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Summary
Curcumin, the bioactive component of turmeric (Curcuma longa L.), has been used for
thousands of years in traditional medicine for the prevention or treatment of several
diseases and symptoms. Nowadays, curcumin is investigated worldwide as a
nutritional supplement. To overcome the central limitation of its naturally low oral
bioavailability, several formulation strategies have been developed, such as its coadministration with turmeric oils or piperine to inhibit its metabolism and efflux or its
incorporation into micelles, cyclodextrin complexes or phospholipid bilayers to improve
its stability and solubility. So far, the different formulations have not been compared
directly, in one cohort of participants and at equal doses.
The present doctoral thesis aimed, for the first time, at a direct comparison of the
bioavailability of curcumin in form of a native curcuma extract or seven formulations,
namely polysorbate 80 micelles, -cyclodextrin complexes, liposomes, phytosomes,
submicron-particle curcumin or curcumin administered with turmeric oils or piperine, in
healthy adults. The project further aimed to investigate several critical factors for
curcumin bioavailability in vitro and to explain thereby the observations made in vivo.
In a randomized, double-blind crossover trial with 12 healthy participants (6 females, 6
males), curcumin pharmacokinetics, namely AUC (area under the plasma
concentration-time curve), Cmax (maximum plasma concentration) and tmax (time to
reach Cmax) were compared after administration of a single oral dose of 207 mg
curcumin in form of a native curcuma extract or one of the seven formulations.
Curcumin incorporated into polysorbate 80 micelles or

-cyclodextrin complexes

showed 57-fold and 30-fold improved bioavailability compared to the native extract,
whereas all other formulations showed no or minor effects. tmax of the better
bioavailable formulations was smaller (1 to 2 hours) compared to all others (up to 7
hours).
To compare the formulations regarding their digestion characteristics and
transepithelial transport, in vitro digestion experiments followed by Caco-2 cell
transport assays were conducted with the formulations normalized to their curcumin
content. In parallel to the effects in vivo, curcumin showed higher stability, solubility
and micellization efficiency when it was incorporated into polysorbate 80 micelles
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(100%, 80%, 55%) or -cyclodextrin complexes (73%, 33%, 23%), whereas curcumin
permeability through Caco-2 cell monolayers was not affected by its formulation.
In the next study, curcumin efflux, partially mediated by P-glycoprotein (P-gp), was
investigated, because the inhibition of curcumin efflux from the intestinal cells back to
the intestinal lumen is targeted by the co-administration of curcumin with turmeric oils
or piperine. In LS180 (colon adenocarcinoma) cells, native curcuma extract and the
seven formulations were studied regarding cellular curcumin uptake within 1 hour and
efflux within further 8 hours, as well as their effects on P-gp activity. Independently
from its formulation, curcumin inhibited the activity of P-gp. Cellular curcumin uptake
and efflux showed significant variability between formulations but no consistent effects.
Cellular uptake and efflux may thus not be important for curcumin bioavailability in vivo.
Another potential factor influencing bioavailability, that was investigated for native and
micellar curcumin, was the time-dependent intracellular distribution in intestinal cells.
Uptake and intracellular distribution in Caco-2 cells mainly did not differ between native
and micellar curcumin. After 30 minutes, both were localized in lysosomes and
mitochondria, after 180 minutes in peroxisomes and native curcumin also in
mitochondria. The temporary localization in lysosomes is in line with the involvement
of endocytosis in cellular uptake of curcumin. Nevertheless, the intracellular
localization of curcumin was not affected by its incorporation into polysorbate 80
micelles.
The data generated in this doctoral project thus demonstrate that the incorporation of
curcumin into polysorbate 80 micelles or

-cyclodextrin complexes successfully

improve its bioavailability. The improved bioavailability of both formulations can be
explained by enhanced digestive stability, solubility and micellization efficiency and
appears to be independent from post-digestive processes, such as intestinal
permeability, cellular uptake, cellular efflux or intracellular distribution.
Consequently, the present doctoral thesis delivers relevant information for the
therapeutical application of curcumin, for the development of highly bioavailable
formulations, as well as the basis for further clinical research on the health beneficial
effects of curcumin.
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Zusammenfassung
Curcumin, der bioaktive Inhaltsstoff der Gelbwurz (Curcuma longa L.), wird bereits seit
Jahrtausenden in der traditionellen Medizin zur Behandlung von zahlreichen
Erkrankungen und Symptomen eingesetzt. Heutzutage wird es weltweit als
Nahrungsergänzungsmittel erforscht. Um gegen seine schlechte Bioverfügbarkeit, die
seinen Einsatz limitiert, anzugehen, wurden verschiedene Formulierungsstrategien
entwickelt. Beispielweise zielt die gleichzeitige Gabe von Ölen der Gelbwurz oder
Piperin auf die Hemmung des Stoffwechsels und Efflux; die Einlagerung in Mizellen,
Cyclodextrin-Komplexe oder Phospholipid-Doppelschichten auf die Erhöhung der
Stabilität und Löslichkeit, ab. Bislang wurden die Formulierungen nicht direkt, in einer
Kohorte und unter Gabe identischer Dosen verglichen.
Die vorliegende Doktorarbeit erzielte den erstmaligen, direkten Vergleich der
Bioverfügbarkeit von Curcumin in Form eines nativen Kurkuma-Extraktes oder sieben
Formulierungen,

nämlich

Polysorbat

80-Mizellen,

-Cyclodextrinkomplexe,

Liposomen, Phytosomen, Curcumin in einer kleinen Partikelgröße und Curcumin mit
Zusatz von Ölen der Gelbwurz oder Piperin, in gesunden Erwachsenen. Ein weiteres
Ziel war die Erforschung verschiedener ausschlaggebender Faktoren für die
Curcumin-Bioverfügbarkeit in vitro und damit die Erklärung der in vivo-Beobachtungen.
In

einer

randomisierten,

doppelblinden

Crossover-Studie

mit

12

gesunden

Erwachsenen (6 Frauen, 6 Männer), wurde die Pharmakokinetik von Curcumin anhand
der AUC (Fläche unter der Plasmakonzentration-Zeitkurve), Cmax (maximale
Plasmakonzentration) und tmax (Zeit zum Erreichen von Cmax) nach einer einmaligen
oralen Gabe von 207 mg Curcumin in Form eines nativen Kurkuma-Extraktes oder
einer der sieben Formulierungen verglichen. Curcumin eingelagert in Polysorbat 80Mizellen oder -Cyclodextrinkomplexe war 57-fach bzw. 30-fach besser bioverfügbar
als natives Curcumin. tmax der besser bioverfügbaren Formulierungen war geringer (1
bis 2 Stunden) als aller anderen (bis zu 7 Stunden).
Zum Vergleich der Formulierungen bezüglich ihrer Verdaueigenschaften und des
transepithelialen

Transports

von Curcumin, wurde ein in vitro-Verdau mit

anschließenden Caco-2-Transportversuchen durchgeführt, wofür die Formulierungen
auf ihre Curcumingehalte normalisiert wurden. Gleich der Effekte in vivo, zeigte
Curcumin eine höhere Stabilität, Löslichkeit und Mizellierungseffizienz, wenn es in
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Polysorbat 80-Mizellen (100 %, 80 %, 55 %) oder -Cyclodextrinkomplexe (73 %,
33 %, 23 %) eingelagert war. Die Permeabilität von Curcumin durch Caco-2Zellmonolayer war hingegen unbeeinflusst von dessen Formulierung.
In der nächsten Studie lag der Fokus auf dem Curcumin-Efflux, der unter anderem
mittels P-glykoprotein (P-gp) erfolgt. Die gleichzeitige Gabe von Ölen der Gelbwurz
oder Piperin mit Curcumin zielt auf die Hemmung des Curcumin-Efflux aus den
Darmzellen zurück in das Darmlumen ab. Der native Extrakt und die sieben
Formulierungen wurden hinsichtlich der Curcumin-Aufnahme innerhalb 1 Stunde
sowie des Efflux innerhalb weiterer 8 Stunden und ihrer Effekte auf die Aktivität von Pgp

in

LS180

(Kolonkarzinom)-Zellen

untersucht.

