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Abstract

The health benefits of curcumin have been demonstrated by clinical studies, but its low
bioavailability compromises its functionality. In this regard, emulsions have proven to be
effective encapsulation systems for curcumin. Nevertheless, emulsions with a high oil
content (50%) may offer some advantages due to the large amount of compound they can
incorporate. Therefore, the aim of this work was to study the pharmacokinetics and
biodistribution of curcumin when carried in optimized emulsions containing 50% MCT
oil and a plant-based emulsifier (soybean lecithin) at 2 h or 4 h post-oral administration
to rats. The most stable emulsion was obtained using 50% of oil and a surfactant-oil-ratio
0.1, through a microfluidization process. After the oral administration of the systems (150
mg curcumin/kg body weight), curcumin glucuronide was the main compound present in
plasma (AUC,, = 1556.3 ng-h-ml!), especially at 2-4 h post-administration. The total
curcuminoid bioavailability was increased by 10.6-fold when rats were fed with the



curcumin emulsion rather than with a control suspension. Moreover, rats fed with the
emulsion showed the highest accumulation of free curcuminoids, which present the
highest biological activity, in the liver (129 ng curcumin/g tissue) and brown adipose
tissue (193 ng curcumin/g tissue). The obtained results are of relevant interest since the
presence of curcumin in the brown adipose tissue has been shown to play a relevant role
in the prevention of obesity and its related metabolic disorders.
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1. Introduction

Curcumin, a polyphenol extracted from the rhizomes of Curcuma longa, have been shown
to be effective against several chronic diseases and targets diverse molecular pathways
without any associated toxicity or resistance (Prasad et al., 2014). Specifically, this
lipophilic compound presents antioxidant and anti-inflammatory properties that provide
multiple health benefits (Hewlings & Kalman, 2017; Pulido-Moran et al., 2016). Despite
its numerous applications, curcumin has molecular instability, poor solubility in water,
rapid conjugation to hydrophilic molecules (like glucuronic acid and sulphate) in the liver
with biliary excretion and poor enteral absorption, which limit its utility as a health-
promoting agent (Anand et al., 2007). To overcome these challenges, delivery systems
such as nanoparticles, liposomes, micelles, and phospholipid complexes have been
developed, showing to prevent the degradation in the gastrointestinal tract and to increase
the permeation in the small intestine, increasing curcumin bioavailability (Hu et al., 2017,
Stohs et al., 2020). The potential of emulsion-based delivery systems to increase the
bioavailability of curcumin has been widely investigated. As an example, by using an
emulsion stabilized with a protein-polysaccharide conjugate (bovine serum albumin-
dextran), the bioavailability of curcumin increased by 4.8-fold compared to a curcumin
suspension (Wang et al., 2016). Other authors observed a 3.95-fold higher curcumin
bioavailability using a self-nanoemulsifying drug delivery system containing synthetic
emulsifiers than when using a curcumin suspension (Nazari-Vanani et al., 2017). The
composition of these systems has been reported to affect their properties and
functionality. Regarding the lipid type, long-chain triglycerides (LCT) have been the most
used due to the high in vitro bioaccessibility they provide (Ozturk et al., 2015; Qian et al.,
2012). However, recent in vivo studies reported no differences on lipophilic compounds
bioavailability when comparing them with medium-chain triglycerides (MCT) (Lin et al.,
2022; Salvia-Trujillo et al., 2015). Furthermore, MCT have been seen to present relevant
health-related properties interesting for the treatment of obesity, cancer or malabsorption
diseases (Nimbkar et al., 2022). Regarding the emulsifier type, it has been also seen to
affect the properties of the emulsions (Gasa-Falcon et al., 2019), with synthetic ones being
the most widely used in the last decades. However, due to the general concern about
synthetic ingredients and the claims for more plant-based foods, there is a need to find
natural plant-based options. Moreover, in previous works, we observed reduced particle
size and polydispersity when using a plant-based emulsifier such as soybean lecithin
rather than an animal-based like whey protein (Teixé-Roig et al., 2022).



To the best of our knowledge, there are no studies investigating the use plant-based
emulsions with high MCT content (50%) to increase the in vivo bioavailability of
curcumin. In this regard, this type of emulsions, present some advantages over more
diluted emulsions. On the one hand, due to their high oil content, they can incorporate
high concentrations of lipophilic bioactive compounds, reducing the dose of emulsion
needed to achieve the beneficial effects. On the other hand, they can reduce the storage
and transport costs, as well as increase the shelf-life of chemically labile products to a
better extent than emulsions with lower oil droplet concentrations due to a reduced lipid
oxidation rate (Luo et al., 2017).

