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Micellar Curcumin: Pharmacokinetics and Effects on
Inflammation Markers and PCSK-9 Concentrations in
Healthy Subjects in a Double-Blind, Randomized,
Active-Controlled, Crossover Trial

Juergen Grafeneder, Ulla Derhaschnig, Farsad Eskandary, Nina Buchtele, Nadine Sus,
Jan Frank, Bernd Jilma,* and Christian Schoergenhofer

Scope: Preclinical models have demonstrated the anti-inflammatory and
lipid-lowering effects of curcumin. Innovative formulations have been
developed to overcome the poor bioavailability of native curcumin. The study
hypothesizes that the bioavailability of micellar curcumin is superior to native
curcumin and investigates the potential anti-inflammatory and proprotein
convertase subtilisin/kexin type 9 (PCSK9) concentration lowering effects.
Methods and results: In this double-blind, randomized, crossover trial, 15
healthy volunteers receive micellar or native curcumin (105 mg day−1) for 7
days with a ≥7 days washout period. Curcumin and metabolite
concentrations are quantified by high-
performance liquid chromatography with fluorescence detection (HPLC-FD),
and pharmacokinetics are calculated. To analyze anti-inflammatory effects,
blood samples (baseline, 2 h, 7 days) are stimulated with 50 ng mL−1

lipopolysaccharides (LPS). Interleukin (IL)-6, tumor-necrosis factor (TNF-𝜶),
and PCSK9 concentrations are quantified. Micellar curcumin demonstrates
improved bioavailability (≈39-fold higher maximum concentrations, ≈14-fold
higher area-under-the-time-concentration curve, p < 0.001) but does not
reduce pro-inflammatory cytokines in the chosen model. Subjects receiving
micellar curcumin have significantly lower PCSK9 concentrations (≈10%
reduction) after 7 days compared to baseline (p = 0.038).
Conclusion: Micellar curcumin demonstrates an improved oral bioavailability
but does not show anti-inflammatory effects in this model. Potential effects on
PCSK9 concentrations warrant further investigation.
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1. Introduction

Turmeric (Curcuma longa) is a peren-
nial plant native to India and southeast
Asia containing the bioactive sub-
stance curcumin.[1] Curcumin has
been found to have beneficial effects in
clinical trials investigating a range of
medical conditions including rheuma-
toid arthritis, various cancers, and
atherosclerosis.[2–5] Curcumin’s antiox-
idant properties involve elimination of
reactive oxygen species,[6,7] however its
anti-inflammatory characteristics are
of particular interest,[8–11] including
the inhibition of activation of nuclear
factor kappa-light-chain-enhancer of ac-
tivated B cells (NF𝜅B),[12,13] a major
inflammation pathway. In several stud-
ies, curcumin reduced tumor necrosis
factor 𝛼 (TNF-𝛼) concentration.[14,15]

Furthermore, curcumin reduced the
inflammatory response after stimula-
tion with lipopolysaccharides (LPS). It
reduces the upregulation of toll-like
receptor 4 and myeloid differentia-
tion protein 88.[16–19] In this context,
curcumin reduced pro-inflammatory cy-
tokines in various cell-based and animal
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Table 1. Pharmacokinetic parameters (mean ± standard deviation) of curcumin, desmethoxycurcumin (DMC), bis-desmethoxycurcumin (BDMC), and
total curcuminoids (TC) in healthy humans (six women, nine men) following the intake of a single oral dose of 43 mg micellar or native curcuminoids.

