF/MS spectroscopy analysis. The authors shown that
administered curcumin was transformed by gut microbiota through reduction, demethoxylation,
demethylation, and hydroxylation processes. Eight metabolites of curcumin were identified
(bisdemethylated hexahydrocurcumin, demethylated and dehydroxylated hexahydrocurcumin,
demethylcurcumin, demethylated and demethoxylated curcumin, hydroxylatedcurcumin,
dihydrocurcumin, hexahydrocurcumin, and demethylated hexahydrocurcumin). It is important to
highlight that many of these metabolites have been reported to exhibit neuroprotective ability [131–133].

These findings not only could explain the paradox between the pharmacological effect of curcumin
and its poor bioavailability, but also suggest that curcumin transformed by gut microbiota might act as
an useful tool for microbiome-targeting therapies for Alzheimer disease [23].

Overall, all these results demonstrated that gut microbiota had a profound impact on the
biotransformation of curcumin, also showing the huge potential of curcumin metabolites produced by
the intestinal microflora as promising substances for the prevention or treatment of many diseases.
The bidirectional interaction between curcumin and gut microbiota is reported in Figure 2.
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These results clearly highlight how the different composition of the microbiota among the
individuals will cause different biotransformation of dietary curcumin. Accordingly, the beneficial
effects depend not only on the curcumin taken from the diet, but also on the type of microbial population
of the individual. Therefore, future researches on human volunteers are needed to provide a basis for
gut microbiota-based therapeutic applications of curcumin.

6. Conclusions and Perspectives

This review highlighted the strong connection between curcumin and gut microbiota with the final
aim of adding novel insight for defining additional mechanism of action of curcumin. More knowledge
available about the bidirectional interaction between gut microbiota and curcumin seems to clarify the
paradox of the low-bioavailability curcumin and its wide impact on health.

However, in vivo human studies on this topic are almost lacking. Additional human trials,
which also take into account an accurate dietary assessment to investigate better the relation between
diet and microbiota, are needed. This could allow us to understand the complex interactions between
gut microflora and curcumin, providing a better comprehension of its therapeutic efficacy.

We would expect that, in the near future, extensive research will allow to define the gut microbiota
as a biomarker for many diseases and the use of curcumin and other probiotics as possible agents
to treat dysbiosis and associated diseases. Considering that more than two-thirds of patients do not
disclose supplement use to their health care providers nowadays [134], it would be relevant to reinforce
the need to consume curcumin, like any other supplement, exclusively under the supervision of health
care medical providers.
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Abstract: The objective of this study was to systematically review the literature to verify the efficacy
and safety of curcumin as a complementary therapy for the maintenance or induction of remission in
patients with inflammatory bowel disease (IBD). A comprehensive search was conducted by two
independent authors in MEDLINE (PubMed), Scopus, Web of Science, the Cochrane Library, Lilacs,
Food Science and Technology Abstracts, and ScienceDirect. The search terms “curcumin”, “curcuma”,
“inflammatory bowel disease”, “proctocolitis”, “crohn disease”, and “inflammation” were combined
to create search protocols. This study considered randomized controlled trials (RCTs) published in
any language before March 2020 that evaluated the effects of curcumin on inflammatory activity
and the maintenance or remission of IBD patients. After duplicates were removed, 989 trials were
identified, but only 11 met the eligibility criteria. Five of these were considered to be biased and
were excluded. Therefore, six trials were considered in this review. All the studies included in the
systematic review were placebo-controlled RCTs conducted on individuals with ulcerative colitis
(UC). All the RCTs reported that curcumin was well tolerated and was not associated with any serious
side effects. Studies show that curcumin may be a safe, effective therapy for maintaining remission in
UC when administered with standard treatments. However, the same cannot be stated for Crohn’s
disease due to the lack of low bias risk studies. Further studies with larger sample sizes are needed
before curcumin can be recommended as a complementary therapy for UC.

Keywords: inflammatory bowel disease; proctocolitis; turmeric; curcumin; complementary
therapies; phytotherapy

1. Introduction

Inflammatory bowel disease (IBD) is a chronic condition that affects the relapsing gastrointestinal
tract, with periods of exacerbation and remission [1,2]. Its main forms of presentation are ulcerative
colitis (UC) and Crohn’s disease (CD). Its etiopathogenesis is believed to be due to a loss of tolerance
to the intestinal microbiota associated with marked immune responses and environmental factors in
genetically susceptible individuals [3].