Most in vivo studies investigating the use of emulsion-based delivery systems to increase
the absorption and bioavailability of curcumin are based on pharmacokinetic studies.
Curcumin delivered orally undergoes extensive metabolism reduction and conjugation,
which results in the presence of so many different metabolites. Recent studies have
revealed that some reductive metabolites such us tetrahydrocurcumin may present
therapeutic properties, although any of them have shown more biological effect than
curcumin in its native form (Pandey et al., 2020). In contrast, metabolites resulting from
conjugation like curcumin glucuronide, have shown very reduced effects (Choudhury et
al., 2015; Kunihiro et al., 2019; Shoji et al., 2014). Nevertheless, most in vivo
pharmacokinetic studies have used enzymatic hydrolysis of plasma prior to analysis,
reporting the results as total curcumin, and not determining the part of the compound
present as curcumin glucuronide (Stohs et al., 2020). Furthermore, few studies have
investigated the effect of curcumin incorporation into emulsion-based delivery systems
on the biodistribution of the compound. In that sense, there is a need to perform studies
investigating the target organs of curcumin and the form in which this compound is
present when administered orally enclosed in emulsions. This is of great importance since
it provides more information on which organs this compound can act and exert beneficial
effects, providing insights into the different diseases in which these curcumin systems
can improve treatment or prevention.

Therefore, the aim of this work was, firstly, to obtain a plant-based MCT emulsion
containing a high dose of curcuminoids presenting high stability for 15 days at 4 °C.
Secondly, to study the effect of the encapsulation of curcuminoids in this emulsion on the
in vivo absorption of the different curcuminoids (curcumin, demethoxycurcumin and
bisdemethoxycurcumin), as well as their metabolization into curcumin glucuronide and
the biodistribution of the different forms (free or conjugated) in the organs.

2. Materials and methods
2.1. Materials

Powdered curcumin extract (mixture of > 78% curcumin, 15% demethoxycurcumin, and
1% bisdemethoxycurcumin) with a purity of > 98% was purchased from Acros Organics.
As alipid phase MCT oil (Miglyol, Oxi-med expres) (99.9% of purity) was used. Soybean
lecithin was acquired from Alfa Aesar (Thermo Fisher Scientific, Massachusetts, USA).
Curcumin, demethoxycurcumin, and bisdemethoxycurcumin standards were obtained
from Sigma Aldrich (St. Louis, MO). Curcumin glucuronide was acquired from Toronto
Research Chemicals (Toronto, Canada). Ultrapure water obtained from a milli-Q
filtration system was used to the preparation of all solutions.



2.2. Methods
2.2.1. Preparation of emulsions

To obtain the lipid phase, curcumin was solubilized in MCT oil (30 mg-g!) by stirring
for 20 min at 60 °C and sonicating for 20 min. The concentration of curcumin was
established considering the solubility of the compound in the MCT oil used. Different
concentrations of oil were tested during the optimization process (10-50% w/w). To
obtain the aqueous phase, soybean lecithin (which was used as emulsifier) was added in
ultrapure water and stirred during 4 h. Different surfactant-oil-ratio (SOR) were tested
(0.05, 0.1, and 0.2), thereby, varying the concentration of soybean lecithin in the
emulsions.

Two different methodologies were tested to formulate the emulsions. In the first
methodology only a high-shear homogenization (HSH) was used. The lipid phase (10 or
50% w/w) and the aqueous phase were mixed and homogenized at 11000 rpm for 2 min
using an Ultra-Turrax (Janke & Kundel, Staufen, Germany). The second methodology
included a HSH followed by a microfluidization process (MF). For the MF process,
emulsions were passed through a microfluidizer (M-110P, Microfluidics, USA) at 100
MPa for 5 cycles.

2.2.2. Characterization of highly-concentrated emulsions

Particle size. The particle size of emulsions was measured using a Mastersizer 3000
(Malvern Instruments Ltd, Worcestershire, UK). Samples were diluted in ultrapure water
and stirred in the dispersion unit with a constant speed of 1800 rpm. The mean particle
size was expressed as surface area mean diameter (d;;) in nanometers (nm), fixing a
refractive index of the MCT oil of 1.45 and 1.333 for water. The Span index was
calculated using the following equation:

, (d9oo — di0)
Spanindex = ————
dso

{-potential. The (-potential was measured by phase-analysis light scattering (PALS)
using Zetasizer laser diffractometer (NanoZS Malvern Instruments Ltd Worcestershire,
UK). Prior to the analysis, emulsions were diluted (1:150) in ultrapure water. Then, the
diluted samples were placed in a capillary cell equipped with two electrodes to assess the
electrophoretic mobility of the particles. The results were reported in millivolts (mV).