Micellar Native

Curcumin DMC BDMC TC C DMC BDMC TC

Cmax [nmol L−1] 433.2 ± 237.7** 74.4 ± 39.3** 3.1 ± 1.9* 510.6 ± 275.8** 10.0 ± 5.7** 3.1 ± 2.0** 0.83 ± 1.2* 13.2 ± 8.0**

Tmax [h] 0.7 ± 0.3** 0.7 ± 0.3* 0.87 ± 0.40* 0.73 ± 0.32* 4.57 ± 2.80** 4.03 ± 3.21* 2.17 ± 2.19* 4.1 ± 2.97*

AUC 652.2 ± 318.7** 101.0 ± 72.8** 9.7 ± 14.2 762.9 ± 376.1** 39.7 ± 21.2** 11.5 ± 8.3** 2.5 ± 2.8 53.7 ± 29.9**

* p < 0.05 for paired t-test (micellar vs native formulation). ** p < 0.001 for paired t-test (micellar vs native formulation).

models using LPS as a stimulus,[20–22] as well as in clinical trials in
patients with various underlying inflammatory conditions.[23–26]

Curcumin has shown anticoagulant and antiplatelet effects.[27]

Its intake had positive effects on blood lipid profiles and other car-
diovascular risk factors.[28,29] This effect seems to be at least partly
mediated by decreased concentrations of proprotein convertase
subtilisin/kexin type 9 (PCSK9) after curcumin treatment.[22]

Curcumin modulates multiple cellular targets and shows
numerous biological effects.[30] These include antioxidant,[31]

anti-inflammatory,[32] antiviral, antibacterial, antifungal, antipro-
liferative, nephroprotective, neuroprotective, hepatoprotective,
immunomodulatory,[33] and anticancer activities.[34,35] However,
its efficacy is limited by its low oral bioavailability and short half-
life.[36,37] Micellar formulation increases the bioavailability of cur-
cumin in healthy humans: a single oral dose consisting of six
capsules containing in total 207 mg micellar curcumin results
in a 57-fold increased bioavailability compared to capsules con-
taining native curcumin.[38] In another study, 410 mg micellar
curcumin (=500 mg curcuminoids) was mixed with 50 g syrup
and improved bioavailability 185-fold increase compared with na-
tive powder dispersed in syrup.[39] Moreover, micellar formula-
tion most likely increases the post-digestive stability and solubil-
ity of curcumin,[38] whichmight also result in amore pronounced
pharmacodynamic effect. Kocher et al.[40] investigated the effects
of taking 294 mg of micellar curcumins daily on inflammation
markers and blood lipid concentrations in moderately hyperlipi-
demic patients. Although safe and tolerable, intake of 12 capsules
of curcumin per day was insufficient to achieve the desired ef-
fects. The current study was designed to use a realistic and con-
venient dosing regimen (three capsules per day) that would be
acceptable for long-term treatment of patients and ensure ther-
apy adherence.
The focus of the trial was to investigate anti-inflammatory ef-

fects in an ex vivo model of acute inflammatory response after
intake of realistic doses of micellar or non-micellar curcumin.
Furthermore, we determined the pharmacokinetics, safety, toler-
ability, and possible effects on PCSK9 concentrations in healthy
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human volunteers. The use of healthy volunteers allowed the in-
vestigation of these endpoints in a homogenous human popula-
tion.

2. Results

Twenty subjects were screened. One subject did not meet the in-
and exclusion criteria and another subject withdrew consent be-
fore study initiation. Of the remaining 18 subjects, three ended
the trial prematurely: one subject developed thrombophlebitis in
another sub-study, one subject dropped out of the study due to
unforeseen unavailability, and one subject with multiple food in-
tolerances developed diarrhea and dropped out.
The final per protocol population consisted of nine male and

six female subjects, who were 40.3 ± 9.5 years old, with a mean
height of 172.5 ± 9.7 cm, a mean weight of 74.6 ± 15.2 kg, and a
body mass index of 25.0 ± 4.1 kg m−2.

