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Abstract: Curcumin, extracted from the Curcuma longa rhizome, has gained substantial attention for
its anti-inflammatory, antioxidant, and neuroprotective properties. Despite these potential benefits,
its low bioavailability limits its usage and potential in clinical settings. To overcome these
limitations, novel formulations have been developed using liposomal, nanoparticular and
micellization technologies to improve bioavailability. The current randomized, double-blind,
crossover, pharmacokinetic study compared AQUATURMS®, a novel, patented water-soluble
formulation, to another commercially available and widely used curcumin supplement in 12 human
subjects over a 12-hour period separated by a 7-day washout period. Plasma samples were analyzed
by tandem mass spectrometry detection (UPLC-MS/MS). The area under the plasma concentration-
time curve indicated that the bioavailability of AQUATURM® was over 7-fold greater than that of
the other curcumin supplement, reaching concentrations up to 20 ng/mL for up to 12-hours. This
study demonstrates AQUATURM®'s superior bioavailability to that of another, conventional,
widely used curcumin supplement.

Keywords: water-soluble curcumin; pharmacokinetics; plasma; curcuminoids; area under the
curve; bioavailability

Introduction

Turmeric is derived from the dried rhizome of the Curcuma longa plant and is a member of the
Zingiberaceae (ginger) perennial plant family. For many centuries turmeric has been employed as a
spice and traditional medicinal agent across the continent of Asia [1]. Turmeric consists of a collection
of phenolic compounds known as curcuminoids comprising of curcumin, demethoxycurcumin, and
bisdemethoxycurcumin, which are essentially responsible for its therapeutic activity and its
distinctive orange-yellow pigment. Of these curcuminoids, curcumin is considered the most
biologically active and stands as the principal constituent of turmeric, making up approximately 2-
5% of the root extract [1].

Curcumin is a natural compound that falls under the category of diarylheptanoids, a class of
organic compounds characterized by two aromatic rings connected by a seven-carbon chain [2],
Curcumin has garnered significant attention in recent years due to its diverse pharmacological
properties and potential health benefits [3,4]. Extensive research has elucidated its anti-inflammatory,
antioxidant, and neuroprotective properties, making curcumin a promising therapeutic agent for a
wide range of medical conditions including chronic inflammatory conditions of the brain [5-7].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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One of the central mechanisms through which curcumin exerts its anti-inflammatory effects is
the modulation of pro-inflammatory mediators. Curcumin has been shown to inhibit the activity or
decrease the expression of key pro-inflammatory enzymes, such as cyclooxygenase-2 (COX-2) and 5-
lipoxygenase (5-LOX), which are responsible for the synthesis of pro-inflammatory prostaglandins
and leukotrienes. Curcumin modulates gene expression by interacting with various transcription
factors, such as nuclear factor-kappa B (NF-«kB), activator protein-1 (AP-1), signal transducer and
activator of transcription 3 (STAT3), and peroxisome proliferator-activated receptor gamma (PPAR-
Y). Through its interactions with these transcription factors, curcumin can downregulate the
expression of inflammatory genes, including cytokines (e.g., TNF-a, IL-18), chemokines, and
adhesion molecules, thereby curtailing the inflammatory cascade [8,9].

However, its poor aqueous solubility, limited bioavailability, and rapid metabolism have posed
significant challenges in harnessing its full therapeutic potential [10]. To overcome these limitations,
novel curcumin formulations have been introduced, including nanoparticles, liposomes, micelles,
and complexation with other compounds, to enhance curcumin’s bioavailability and stability [11-
13]. Consequently, the assessment of the bioavailability of these formulations in biological matrices,
such as blood, is of paramount importance. Such measurements are pivotal for understanding
pharmacokinetics, bioavailability, and distribution of novel curcumin preparations in vivo. One of the
more recent developments in this space is AQUATURMS, a proprietary curcumin extract developed
by LODAAT Pharma, which contains water-soluble turmeric extract standardized to contain no less
than 23% total curcuminoids. The increased dispersibility of curcuminoids found in AQUATURM®
is attributable to a proprietary formulation and patented manufacturing process that includes
comminution of the dried curcuminoid composition to an average particle size of 45-75 nm and
blending with a uniquely developed polysaccharide filler.