Fluorescence microscopy. Emulsions were dyed with Nile Red, previously dissolved at
0.1% (w/v) in ethanol. Then, micrographs of emulsions were obtained using fluorescence
with an optical microscope (Olympus BX41, Olympus, Gottingen, Germany) with a 100x
objective lens. The images were obtained using a digital camera (Olympus DP74) and
processed with the software CellSens (Olympus Géttingen, Germany).

Viscosity. Viscosity measurements were performed by using a vibro-viscometer (SV-10,
A&D Company, Tokyo, Japan) vibrating at 30 Hz, with constant amplitude and working
at room temperature. The results were expressed in mPa-s.

Stability. The stability of emulsions was studied using an optical scan analyzer Turbiscan
MA 2000 (Formulaction, Toulouse, France), which is a non-destructive method that can



measure the static stability of samples and detect the cause of instability (flocculation,
coalescence, sedimentation, or creaming) by the multiple light scattering technique. A
sample of 7 mL was introduced into a glass cylindrical cell and analyzed by a light beam
emitted in near infrared wavelength, which scanned vertically from the bottom to the top
of the sample cell. Two synchronous optical sensors received light backscattered by the
sample (45° from the incident radiation). In this study, the backscattering was measured
during 15 days at 4 °C to assess the stability of emulsions over time. The backscattering
was analyzed at three different zones of the test tube (top, middle, and bottom) in order
to study different instability phenomena throughout the tube such as creaming at the top,
flocculation, or coalescence in the middle and sedimentation at the bottom.

2.2.3. In vivo studies
2.2.3.1. Animal experiments

Female Sprague Dawley rats weighing 0.20-0.25 kg were used for the in vivo studies.
The animal procedures were conducted in accordance with EU Directive 2010/63/EU for
animal experiments and approved by the Animal Ethics Committee of Universitat de
Lleida (CEEA 01-04/18).

Pharmacokinetic study. For the pharmacokinetic study the animals were randomly
divided into two groups (fed with an emulsion or suspension) containing five rats each
group. After an acclimatation period, rats were fasted for 12 h before the experiment with
free access to water. The animals were administered with curcumin emulsion or curcumin
suspension, both containing a dose of 150 mg of curcumin/kg body weight. Blood
samples were taken at 0, 30, 60, 120, 240, and 480 min after administration from the tail
vein. Plasma was immediately separated by centrifuging the blood samples at 4000 rpm
for 10 min at 4 °C and stored at -80 °C. Then, curcumin, demethoxycurcumin,
bisdemethoxycurcumin and curcumin glucuronide were extracted and quantified in
plasma samples as described in 2.2.3.2. The pharmacokinetic analysis was performed for
formulations using a non-compartmental design. The area under the drug concentration
versus time curve from zero to 8 hours (AUC, g ,) was calculated using the trapezoidal
rule. The maximum plasma concentration of curcumin (C,,) and the time to reach
maximum plasma concentration (T,,,) were directly obtained from plasma analyses.

Biodistribution study. Rats were randomly divided in 2 groups; one group was fed with
a curcumin emulsion (n=8) and the other group was fed with a curcumin suspension
(n=8). Rats were fasted for 12 h before the experiment with free access to water. The
animals were administered a dose of 150 mg of curcumin/kg body weight, irrespective of
the curcumin vehicle used. Rats were sacrificed at 2 h or 4 h post-administration and
tissue samples were collected (kidney, liver, duodenum, jejunum, ileum, colon, brown
adipose tissue and white adipose tissue). Tissue samples were washed with phosphate
buffered saline (PBS), dried on a filter paper, weighted, and stored at -80 °C. Curcumin,
demethoxycurcumin, bisdemethoxycurcumin and curcumin glucuronide were extracted
and quantified in tissue samples as described in 2.2.3.2.

2.2.3.2. Curcuminoid extraction and quantification in plasma and tissue samples

Extraction from plasma. Curcumin, demethoxycurcumin, bisdemethoxycurcumin and
curcumin glucuronide extraction in plasma samples was performed according to a
previously reported method with some modifications (Li et al., 2011). Aliquots of 150 uL



of plasma were mixed with the internal standard (Honokiol) and 600 pL of acetonitrile
and vortexed at 1800 rpm for 1 min. Then, the mixture was submerged into an ultrasonic
bath for 30 sec, centrifuged at 9000 rpm for 10 min at 4 °C, and the organic fraction was
collected. Afterwards, the collected upper organic layers were evaporated under N, and
stored at -80 °C until quantification.