The conventional approach to IBD aims to induce and maintain clinical remission free of
corticosteroids, thus minimizing the impact on quality of life [4]. Currently, corticosteroids, sulfasalazine,
mesalamine (5-ASA), and immunomodulators are treatment options for patients with IBD. However,
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it is worth mentioning that conventional treatments cause numerous side effects due to a marked
immune response suppression, which negatively impacts the quality of life of these individuals [5,6].
Studies indicate that a substantial proportion of patients do not fully respond to the conventional
treatments for IBD, or that its efficacy wanes over time [7]. Corticosteroid resistance/refractoriness
rates range from 8.9% to 25% in individuals with IBD [8–11].

Identifying safe and effective therapeutic agents for complementary therapies remains an unmet
need for these patients. Curcuma longa is a plant from the Zingiberaceae family that is native to India
and Southeast Asia and is well known in Asian cultures. Known commonly as turmeric, it has long
been used in Ayurvedic medicine to treat inflammatory diseases. It has attracted the attention of
researchers because of its compounds, called curcuminoid pigments, which are polyphenols with
important medicinal properties [12,13].

Curcumin is the main pharmacologically active curcuminoid pigment in turmeric. It acts by
modulating various cell-signaling pathways, producing anti-inflammatory, anti-tumor, anti-oxidant,
and immunomodulatory effects [14]. The main components of commercial turmeric are curcumin
I (77%), curcumin II (~17%), and curcumin III (~3%), with only 2–5% of the powdered seasoning
consisting of curcumin [15]. The mechanism of its anti-inflammatory action deemed to be the
most relevant is the inhibition of NF-κB, by blocking IκB kinase, which prevents cytokine-mediated
phosphorylation and the degradation of IκB, an NF-κB inhibitor, thereby inhibiting the expression of
pro-inflammatory cytokines (IL-1, IL-6, and TNF) [16].

Curcumin also acts by inhibiting the activity of pro-inflammatory proteins such as activated
protein-1, peroxisome proliferator-activated receptor gamma, signal translators, and transcription
activators, as well as the expression of b-catenin, cyclooxygenase 2, 5-lipoxygenase, and inducible nitric
oxide synthase isoform, which play a key role in inflammation [17]. In addition, it acts by blocking
the binding between TNF-α and its receptor, preventing the perpetuation of inflammation caused by
this cytokine [18].

This systematic review aims to analyze the studies published so far, to review the positive or negative
effects of the use of curcumin, and to determine whether it is safe and effective as a complementary
therapy in the management of IBD, offering fewer side effects than conventional therapies.

2. Methods

2.1. Protocol and Registration

To conduct the study, we used the PRISMA checklist, composed of 27 items [19]. The study
protocol was registered in the PROSPERO database under the registration number CRD42019104827.

2.2. Information Sources and Search Strategies

A literature review was performed by two independent authors (M.R.C. and M.D.R.) on the
following databases: MEDLINE (PubMed), Scopus, Web of Science, Cochrane Library, Lilacs,
Food Science and Technology Abstracts, and Science Direct. Studies published before March
2020 were included. All the databases were monitored periodically until the study’s completion.
Divergences between the researchers retrieving the data were resolved by consensus.

The controlled vocabulary and keywords used in the search strategy were defined based on the
PICOS questions [20]:

1. Population: individuals with IBD (UC or CD) of either sex and from any age group;
2. Intervention: curcumin supplementation in the form of spice, capsule, or enema;
3. Comparison: placebo or conventional drug therapy;
4. Outcomes: disease activity, clinical, or endoscopic inflammatory activity;
5. Study design: randomized clinical trials (RCTs).
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The search strategy was designed following the guidance of an expert librarian (D.M) and
according to the specificity of each database, whenever possible, using the controlled vocabulary of
the subject descriptors (Mesh/Medline and DeCs/VHL). The following subject headings and free-text
terms were used in the search: “curcumin”, “curcuma”, “inflammatory bowel disease”, “proctocolitis”,
“crohn’s disease”, and “inflammation” (Table 1).

Table 1. Electronic Databases and Respective Search Strategies.