One of the key unique features of Aquaturm® is its enhanced water solubility due to its
proprietary manufacturing process. Increased bioavailability may limit the need for piperine
(constituent of black pepper) to enhance curcumin absorption. Additionally, its lack of odor, taste-
neutrality, and uniformity in suspension when compared to other curcumin formulations increase
the potential applications of the product as a functional food ingredient and supplement.

This study serves to see if this increased water solubility translates into comparably increased
bioavailability without a concern of rapid elimination In this pharmacokinetic study, a
comprehensive investigation into the measurement of AQUATURM®, a novel water-soluble
curcumin formulation (AQUATURM®), compared to another commercially available curcumin
supplement in form of a tablet [14] as a control in 12 human subjects was performed. This study aims
to evaluate the pharmacokinetics of a water-soluble curcumin formulation, AQUATURM®, with the
goal of determining whether AQUATURM® offers enhanced bioavailability and therapeutic potential
compared to a commercially available curcumin supplement. This research also has the potential to
pave the way for the development of more efficacious curcumin-based therapies.

Materials and Methods
Subjects

12 healthy volunteers (7 males and 5 females) were recruited to participate in this study. Subjects
were required to meet the following inclusion criteria to take part in the study; any person aged 18-
65 years who do not have a history of the following: consuming curcumin-containing supplements
(curcumin, turmeric, and curry) or foods (curcumin, turmeric and curry) for 10 days before testing,
hyperacidity, gastric/duodenal ulcers, gastrointestinal /gallbladder problems; use of any blood
thinners/anti-thrombotic agents or NSAIDs, use of blood sugar-lowering agents, H2 blockers or
proton pump inhibitors, hyperglycemic, hemophiliac and diabetic, or any known allergies to soy. All
participants were required to avoid pepper at least 2 days before the study and not consume
caffeinated drinks on the day of the study. Informed consent was obtained from all subjects involved
in the study. This study was approved by the Western Sydney University Human Research Ethics
Committee (Approval number H15160).
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Study Materials

On two occasions separated by 7 days, participants were asked to ingest one AQUATURM®
sachet (corresponding to 450 mg total curcuminoids) orally, that was dissolved in 200 mL of water or
a standard commercially available curcumin tablet (“Control Curcumin Supplement”).
AQUATURMS, a proprietary water-soluble turmeric extract of Curcuma longa standardized to
contains 23% total curcuminoids was studied. The control curcumin supplement, containing
Curcumin C3 complex in form of a tablet, and also corresponding to 450 mg total curcuminoids, was
purchased from a local health store in Sydney, Australia.

Study Procedure

All 12 subjects completed the trials for both formulations, with each subject having nine blood
samples drawn in a single day (Figure 1), under a randomized, double-blind protocol with a seven-
day wash-out period between formulations. The curcumin formulations were coded to ensure
blinding, so neither the investigators nor the participants knew which formulation was administered
during each session. Prior to each trial, subjects arrived at the laboratory in the morning after a 10-
hour overnight fast (water allowed). A qualified phlebotomist inserted a catheter into a forearm vein
to draw the initial baseline blood sample. Subjects then consumed the designated curcumin
formulation, containing 450 mg of total curcuminoids, with water. Subsequent blood samples were
collected at 0.5, 1, 3, 5, 8, and 12 hours post-supplementation. These time points were chosen based
on previous studies indicating that most digestion and absorption occur within this period [15,16].
After each 4-hour and 8-hour blood sample collection, a standardized meal free of curcumin was
provided. To ensure full compliance, all subjects stayed in the laboratory for the entire duration of
the experiment.

Cannula Consume Turmeric-free Turmeric-free
Insertion Product Meal Meal
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Figure 1. Schematic of the study procedure. The AQUATURM® formulation was studied first,
followed by a 7-day washout period. and then the comparison (the Control Curcumin Supplement ©
tablet) was studied using the same procedure over 12 hours. Upon arrival to the clinic, a cannula was
inserted and blood was collected pre-ingestion of curcumin product (baseline). Post-ingestion of
curcumin product blood was drawn for a total of 6 time-points for up to 12 hours. After the 1-hour
and 5-hour blood draw participants were provided with a turmeric free meal.