2.1. Pharmacokinetics

Micellar curcumin was absorbed better and faster than
native curcumin, with significantly higher Cmax for bis-
demethoxycurcumin (p = 0.002), demethoxycurcumin, cur-
cumin, and total curcuminoids (TC; all p < 0.001; Table1, Fig-
ure1, Figure S1, Supporting Information). The Cmax of total
curcuminoids for micellar curcumin (510.6 nmol L−1) was
39-fold higher than that for native curcumin (13.2 nmol L−1).
The higher bioavailability of micellar relative to native cur-
cumin was also reflected by a 14-fold higher area under the curve
(762.9 nmol L−1 h−1 respectively 53.7 nmol L−1 h−1, p < 0.001; Ta-
ble 1). Micellar curcumin was absorbed significantly faster (Tmax,
0.73 h) than native curcumin (Tmax, 4.1 h; p < 0.001). All phar-
macokinetic parameters were significantly different in favor of
the micellar curcumin, apart from the bis-demethoxycurcumin
area under the curve (AUC), which was only numerically, but
not significantly higher in the micellar group (p = 0.08; Ta-
ble 1). Trough concentrations of total curcuminoids, curcumin,
demethoxycurcumin, and bis-demethoxycurcumin on days 3
and 7 were higher in subjects taking micellar curcumin, reflect-
ing the augmented bioavailability with the micellar formulation
(Figure2).

2.2. Effects on TNF-𝜶, IL-6, and PCSK9

In our model, the intake of micellar and native curcumin nei-
ther affected concentrations of TNF-𝛼 and IL-6 in unstimulated
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Figure 1. Concentration–time curves (means ± standard deviation) of A) curcumin, B) desmethoxycurcumin (DMC), C) bis-desmethoxycurcumin
(BDMC), and D) total curcuminoids (all in nmol L−1) following the intake of a single oral dose of 35 mg curcumin (in the form of capsules containing
either 43 mg of micellar curcuminoids or native curcuminoids).

(A)

(C) (D)

(B)

Figure 2. Mean trough concentrations (error bars indicate standard deviation) of curcumin A), desmethoxycurcumin (DMC) B), bis-
desmethoxycurcumin (BDMC) C), and total curcuminoids D) on days 3 and 7 following the daily intake of 129 mg micellar or native curcuminoids.
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Figure 3. Concentrations of IL-6 and TNF-𝛼 in whole blood samples from healthy volunteers following an overnight fast after ingesting 129 mg day−1 of
native or micellar curcumin for 7 days; unstimulated whole blood A and C) and whole blood after ex vivo stimulation with LPS B and D).

samples, nor after ex vivo stimulation with LPS (Figure3). This
was the case for all time points. The addition of LPS to whole
blood samples increased TNF-𝛼 concentrations ≈70–130-fold
and IL-6 concentrations ≈200–300-fold compared to unstimu-
lated samples.
Micellar curcumin, but not native curcumin, reduced plasma

PCSK9 concentrations on day 7 compared to baseline by approxi-
mately 10% (p = 0.038, Figure4). To confirm this finding, PCSK9
concentrations were quantified in a second population consisting
of 42 moderately hyperlipidemic patients who received micellar
curcumin (241 mg day−1) or placebo for 6 weeks. However, cur-
cumin had no effect on PCSK9 concentrations in this population
(Figure5).
PCSK9 concentrations were approximately 40% higher in hy-

perlipidemic patients when compared to baseline values from the
healthy controls in this study.

2.3. Blood Chemistry

Routine blood chemistry parameters investigated on days 3 and
7 did not change from baseline following the administration of
either micellar or native curcumin (Table2, Figure S2, Support-
ing Information). The numerical increase in CK concentrations
on day 7 in the micellar group was caused by one participant
who had undertaken an unusually heavy workout the previous
day. The increase in LDH concentrations on day 7 in the native
group was due to one subject completing a long run the day be-
fore. Both participants reported sore muscles. The numerically

Figure 4. Serum concentrations of proprotein convertase subtilisin/kexin
type 9 (PCSK9) in healthy humans (six women, nine men) before (day 0)
and after 1 week (day 7) of daily intake of 129 mg micellar or native cur-
cumin.

higher CRP concentrations were caused by two participants: one
(CRP 0.96 mg dL−1) had a newly diagnosed laryngitis, the other
had only slightly elevated CRP (0.63mg dL−1), whichwas deemed
not clinically relevant, as no other signs of infection were present.
All numerically increased blood chemistry parameters had nor-
malized by the next routine examination.
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Table 2. Blood chemistry parameters (mean ± standard deviation) in healthy humans (six women, nine men) following the oral intake of 129 mg day−1

micellar or native curcuminoids before (D0) and after 3 (D3) or 7 days (D7).