PubMed

#1 (Inflammatory Bowel Disease [Mesh] or Inflammatory Bowel
Disease [Tiab] or Crohn Disease [Mesh] or Crohn Disease [Tiab] or

Proctocolitis [Mesh] or Proctocolitis [Tiab])

#2 (Curcuma [Mesh] or Curcuma [Tiab] or Curcumin [Mesh] or
Curcumin * [Tiab])

#1 AND #2

Scopus

#1 (TITLE-ABS-KEY ((“Inflammatory Bowel Disease” or “Crohn
Disease” or proctocolitis))) #2 (TITLE-ABS-KEY ((curcuma or curcumin *)))

#1 AND #2

Web of Science

#1 (“Inflammatory Bowel Disease” or “Crohn Disease” or Proctocolitis) #2 (Curcuma or Curcumin *)

#1 AND #2

Lilacs

#1 tw: (tw: ((mh: “inflamatory bowel diseases” or “doenças
inflamatórias intestinais” or mh: “crohn disease” or “doença de crohn”

or mh: proctocolitis or “retocolite ulcerativa”)))
#2 (tw: (tw: ((mh: curcumin or curcumina or curcuma))))

#1 AND #2

Food Science and Technology Abstracts

#1 (“Inflammatory Bowel Disease” or “Crohn Disease” or Proctocolitis) #2 (Curcuma or Curcumin *)

#1 AND #2

ScienceDirect

#1 (“Inflammatory Bowel Disease” or “Crohn Disease” or Proctocolitis) # (curcumin or curcumina or curcuma)

#1 AND #2

Cochrane Library

#1 MeSH descriptor: [Inflammatory Bowel Diseases] explode all trees #8 Proctocolitis
#2 “Inflammatory Bowel Disease” #9 #7 or #8

#3 #1 or #2 #10 #3 or #6 or #9
#4 MeSH descriptor: [Crohn Disease] explode all trees #11 MeSH descriptor: [Curcuma] explode all trees

#5 “Crohn Disease” #12 (Curcuma or Curcumin or Curcumin *)
#6 #4 or #5 #13 #11 or #12

#7 MeSH descriptor: [Proctocolitis] explode all trees #14 #10 and #13

#- represents the combination of searches conducted previously; *- matches one or more occurrences of any character
or group of characters, including no character.

2.3. Eligibility Criteria

The criteria for the inclusion of the RCTs in this study were that they used curcumin for the
maintenance or remission of IBD in patients of both sexes and of any age who were in remission or who
had mild or moderate activity at the time of recruitment, and that they evaluated the effects of curcumin
on the inflammatory activity. Studies published in any language were accepted, and no minimum
follow-up period was established. Review articles, animal studies, editorial letters, in-vitro studies,
observational, and descriptive studies, such as case reports and case series, were excluded. In addition,
studies that did not describe the curcumin dose or did not meet the minimum bias risk assessment
score were also excluded.

2.4. Study Selection and Data Collection Process

Initially, the articles were selected by title and abstract. Articles that appeared in more than one
database were considered only once, using the EndNote bibliography management software to exclude
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duplicate articles. Full articles were read when there was not enough information in the title and
abstract to make a clear decision about whether to include or exclude the study.

2.5. Risk of Bias Assessment

Two independent reviewers performed the quality assessment of the trials using the Cochrane
Collaboration tool for assessing the risk of bias in RCTs [21]. There were seven assessment
criteria: random sequence generation; allocation concealment; blinding of participants and personnel;
blinding of the outcome assessors; incomplete outcome data; selective outcome reporting, and other
possible sources of bias. The potential risk of bias for each criterion was rated at low, uncertain,
or high, as described in the Cochrane Handbook for Systematic Reviews of Interventions, version 5.1.0
(http://handbook.cochrane.org). Studies with a high risk of bias in three or more items were excluded
from the systematic review.

The Oxford quality scoring system, the Jadad scale [22], was also used to assess the study quality.
This scale provides a score for each individual study ranging from 0 to 5 points, with 5 being the highest
quality score. Studies were given one point if they were described as randomized, one if they were
described as double-blind, and one if a description of the withdrawals and dropouts from the study
was provided. An additional point was awarded if the randomization method was described and
considered appropriate, and another point if the blinding method was described and also considered
appropriate. If any of the randomization or blinding methods were considered inappropriate, a point
was deducted from the sum for each item.