Sample Collection

A cannula was inserted into a suitable vein of the antecubital fossa of each participant by a
qualified phlebotomist. Blood was drawn before, 0.5-, 1-, 3-, 5-, 8- and 12-hours following curcumin
ingestion into a 6 mL EDTA tube. Samples were centrifuged at 4°C for 10 minutes at (2300 RPM). The
upper (plasma) layer was separated and stored at -80°C until further analysis.

Sample Preparation
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The plasma samples were prepared according to a modified procedure based on Cuomo et al.
[17]. Plasma samples were thawed at room temperature. Stock solutions of all standards and
deuterated internal standards were prepared by dissolving 10 mg of each analyte in 1 mL of
methanol. Once thawed, a 200 uL aliquot of plasma was added to an Eppendorf tube along with 1
UL of acetic acid, 2 uL of a 100 ng/mL working solution of deuterated curcumin (CD6) as the internal
standard (1 ng/mL final concentration), and 100 uL of a solution containing 1000 U of (-
glucuronidase/sulfatase (EC 3.2.1.31) from Helix pomatia (Sigma, St. Louis, MO) in 0.1 M phosphate
buffer (pH ~4.2). The mixture was thoroughly vortexed and incubated at 37°C for 1 hour to
enzymatically hydrolyze the phase-2 conjugates of curcuminoids. After incubation, the samples were
heated to 70°C for 10 minutes, then 700 pL of ethyl acetate was added as the extraction solvent. The
samples were vortexed for 5 minutes, sonicated for 15 minutes, and centrifuged at 14,000 RPM at 4°C
for 6 minutes. The upper organic layer was transferred to a new Eppendorf tube. This extraction
process was repeated three times, collecting a total of 1500 pL of supernatant. The pooled supernatant
was then evaporated to dryness at 30°C under negative pressure in a centrifugal concentrator to
remove any residual solvent. Finally, the samples were reconstituted with 200 uL of methanol,
transferred to a total recovery glass vial, and injected into the UPLC-MS/MS with a 5 pL injection
volume [17-19].

Chromatographic Analysis of the Curcuminoids

Blood plasma samples and standards were analyzed by UPLC-MS/MS. The UPLC-MS/MS
system utilized was a Waters ACQUITY UPLC I-Class system coupled to a SCIEX triple quadrupole
7500 QTRAP system equipped with an OptiFlow® Pro lon Source. A Waters ACQUITY™ UPLC I-
Class autosampler was employed to inject 5 uL of sample using the partial loop method. Analyte
separation was achieved with a Waters ACQUITY™ UPLC HSS T3 (1.8 um, 2.1 X 100 mm) at a
temperature of 35 °C and flow rate of 0.200 mL/min. Mobile phase A (Milli-Q water with 0.1% formic
acid) and B (acetonitrile with 0.1% formic acid) were run with a linear gradient of 50% B to 65% at 3.0
min and a linear gradient to 100% at 5.0 min, B was held at 100% until 8.0 min at which point the
gradient changed to initial conditions (50% B) for equilibration until 10 min. Ionization was achieved
by utilizing the OptiFlow® Pro Ion Source in positive scanning mode at 450°C with an ion spray
voltage of 2000 V. The following optimized ion source parameters were utilized: curtain gas 40 psi,
ion source gas 1: 50 psi, ion source gas 2: 70 psi, CAD gas 9. Scheduled multiple reaction monitoring
(MRM) was performed for analytes using optimized entrance potential (EP), collision energies (CE),
and collision cell exit potentials (CXP) (Supplementary Table 1, 2). The analyte precursor ions,
[M+H]*, and three of their product ion fragments were monitored to quantify and confirm the identity
of the analytes (Suppl. Tables 1, 2). Compound MRM transitions and optimal CE and CXP voltages
for each transition was determined through direct injection. The most abundant product ions were
selected. The limits of detection (LOD) and limits of quantification (LOQ) were determined using
neat standards, with LOD defined as a signal-to-noise ratio greater than 3, and LOQ as a signal-to-
noise ratio greater than 10. The LOD values for Curcumin (Curc), Bisdemethoxycurcumin (BDMC),
and Demethoxycurcumin (DMC) were found to be 0.00045 ng/mL, 0.00038 ng/mL, and 0.000705
ng/mL, respectively. The corresponding LOQ values were determined to be 0.0015 ng/mL, 0.0012
ng/mL, and 0.00235 ng/mL, respectively. A sample chromatogram is displayed in Supplementary
Figure 1.