Unabhängig

von

dessen

Formulierung hemmte Curcumin die Aktivität von P-gp. Zelluläre Curcuminaufnahme
und -efflux variierten signifikant zwischen einzelnen Formulierungen, wobei die Effekte
nicht einheitlich waren. Die zelluläre Aufnahme und der Efflux von Curcumin scheinen
für dessen Bioverfügbarkeit nicht von relevanter Bedeutung zu sein.
Die Zeit-abhängige intrazelluläre Verteilung in intestinalen Zellen, exemplarisch
untersucht für natives und mizellares Curcumin, ist ein weiterer potentieller
Einflussfaktor für die Bioverfügbarkeit. Die Aufnahme und Verteilung in Caco-2-Zellen
unterschied sich nicht grundlegend zwischen nativem und mizellarem Curcumin. Nach
30 Minuten waren beide in Lysosomen, nach 180 Minuten in Peroxisomen und natives
Curcumin in Mitochondrien lokalisiert. Die zeitweise Lokalisation in den Lysosomen
geht mit der Beteiligung der Endozytose an der zellulären Aufnahme von Curcumin
einher. Nichtsdestotrotz wurde die Lokalisation von Curcumin nicht durch dessen
Formulierung beeinflusst.
Insgesamt wurde beobachtet, dass die Einlagerung von Curcumin in Polysorbat 80Mizellen oder -Cyclodextrinkomplexe dessen Bioverfügbarkeit verbessert. Die in vivo
beobachteten Effekte sind primär auf die Verbesserung der Verdaustabilität,
Löslichkeit und Mizellierungseffizienz und weniger auf Faktoren wie die intestinale
Permeabilität,

zelluläre

Aufnahme,

Efflux

oder

intrazelluläre

Verteilung

zurückzuführen.
Infolgedessen liefert die vorliegende Doktorarbeit wichtige Informationen für die
therapeutische Anwendung von Curcumin, für die Entwicklung bioverfügbarer
Formulierungen, und eine bedeutende Grundlage für die weitere klinische Erforschung
seiner Gesundheitseffekte.
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Chapter 1 - Introduction
1. Curcumin
Curcumin is a polyphenol from the rhizome of Curcuma longa Linn., also known as
turmeric. The name Curcuma is based on the Arabic word for saffron, Kourkoum.
Turmeric, belonging to the family of Zingiberaceae, has its origin in India and China
where its extracts have been used for thousands of years as a spice, colorant and for
medicinal purposes. In the 13th century, turmeric extract reached Europe where it was
, for
example in mustard, sauces and dairy products, but also as an ingredient of curry spice
or as a dietary supplement [1,2].

1.1 Occurrence and physicochemical properties
Turmeric extracts contain 1-6% curcuminoids and 3-7% volatile essential oils. The
group of curcuminoids consists to 60-70% of curcumin as the main and best studied
compound, demethoxycurcumin (DMC, 20-27%) and bis-demethoxycurcumin (BDMC,
10-15 %) [3]. The major compounds of essential oil from fresh turmeric rhizomes that
have shown antioxidative activities are aromatic-turmerone (24.4%),

-turmerone

(20.5%) and -turmerone (11.1%) [4].
The chemical structure of curcumin ((1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6heptadiene-3,5-dione) is described as a diferuloylmethane and has a molar mass of
368.39 g/mol [1]. The three curcuminoids differ in the number of methoxy groups:
curcumin contains two, DMC one and BDMC none (Figure 1). Due to its -diketone
moiety, curcumin can occur in its diketone or its enol form, whereas in solution the enol
form is prevalent (Figure 1) [5].
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Figure 1. (A) Chemical structures of curcumin, demethoxycurcumin (DMC) and bisdemethoxycurcumin (BDMC). (B) Keto-enol tautomers of curcumin.

The pH is a critical factor for some characteristics and the stability of curcumin. In acidic
environments, curcumin has a typical yellow-orange color, is stable and occurs in its
protonated state. Under neutral and alkaline conditions, it appears in a red color, is
deprotonated and degrades rapidly [2,6]. Protein has been shown to improve curcumin
stability as its degradation is minor in human blood or cell culture medium
supplemented with fecal calf serum in contrast to serum-free medium and protein-free
buffer [6]. Curcumin is a lipophilic compound and thus soluble in methanol, ethanol,
acetone or dimethyl sulfoxide, but not in water under neutral and acidic pH [1]. Water
solubility, but also degradation increases under alkaline conditions. Ferulic acid,
feruloyl methane and vanillin are reported degradation products [6].

1.2 Health beneficial effects and safety
Already for thousands of years, curcumin has been applied in Traditional Chinese and
Ayurvedic medicine for the treatment of several diseases and symptoms, such as
wound healing, liver, gastrointestinal and gynecological problems or inflammatory
diseases and bacterial infections [7]. Nowadays, more and more is known about the
molecular mechanisms leading to these health-beneficial effects. Curcumin was shown
to interact with signaling molecules, such as growth factors, cytokines, receptors,
2

kinases and consequently with numerous cellular signaling cascades (reviewed in
[2,8]). Antimicrobial, antioxidant, anti-mutagenic, growth inhibitory, anti-inflammatory
and antidiabetic effects have been observed mainly in in vitro and in animal studies
(reviewed in [2,7]).
Although the application of curcumin as a dietary supplement in the context of
prevention and treatment of numerous diseases and symptoms is of interest, few
human studies have been published so far [1,8]. Especially for cancer, diabetes
mellitus, gastrointestinal, skin and inflammatory diseases, curcumin administration
showed positive effects in humans (reviewed in [7 11]). Nevertheless, conclusions
from these clinical trials should be drawn with caution as long-term studies or trials with
bigger study cohorts are still needed [7,10]. In addition, curcumin has often been coadministered with other nutraceuticals or drugs and it cannot be excluded that
observed effects arise from the co-administered compounds or interactions [9,10]. The
major limitation of the application of curcumin is its naturally low oral bioavailability
which is the general focus of this thesis and further introduced in paragraph 2.
Generally, it has to be considered how curcumin is administered and consequently
how much is absorbed and available to exert the systemic health effects [1,7 10].
Curcumin is categorized as generally recognized as safe by the FDA (Food and Drug
Association) [10]. The JECFA (Joint FAO/WHO Expert Committee on Food Additives)
defined in 2003 an acceptable daily intake level of 0-3 mg/kg body weight [12]. In
several clinical trials, no or mild unspecific symptoms were reported after single oral
administration of up to 12 g of native curcumin [13,14]. Long-term human trials
administering curcumin in doses of up to 4 g/kg body weight for up to 6 months neither
showed toxic effects [13,15]. More long-term studies on the toxicity of formulations with
highly bioavailable curcumin (discussed in paragraph 3) are urgently needed but so
far, no severe side effects were reported. Even a 185-fold increased bioavailable
curcumin formulation, namely curcumin polysorbate-80 micelles, neither caused any
adverse event in healthy adults when administered in a single oral dose of 410 mg
curcumin, nor in doses of 240 mg per day for six weeks [16,17]. Daily uptake of 336.8
mg curcumin in form of a curcumin- -cyclodextrin complex with 84-fold higher
bioavailability for 12 weeks was safe and well tolerated [18].
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2. Curcumin bioavailability
The central limitation of the exertion of its health benefits is the naturally low oral
bioavailability of curcumin explained by its low solubility and stability, low absorption,
rapid metabolization and elimination [6,19 21].

2.1 Gastrointestinal stability, solubility and intestinal permeability
Due to its hydrophobic character, curcumin is poorly soluble in chyme and unstable
under the neutral to alkaline conditions during the digestion process [6]. Equal to other
lipophilic food compounds, only the amount that is stable during the digestion process,
soluble and incorporated into mixed micelles can be absorbed by enterocytes [22].
These characteristics are evaluated by the in vitro digestion method following the exact
or modified INFOGEST (International network of excellence on the fate of food in the
gastrointestinal tract) protocol that was developed by the European Cooperation in
Science and Technology [23,24]. In this in vitro model, food components undergo oral,
gastric and intestinal phases in reaction tubes under conditions similar to the in vivo
situation by adding the respective digestive enzymes and adjusting the pH. In a
previous in vitro study, only around 10% of curcumin from turmeric extract was
available in the mixed micellar fraction after the digestion process. Thus, only minor
amounts are available for intestinal absorption [25]. Already in 1978, it was observed
in two rat studies that 89% and 75% of orally administered curcumin were excreted via
feces as the parent compound [19,26].
To be available to the organism, curcumin has to overcome the intestinal barrier. For
investigations on the intestinal permeability of compounds, the Caco-2 cell model is
commonly used and recommended by the FDA [27 29]. The colon adenocarcinoma
cell line Caco-2 forms a monolayer and develops enterocytic characteristics after
differentiation [30]. The permeability of substrates through the differentiated Caco-2
cell monolayers is described by the apparent permeability coefficient (Papp). Papp
values higher than 10 x 10-6 cm/s describe high permeability and predict 70-100%
absorption in vivo. Values below 10-6 cm/s describe low permeability and consequently
low absorption in vivo (<20%) [31]. Native curcumin belongs to the latter category
[28,29,32 35]. Several formulations that were developed to improve curcumin
bioavailability (discussed in Paragraph 3) have been shown to increase cellular uptake
of curcumin and its transport through Caco-2 cells [33,35 37]. For example, the
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incorporation into polysorbate 80 micelles led to a 3.8-fold improvement in permeability
[33]. Curcumin incorporated into chitosan or alginate nanocapsules achieved 29-fold
and 15-fold higher permeabilities [36].