Extraction from tissues. Curcumin, demethoxycurcumin, bisdemethoxycurcumin and
curcumin glucuronide extraction in tissue samples was performed according to a
previously reported method with some modifications (Chirio et al., 2019). Initially, tissue
samples were mixed with milli-Q water and homogenized with an Ultra-Turrax at 9000
rpm for 1 min to obtain the tissue homogenates. Then internal standard (Honokiol) and 1
mL of acetonitrile were added to tissue homogenates and the mixture was vortexed at
2000 rpm for 1 min. Then, the mixture was centrifuged at 9000 rpm for 5 min at 4 °C,
and the organic fraction was collected. Afterwards, the collected upper organic layers
evaporated under N, and stored at -80 °C until quantification

Curcuminoids quantification. The quantification of curcumin, demethoxycurcumin,
bisdemethoxycurcumin and curcumin glucuronide was performed by liquid
chromatography electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS)
using the method described by Liu et al. (2018), with some modifications. To perform the
analyses an ACQUITY UPLC binary (Waters, Milford, MA, USA) coupled to a Xevo
TQS (triple quadrupole) (Waters, Milford, MA, USA) was used. Chromatographic
separation was performed ona 150 mm x 2.1 mmi.d., 1.6 pm CORTECS Phenyl Column
(Waters, Milford, MA, USA) with mobile phase A [acetonitrile containing 0.1% (v/v)
formic acid] and mobile phase B [ 98% water and 2% acetonitrile containing 0.1% (v/v)
formic acid]. The injection volume was 2.5 uL and the flow rate was 0.4 mL/min.
Separation was carried out in 5.5 min under the following conditions: 0 min, 60% B; 4
min, 25% B; 4.1 min, 60%B; 5.5 min, 06% B. The column was equilibrated for 10 min
prior to each analysis. The column temperature was maintained at 40 °C. The MS operated
in electrospray ionization (ESI) in negative mode and nitrogen was used as the source gas
in all cases.

2.2.4. Statistical analysis

All experiments were assayed in duplicate and three repetitions of each analysis were
carried out on each parameter in order to obtain mean values. Analysis of the variance
(ANOVA) was performed to compare treatments. Least significant difference (LSD) test
was employed to determine differences between means. The confidence interval was set
at 0.95 and all results were analyzed using the Statgraphics Plus v.5.1 Windows package
(Statistical Graphics Co., Rockville, Md).

3. Results and discussion
3.1. Emulsion optimization
3.1.1. Effect of emulsification method and oil concentration

Particle size. Among emulsions obtained using HSH, those containing 50% oil presented
a lower particle size than those with 10% oil, being = 4.9 pm and = 3.5 pum, respectively
(Table 1). Moreover, emulsions with 50% oil presented a lower span index (Table 1),
indicating less particle size polydispersity. Those facts could be attributed to the increased



packing state of droplets caused by the increased oil concentration, which helps to prevent
droplet re-coalescence, resulting in a smaller and less polydisperse particle size (Artiga-
Artigas et al., 2019). Additionally, other authors have also reported that by increasing the
oil concentration, the stress forces during the emulsification process were higher, thereby
reducing the particle size of droplets (Bricefio et al., 2001). When a MF process was
applied to emulsions, those with 50% oil showed a reduced particle size, lower span index
and narrower particle size distribution than those with 10% of oil (Table 1 and Figure 1).

The particle size and span index of emulsions obtained with HSH+MF were lower than
those obtained just with HSH (Table 1). Such a reduction can be attributed to the inertial
forces in turbulent flow along with cavitation that promotes droplet disruption during the
microfluidization process. The flow stream by high pressure through microchannels
toward an impingement area creates a shearing action, which can provide fine emulsions
(Maa & Hsu, 1999; Schultz et al., 2004). Furthermore, the particle size distribution
became less polydisperse after the MF process (Figure 1), which has been also observed
by other authors studying emulsions with similar oil concentrations (Artiga-Artigas et al.,
2019).

Viscosity. By increasing the oil concentration, the viscosity of emulsions was greatly
increased, regardless of the treatment applied (Table 1). Such an increase may be a
consequence of the reduced particle size that increased the number of dispersed phase
particles in the emulsion causing a high packing state of the droplets as well as the
interactions between them (Brinkman, 1952; Krieger & Dougherty, 1959). Indeed, this
was confirmed by the microscope images (Figure 1), in which more spherical and packed
oil droplets can be observed in the emulsions formulated with 50% rather than 10% oil.
Emulsions obtained by HSH+MF presented a higher viscosity than those obtained using
HSH (Table 1) which can be attributed to the reduced particle size of the formers.

{-potential. The electrical charge of all emulsions was negative and values ranged from -
61 mV to -68 mV (Table 1). The presence of lecithin molecules at the interface could be
the reason of these values, since the majority of their phospholipids were negatively
charged at pH 7 (Zhang et al., 2012). However, emulsions with 50% oil presented a more
negative value than emulsions with 10% oil (Table 1). The smaller particle size of 50%
oil compared to 10% oil, provided a higher surface area in the emulsions. Therefore,
emulsions containing 50% oil may present more negatively charged molecules in the
interface than those with 10%, as observed using other surfactants such as Tween 80
(Artiga-Artigas et al., 2019).