Pharmacokinetic Analysis of the Curcuminoid Plasma Concentration

Pharmacokinetic data following the oral administration of the curcumin formulations were
analyzed using GraphPad Prism 5. The Cmax, representing the maximum observed plasma
concentration, was obtained directly from the mean plasma concentration-time profile. The area
under the plasma concentration-time curve (AUC) was calculated using the definite integral from 0
to 12 hours based on the mean plasma concentration-time curves using the additive method. The
calculation of t¥2 was not possible for the curcumin preparations as the concentration did not decline
within the 12-hour period. as concentration did not decline in concentration over the 12 hours.
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Results

In this study, we compared water-soluble curcumin (AQUATURM®) with another commercially
available product, Control Curcumin Supplement, a standardized extract containing a defined ratio
of three curcuminoids (curcumin, demethoxycurcumin, and bisdemethoxycurcumin) that has
recently been granted GRAS (Generally Recognized as Safe) status. We analyzed the pharmacokinetic
profiles of both formulations in 12 subjects through a randomized, double-blind, crossover study
conducted over a 12-hour period. The subjects consumed either 450 mg of total curcuminoids of
AQUATURM @ or Control Curcumin Supplement. Treatments were well tolerated, and no adverse
events were reported. Curcumin, demethoxycurcumin, and bisdemethoxycurcumin plasma levels
were measured by UPLC-MS/MS analysis after Helix pomatia glucuronidase/sulfatase treatment to
liberate the parent compounds from sulfate and glucuronide conjugates (Figure 2). The
glucuronidase/sulfatase treatment has been shown to liberate the parent compounds from the
metabolized curcuminoids, but there is evidence that this method might underestimate the amount
of curcuminoids due to incomplete hydrolysis of complex metabolites [20,21].
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Figure 2. Time course of curcuminoid concentrations in plasma over 12 hours.

When the AUC was calculated, AQUATURM® demonstrated a 7.3 times superior bioavailability
than that of the control curcumin supplement for curcumin and in the same range for the other minor
curcuminoids (Table 1A). Cmax was also higher in AQUATURME® treated subjects compared to those
given the control curcumin supplement tablet (Table 1B).

Table 1. A: Comparison of the Area Under the Curve between 0-12 hours (AUC 12n).

Curcuminoid AQUATURM® Control Ratio of AUCs Significance
(AUC12n) curcumin tablet | (Drug/Control)
(AUCiz)
Curcumin 167.7 22.85 7.33 <0.001
DMC 8.70 0.85 10.2 <0.001
BDMC 2.17 1.36 1.59 <0.001
Total Curcuminoids 178.5 25.1 7.12 <0.001

Table 1. B: Comparison of the maximal concentration (Cmax).

Curcuminoid AQUATURM® Control curcumin Ratio of Cmax
(Cmax) tablet (Cmax) (Aquaturm/Control)
Curcumin 18.53 2.74 6.76
DMC 0.83 0.07 11.85
BDMC 0.21 0.15 1.40

(Note that significances and total curcuminoid concentration are not displayed in Table 1B, as the Cmax timepoints
were different amount the formulations).

Subjects consumed either AQUATURM® or commercially available Control Curcumin
Supplement with a content of 450 mg curcuminoids and plasma concentrations of A) Curcumin, B)
Demethoxycurcumin (DMC), or C) Bisdemethoxy curcumin (BDMC) were measured at 0-, 0.5-, 1-,3-
, 5-, 8- and 12-hours. Data are displayed as mean + SEM.