2.2 Cellular uptake and intracellular localization
Regarding curcumin uptake into intestinal and other cells, little is known. Passive
diffusion is thought to be the major cellular uptake mechanism for native curcumin, but
endocytosis has also been reported to facilitate curcumin uptake into intestinal cells
[32,37,38]. For curcumin encapsulated into galactosylated albumin nanoparticles,
Huang et. al (2019) observed not only permeability improvement but also clathrinmediated endocytosis and passive diffusion as intestinal uptake mechanisms [37]. In
another publication, clathrin- or caveolae-mediated endocytosis and macropinocytic
transcytosis contributed to the uptake of self-assembled polymeric curcumin micelles
[35].
Previously, an interaction of curcumin with the cell membrane, where curcumin needs
to pass before entering the cell, has been discussed in a number of in vitro studies. It
is pronounced that low concentrated curcumin interacts with the polar heads on the
outer interface of the membrane. In higher concentrations, it accumulates within the
unpolar chains of the phospholipid bilayer [39 41]. The accumulation in the membrane
is a possible explanation for observed decreases in membrane fluidity after incubation
with curcumin as well as for its low permeability discussed before [40,42 44].
The intracellular localization of native curcumin after cellular uptake was visualized in
various cell lines, but not in Caco-2 cells. As concluded by Singh et. al (2012) and
Ghosh et. al (2014), curcumin intracellular localization depends on the cell line, the
incubation time and its concentration [45,46]. In MCF7, breast cancer, cells, curcumin
was found in mitochondria after incubation with 20 µmol/L curcumin for 4 hours [47],
whereas mitochondrial localization was excluded in Huh-7, liver, cells after incubation
with 5 µmol/L curcumin for 3 hours or 25 µmol/L curcumin for 24 hours [48,49]. As well,
nuclear localization of curcumin was excluded in WiDr, colon adenocarcinoma, cells (7
µmol/L curcumin for 6 hours) and SF-767, glioblastoma, cells after shorter times (20
µmol/L for 0.5 hour or 1 hour) [45,46], but was observed in HepG2, liver, cells (20
µmol/L curcumin for 4 hours or 24 hours) and SF-767 cells after longer incubation times
(20 µmol/L curcumin for 2 hours, 4 hours or 24 hours) [46,50]. Consequently,
5

observations of the present publications on other cell lines cannot be directly
transferred to intestinal cells.
Overall, investigations on the uptake mechanism, intracellular transport and
localization of native and formulated curcumin in intestinal cells during adequate time
periods are necessary.

2.3 Curcumin metabolism and elimination
Most curcumin that is absorbed in the intestine undergoes xenobiotic metabolism by
phase I and II enzymes in intestinal and hepatic cells [51,52]. By reductases, curcumin
is reduced to dihydro-, tetrahydro- hexahydro- or octahydrocurcumin [52]. The reduced
metabolites, especially tetrahydrocurcumin, have a low metabolic stability [53]. Phase
II enzymes, mainly UDP-glucuronosyltransferase and sulfotransferases conjugate the
parent compound curcumin or its phase I metabolites with glucuronic acid or sulfate,
respectively (Figure 2) [51,52].
A fraction of curcumin and its metabolites is transported from enterocytes into the portal
blood by the proteins MRP1 and MRP3 (Figure 3) [12]. In plasma, no or negligible
amounts of free curcumin were detected after oral administration of high doses up to
12 g curcumin in humans [14,20,54]. Mainly curcumin glucuronide and also curcumin
sulfate could be quantified and were the main metabolites in plasma [16,20,55,56].
Consequently, curcumin glucuronides and curcumin sulfates or total curcumin (the
sum of free and conjugated curcumin determined after enzymatic hydrolysis of the
conjugates with -glucuronidase/sulfatase) have been used to investigate curcumin
pharmacokinetics in human trials. Nevertheless, plasma concentrations of total
curcumin are rather low and range from nmol/L to low µmol/L (Cmax (maximum plasma
concentration)

summarized

in

[16]).

In

humans,

tetrahydrocurcumin

and

hexahydrocurcumin concentrations in plasma were lower [57,58] than their respective
glucuronides and sulfates [59]. Ca. 3-fold more tetrahydrocurcumin than curcumin was
quantified in blood after 12 weeks administration of a curcumin- -cyclodextrin complex
[18]. In minor amounts, hexahydrocurcuminol and hexahydrocurcumin glucuronide
were found in rat plasma after oral administration of 500 mg curcumin per kg body
weight [60]. In rodents, curcumin plasma concentrations were up to 195-times lower
compared to concentrations in intestine or liver, 1 hour after its intraperitoneal injection
or within 24 hours after oral administration [21,61]. In single dose pharmacokinetic
6

studies in humans, the peak plasma concentrations of curcumin following oral
ingestion were reached within the first 6-8 hours and declined rapidly close to baseline
values within 12 hours [16,59,62 65].

Figure 2. Main curcumin metabolites generated in enterocytes and hepatocytes.
Curcumin is reduced by reductases (phase I) to dihydrocurcumin, tetrahydrocurcumin,
hexahydrocurcumin or octahydrocurcumin. Curcumin and its phase I metabolites are conjugated with
sulfate by sulfotransferases or glucuronic acid by UDP-glucuronosyltransferase (phase II). The figure
was modified from Kotha et. al (2019) [1]

7

Figure 3. Overview over the metabolism of orally administered curcumin.
Approximately 75-89% of orally administered curcumin is directly excreted via feces. Soluble curcumin
is absorbed into enterocytes, where it is metabolized by phase I and phase II enzymes and either
transported back to the intestinal lumen via the efflux transporters MRP2 (multidrug resistance protein),
BCRP (breast cancer resistance protein) or P-glycoprotein (P-gp) or transferred to the portal blood via
MRP1 and MRP3. Curcumin and its metabolites that reach the liver are further metabolized and either
eliminated via bile or transported via the systemic circulation to the tissues or kidney. The elimination
via urine was previously reported to be 0.2% within 24 hours in humans and 10% within 72 hours in rats.
The figure was modified from Kurita et. al (2013) and Tsuda (2018) [19,26,51,52,66,67].

Not only the factors mentioned above, but also the rate and velocity of curcumin
elimination influences its bioavailability. Overall, the elimination of curcumin and its
metabolites occurs mainly via feces. Urinary curcumin excretion was reported to be
0.2% within 24 hours in humans and 10% within 72 hours in rats [16,19,26,61]. Via
urine, predominantly curcumin sulfate and curcumin glucuronides are eliminated. As
investigated in rats, unmetabolized curcumin, glucuronides of tetrahydrocurcumin and
hexahydrocurcumin are excreted via feces [19,61] and are a result of curcumin that
was not absorbed in the intestine and curcumin that was absorbed by enterocytes,
metabolized and shuttled back into the intestinal lumen by efflux proteins, namely Pglycoprotein (P-gp), BCRP (breast cancer resistance protein) and MRP2 (multidrug
resistance protein 2) [68].
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2.4 Interaction with efflux transporters
After xenobiotics, such as drugs or phytochemicals, have been absorbed by the
enterocyte, they and their metabolites are transported back into the intestinal lumen or
the

portal

blood

by

efflux

proteins,

which

consequently

influence

their

pharmacokinetics [69]. As mentioned in paragraph 2.3, MRP1, MRP3, P-gp and BCRP
play a role in curcumin transport [68].
P-gp is an important efflux transporter in the context of curcumin and a 170-kDa
transmembrane protein, encoded by the mdr1 gene and member of the family of ATPbinding cassette (ABC) transporters. The transporter consists of two halves with similar
structure. Each half has a transmembrane domain consisting of 6 -helices and a drugbinding side. A nucleotide-binding domain (NBD) that binds and hydrolyzes ATP as a
requirement for P-gp activity is another part of each half. The two parts of the protein
form a transmembrane pore through which the substrates are transported from the
cytosol into the extracellular space (Figure 4). P-gp is expressed in liver, intestine and
kidney and in addition, it is overexpressed in many cancer cells, thus leading to
multidrug resistance [69,70].

Figure 4. Schematic structure of intestinal P-glycoprotein.
Each of the two halves contains a transmembrane domain (TMD) consisting of 6 -helices and a
nucleotide-binding domain (NBD). Substrates are bound on the TMD, ATP is bound and hydrolyzed on
the NBD. The figure was modified from Lopes-Rodrigues et. al (2016) [70].

Previously, curcumin has been shown to inhibit the activity and the expression of P-gp
in intestinal [71 75] and multidrug resistant cells [76 81], thereby influencing the
9

pharmacokinetics of a number of co-administered drugs [71,78,82]. Curcumin as the
parent compound, but not after its conjugation with glutathione, inhibited MRP1 [83,84].
In a study with artificial vesicles, curcumin inhibited P-gp, BCRP and MRP2 [85].
Vice versa, P-gp activity has shown to affect curcumin transport and intracellular
accumulation in some Caco-2 cell studies [29,68,86]. For example, the co-incubation
with the turmeric constituent -turmerone led to intracellular curcumin accumulation
and in parallel inhibited P-gp activity [86]. Interestingly, the inhibition of P-gp and MRP
decreased the efflux of curcumin glucuronides, but not of the parent compound
curcumin [68].

3. Curcumin formulation strategies
3.1 Overview over strategies to improve bioavailability
A basic requirement for the full exertion of the systemic effects of curcumin is a high
bioavailability. To improve its naturally low oral bioavailability, a variety of mechanisms
has been investigated. Generally, these formulations aim at inhibiting curcumin
metabolism or increasing its solubility and stability by complexation and particle size
reduction [16,62,63,65,87 90]. This paragraph presents a selection of strategies that
are discussed the most in current research and are focused on in the present doctoral
thesis.

3.1.1 Inhibition of metabolism and elimination by adjuvants
Already in 1997, Shoba et. al observed in eight healthy adults that the addition of 20
mg piperine to a curcumin dose of 2 g increased its bioavailability 20-fold compared to
curcumin alone within 6 hours of intervention [88]. Piperine, an alkaloid from black
pepper, is thought to inhibit glucuronidation and elimination via P-gp in liver and
intestine and to thereby improve the bioavailability of curcumin and several other drugs
and phytochemicals [64,88,91,92].
Another strategy to improve bioavailability is the addition of turmeric oils that inhibit the
intestinal P-gp and consequently reduce curcumin elimination [89]. In vitro, a coincubation of curcumin with

-turmerone, a turmeric oil-derived sesquiterpenoid,

inhibited P-gp and increased the transport rate of curcumin through intestinal cells [86].
In 11 healthy adults, Antony et. al (2008) observed a 7-fold increased bioavailability
after oral administration of 2 g curcumin with turmeric oils compared to the same dose
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of curcumin alone [89]. In twelve and fifteen healthy adults, a curcumin formulation with
turmeric oils was 2-fold and 3-fold more bioavailable than the native curcumin alone
[57,62]. For the two latter studies, the comparability is limited because of dose
differences between the formulations, as further discussed in paragraph 3.2.