3.1.2. Effect of surfactant-oil-ratio (SOR)

In view of the results presented in the previous section, for the following study of the
effect of SOR (0.05, 0.1 and 0.2) on the stabilisation of curcumin MCT-emulsions, those
obtained by HSH+MF containing 50% oil were used.

Particle size. The smallest particle sizes were observed when using 0.1 SOR (= 0.53 um),
followed by emulsions containing 0.05 SOR (= 0.84 um) and 0.2 SOR (= 3.73 um) (Table
2). Moreover, the particle size distribution and span index increased in the same order:
0.1 SOR < 0.05 SOR < 0.2 SOR (Table 1 and Figure 2). This indicates that 0.1 SOR,
which is a 5% of lecithin in an emulsion containing 50% of oil, was the most suitable
concentration of surfactant to obtain small particle sizes and reduced polydispersity. It is
well known that a higher concentration of surfactant can cover a greater surface area (Luo



et al., 2017). However, it is also known that an excess of surfactant can cause the
aggregation of oil droplets (An et al., 2014; Dalvi & Dave, 2009). Therefore, it seems
that, in the studied emulsions, 0.05 SOR (2.5% soybean lecithin) was not enough to
completely cover the total oil surface. Conversely, at 0.2 SOR (10% soybean lecithin), an
excess of surfactant that was promoting flocculation of lipid droplets was confirmed in
the microscope images (Figure 2).

Viscosity. The viscosity of emulsions was increased when the SOR was augmented, being
the emulsion with 0.2 SOR those with the highest viscosity (52.10 = 1.22 mPa-s) (Table
2). It has been previously stated that the particle size governs the viscosity of emulsions
with high oil content (Artiga-Artigas et al., 2019). In our study, this trend was observed
in emulsions with 0.05 and 0.1 SOR, being the later the one with the smallest particle size
(0.53 £ 0.06 um) and the highest viscosity (27.87 = 0.32 mPa-s). Nevertheless, this was
not observed in the emulsion with a 0.2 SOR, which presented the highest viscosity
although containing the droplets with the highest size and most polydisperse particle size
distribution. In this case, the high viscosity may be a consequence of the aggregation of
the droplets rather than the particle size.

(-potential. As observed in Table 2, the 0.2 SOR-emulsion presented the most negative
C-potential (-68.50 £ 2.51 mV), followed by those with 0.1 SOR (-62.96 + 2.03 mV) and
0.05 SOR (-52.83 + 1.27 mV). When increasing the SOR, the number of lecithin
molecules was also increased for the same oil content, so there were more negative
charged molecules that could be positioned in the interface contributing to the negative
{-potential.

Stability. Emulsions with 0.1 SOR showed the highest stability over the 15 days of storage
at 4 °C, presenting no instability phenomena (Figure 3). In this emulsion, it seems that the
repulsive interactions generated by lecithin were strong enough to overcome any
attractive interactions (van der Waals) between the droplets (Hunter, 2001; Luo et al.,
2017). In contrast, both 0.05 and 0.2 SOR-emulsions were unstable, being the emulsion
with 0.2 SOR the less stable. Indeed, the latter was immediately destabilized after its
preparation, which could be attributed to an excess of surfactant that promoted the
aggregation of droplets in the emulsion facilitating the destabilization of the system
(Figure 1). In that sense, the rates of Ostwald ripening and coalescence in emulsions have
been reported to be higher in the presence of excess surfactant due to micelle-mediated
surfactant transport of oil between droplets (Klang & Valenta, 2011; Tadros et al., 2004).
In contrast, 0.05 SOR-emulsion was stable for two days, and started to present
sedimentation from day 5 (Figure 3). In this case, the instability phenomena may be
caused by the lack of surfactant to completely cover the surface area of droplets.
Therefore, since 0.1 was the most suitable SOR for emulsions containing 50% MCT oil,
the following in vivo studies were performed using this emulsion.

3.2. In vivo studies
3.2.1. Pharmacokinetic study

Rats were administered with an emulsion containing 50% MCT oil and lecithin at a 0.1
SOR prepared using HSH+MF or a control suspension. After the oral administration of
the curcuminoid carriers, the concentration in plasma of all studied compounds was
higher in emulsion-fed rats than in suspension-fed rats (Figure 4 and Table 3).
Specifically, the overall curcuminoid bioavailability was improved by 10.6-fold when the



compound was enclosed in the emulsion rather than in suspension. Values similar to those
obtained in our work have been reported by other authors using other curcumin emulsion-
based delivery systems. For instance, rice bran protein nanoparticles or organogel-based
emulsions showed to improve the oral bioavailability of curcumin by approximately 9.2
or 9.5-fold compared to free curcumin (Liu et al., 2018; Yu & Huang, 2012). Such an
increased bioavailability may be related to the capacity of emulsions increase the
bioaccessibility of lipophilic compounds (Yi et al., 2021). In contrast, in the control group
no mixed micelles were present after digestion to incorporate curcumin and facilitate its
absorption.