Each criterion was judged by one of three answers: “yes” to indicate a low risk of bias, “no” to
indicate a high risk of bias, and “not described” to indicate a lack of information or uncertainty about
potential bias. Studies with scores < 3 were considered to have a high risk of bias and were excluded
from the study, while scores ≥ 3 indicated studies with a low risk of bias, which were retained in
the analysis [22].

3. Results

3.1. Search Results

After database screening and duplicate removal, 989 studies were identified (Figure 1). The title
analysis resulted in the exclusion of 951 of these, while a further 26 were excluded after reading the
abstracts because they failed to meet the eligibility criteria. The twelve remaining articles were read in
full and only one of these was ruled out as it was a case report. Eleven studies were included in the
bias risk analysis, after which only six remained in this systematic review.

3.2. Assessment of the Risk of Bias and Excluded RCTs

After assessing the risk of bias, two studies [23,24] were excluded because they presented three
items with a high risk of bias, as recommended in the Cochrane Handbook [21], and did not reach
the minimum score necessary on the Jadad scale [22]. The three other studies [25–27], excluded at
this point, also failed to reach the minimum score on the Jadad scale [22] and had four or more items
classified as uncertain according to the Cochrane Handbook [21] because they did not have enough
information for the analysis, which put them at a high risk of bias.

The assessment of the risk of bias in the selected studies is presented in Figure 2. Most of
the articles clearly described the randomization method used [26,28–33], as well as the blinding
method [26–33]. Some studies [25–27] reported incomplete outcome data and others [27,29,32,33]
presented the outcomes selectively, which indicates a description bias. With regard to the allocation
concealment, two studies [25,27] did not describe this and two others [23,24] stated that there was none.
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Figure 1. Flowchart of articles selected for the systematic review.

All the studies included in the systematic review presented the main elements recognized
to minimize the risk of bias, according to the Cochrane Handbook [21]: randomization, blinding,
and reporting of dropouts/withdrawals.
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Figure 2. Bias risk assessment according to the Cochrane Handbook tool and the Oxford Quality
Scoring System, the Jadad Scale.

3.3. Characteristics of Selected Articles

All six of the studies included in the systematic review were placebo-controlled RCTs performed
on individuals with UC and conducted between 2006 and 2019. No studies involving CD met all the
eligibility criteria. Table 2 details the characteristics and results of each study. They were all conducted
in outpatient settings, including a total of 372 subjects, ranging in age from 23 to 61 years. There were
no significant differences regarding the number of male and female patients who participated in
these trials.
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The studies compared the use of curcumin as a complementary therapy given in combination with
mesalamine (5-ASA), a conventional drug regularly prescribed for patients with UC, with placebos also
in conjunction with 5-ASA. The oral capsule curcumin dosage ranged from 450 mg to 3 g/day. One study
reported using NCB-02, a standardized extract with 72% curcumin, 18.08% demethoxicurcumin,
and 9.42% bisdemetoxicurcumin as an enema at a dosage of 140 mg/day [31]. One study used capsules
of a nanomicellar curcumin formulation (SinaCurcumin®) at doses of 240 mg/day [33]. The duration
of the interventions ranged from 4 weeks to 12 months.

Different methods were used to evaluate the clinical activity of the disease, but in general the
parameters evaluated by the different scores included: number of bowel movements, fecal urgency,
bloody stools, self-reported general well-being, abdominal pain, and extra-intestinal manifestations.
The endoscopic scores used evaluated the following parameters: vascular pattern, presence of erythema,
friability of the mucosa, erosions, spontaneous bleeding and presence of ulcerations.

3.4. Outcomes after Intervention

In most of the studies, positive outcomes were reported after the interventions. Hanai et al. (2006)
reported a lower number of relapses in the intervention group than in the control group, while other
studies showed a higher proportion of remission in the intervention group [29,30]. Significant clinical
responses measured through the disease activity indices and an improved endoscopic activity were also
reported in four of the five studies, except for the study conducted by Kedia et al. [32], which showed
no significant difference between the clinical and endoscopic remission rates of the intervention and
placebo groups.

In Masoodi’s study [31], in addition to a significant reduction in the simple clinical colitis activity
index (SCCAI), a higher proportion of the intervention group patients reported improved general
well-being and decreased fecal urgency than did the patients from the placebo group after four weeks.
Curcumin was well tolerated in all the RCTs and was not associated with any serious side effects.
However, Hanai et al. [28] did report some mild adverse events (AE), such as: feeling of abdominal
distension, nausea, and a transient increase in the number of bowel movements.