Micellar Native

Parameter [unit] (RV) D0 D3 D7 D0 D3 D7

Hb [g dL−1] (12–16) 13.7 ± 1.2 13.7 ± 1.2 13.8 ± 1.3 14 ± 1.3 13.9 ± 1.2 13.9 ± 1.1

Platelets [G L−1] (150–350) 5.6 ± 1.4 5.7 ± 1.5 6.1 ± 2 5.7 ± 1.1 6.2 ± 2.7 5.7 ± 1.8

Creatinine [mg dL−1] (0.5–0.9) 0.8 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 0.8 ± 0.2 0.9 ± 0.2

Bilirubin [mg dL−1] (0–1.2) 0.5 ± 0.4 0.6 ± 0.6 0.6 ± 0.6 0.6 ± 0.5 0.6 ± 0.5 0.5 ± 0.6

ASAT [U L−1] (<35) 22.3 ± 7.2 23.6 ± 8.1 24.4 ± 12.2 23.5 ± 7.5 22.1 ± 5.9 27.2 ± 14.4

ALAT [U L−1] (<35) 22 ± 11.6 21.8 ± 11.3 23.1 ± 13.8 22.3 ± 8.9 20.3 ± 8 26.3 ± 26.8

LDH [U L−1] (<250) 166.5 ± 24.2 171.3 ± 24.8 171.7 ± 23.7 163 ± 22.9 166 ± 28 173.1 ± 26

CK [U L−1] (<170) 156.2 ± 139.6 194.4 ± 183.1 302.7 ± 556.5 151.9 ± 92.6 164.2 ± 120.6 151 ± 121.6

CRP [mg dL−1] (<0.5) 0.1 ± 0.1 0.1 ± 0.2 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.2 0.2 ± 0.3

ALAT, alanine transaminase; ASAT, aspartate transaminase; LDH, lactate dehydrogenase; CK, creatine kinas; CRP, C-reactive protein; D0, first day of study; D3, day 3 in study;
D7, Day 7 in study; EoS, end of study; Hb, hemoglobin; RV, reference values.

Figure 5. Plasma concentrations of proprotein convertase subtilisin/kexin
type 9 (PCSK9) in 42 moderately hyperlipidemic patients who received a
dose of micellar curcumin (294 mg per day) or placebo for 6 weeks.

2.4. Safety

Intake of both curcumin formulations was generally considered
safe. In total, 13 adverse events occurred before or during in-
take of native curcumin (one episode of diarrhea, one abdomi-
nal pain, three common cold, two sore throats, one meteorism,
one headache, one laryngitis, one otalgia, one xerostomia, and
one inguinal pain) and 16 adverse events occurred before or after
intake of micellar curcumin (one episode of nausea, one vomit-
ing, one diarrhea, onemeteorism, one abdominal pain, one com-
mon cold, four headaches, one vertigo, one sinusitis, one ortho-
static reaction, one cough, one skin irritation, one blocked ear,
one urolithiasis). Two serious adverse events occurred but were
unrelated to the intake of curcumin. One subject broke his clavi-
cle, required surgery andwas consequently hospitalized. Another

subject suffered from urolithiasis and was hospitalized; this was,
however, already the subject’s second episode of urolithiasis, the
first one occurring 2 years before inclusion in this trial. Both se-
rious adverse events were judged to be unrelated to curcumin
intake and both subjects recovered fully.