Among the studied compounds, curcumin glucuronide was the main compound present
in the plasma of rats, and especially in emulsion-fed rats. Indeed, the AUCg, for
curcumin glucuronide was 1556.32 + 210.44 ng-h-ml! in rats fed with the emulsion,
while it was 121.52 & 137.39 ng-h-ml"! in those fed with the control suspension. In that
sense, it is suggested that when curcumin is orally administered to rodents, it undergoes
intestinal metabolism, as well as rapid first-pass metabolism and excretion in bile
(Sharma et al., 2005). In fact, previous studies in rats have reported that curcumin
undergoes O-conjugation to curcumin glucuronide and curcumin sulphate, as well as
reduction to tetrahydrocurcumin, hexahydrocurcumin and others (Asai & Miyazawa,
2000; Ireson et al., 2001). However, according to previous works, among the metabolites
formed, curcumin glucuronide is the major one found in the plasma after oral
administration of curcumin to rats, while the free forms are normally negligible (Ozawa
et al., 2017; Peng et al., 2018). Unlike curcumin, curcumin conjugates are water soluble,
which may explain why a substantial proportion of curcumin in the general circulation
exists as conjugates (Toden & Goel, 2017). Conjugation with glucuronic acid is
considered a fundamental mechanism in nature for detoxifying and eliminating lipophilic
chemicals from the organism, being the resultant glucuronides less biologically or
chemically reactive than their corresponding aglycones (Ritter, 2000).

In our work, the AUC, g, of curcumin glucuronide was > 100-fold higher than the AUC_g;,
of the free forms (curcumin, demethoxycurcumin, and bisdemethoxycurcumin) in the
case of the emulsion, and up to 10-fold higher in the case of the suspension (Table 3).
Moreover, among the free form compounds, curcumin exhibited a higher concentration
in plasma (= 12-15 ng-h'ml') compared to demethoxycurcumin and
bisdemethoxycurcumin (= 7-9 ng-h-ml'), irrespective of the carrier used. This fact can
be attributed to the composition of the administered curcuminoid extract, which contained
a higher amount of curcumin (> 78%) than demethoxycurcumin (15%) or
bisdemethoxycurcumin (1%).

The T of curcumin was lower using the suspension (0.5 h) than the emulsion (1 h)
(Table 3). The presence of high quantities of oil (50%) of our emulsion could have
retarded the gastric emptying and, therefore, the curcumin absorption. In contrast, the
Tmax of demethoxycurcumin and bisdemethoxycurcumin was 0.5 h for both curcumin
vehicles (Table 3), although the concentration in plasma of these compounds was mostly
constant along the studied time (Figure 4). The Ty« of curcumin glucuronide was 4 h,
irrespective of the carrier used (Table 4). This value is higher than that observed for the
free forms and may be a consequence of curcumin metabolization. Indeed, a recent in
vivo study with Caco-2 cell reported that the percentage of phase II metabolites (which
includes curcumin glucuronide) increased from ~ 10% at 0.5 h to > 60% at 4 h post-
administration of different emulsions (Luo et al., 2022).



3.2.2. Biodistribution study

The concentration of curcuminoids in the different tissues of rats was quantified at 2 h
and 4 h after the oral administration of the curcumin carriers (emulsion or suspension).

In general, the highest concentration of curcuminoids was observed in the intestinal
tissues (Table 4), especially curcumin, which presented concentrations up to = 841 ng/g
tissue. In contrast, the concentration of curcuminoids in non-intestinal tissues (liver,
kidney, white and brown adipose tissue) was lower (up to =193 ng/g tissue). These
observations are in accordance with previous works that have also found the major
concentration of curcumin in the intestine after an oral administration of curcumin in
combination with a treated soybean lecithin in rats, followed by liver and kidney
(Marczylo et al., 2009).

The concentration of all curcuminoids was higher in the intestine of rats fed with -
emulsion rather than in those fed with the suspension, especially in the duodenum and
jejunum (Table 4). In that sense, such an increased absorption when using the emulsion
can be related to the capacity of emulsion-based delivery systems to increase the
bioaccessibility of the enclosed compounds, as previously mentioned. So, emulsion-fed
rats may present a higher amount of potentially absorbable curcumin in the intestinal
digesta than those fed with the suspension, resulting in higher curcumin concentration in
the intestinal cells. Moreover, the presence of lecithin could have increased the curcumin
absorption by reducing the interfacial surface tension and increasing cell membrane
fluidity and the penetration of curcumin through the epithelial cells (Pan-On et al., 2022).
In contrast, the low concentration observed using the suspension may be a consequence
of the inadequate absorption and avid metabolism of free curcumin that rodents present
(Ireson et al., 2002).