Discussion

One of the important aspects of pharmacology is to study the blood and tissue concentrations of
drugs and medicines over time to understand if the drug reaches a clinically useful therapeutic
concentration at the site of action in the body [22-24]. The wide array of curcumin formulations
available on the market presents a significant challenge for healthcare professionals when it comes to
selecting the most suitable option for their patients [25-27]. Curcumin, a natural compound found in
turmeric, has gained substantial attention for its potential health benefits, including its anti-
inflammatory and antioxidant properties [28-30]. However, inherent poor
bioavailability —meaning the body struggles to absorb and utilize it effectively—has led to the
development of numerous formulations aimed at improving its delivery and effectiveness. These

curcumin’s

formulations employ various strategies, such as the use of adjuvants, nanoparticles, or special
processing techniques, to enhance curcumin’s bioavailability. While some formulations have shown
promise in increasing curcumin’s absorption and bioactivity, the sheer diversity and complexity of
these products can make it a daunting task for doctors to identify the best option for their patients
[15,31,32].

In the study presented, we have compared a novel curcumin formulation (AQUATURM®) to a
well-established and frequently used product, termed “Control Curcumin Supplement”. Our results
indicate that AQUATURM® is more than 7-fold more bioavailable than the control curcumin,

rints202409.1977.v1
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reaching concentrations up to 20 ng/mL and maintaining these for up to 12 hours. Interestingly,
compared to other formulations like Cavamax or Meriva curcumin, where the plasma concentration
peaks as early as 30 minutes, and declines rapidly, one dose of AQUATURMP® leads to a sustained
high plasma level over the 12 hours [15].

One possible explanation for the sustained high plasma concentration could be that the
absorption of AQUATURMP® is delayed, allowing its elimination to occur simultaneously with its
absorption and distribution throughout the body. The sustained concentration in the bloodstream of
AQUATURM® may represent a pharmacokinetic advantage over other formulations of bioavailable
curcumin which are cleared at much more rapid rates.

Previous pharmacokinetic studies have demonstrated similar plasma concentrations of
curcumin, DMC, and BDMC. Purpura et al. 2018, used an 1800mg dose of control curcumin,
measuring plasma concentrations of ~2ng/ml of curcumin, DMC and BDMC [14]. Furthermore, Jager
et al. 2014 [15], used an 1800mg dose of control curcumin, measuring plasma concentrations of
~2ng/mL of total curcuminoids. We measured similar concentrations of total curcuminoids in plasma
despite a lower dose of control curcumin (450mg).

Further study by way of clinical trials is warranted to determine specific clinically therapeutic
benefits of AQUATURM®'s higher levels of bioavailability.

However, our study has some limitations. For example, the single dose study cannot anticipate
the steady-state plasma concentration of a patient on any curcumin supplement taken continuously,
as it may increase substantially if the patient takes it continuously and the total volume of distribution
is saturated. To account for this, a future study design would include subjects to consume the novel
formulation for a week before pharmacokinetic analysis. One other limitation of the study for the
interpretation of the therapeutic effect in humans is the use of the de-glucuronidation / desulfatation
step. While this step is useful to determine the total bioavailability of curcuminoids, it might be
possible that many effects of curcuminoids are only manifested through the free, not the metabolized
version, and therefore the total curcuminoid concentration might be misleading, when compared to
concentrations used in cell culture studies. One interesting delivery system for drugs undergoing
extensive liver metabolism could be the rectal route, as the anal veins drain directly into the systemic
circulation [5].

Conclusions

Curcuminoids are natural compounds found in turmeric that have been shown to have anti-
inflammatory and antioxidant effects. The effect that the compounds could have been limited by its
inherent poor bioavailability. In this study, it was shown that AQUATURMS, a novel curcumin
formulation, is 7 times more bioavailable than another commonly used, commercially available
curcumin supplement. Additionally, the component curcuminoids in AQUATURMS®, curcumin and
demethoxycurcumin, were found to be substantially more bioavailable as well. This is a promising
step towards harnessing the therapeutic benefits of curcuminoids, and further study is required to
show the specific therapeutic benefit of this enhanced bioavailability. Among the specific aspects
which should be explored in future research are long-term safety, efficacy in different populations
and different (neuro)inflammatory diseases, or comparisons with other curcumin formulations.
AQUATURM® may provide a therapeutic option that allows for clinically effective plasma
concentrations that can be sustained for longer periods.

Supplementary Materials: The following supporting information can be downloaded at the website
of this paper posted on Preprints.org.
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