3. Discussion

This prospective, randomized, double-blind, active-controlled
crossover trial investigated the pharmacokinetics and effects of
micellar and native curcumin on pro-inflammatory markers and
PCSK9 concentrations in healthy subjects. The results of this
study show 1) the enhanced bioavailability of the micellar formu-
lation of curcumin, which agrees with earlier findings,[38–43] 2) no
effects on IL-6 or TNF-a in an ex vivo model of LPS, 3) inconclu-
sive effects of micellar curcumin on PCSK9 concentrations, and
4) a good safety profile for curcumin when administered three
times a day for 1 week.
Both bioavailability and delivering curcumin to target tis-

sues has been a problem in the use of curcumin so far. How-
ever, this has partially been solved by the introduction of mi-
cellar curcumin formulations.[38,39,41,44] Our study confirms the
pharmacokinetic superiority of the micellar formulation com-
pared to native curcumin. Based on data reported by Schiborr
et al.,[39] which showed that plasma concentrations of total cur-
cuminoids are almost back to baseline 8 h after intake, we chose
a dosing regimen of three capsules per day. Trough concentra-
tions on day 3 and day 7 were significantly higher for micel-
lar than for native curcumin, remained stable, and showed no
signs of accumulation (Figure 2), which agrees with earlier find-
ings that fasting total curcuminoid concentrations after 3 and 6
weeks of daily intake of 294 mg micellar curcuminoids (98 mg
with each principal meal) resulted in fasting plasma curcumi-
noid concentrations in the same range as observed here (Fig-
ure 2), and did not increasewith time.[40] Together, these data sug-
gest that steady-state concentrations of micellar curcumin may
be reached within 3 days when individual doses are taken within
6–8 h.
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The main hypothesis of this study was that curcumin reduces
pro-inflammatory cytokines upon stimulation with LPS by inhi-
bition of the NF𝜅B pathway, which was based on numerous an-
imal studies and in vitro experiments reporting the reduction of
LPS-induced inflammation with curcumin.[45–49] It is difficult to
directly compare animal studies to our experiments as both LPS
doses and the mode of curcumin administration differ.[50] Never-
theless, in an adjuvant-induced rat model of arthritis, the oral ad-
ministration of native curcumin (5 mg kg−1 body weight) did not
reduce edema or serum TNF-𝛼 and IL-6 concentrations, whereas
the same dose of micellar curcumin significantly reduced all
three parameters and was as effective as diclofenac (3 mg kg−1

bodyweight).[51]

The concentrations of curcumin used in in vitro
experiments,[52,53] however, are substantially higher than the
maximum concentrations observed in our study (Table 1). For in-
stance, the downregulation of microRNA-155 in LPS-stimulated
macrophages was observed with curcumin concentrations
of 5–15 μmol L−1, which clearly exceeds our mean Cmax of
433 nmol L−1 by a factor of 12–35.[54] Curcumin only decreased
TNF-𝛼 and IL-6 concentrations in RAW.264 cells at concentra-
tions exceeding 12.5 μmol L−1.[55]

Another reasonable explanationmay be the health status of our
volunteers, as they were all generally healthy and did not have in-
creased inflammatory markers (Table 2). In the previously men-
tioned human trial,[40] supplementation with 294 mg micellar
curcuminoids per day in healthy subjects without signs of inflam-
mation did not reduce the concentrations of inflammatory mark-
ers. On the other hand, a meta-analysis of clinical trials inves-
tigating their anti-inflammatory efficacy found that overall cur-
cuminoids had an IL-6-lowering effect; this lowering effect was
more pronounced in subjects with a high pro-inflammatory state
at the beginning of the trial.[56]