Among the administered curcuminoids, curcumin showed the highest concentration in
the intestine (up to = 841 ng/g), followed by demethoxycurcumin (up to = 233 ng/g),
bisdemethoxycurcumin (up to = 48 ng/g) (Table 4), which was expected due to the
curcuminoid composition (> 78% curcumin, 12% demethoxycurcumin, and 1%
bisdemethoxycurcumin). Curcumin glucuronide was also present in the intestine of rats,
especially in the ileum of emulsion-fed rats at 4h post-administration (= 121 ng/g), which
may indicate that some metabolization has occurred there. Previous works have reported
the presence UDP-glucuronosyltransferases in the intestinal mucosa of rats, which is the
enzyme responsible for curcumin glucuronidation (Asai & Miyazawa, 2000).
Nevertheless, although curcumin glucuronide was the major metabolite observed in
plasma (section 3.2.1), the concentration of this metabolite in the intestinal tissues of rats
was low. Indeed, in our work, curcumin glucuronide has been quantified in plasma,
intestinal mucosa and kidney (Table 4). These results are in accordance with previous
works, which also detected this metabolite in plasma and intestinal mucosa of rats after
the oral administration of curcumin with phosphatidylcholine (Marczylo et al., 2007) and
can be a consequence of the fast metabolism of curcumin.

The concentration of curcumin, demethoxycurcumin and bisdemethoxycurcumin
concentrations in the intestinal tissues was higher at 2 h rather than at 4 h post-
administration (Table 4). This indicates that the absorption of the free forms was higher
at early times (2 h) and decreased at longer times (4 h). In the same way, previous works
reported the highest curcumin concentration at 1 h post-administration, which decreased
at 3 h (Suresh & Srinivasan, 2010). Moreover, at 4 h post-administration, suspension-fed



rats presented a higher curcumin concentration in the colon than emulsion-fed rats. This
may indicate that, by using the suspension, more compound was non-adsorbed and
arrived at the colon to be excreted. The concentration of curcumin glucuronide in the
duodenum and ileum of rats was the same at 2 h and 4 h post-administration. However, a
higher concentration was observed in the ileum of emulsion-fed rats at 4 h than at 2 h,
and no compound was detected in the colon.

Free form curcuminoids, which present the highest biological activity (Pandey et al.,
2020), were detected in non-intestinal tissues. Among them, kidney and white adipose
exhibited the smallest curcuminoid concentrations (up to 23.03 = 10.29 ng/g), irrespective
of the carrier used. In contrast, the liver and brown adipose tissue were those that
presented the highest curcuminoid concentrations (up to 129.35 + 52.07 and 192.94 +
11.69, respectively). Furthermore, by using the emulsion, the concentration of curcumin
in the liver and brown adipose tissue of rats was relatively higher than when using the
suspension, at 2 h post-administration (Table 4). On the one hand, the liver has been seen
to be an important accumulation site of curcumin even after being orally or intravenously
administered to rodents (Arozal et al., 2019; Ryu et al., 2006; Wei et al., 2014). However,
although the liver is an important glucuronidation site in humans, we could not detect this
compound in the liver of rats. Previous works have postulated that most of the orally
administered curcuminoids are conjugated to glucuronides in the intestinal mucosa of rats
(Asai & Miyazawa, 2000). In fact, previous authors have investigated the capacity of rat
hepatocytes to generate different curcumin metabolites, reporting that glucuronides are
generated only in small amounts in the liver, whereas they are abundant in plasma after
oral administration (Ireson et al., 2001). These authors reported that rat liver reduces
curcumin to hexahydrocurcumin and to hexahydrocurcuminol, whereas conjugation of
curcumin is only a minor hepatic biotransformation route. On the other hand, the
enhanced curcumin concentration found in the brown adipose tissue when feeding rats
with the emulsion is of high interest since previous authors have stated that the presence
this compound in brown and white adipose tissues can play a relevant role in the
prevention of obesity and its related metabolic disorders. It has been seen that curcumin
can increase the expression of uncoupling protein 1 (UPC1) in the brown adipose tissue,
which has been related to an increased energy expenditure. Moreover, it can also decrease
inflammation in white adipose tissue (Santos et al., 2023; Song et al., 2018; Zhu et al.,
2021).