3.1.2 Improvement of water solubility
Other approaches, such as the formulation of curcumin into liposomes, phytosomes,
micelles or cyclodextrin complexes, aim at improving its water solubility as well as its
stability [16,62,63,90].
For example, micelles consisting of 7% curcumin powder and 93% polysorbate 80
have shown to be highly bioavailable formulations. In healthy adults, micellar curcumin
was 185-fold better bioavailable than native curcuma extract in doses of 410 mg
curcumin and 88-fold in doses of 80 mg [16,93]. Polysorbate 80 is a nonionic surfactant
that develops a micellar structure spontaneously in water. The hydrophobic curcumin
is incorporated into the lipophilic core and a polar shell makes the micelles soluble in
water. Curcumin incorporated into polysorbate 80 micelles was more stable and
bioaccessible (32%) than native curcumin (10%) during in vitro digestion [25]. In
addition, in a Caco-2 cell model, permeability of micellar curcumin was higher in
comparison to native curcumin [33].
Another approach to improve water solubility of curcumin is the formulation with
phospholipid bilayers into liposomes or phytosomes, approaches that are commonly
applied for phytochemicals [57,58,62,63,90,94]. In phytosomes, curcumin is covalently
bound to the polar head of phosphatidylcholine organized in a phospholipid bilayer. In
liposomes, curcumin is enclosed in the core of the complex. In comparison, the
covalent bond to the polar head in phytosomes achieves a higher stability and
protection of curcumin from external influences such as pH during the digestion
process [94,95]. In several pharmacokinetic studies with healthy adults, phytosomal
curcumin was 9-fold, 13-fold, 18-fold or 19-fold better bioavailable compared to native
curcumin [57,58,62,63]. In none of the studies, the doses of the two formulations were
normalized to the curcumin content before administration and consequently the
comparability is limited. So far, one clinical trial compared the bioavailability of
liposomal and native curcumin in eleven osteosarcoma patients. After oral
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administration of liposomal but not native curcumin, curcumin was detectable in
plasma [90].
Another mechanism that has been widely used for curcumin and other poorly soluble
drugs and phytochemicals is the incorporation into -cyclodextrin complexes via van
der Waals forces. The complex consists of eight glucopyranose monomers and is
cleavable by naturally produced amylase. The curcumin- -cyclodextrin complex is
better soluble in water and is more stable than unformulated curcumin. In a clinical trial
with healthy adults, bioavailability of a curcumin- -cyclodextrin complex was 84-fold
higher compared to native curcumin [62,96]. Hundshammer et. al (2021) observed that
curcuminoid saturation in plasma was reached after daily oral administration of
curcumin- -cyclodextrin complex for 4 weeks [18]. In addition, plasma concentrations
of tetrahydrocurcumin, the more stable metabolite, were higher than of curcumin [18].
Reducing the particle size of curcumin also aims to increase its water solubility and
consequently bioavailability. In healthy humans, curcumin micronisates were 9-fold
better bioavailable than native curcumin when administered in equal doses [16].
Another common product is a colloidal submicron-particle curcumin with gum ghatti
and glycerine. After oral administration in doses of 30 mg it was 27-fold better
bioavailable than native curcumin in humans [65]. In form of a beverage it showed
higher bioavailability than other commercial curcumin beverages [97].

3.2 Comparability of bioavailability
It is of interest to quantitatively compare the most successful mechanisms to increase
curcumin bioavailability. The pharmacokinetics of formulated and native curcumin have
therefore been compared in numerous publications [16,57 59,62,63,65,88 90], fewer
clinical

trials

have

directly

compared

different

curcumin

formulations

[16,56,57,62,89,98,99]. For a meaningful comparison of bioavailability, some basic
requirements need to be fulfilled. Some selected aspects are discussed here.
In the majority of pharmacokinetic trials, curcumin formulations are administered at
different doses of curcumin, especially native curcuma extract is often administered in
several-fold higher doses, and the resulting pharmacokinetic parameters are then
normalized to the dose [56 59,62,63,98,99]. Dose-normalization is also conducted in
publications comparing pharmacokinetics resulting from different clinical trials [56,98].
As will be demonstrated and further discussed in Chapter 2, this approach is not valid.
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To gain comparable data, formulations need to be normalized to the curcumin dose
already before administration.
A second requirement for an adequate comparability is an identical cohort of
participants. Inter-individual differences in the bioavailability of phytochemicals,
including curcumin, have been reported to depend on multiple factors [100]. One factor
is the variability between individuals regarding the relative administered dose resulting
from differences in body size, body weight and consequently volume of distribution
[16]. Another factor is the genetic and epigenetic inter-individual variability and activity
of enzymes that are involved in metabolism and elimination [100,101].
A third requirement is the equality of the study design. Especially when bioavailability
is compared based on the area under the plasma concentration-time curve (AUC), the
duration of interventions needs to be comparable. For example, in Purpura et. al
(2018), the intervention stopped twelve hours after administration of native or
phytosomal curcumin, a curcumin- -cyclodextrin complex or curcumin with turmeric
oils [62], although plasma levels, especially for the highly bioavailable curcumin- cyclodextrin complex did not decrease to baseline levels. AUC including data over 24
h, as in most pharmacokinetic trials with curcumin [16,58,59,63,65,93,99,102], are
expected to be higher. As a consequence, for an adequate comparability, the study
duration needs to be equal. In addition, different diets containing different food
components that influence bioaccessibility and bioavailability lead to variances
between studies [100].
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4. Aims of the thesis
The application of the natural compound curcumin in the prevention and therapy of
several symptoms and diseases is of great interest to researchers in the field. In order
to combat the limitation of its naturally low oral bioavailability, several formulation
strategies have been developed. So far, their efficiencies have not been compared
under equal conditions. Little is known regarding the main influencing factors of
curcumin bioavailability.
The first aim of the present thesis was to compare, for the first time under identical
study conditions, the pharmacokinetics of curcumin in form of a native curcuma extract
or seven different formulations, namely pol

-cyclodextrin

complexes, liposomes, phytosomes, submicron-particle curcumin or curcumin
administered with turmeric oils or piperine, normalized to the curcumin dose in a cohort
of healthy adults. The central hypothesis that pharmacokinetics of curcumin are
affected by its formulation, was tested (Chapter 2).
In parallel, the second aim was to investigate the digestive characteristics and intestinal
permeability of curcumin in form of a native curcuma extract or the seven formulations.
The second hypothesis, that in vivo bioavailability differences are explained by
digestive stability, solubility and micellization efficiency and the resulting transport rate
through intestinal cells, was tested by in vitro digestion combined with Caco-2 cell
experiments (Chapter 2).
The third aim focused on the relevance of intestinal curcumin efflux for its
bioavailability. Vice versa, the effect of the different bioavailable formulations on P-gp
activity, thereby possibly affecting pharmacokinetics of other P-gp substrates, was
observed. The hypothesis was tested that P-gp activity is affected by curcumin and
that curcumin efflux is inhibited when administered in form of some of the formulations,
namely the combinations with turmeric oils or piperine (Chapter 3).
The fourth aim was to gain insight into the time-dependent intracellular localization of
curcumin as a result of intestinal uptake and intracellular transport mechanisms. The
hypothesis was tested that native and micellar curcumin differ regarding their timedependent cellular uptake and intracellular localization in Caco-2 cells (Chapter 4).
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Chapter 2
Increasing Post-Digestive Solubility of Curcumin Is the Most
Successful Strategy to Improve its Oral Bioavailability: A
Randomized Cross-Over Trial in Healthy Adults and In Vitro
Bioaccessibility Experiments
Published by Molecular Nutrition & Food Research
Impact factor: 5.914
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Supporting information
Enrollment (n = 12; 6 females, 6 males)

Intervention 1 (n = 12)

Intervention 2 (n = 12)

Intervention 3 (n = 12)
washout

Intervention 4 (n = 12)

Intervention 5 (n = 12)

Intervention 6 (n = 12)

Intervention 7 (n = 12)

Intervention 8 (n = 12)

26

Figure S2. Exemplary HPLC chromatograms of the analyzed plasma samples 2 h after
oral administration of 207 mg curcumin in form of (A) native extract, (B) liposomes, (C)
turmeric oils, (D) adjuvants, (E) submicron-particle curcumin, (F) phytosomes, (G) cyclodextrin complex and (H) micelles with (blue) or without (black) prior treatment with
-glucuronidase. Peak 1, bis-demethoxycurcumin; peak 2, demethoxycurcumin; peak
3, curcumin.
27

B

300

AUC0-24 h [nM x h]

200

100

2000

1000

ic
el
le

ex
tr
in
yc
lo
d
-C

ex
tr
ac
Li
t
po
so
m
Tu
es
rm
er
ic
oi
ls
A
Su
d
ju
bm
va
ic
nt
ro
s
npa
rt
ic
Ph
le
yt
os
om
es

N
at
iv
e

s

0

0

M

AUC0-24 h [nM x h]

A

Figure S3. Scatter dot plots of total plasma curcumin AUC0-24 h following the intake of
207 mg curcumin from each of the given formulations in the study population (n = 12).
(A) shows formulations with lower and (B) with higher bioavailability. Data from
individual participants are presented in the same colour in all plots. Horizontal black
lines present the mean AUC0-24 h for each formulation (n = 12). AUC, area under the
plasma concentration time curve.
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Table S1.