The ex vivo-experiment chosen for this study was sufficiently
sensitive to detect significant differences in proinflammatory cy-
tokines after treatment with colistin relative to placebo.[57] Col-
istin, however, covalently binds LPS and neutralizes it, whereas
the anti-inflammatory mechanism of curcumin is due to sup-
pression of NF𝜅B activation.[58] Thus, it is possible that the con-
centration of LPS used in our experiment (50 ng mL−1), which is
substantially higher than the dose used in human in vivo trials
(1–4 ng kg−1 body weight), may have been too high andmay have
overwhelmed the NF𝜅B-suppressing activity of curcumin.
In summary, the findings discussed above suggest that the ex-

planation for the lack of effect on TNF-𝛼 and IL-6 in the present
ex vivo experiment may be 1) the comparatively low dose and re-
sulting low blood concentrations in our in vivo study, which were
far from the concentrations used in in vitro experiments,[52–55] 2)
the good health status and lack of pro-inflammatory state of our
volunteers, as anti-inflammatory effects of curcuminoids appear
to be more pronounced in patients with elevated inflammatory
cytokines,[56] and/or 3) the use of a too strong inflammatory stim-
ulus (in the form of high-dose LPS) in the ex vivomodel. Last, but
not least, we also need to consider the possibility that the reported
NF𝜅B-inhibiting activity of curcumin may not be relevant in this
model.
Interestingly, in healthy volunteers, micellar curcumin, but

not native curcumin, significantly decreased PCSK9 concen-
trations by approximately 10% (Figure 4), corroborating re-

sults from two previous studies, one cell-based[59] and one rat
experiment.[22] We aimed to confirm this finding in a study con-
ducted in moderately hyperlipidemic patients treated with micel-
lar or native curcumin for 6 weeks. However, in this population
intake of curcumin did not affect PCSK9 concentrations.[40] Of
note, in this study curcumin also had no effects on other blood
lipids, which contrasts with findings from other studies supple-
menting curcumin for longer periods, as discussed by Kocher
et al.[40] For instance, a meta-analysis reports that curcumin may
improve blood lipid profiles and specifically reduce low-density
lipoprotein concentrations in patients with cardiovascular risk
factors.[60] Thus, these results are inconclusive and should be in-
terpreted with caution. However, to the best of our knowledge,
this is the first randomized clinical trial in humans demonstrat-
ing that curcumin may reduce PCSK9 concentrations. PCSK9
plays a key role in lipoprotein homeostasis by interaction with
the low-density lipoprotein receptor[61] and has become an impor-
tant pharmacological target to lower LDL concentrations.[62] In
two well-powered trials, the two monoclonal antibodies targeting
PCSK9, alirocumab, and evolocumab, have effectively reduced
the risk of further cardiovascular events in patients with exist-
ing cardiovascular disease.[63,64] Moreover, PCSK9may play a role
in the detoxification of bacterial toxins and therefore may have
anti-inflammatory effects during bacterial infections.[65] Thus,
micellar curcumin may be an interesting alternative to reduce
PCSK9 concentrations in high-risk populations. However, given
the inconclusive results in various populations, further studies
are needed to define the potential role of curcumin as a possible
treatment option to lower PCSK9 and consecutively blood lipid
concentrations. Additionally, it may exert anti-inflammatory ef-
fects via that pathway. In summary, available data are inconclu-
sive. However, given the potential clinical value of PCSK9 inhibi-
tion by curcumin (e.g., as an alternative or adjunct to established
lipid-lowering therapy), further investigationmay be worthwhile.