The only one to use a quality of life questionnaire [33] showed a significant increase in the
mean score of IBDQ-9 in the curcumin group compared to the placebo group. In the same study,
curcumin supplementation induced a significant reduction in the high-sensitivity C-reactive protein
(hs-CRP) concentrations after eight weeks vs. no significant reduction seen in the placebo group.

4. Discussion

This systematic review included six RCT studies [28–33] that compared the use of curcumin as a
complementary therapy given in combination with 5-ASA in patients with UC. In four of the five studies
included, there was a significant improvement in the clinical response with curcumin, allied with no
serious AEs. Five studies [28–31,33] reported that curcumin was able to reduce the symptoms of the
disease, achieve clinical remission, and/or prevent relapse when used as a complementary therapy
to mesalamine.

The study by Kedia et al. [32], using lower doses of oral capsule curcumin than other
studies [28,30,33], which used 2000 mg/day, 3000 mg/day and 1500 mg/day, respectively, was the
only study in which no significant difference was found between clinical remission and the endoscopic
remission rates in the intervention and placebo group (UCDAI). It is understood that very low doses
of curcumin may not achieve the desired effect unless administered locally in the form of an enema,
as in the study by Singla et al. [29], or in more bioavailable nanoformulations such as SinaCurcumin®,
used in the study by Masoodi et al. [31].

The curcuminoid gelatin capsule is dissolved in the acidic environment of the stomach and the
nanomicelles are released, which are stable for up to 6 h and are absorbed into the intestine [34].
Importantly, curcumin absorption may be lower when it is administered orally than when it is
administered in an enema when it comes to IBD, due to the direct delivery to the site-of-action.
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Therefore, RCTs should also explore the enema administration of curcumin in order to define the most
effective route of administration, since only one RCT [29] has evaluated this route so far.

Most of the studies did not describe the purity of the curcumin used. Singla et al. [29] only
described the percentage of curcumin in the extract used, while Lang et al. [30] reported using
Cur-Cure® (a preparation containing 95% pure curcumin); the other four studies did not provide any
such information. Any comparison of this study with others that do not describe the composition of
the capsule is hampered by the fact that it is not known exactly what the intervention groups in the
other studies were given. An important caveat is that capsule curcumin found on pharmaceutical and
nutritional store shelves often contains numerous chemical additives, as does the turmeric powder
sold commercially as a spice.

Only Hanai et al. reported some mild AEs, such as abdominal distension, nausea and an increased
number of bowel movements in a Japanese population. These non-specific symptoms may be related
to factors not controlled by the researchers, such as dietary factors (lactose, fodmaps, gluten) and the
presence of associated functional diseases, such as IBS (irritable bowel syndrome). Therefore, it cannot
be confirmed that these symptoms experienced by only 7 of 89 patients are related to curcumin use.

The Food and Drug Administration states that curcumin is “generally recognized as safe” and
has no known toxic effects. According to the Food and Agriculture Organization of the United
NationsFAO/WHO Joint Food Additives Expert Committee and the European Food Safety Authority,
the acceptable daily intake of curcumin is 0–3 mg/kg/day [35,36]. Lao et al. [37] administered
500–12,000 mg of curcumin (95% standardized extract of curcumin) in healthy subjects to examine
its maximum tolerance and safety dose, and found that an ingestion of up to 12 g/day of curcumin
brought about no ill effects. Based on this recommendation, a healthy 70 kg individual could consume
4–10 g turmeric powder, or two tablespoons, per day, which is well above the usual consumption in
western countries.

The bioavailability of orally ingested unformulated curcumin is low. High doses of curcumin
(2–4 g) are usually required to improve bioavailability due to its hydrophobic nature, but recently,
in addition to nanoformulations, studies have been conducted into a self-micro emulsifying drug
delivery system (SMEDDS) for curcumin: hydrophilic drug droplets that can diffuse easily into the
bloodstream, resulting in higher intraintestinal concentrations than when conventional curcumin
is used [26]. Although SMEDDS has been used successfully in a study, the current evidence on its
usefulness is still scant. In a single-blind crossover study on healthy adults, the bioavailability of
the curcumin micellar formulation was found to be 185 times higher than that of the same dose of
unformulated curcumin [38]. Despite promising results concerning curcumin micellization, the study
was conducted on healthy subjects; there are no studies on individuals with IBD. This nanometer-sized
drug delivery system could become an effective strategy for treating IBD [39].