-

data (AUC0-24 h, Cmax) for total (free plus conjugated)
curcumin displayed in Figure 1.a)
Dose
[mg]

AUC
[nM x h]

AUC/dose
[(nM x h) mg-1]

Cmax
[nM]

Cmax/dose,
[nM mg-1]

Reference

Native extract

30

11.13

0.37

4.89

0.16

[1]

Native extract

80

6.50

0.08

0.60

0.01

[2]

Native extract

323

11.29

0.03

3.31

0.01

[3]b)

Native extract

410

65.60

0.16

7.10

0.02

[4]

Native extract

1295

332.54

0.26

24.43

0.02

[5]

Native extract

1350

29.32

0.02

6.24

0.01

[6]c)

Native extract

1774

53.48

0.03

6.24

< 0.01

[7]

Native extract

2920

1985.99

0.68

154.73

0.05

[8]

Polysorbate 80
micelles

80

574.40

7.18

129.70

1.62

[2]

Polysorbate 80
micelles

410

12147.70

29.63

3228.00

7.87

[4]

-Cyclodextrin
complex

348

889.57

2.56

198.71

0.57

[7]

Phytosomes

152

159.62

1.05

[9]

Phytosomes

165

740.00

4.48

65.69

0.40

[5]

Phytosomes

282

77.91

0.28

7.6

0.03

[6]

Phytosomes

297

1460.45

4.92

136.54

0.46

[5]

Phytosomes

303

1817.15

6.00

192.74

0.64

[8]

Phytosomes

354

95.28

0.27

12.76

0.04

[7]

Turmeric oils

279

122.16

0.44

[9]

Turmeric oils

282

15.74

0.06

1.36

<0.01

[6]c)

Turmeric oils

355

18.19

0.05

2.44

0.01

[7]

Formulation

29

Submicronparticle

30

306.75

10.22

80.08

2.67

[1]

Submicronparticle

150

7190.94

47.94

513.06

3.42

[10]

Submicronparticle

210

9905.53

47.17

746.51

3.55

[10]

Submicronparticle

182

1881.21

10.34

779.62

4.283

[9]

a) All

data describe the reported means. AUC, area under the plasma concentration
time curve; Cmax, maximum plasma concentration
b) AUC
0-48 h

is reported

c)

AUC0-12 h is reported, curcumin dose is calculated based on the reported dose of
total curcuminoids
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Table S2.

0-24 h, Cmax) for free curcumin displayed in

Figure 1.a)
Formulation

Dose
[mg]

AUC
[nM x h]

AUC/dose
[(nM x h) mg-1]

Native extract

1500

1253.87

0.84

Native extract

1500

10.86

0.01

Native extract

323

Native extract

1140

151.47

Polysorbate 80
micelles

50

Phytosomes

Cmax
[nM]

Cmax/dose,
[nM mg-1]

Reference

406.65

0.27

[11]

16.29

0.01

[12]b)

0.81

< 0.01

[3]

0.13

48.86

0.04

[13]

68.4

1.36

24.7

0.49

[13]

146

102.07

0.70

30.67

13.77

[13]

Liposomes

163

258.60

1.59

60.81

0.37

[14]c)

Liposomes

500

417.94

0.84

88.25

0.18

[14]c)

Liposomes

750

554.75

0.74

85.29

0.11

[14]c)

Liposomes

1000

735.00

0.74

111.71

0.11

[14]c)

Native extract +
piperine

1120

146.86

0.13

35.02

0.03

[13]

Native extract +
piperine

1500

217.17

0.14

488.63

0.33

[12]b)

Turmeric oils

1500

8690.21

5.79

1240.30

0.83

[11]

a) All

data describe the reported means. AUC, area under the plasma concentration
time curve; Cmax, maximum plasma concentration
b)AUC
0-3 h is reported, curcumin dose is calculated based on the reported dose of total
curcuminoids
c)

AUC0-12 h is reported, curcumin dose is calculated based on the reported dose of
total curcuminoids
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Micelles

207.00

207.00

207.00

Phytosomes

-Cyclodextrin

207.00

207.00

Turmeric oils

Submicronparticle

207.00

Liposomes

207.00

207.00

Native extract

Adjuvants

Curcumin

Formulation

48.36

47.22

16.20

25.86

29.98

49.32

45.60

52.38

Demethoxycurcumin

7.02

6.24

1.56

5.22

2.61

6.78

4.86

8.82

Bis-demethoxycurcumin

0.00

120.00

450.00

1200.00

1020.00

1628.40

900.00

1628.40

Cellulose

Polysorbate 80, curcuma oleoresin

-cyclodextrin

Curcuma longa extract, phospholipid
complex from sunflower

Turmeric oleoresin curcumin, starch
sodium octenyl succinate, citric acid,
maltodextrin, maltose

Agaricus blazei Murill, curcuma
extract, powdered oak bark, Lcarnitine, micronized curcuma extract,
molybdenum, quercetin, black pepper
extract, grape seed extract

Turmeric rhizome extract

Curcuma longa extract, soy lecithin,
stearic acid,maltodextrin, ascorbyl
palmitate, silicon dioxide

Curcuma longa extract

Ingredients

Table S3. Doses of curcumin, demethoxycurcumin, bis-demethoxycurcumin, and microcrystalline cellulose (all in mg)
administered with each of the eight formulations in the clinical trial and ingredients as declared by the manufacturers.
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Uptake and time-dependent subcellular localization of
native and micellar curcumin in intestinal cells

Published online ahead of print by BioFactors
Impact factor: 6.113

Reprint with permission from:

Sandra Flory, Ann-Kathrin Benz, Jan Frank (2022) Uptake and time-dependent
subcellular localization of native and micellar curcumin in intestinal cells. BioFactors.
1-11. Online ahead of print.
https://doi.org/10.1002/biof.1828

Copyright © 2022 The authors. BioFactors published by Wiley Periodicals LLC on
behalf of International Union of Biochemistry and Molecular Biology.

48

49

50

51

52

53

54

55

56

57

58

59

Supporting Material
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Supporting Information Figure S1. Mean (± SEM) distribution of cell organellespecific proteins over the eleven fractions (in %). The data summarize all individual
experiments (n = 12). Differentiated Caco-2 cells were incubated for 30 or 180 minutes
with 200 µmol/L native or micellar curcumin in FaSSIF. Cells were fractionated by
density gradient centrifugation. Protein expression was quantified by Western blotting.
FaSSIF, Fasted State Simulated Intestinal Fluid.

60

Supporting Information Figure S2. Representative Western blots of the cell
organelle-specific proteins over the eleven fractions resulting from density gradient
centrifugation of differentiated Caco-2 cells. LAMP-1, lysosomes; Na+K+-ATPase,
plasma membrane; Calnexin, endoplasmic reticulum; Lamin B1, nuclear envelope;
Catalase, peroxisomes; Cox IV, mitochondria.
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Supporting Information Table S1. Distribution of curcumin (in %) and cell organellespecific proteins1 (in %) over the eleven fractions resulting from density gradient
centrifugation after 30 minutes incubation of Caco-2 cells with 200 µmol/L native
curcumin in FaSSIF (Fasted State Simulated Intestinal Fluid).
Fraction Curcumin

Cox

LAMP-

IV

1

Calnexin Catalase

Na+K+-

Lamin

ATPase

B1

1

9

8

1

0

14

15

16

2

8

2

1

0

12

11

14

3

7

1

1

0

10

12

11

4

4

1

1

0

8

10

9

5

7

1

0

1

9

8

9

6

5

1

0

1

8

10

10

7

5

2

1

2

8

10

10

8

6

4

1

6

9

10

10

9

8

19

10

23

8

5

7

10

17

47

52

42

10

4

3

11

24

17

32

20

6

4

1

1Cox

IV, mitochondria; LAMP-1, lysosomes; Calnexin, endoplasmic reticulum;

Catalase, peroxisomes; Na+K+-ATPase, plasma membrane; Lamin B1, nuclear
envelope.
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Supporting Information Table S2. Distribution of curcumin (in %) and cell organellespecific proteins1 (in %) over the eleven fractions resulting from density gradient
centrifugation after 180 minutes incubation of Caco-2 cells with 200 µmol/L native
curcumin in FaSSIF (Fasted State Simulated Intestinal Fluid).
Fraction Curcumin

Cox

LAMP-

IV

1

Calnexin Catalase

Na+K+-

Lamin

ATPase

B1

1

11

5

0

1

17

3

13

2

7

2

0

3

11

5

15

3

7

2

0

3

9

6

11

4

5

1

0

4

6

5

9

5

4

1

0

3

6

5

7

6

5

1

0

4

5

5

7

7

4

3

0

6

4

8

10

8

10

5

0

18

7

13

11

9

17

26

31

35

12

18

10

10

24

41

40

18

16

26

7

11

7

10

31

7

8

16

2

1Cox

IV, mitochondria; LAMP-1, lysosomes; Calnexin, endoplasmic reticulum;