3.1. Strengths and Limitations

The strengths of this study include its randomized, double-blind,
active-controlled design. However, this study also has specific
limitations. First, a limited sample size precludes it from de-
tecting smaller effects. Second, curcumin was administered for
7 days only and some of its anti-inflammatory effects may re-
quire higher doses or longer treatment durations. Third, the ex
vivomodel of LPS-induced inflammation has relevant limitations
(e.g., LPS dosing, no endothelial cells, etc.), some of which have
been discussed above. Furthermore, we only used LPS as an in-
flammatory stimulus. Other inflammatory stimuli (e.g., lipotei-
choic acid, interferons) should be investigated in future studies.
Fourth, we only quantified TNF-𝛼 and IL-6 as pro-inflammatory
cytokines in the in vitro model after LPS stimulation, because of
i) their central importance in the regulation of inflammatory re-
sponses, ii) our experience with these parameters in comparable
models, and iii) the strong correlation with other cytokines.[57] As
previously shown by Matzneller et al.,[57] the ex-vivo model is not
sensitive in detecting effects of curcumin on IL-1ß. Therefore,
we may have missed such an effect in our study. Sixth, the use of
capsules is convenient, but limited the total curcumin dose per
subject. We have only investigated one dose and did not perform

Mol. Nutr. Food Res. 2022, 66, 2200139 2200139 (6 of 9) © 2022 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.mnf-journal.com


www.advancedsciencenews.com www.mnf-journal.com

a dose-finding study. Higher doses would have been achievable
by taking even more capsules (e.g., 6–9 per day). However, this
would most likely limit long-term therapy adherence in patients.
Dose finding studies and especially higher doses, possibly using
alternative drug formulations, should be conducted. Finally, the
use of an active control instead of a placebo may have also re-
duced the strength of this study in detecting small effects.

4. Conclusion

In this randomized, active-controlled, crossover trial in healthy
volunteers, the bioavailability of micellar curcuminoids was
significantly higher than that of native curcuminoids. The supe-
rior bioavailability of micellar over native curcuminoids was con-
firmed by significantly higher trough concentrations as soon as 3
days after initiation of intake. The daily consumption of 129 mg
micellar and native curcuminoids for 1 week was safe, but with-
out anti-inflammatory effects in an LPS-stimulated ex vivomodel.
To the best of our knowledge, this study for the first time reports
a reduction in plasma PCSK9 concentrations in healthy subjects
following supplementation with a natural dietary bioactive com-
pound. These data could not be confirmed in a population of
moderately hyperlipidemic patients and hence, further clinical
studies are warranted.

5. Experimental Section
The trial was conducted in accordance with the Good Clinical Practice
guidelines and the principles set forth in the Declaration of Helsinki. The
independent ethics committee of the Medical University of Vienna ap-
proved the trial before its initiation (study number: 1580/2018). The study
took place at the Department of Clinical Pharmacology at theMedical Uni-
versity of Vienna betweenOctober 2018 and August 2019. Written and oral
informed consent was obtained from all healthy volunteers before any trial-
related activity was performed.

Furthermore, confirmatory analyses were performed in samples from
another clinical trial, which was completed at the Institute of Nutritional
Sciences, University of Hohenheim. The detailed study design and main
results were published elsewhere.[40] In short, 42 moderately hyperlipi-
demic subjects received micellar curcumin (total dose 241 mg day−1; to-
tal curcuminoids, 294 mg day−1) or placebo in a crossover study with a
4-week-washout period.

Intervention Drug: The study drugs were an in-kind contribution of
Aquanova AG (Darmstadt, Germany). Native curcumin powder (Jupiter
Leys, Cochin, Kerala State, India), which was used for all formulations,
consisted of 82% curcumin, 16% demethoxycurcumin (DMC), and 2%
bis-demethoxycurcumin (BDMC). Each capsule contained 43 mg cur-
cumin powder (accordingly corresponding to 35.3 mg curcumin, 6.9 mg
DMC, and 0.9 mg BDMC). Curcumin micelles furthermore consisted of
polysorbate-80 (Kolb, Hedingen, Switzerland). The study drugs were taken
three times a day, approximately 8 h apart, for 7 days.

Trial Population: Healthy volunteers aged 18–60 years were included
in the trial. The key exclusion criteria were treatment with drugs which
would interfere with the trial’s endpoints, acute illness, or systemic inflam-
matory reactions, as well as known allergies to the study drugs. A complete
list of exclusion criteria was available in the appendix.