In a recent systematic review, Jamwal [40] compared the pharmacokinetic effect of different
curcumin formulations in healthy subjects. The formulations that exhibited a better bioavailability
than unformulated curcumin were: NovaSol®, CurcuWin®, and LongVida®, which were found to
achieve a 185, 136, and 100 times higher bioavailability, respectively. The studies cited report promising
preliminary results from in vitro and in vivo experimental trials by developing specific curcumin
delivery systems, protecting against rapid degradation, and targeting the inflamed colon. However, it is
not yet known which would be the best option from those among the most bioavailable formulations
for treating IBD.

Another strategy for improving bioavailability, the use of piperine (a component of black pepper,
Piper nigrum, and long pepper, Piper longum) as an adjunct to curcumin, has been described for a
long time. Shoba et al. [41] demonstrated that 20 mg of piperine administered concomitantly with
2 g of curcumin increases the bioavailability of curcumin 20-fold in humans. One experimental
study by Li et al. [42], using CUR-PIP-SMEDDS (an emulsified curcumin and piperine formulation),
reported that the administration of this formulation through an enema in rats had an effect similar to
5-ASA in maintaining remission in dextran sulfate sodium DSS-induced colitis. As a substance that
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inhibits the metabolism of several active compounds, piperine may cause toxicity when associated
with some drugs [43]. Moreover, the gastrointestinal transit time has been reported to be significantly
reduced by the consumption of 20 mg of piperine by rats [44], which in individuals with IBD may not
be beneficial.

Despite the small number of studies, the average intervention time that appears to be sufficient
to present the outcomes is four to eight weeks. However, this time may vary according to the
pharmaceutical formulation used. Shorter intervention periods seem to be associated with more
bioavailable curcumin formulations.

It is noteworthy that phytochemicals are not evenly distributed among plant parts: the curcumin
content of mother rhizomes is higher than the curcumin content of primary and secondary rhizomes,
both fresh and dried [45]. The seasonality, altitude, temperature, solar incidence, water availability,
and nutrient content in the soil may also alter the presence or concentration of phytochemicals [46].
Post-harvest processing for the production of dry powder results in a reduced curcumin content in the
mother’s rhizomes and fingers, as it is easily decomposed when exposed to light and is sensitive to
high temperatures (>60 ◦C) [47].

In addition, the pre-harvest management, specifically cultivation practices, also play a significant
role in the quantity and quality of turmeric phytochemicals. In the study by Choudhury et al. [47],
the application of nitrogen, phosphorus, potassium (NPK)inorganic fertilizers resulted in a 31–43%
increase in the curcumin content of the mother rhizome compared to the non-application of NPK
fertilizers. Similarly, the application of organic fertilizers (pig and poultry manure) also increased the
curcumin content of mother rhizomes by 18–36%. All the factors mentioned may have influenced the
curcumin content used in the studies and, consequently, the results obtained.

Efforts are currently being made by different research groups to improve curcumin’s bioavailability,
and further efforts will be needed to answer questions related to curcumin therapy in IBD.
New well-designed, long-term RCTs with a large enough sample size to demonstrate clinically
significant effects and to determine the efficacy of new pharmaceutical formulations are required.

Considering the six trials included, five of them demonstrated good results related to the
clinical and/or endoscopic remission/response. The findings suggest that curcumin may be a safe,
effective therapy for maintaining or inducing UC remission when administered with standard
treatments; the same cannot be said for CD, due to the absence of RCTs with a low risk of bias when
investigating patients with this condition. However, based on these findings it is not yet possible
to establish the best protocol for the use of curcumin, considering that the determination of the
therapeutic dose and the duration of treatment depend on the identification of the ideal pharmaceutical
formulation, which has not yet been determined for this population.

We recognize that this study inevitably has some limitations and so its results should be interpreted
with caution. Firstly, it was based on only six RCTs, all with a relatively small sample size. Additionally,
although the studies included were well designed, randomized, placebo-controlled studies that rated
highly on the Jadad scale [22] and in the Cochrane Handbook bias analysis [21], they used different
doses and formulations of curcumin and different administration routes. This itself may add bias to
the results of our study.
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