Catalase, peroxisomes; Na+K+-ATPase, plasma membrane; Lamin B1, nuclear
envelope.
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Supporting Information Table S3. Distribution of curcumin (in %) and cell organellespecific proteins1 (in %) over the eleven fractions resulting from density gradient
centrifugation after 30 minutes incubation of Caco-2 cells with 200 µmol/L micellar
curcumin in FaSSIF (Fasted State Simulated Intestinal Fluid).
Fraction Curcumin

Cox

LAMP-

IV

1

Calnexin Catalase

Na+K+-

Lamin

ATPase

B1

1

6

2

0

0

14

18

13

2

4

3

0

0

12

19

12

3

4

1

0

0

8

12

13

4

4

1

0

0

8

10

12

5

3

1

0

0

9

8

7

6

2

1

0

0

9

7

10

7

2

1

0

1

11

7

12

8

3

5

1

5

5

8

11

9

25

38

29

45

7

5

6

10

15

33

45

34

10

3

3

11

32

15

22

14

7

3

2

1Cox

IV, mitochondria; LAMP-1, lysosomes; Calnexin, endoplasmic reticulum;

Catalase, peroxisomes; Na+K+-ATPase, plasma membrane; Lamin B1, nuclear
envelope.
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Supporting Information Table S4. Distribution of curcumin (in %) and cell organellespecific proteins1 (in %) over the eleven fractions resulting from density gradient
centrifugation after 180 minutes incubation of Caco-2 cells with 200 µmol/L micellar
curcumin in FaSSIF (Fasted State Simulated Intestinal Fluid).
Fraction Curcumin

Cox

LAMP-

IV

1

Calnexin Catalase

Na+K+-

Lamin

ATPase

B1

1

12

1

0

2

16

3

17

2

10

1

0

3

12

4

16

3

8

1

0

3

9

4

11

4

5

1

0

2

7

3

8

5

5

1

0

2

7

3

8

6

3

1

1

2

4

6

8

7

4

1

0

4

5

6

6

8

3

2

1

6

4

8

6

9

6

11

8

20

7

17

5

10

24

68

57

26

20

26

11

11

20

10

31

13

11

20

4

1Cox

IV, mitochondria; LAMP-1, lysosomes; Calnexin, endoplasmic reticulum;

Catalase, peroxisomes; Na+K+-ATPase, plasma membrane; Lamin B1, nuclear
envelope.
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< 0.01

0.76

0.02

0.11

0.52

<0.01

0.77

Mic

0.27

0.36

0.02

0.71

Nat

0.31

0.34

0.54

0.21

0.50

0.23

0.31

0.34

Mic

Calnexin
Nat

correlation was considered significant at p < 0.05.

Spearman correlation coefficients range from -1 to +1.

3A

2

0.58

0.19

0.04

0.64

Mic

LAMP-1

0.96

0.60

-0.18

Mic

<0.001 <0.001

0.88

0.61

0.17

Nat

Catalase

0.13

0.49

0.34

-0.32

Nat

0.60

0.18

0.47

-0.25

Mic

Na+K+-ATPase

0.97

0.01

<0.01

-0.74

Nat

0.60

0.18

<0.01

-0.83

Mic

Lamin B1

Cox IV, mitochondria; LAMP-1, lysosomes; Calnexin, endoplasmic reticulum; Catalase, peroxisomes; Na+K+-ATPase, plasma

value2

p-

rS 1

value2

p-

0.72

Nat

Cox IV

membrane; Lamin B1, nuclear envelope.

1

180

30

meter

[min]

rS 1

Para-

Time

Simulated Intestinal Fluid).

Caco-2 cells were incubated for 30 min or 180 min with 200 µmol/L native (Nat) or micellar (Mic) curcumin in FaSSIF (Fasted State

the cell organelle-specific proteins1 over the eleven fractions resulting from density gradient centrifugation. Before fractionation,

Supporting Information Table S5. Non-parametric Spearman correlation coefficients (rS) between the distribution of curcumin and

Chapter 5

Concluding discussion

In addition to its traditional use in Asian countries, the global interest in the use of
curcumin in the prevention and even treatment of cancer, inflammatory disorders,
gastrointestinal problems and other diseases and symptoms is high and research on
its health-beneficial effects and the underlying molecular mechanisms has increased
[1,7]. In parallel, numerous strategies to combat the problem of its naturally low oral
bioavailability have been developed [87], but, as discussed in detail in Chapters 1 and
2, their efficiencies in vivo have not been compared appropriately. As a consequence,
it was unknown what is the most successful strategy and what are the most relevant
factors to address in the development of highly bioavailable curcumin formulations,
such as stability and solubility in the gastrointestinal tract, intestinal permeability,
cellular uptake or post-digestive processes.
For the projects of the present thesis, seven curcumin formulations were selected as
they are widely discussed and investigated in current research and address different
mechanisms to influence curcumin bioavailability. Four of the formulations target
solubility improvement through incorporation of curcumin into liposomes [90],
phytosomes [63], -cyclodextrin complexes [62] or polysorbate 80 micelles [16]. One
formulation contained curcumin with a reduced particle size and gum ghatti [65], and
in two formulations, piperine or turmeric oils were co-administered to inhibit curcumin
metabolism and efflux [86,88].
The findings of the present doctoral thesis closed the gap in our knowledge described
above and are thus not only important for the development of new curcumin
formulations, but also for the correct choice of a highly bioavailable curcumin
formulation for therapeutical applications. In addition, the results of this research
facilitate a deeper understanding of possible interactions of curcumin with the efflux
transporter P-gp (P-glycoprotein) that might affect the pharmacokinetics of other coadministered drugs.
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Pharmacokinetics of curcumin in form of different formulations or a native
curcuma extract in healthy adults
The first aim of the thesis was to compare the pharmacokinetics, namely AUC (area
under the plasma concentration-time curve), Cmax (maximum plasma concentration)
and tmax (time to reach Cmax), of curcumin when administered orally in form of a native
curcuma extract or the seven formulations. For the first time, the comparison was made
directly, under identical experimental conditions and in one cohort of 12 healthy
participants (6 females, 6 males) (Chapter 2). By standardizing the administered dose
to 207 mg curcumin, a direct comparison was possible.
The main results were:
57-fold and 30-fold improved curcumin bioavailability (AUC0-24

h)

when

incorporated into polysorbate 80 micelles (1083.00 ± 716.00 nmol/L x h) or cyclodextrin complexes (567.30 ± 474.90 nmol/L x h) compared to a native
curcuma extract (19.06 ± 17.47 nmol/L x h)
Bioavailability (AUC0-24 h) of phytosomal (147.90 ± 67.84 nmol/L x h) and
submicron-particle curcumin (129.20 ± 94.55 nmol/L x h) were 7.5-fold and 6.5fold higher compared to a native curcuma extract, but not significantly different
Other formulations did not show effects on curcumin bioavailability
tmax was generally below 7 hours and for the better bioavailable formulations
between 1 and 2 hours
Although done in numerous publications [56 59,62,63,98,99], a normalization of the
pharmacokinetic parameters to the administered dose to compare findings from
different trials is not possible as it assumes a linear relationship between the dose and
the pharmacokinetic parameter that does, in fact, not exist. As explained more deeply
in the introduction and Figure 1 of Chapter 2, the following example demonstrates this
with data from our human trial:
In Cuomo et. al (2011), a mean AUC0-24 h of 740 nmol/L x h was observed after oral
administration of 165 mg phytosomal curcumin [63]. A dose normalization would result
in 4.48 (nmol/L x h)/mg dose. Based on this value, the predicted AUC after uptake of
207 mg, as in the human trial in Chapter 2, would be 927 nmol/L x h.
In Asher et. al (2017), a mean AUC0-24 h of 1817.15 nmol/L x h was reported after an
oral dose of 303 mg phytosomal curcumin and would result in a value of 6.00 (nmol/L
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x h)/mg dose [58]. Based on this, an AUC of 1242 nmol/L x h would be predicted for a
dose of 207 mg curcumin.
Indeed, the observed mean AUC0-24

h

for phytosomal curcumin in Chapter 2 was

neither the predicted 927 nmol/L x h, nor the higher predicted value of 1242 nmol/L x
h, but 147.90 nmol/L x h. Consequently, the standardization of the dose prior to
administration is a relevant requirement that was not fulfilled in previous [56
59,62,63,98,99], but in our human trial (Chapter 2). Thus, this study made possible,
for the first time, a reliable and direct comparison of the bioavailability of the seven
formulations and native curcumin.
Formulations with adjuvants, including piperine, that aim to inhibit the metabolism of
curcumin or its efflux from intestinal cells [86,88], did not show any effect on
bioavailability in our volunteers (Chapter 2). In line with previous clinical trials
[16,62,93], the complexation of curcumin, especially in polysorbate 80 micelles or cyclodextrin complexes, is the most successful strategy to improve its bioavailability
and should be the focus in the application and further development of curcumin
formulations.
Mean Cmax in our pharmacokinetic trial ranged from ca. 2 nmol/L for native and low
bioavailable curcumin to ca. 413 nmol/L for micellar curcumin. The achievement of
higher plasma concentrations increases the potential for systemic health effects as
well as it facilitates further clinical trials. As discussed and concluded by Mona AbdelTawab (2021) [103], some effects, mainly observed under cell culture conditions, were
already achieved by curcumin in concentrations in the low micromolar range [104,105],
whereas in other cases, curcumin was effective in higher concentrations [106,107].
Unlike pharmaceutical drugs or vitamins [108], curcumin has not a single defined main
function, but numerous molecular targets and health-beneficial activities (introduced in
Chapter 1), thereby it is not possible and appropriate to determine a single or overall
effective curcumin plasma concentration. For investigations on individually effective
plasma concentrations or doses, it is recommended to consider factors like the
molecular target, the contribution of curcumin metabolites and overall circumstances
such as the health status.
Cmax of curcumin was reached faster when the two better bioavailable formulations
(between 1 and 2 hours) were administered compared to all other formulations (within
7 hours). In agreement with previous reports, curcumin plasma concentrations
69