4. Conclusions

Stable emulsions with high oil content were formulated using 50% MCT oil and lecithin
(SOR 0.1) through homogenization and a further microfluidization process. After orally
administered to rats, the absorption of curcuminoids was higher in the intestine of rats fed
with the emulsion rather than with the suspension. As a consequence, the curcuminoid
bioavailability was enhanced by 10.6-fold when using the emulsion compared to the
control suspension. The increased absorption by using the emulsion may be a
consequence of (1) the protection that emulsions provide against degradation during its
pass through the gastrointestinal tract and enhanced bioaccessibility, and (2) the capacity
of emulsifiers such as lecithin to improve the membrane fluidity and the penetration of
curcumin through the epithelial cells. Furthermore, the concentration of curcumin, which
presents the most biological activity, in the liver and brown adipose tissue was greatly
enhanced when enclosing the curcuminoids in the emulsion. This work highlights the
potential of plant-based emulsions with high MCT oil content to increase the



bioavailability of curcumin and increase its accumulation in organs where the compound
can play a relevant role in the prevention of metabolic disorders.
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Table 1. Particle size, span index, (-potential and viscosity of curcumin emulsions
containing 10% or 50% of oil phase formulated using high-shear homogenization (HSH)
or high-shear homogenization and microfluidization (HSH+MF).
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Values are expressed as mean + standard deviation. Different capital letters indicate
significant differences (p < 0.05) between emulsions with different formulation
methodology and same oil concentration. Different lowercase letters indicate significant
differences (p < 0.05) between emulsions with different oil concentration and same
formulation methodology.

Table 2. Mean particle size, span index, {-potential and viscosity of curcumin emulsions
containing 50% of oil phase and different surfactant-oil-ratio (SOR).
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Values are expressed as mean =+ standard deviation. Different lowercase letters indicate
significant differences (p < 0.05) between emulsions with different oil concentration and
same formulation methodology.



Table 3. Pharmacokinetic parameters of curcumin glucuronide (CUR-GLUC), curcumin
(CUR), demethoxycurcumin (DMC) and bisdemethoxycurcumin (BDMC) after oral
administration of a single-dose curcumin emulsion with high oil content (HOE) or
curcumin suspension (SP).
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Data of C,,,.x and AUC are expressed as mean + standard deviation. AUC, = area under
the plasma concentration—time curve; C.,,x = peak concentration; T,,,x = time to reach
peak concentration. Different letters (a, b) indicate significant differences (p < 0.05)
among carriers.
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Table 4. Curcumin (CUR), demethoxycurcumin (DMC), bisdemethoxycurcumin (BDMC) and curcumin glucuronide (CUR-GLUC) concentration
in different rat tissues at 2 h or 4 h after the oral administration of curcumin suspension (SP) or curcumin emulsions with high oil content (HOE).
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Values are expressed as mean + standard deviation. Different capital letters (A, B) indicate significant differences (p < 0.05) among curcumin
carriers at a same time. Different lowercase letters (a, b) indicate significant differences (p < 0.05) among same carrier and different time.



Figure captions

Figure 1. Particle size distribution and microscope images of curcumin emulsions
containing 10% or 50% of oil phase formulated using high-shear homogenization (HSH)
or high-shear homogenization and microfluidization (HSH+MF). (a) Microscope image
of emulsion with 50% oil and SOR 0.1 obtained by HSH+MF; (b) Microscope image of
emulsion with 10% oil and SOR 0.1 obtained by HSH+MF; (c) Microscope image of
emulsion with 50% oil and SOR 0.1 obtained by HSH; (d) Microscope image of emulsion
with 10% oil and SOR 0.1 obtained by HSH. Scale bars are 10 um long.

Figure 2. Particle size distribution and microscope images of curcumin emulsions
containing 50% of oil phase and different surfactant-oil-ratio (SOR). (a) Microscope
image of emulsion with SOR 0.05; (b) Microscope image of emulsion with SOR 0.1; (¢)
Microscope image of emulsion with SOR 0.2. Scale bars are 10 pm long.

Figure 3. Backscattering profile of curcumin emulsions containing 50% of lipid phase
and a different surfactant-oil-ratio (SOR 0.05, SOR 0.1, and SOR 0.2) during 15 days at
4°C.

Figure 4. Plasma-concentration times profile of (a) curcumin glucuronide (CUR-GLUC),
(b) curcumin (CUR), (¢) demethoxycurcumin (DMC) and (d) bisdemethoxycurcumin
(BDMC) after oral administration of a single-dose curcumin emulsion with high oil
content (HOE) or curcumin suspension (SP).
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Highlights:

- Stable high content MCT-emulsions containing lecithin were obtained using
microfluidization.

- Curcumin enclosed in MCT-emulsion was better absorbed than in suspension.

- The curcuminoid bioavailability was increased by 10.6-fold when using the
MCT-emulsion.



- MCT-emulsion increased free-form curcumin concentration in rat liver and
brown adipose tissue.
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