declined rapidly, reaching baseline levels after 12 or 24 hours, in case of all
formulations [16,62,63,93,102]. For the long-term application of curcumin, steady-state
plasma levels are of interest. Generally described for drugs and also transferrable to
secondary plant products, including curcumin, 50% of the steady-state level is reached
after repeated dosing for 1 half-live and 96.9% after repeated dosing for 5 half-lives
[109]. With regard to the highly bioavailable curcumin formulations in our study, a
regular uptake at least to every principal meal, every 4 to 6 h, or even more frequently
is necessary to reach steady-state plasma levels above zero.
Overall, the pharmacokinetic data are relevant for the application of curcumin
regarding the choice of the formulation, the timing of its administration, and deliver
important information for further formulation development. Nevertheless, the
mechanistic basis for the in vivo observations was of significant interest and the focus
in the following projects of the doctoral thesis.

Digestive characteristics and intestinal permeability of curcumin in form of
different formulations or a native curcuma extract
Curcumin liposomes, phytosomes, cyclodextrin complexes and polysorbate 80
micelles generally address the improvement of curcumin solubility [16,62,63,90], but
showed different effects on bioavailability in vivo (Chapter 2). Based on that, the
second aim was to compare all seven formulations and native curcuma extract
regarding the digestion characteristics, namely digestive stability, solubility and
micellization efficiency, and intestinal permeability of curcumin. As an appropriate
model system, the in vitro digestion method followed by transport experiments across
Caco-2 cell monolayers was chosen (Chapter 2).
The main results were:
Higher solubilities and micellization efficiencies of curcumin polysorbate 80
micelles (80% and 55%) and curcumin- -cyclodextrin complexes (33% and
23%) compared to all other formulations (<8% and <4%)
Transport of curcumin through Caco-2 cell monolayers was not affected by its
formulation after in vitro digestion (Papp <10-6 cm/s)
Compared to all other formulations, polysorbate 80 micelles and

-cyclodextrin

complexes improved the digestive stability, solubility and micellization efficiency of
70

curcumin and in parallel its bioavailability in humans. Phytosomal, liposomal and
submicron-particle curcumin generally aim to improve the solubility [16,62,63,65,90],
but neither showed beneficial effects regarding the digestion characteristics nor in vivo
bioavailability (Chapter 2). Similar to other lipophilic compounds, curcumin is only
available for absorption by intestinal cells when stable during the digestion process,
soluble in chyme and incorporated into mixed micelles in the intestinal fluid [110]. A
high solubility of curcumin formulations in water, independently from digestion, does
not always go along with high amounts of soluble curcumin in chyme after the
digestion. For example, submicron-particle curcumin was reported to be soluble in
water [65], but only 7% of the curcumin amount used for in vitro digestion was
recovered in the soluble chyme fraction in our experiments. Besides the presence of
digestion enzymes, pH conditions during digestion affect the digestive stability, and
indirectly solubility and micellization efficiency, of curcumin as demonstrated in the
publication of Wei et. al (2020) [111]. High pressure microfluidization in combination
with thermal treatment improved the stability of curcumin incorporated into zeinpropylene glycol alginate complex nanoparticles at different pH as well as its
micellization efficiency in vitro [111]. The mean digestive stability of 70% and solubility
of 4% of liposomes in our study is explained by their instability under acidic pH and
under the co-existence of pancreatin and bile acids [95]. On the other hand,

-

cyclodextrin complexes are known to successfully improve the stability, solubility and
dissolution rate of their incorporated drugs and lipophilic food bioactives [96,112],
which was reflected by our in vitro digestion experiments. Nevertheless, only for
curcumin-polysorbate 80 micelles, but for none of the other formulations aiming at
improved solubility and studied in the present doctoral thesis, in vitro digestion
experiments were conducted before. In the previous study, too, polysorbate 80
micelles led to higher amounts of curcumin in the mixed micellar fractions (30% of the
initial amount) compared to native curcumin (10% of the initial amount) [25].
The relevance of the digestive characteristics for bioavailability is not limited to the
above formulations. An additional stabilization of a water-soluble supersaturable
curcumin nanoemulsion by hydroxypropyl methylcellulose further improved the
solubility of curcumin as well as its bioavailability in rats [113]. Interestingly, Bhagavan
et. al (2007) conducted in vitro digestions with different coenzyme Q10 formulations
[114]. Coenzyme Q10 is a lipophilic antioxidant, essential for mitochondrial activity, but
is poorly soluble and bioavailable [115]. Bhagavan et. al (2007) observed improved
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micellization efficiency of coenzyme Q10 incorporated into micellar solubilizates and
-cyclodextrin complexes compared to unformulated coenzyme Q10 powder [114]. In
parallel, in vivo bioavailability improvement of coenzyme Q10 by solubilization
[116,117]

-cyclodextrin [118] was reported in other

studies. A direct comparison of the in vivo pharmacokinetics and the in vitro digestion
characteristics of exactly the same formulations are not available. As demonstrated
here for coenzyme Q10, the relevance of micellization efficiency, and thereby also
digestive stability and solubility, could be transferrable to other lipophilic, poorly
bioavailable compounds.
Although more curcumin formulations, such as nonionic surfactant/caseinate mixed
nanoemulsions or curcumin encapsulated in milk exosomes, were developed and their
bioaccessibilities were quantified in vitro [119,120], our study is the first combining a
direct comparison of digestive characteristics of different curcumin formulations in vitro
with a comparison of their pharmacokinetics in humans.
Besides the digestion characteristics, the permeabilities of the digested curcumin
formulations through the intestinal barrier were investigated. A number of previous
publications reported on the permeability of native or formulated curcumin through
Caco-2 cell monolayers. However, these studies used undigested (native or
formulated) curcumin at very high doses and therefore did not reflect the conditions
present in the human intestine [28,29,32,33]. To achieve conditions more similar to the
situation in vivo, we incubated Caco-2 cell monolayers with the samples from the in
vitro digestion. Thus, the digesta contained curcumin in more realistic lower doses that
resembled the dosing in the human trial. In our study, curcumin permeability was not
affected by its formulation and was, equal to already published permeability data on
native curcumin, categorized as a low permeable substrate [28,29,32 35].
Overall, the optimization of curcumin digestive stability, solubility and micellization
efficiency, but not intestinal permeability, are critical factors for bioavailability
improvement and should be highest priority in the development of highly bioavailable
curcumin formulations.

72

Intestinal curcumin uptake, efflux and activity of P-gp after administration of
different curcumin formulations or a native curcuma extract
The co-administration of curcumin with piperine from black pepper or oils derived from
turmeric aims to inhibit metabolism and intestinal efflux of curcumin [86,88]. Turmeric
oils, especially

-turmerone, inhibited the activity of P-gp and curcumin efflux from

Caco-2 cells [86]. In humans, the addition of turmeric oils showed to improve curcumin
bioavailability [57,62,89], whereas limitations of the study designs, such as inequality
of doses, have to be taken into consideration.
Especially formulations with piperine are popular and frequently used, as they are
widely believed to deliver bioavailable curcumin [121 123], even though this
assumption is based on only one clinical trial [88] and contradicted by findings from
animal [124] and other human trials [59,125]. Piperine reduced the expression of UDPglucuronosyltransferases (UGT) and sulfotransferases (SULT) that are relevant for the
enzymatic metabolization of curcumin to curcumin glucuronide and curcumin sulfate in
vitro and in rodents [64,126]. An inhibitory action of piperine on the activities of UGT,
SULT and the efflux protein P-gp were proposed in docking studies [91,92].
As demonstrated, the co-administration of curcumin with piperine or turmeric oils target
post-absorptive processes, thus it has to be noted that only curcumin that was
absorbed by intestinal cells can be protected by piperine or turmeric oils from its
metabolism and efflux. Another aspect questioning the importance of metabolism
inhibition that was discussed in a recent article [103,127], is the existence of

-

glucuronidase in some tissues that cleaves the glucuronide from curcumin, making the
free compound available in the tissue to exert its effects. Nevertheless, this aspect was
controversially discussed [103,128], but not fully investigated so far. Generally, the
relevance of the inhibition of curcumin metabolism and intestinal efflux for its
bioavailability in vivo was not clear.
Native curcumin has previously been shown to inhibit the activity and the expression
of P-gp [71 75]. As several drugs and food bioactives are P-gp substrates [129,130]
and consequently co-administration with curcumin potentially influences their
pharmacokinetics, it was of relevance to study their effects on P-gp activity.
Thus, the third aim of the thesis was to investigate intestinal absorption and efflux of
curcumin in form of all formulations or a native curcuma extract as well as their effects
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on P-gp activity. LS180 (colorectal adenocarcinoma) cells, a cell model appropriate for
studies on intestinal transporters [131], was chosen for experiments (Chapter 3).
The main results were:
Curcumin inhibited the activity of P-gp in LS180 cells independently of its
formulation
Curcumin uptake within 1 hour and efflux after further 8 hours was not affected
by its formulation
Curcumin in form of all formulations inhibited the activity of P-gp in cultured intestinal
cells, suggesting that interactions with other co-administered P-gp substrates may
potentially occur and influence their pharmacokinetics [71,73,75]. Especially drugs that
are P-gp substrates, such as digoxin or talinolol [129], should be taken separately from
curcumin to avoid interactions.
Curcumin uptake within 1 hour and efflux within further 8 hours from LS180 cells was
not affected by its formulation (Chapter 3). Although the addition of piperine and
turmeric oils was aimed at inhibiting the metabolism and efflux of curcumin [86,88], no
such effects were observed in intestinal cells in Chapter 3 or in the bioavailability trial
in humans in Chapter 2. After uptake of curcumin with piperine or turmeric oils, plasma
concentrations of total (free and conjugated) curcumin were not only low, but also no
free curcumin was detected, indicating that metabolism inhibition did not occur in
humans. In the commonly cited study of Shoba et. al (1998) [88], the addition of 20 mg
piperine to 2 g curcumin improved the bioavailability of free curcumin whereas plasma
concentrations returned back to baseline already after 3 hours, thus, before Cmax of
curcumin (free + conjugated) was reached in other pharmacokinetic trials
[14,20,58,62,63,65,89,90,102]

and

Chapter

2.

Unlike

previous

trials

[20,58,62,63,65,102], only free but no conjugated curcumin was quantified by Shoba
et. al (1998) [88]. Considering these limitations and the lack of effects of adjuvants in
our experiments, the co-administration of piperine or turmeric oils does not achieve the
effects that it aims for.
The incorporation of curcumin into PS80 micelles or

-cyclodextrin complexes

increased its bioavailability in vivo (Chapter 2), but did not affect cellular uptake or
efflux (Chapter 3). Thus, the improvement of bioavailability in humans does not appear
to be due to changes in intestinal uptake and efflux.
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The conducted in vitro experiments went along with unavoidable limitations that should
be considered. First, although being recommended for observations on efflux
transporters [131], LS180 cells did not fully reflect human curcumin metabolism, as
discussed in detail in Chapter 3. Second, the undigested formulations were used at
supraphysiological concentrations to ensure sufficiently high and quantifiable efflux of
curcumin from the cells. Third, due to different solubilities in the cell culture medium, a
challenge faced in all in vitro studies with curcumin [132 134], baseline curcumin
concentrations differed between formulations. The latter aspect was taken into
consideration in the data interpretation.

Time-dependent intestinal uptake and intracellular localization of native and
micellar curcumin
In order to reach the systemic circulation, curcumin needs to pass the intestinal barrier
[66]. As a consequence, intestinal curcumin uptake and its intracellular fate are
possibly crucial for its bioavailability. Based on this, the fourth aim of the present thesis
was to gain insights into the uptake and subcellular localization of native and micellar
curcumin in intestinal cells (Chapter 4). Intracellular localization was investigated by
subcellular fractionation of Caco-2 cells by density gradient centrifugation, followed by
the analyses of the distributions of curcumin and cell organelle-specific proteins across
the fractions.
The main results were:
Uptake of native and micellar curcumin by differentiated Caco-2 cells did not
differ between 30, 90 or 180 minutes
After 30 minutes, both formulations were co-localized with lysosomes and
mitochondria
After 180 minutes, both formulations were co-localized with peroxisomes; native
curcumin as well with mitochondria
In line with the results of uptake and transport experiments in Chapter 2 and Chapter
3, cellular uptake of native and micellar curcumin did not differ (Chapter 4). In addition,
subcellular localization of native and micellar curcumin mainly did not differ. So far, it
is unknown if the polysorbate 80 micelles are absorbed as a whole or if curcumin is
released before intestinal uptake and thus is handled similar to native curcumin after
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absorption [16]. Previously, similar cytotoxicity and genotoxicity profiles of native and
micellar curcumin have been observed in other cell lines [135]. Nevertheless, as the
intracellular localization did not differ between the poorly bioavailable native and the
highly bioavailable micellar curcumin, it can be concluded that in vivo bioavailability
improvement is not explained by cellular uptake and intracellular localization of
curcumin.
The temporary co-localization of native and micellar curcumin with lysosomes might
be explained by the involvement of endocytosis in cellular curcumin uptake. In previous
publications, endocytosis was the observed uptake mechanism of other curcumin
formulations [35,37] and, in combination with passive transport, of native curcumin
[32,37,38]. Consequently, the observations reported in Chapter 4 gave an important
input for further research on the cellular uptake mechanism of curcumin, which is a still
not completely clarified aspect in basic curcumin research.
Subcellular fractionation by density gradient centrifugation is a good method to
determine the intracellular localization, but it is limited to a small number of time points
and thus a model best suited for longer time intervals, as was intended in Chapter 4.
For research aimed at investigating cellular uptake mechanisms, microscopy
techniques that deliver more detailed information in shorter intervals (every minute or
even live), would be the preferred choice.
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Final conclusion and future prospects
The present doctoral thesis compared the bioavailability of curcumin from seven
curcumin formulations and a native curcuma extract administered at identical doses of
curcumin in humans. It is thus the first human trial to comprehensibly compare all major
formulation strategies for curcumin in a single experiment that fulfills the necessary
requirement of standardizing the dose prior to the oral administration. The
incorporation of curcumin into polysorbate 80 micelles or -cyclodextrin complexes
successfully improved its bioavailability, whereas no significant effects on
pharmacokinetics were observed for liposomal, phytosomal, submicron-particle
curcumin or curcumin with turmeric oils or piperine.
Based on in vitro digestion experiments, it can be concluded that improvements in
bioavailability of curcumin can be primarily explained by increased digestive stability,
solubility and micellization efficiency. Other factors, such as intestinal uptake,
subcellular localization, intestinal permeability and curcumin efflux back into the
intestinal lumen are less or not relevant.
With importance for the application of curcumin, it can be concluded that especially
curcumin in form of polysorbate 80 micelles or

-cyclodextrin complexes is

bioavailable. A single oral dose per day is not sufficient to achieve steady-state plasma
concentrations. To this end, curcumin or its formulations need to be administered
regularly, for example every 4 to 6 hours. Not only the formulation, the dose and the
frequency should be adequately chosen, but in certain cases also the timing. Curcumin
should not be co-administered with drugs or food bioactives that are P-gp substrates,
in order to avoid possible interactions.
The findings of the present thesis form the basis for further research, as proposed
below.
The knowledge obtained in the present thesis regarding the highly bioavailable
formulations is of significant importance for the therapeutical application of curcumin,
but, as well, it facilitates the research on its bioactivity in vivo. So far, health effects
were mainly observed in vitro and less in human clinical trials [1]. Especially long-term
clinical studies of the systemic effects, that is upon curcumin reaching the blood stream
or even steady-state plasma concentrations, as discussed in Chapter 2, are lacking
and can now be planned taking into consideration the findings of this thesis.
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So far, curcumin pharmacokinetics were studied after its administration as an isolated
compound, with the exception of the study of Ahmed Nasef et. al (2019) [136], where
curcumin showed a higher bioavailability after the addition of a whole turmeric extract
to a meal compared to the addition of isolated curcumin. In in vitro studies,
bioavailability of native or formulated curcumin was affected by phytic acid, milk,
probiotics, sugar or a high-fat meal [137,138]. Nevertheless, which components of
turmeric or meals interact with and influence the bioavailability of curcumin is still not
fully investigated, but of interest if curcumin is taken up during a meal.
Projects of the doctoral thesis exclusively focused on curcumin, but conclusions on the
relevance of digestive stability, solubility and micellization efficiency are possibly
transferrable to other lipophilic food bioactives that show a naturally low oral
bioavailability as partially discussed above for coenzyme Q10. The incorporation into
polysorbate 80 micelles, the most successful strategy for improving curcumin
bioavailability in Chapter 2, was already applied and published for boswellic acids and
xanthohumol [139 141]. Bioavailability improvement was observed for boswellic acids
in rats [140]. For xanthohumol, increased bioactivity of the micelles was shown,
whereas no bioavailability data are available [139,141]. In order to compare the
efficiency of the polysorbate 80 micelles with different compounds, and possibly
observe critical factors for their success, data on bioavailability in humans and in vitro
digestion characteristics are necessary.
Potential interactions of curcumin formulations with other co-administered P-gp
substrates [71,78,82], namely certain drugs, were investigated in vitro in Chapter 3,
but are of interest to be further investigated in vivo.
In Chapter 4 and other publications, the involvement of endocytosis in cellular
curcumin uptake is discussed [32,35,37,38]. The application of microscopical methods
or Caco-2 transport studies under inhibition of relevant pathways has a high potential
to gain more detailed data on native and formulated curcumin uptake and, thereby,
basic knowledge on curcumin.
As demonstrated here, conclusions of the doctoral thesis are of relevance for the future
development of bioavailable curcumin formulations, the application of curcumin in
prevention and therapy of numerous diseases, as well as for further research on
curcumin itself and the bioavailability of other lipophilic food bioactives.
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