Study Design, Randomization, and Blinding: This was a prospective,
double-blind, randomized, active-controlled, crossover trial which con-
sisted of three sub-studies. One of these sub-studies focused on micellar
and native (non-micellar) curcumin and was reported here.

Block randomization was performed using an open access random-
ization generator (https://www.randomizer.org/). For each subject, three

sets of sealed codes/labels were prepared. These featured a randomiza-
tion number containing information about the treatment allocation (peri-
ods A and B). Participants, investigators, and laboratory staff were blinded.
Randomization/treatment allocation was performed by a third person who
was only in charge of treatment preparation and not in contact with the
trial subjects. The code for a particular subject could be broken in a med-
ical emergency, if knowing the identity of the treatment allocation would
influence the subject’s treatment.

Active controls (micellar vs native) were chosen for this trial, meaning
that trial participants were unable to differentiate between treatment and
placebo based on the taste and smell of the trial substances.

Sixteen healthy volunteers were randomized to receive micellar or na-
tive curcumin and after a washout period of ≥1 week, the respective other
treatment. The washout period was deemed sufficient based on the follow-
ing assumptions: i) a terminal elimination half-life of micellar curcumin of
4–6 h from earlier studies was estimated,[38,39] ii) the study hypothesized
that like other NF𝜅B inhibitors, any anti-inflammatory effects of curcumin
were concentration-dependent, and iii) the study previously showed that
PCSK9 was quickly regulated, and concentrations could adapt within a few
hours to clinical conditions.[66,67]

On themorning of the first study day, participants arrived at the Depart-
ment of Clinical Pharmacology following an overnight fast. After baseline
blood sampling, participants received a single dose of 35 mg curcumin (in
the form of capsules containing either 43 mg of micellar curcuminoids or
native curcuminoids). Pharmacokinetic measurements andmeasurement
of vital signs were performed 15, 30, 60, 90, 120, 240, 360, and 480 min
after dosing. After 8 h, participants were discharged.

Subjects were instructed to take three curcumin capsules (cumulative
dose of 129 mg curcuminoids, 105 mg curcumin) per day, approximately
8 h apart, until day 7. The time of intake was recorded by the participants
themselves on a log sheet. Subjects returned to the department on the
morning of days 3 and 7 for follow-up and trough level measurements
after an overnight fast. After a washout period of ≥7 days, participants
received the other curcumin formulation.

Endpoints: As primary endpoint, TNF-𝛼 concentrations after stimula-
tion with LPSwere compared between the two curcumin formulations. LPS
was chosen as it had been shown to upregulate TNF-𝛼.[57]

Secondary endpoints included interleukin-6 (IL-6) concentrations after
stimulation with LPS and in the unstimulated state, and TNF-𝛼 concentra-
tions in the unstimulated condition after intake of micellar or native cur-
cumin formulations. Additionally, pharmacokinetics (including maximum
concentration (Cmax), time of maximum concentration (Tmax), and area
under the concentrations–time curve (AUC)) were compared between the
two formulations. Moreover, the study investigated whether a 7-day intake
of either native or micellar curcumin influenced PCSK9 concentrations.

Measurements: An ex vivo LPS model was chosen to investigate the
anti-inflammatory effects of curcumin. IL-6 and TNF-𝛼 concentrations
were measured; these were upregulated after stimulation with LPS.[57]

At the scheduled time points, venous EDTA anti-coagulated blood sam-
ples were taken. In a further preparation step, the whole blood samples
collected at baseline, 2 h and after 7 days were spiked with LPS to produce
a final concentration of 50 ng mL−1. Positive (blood + LPS only) and neg-
ative (blood + 0.9% saline solution only, also called “unstimulated condi-
tion”) controls were included. Following incubation for 2 h at 37 °C, blood
was centrifuged and the resulting plasma was stored at −80 °C until anal-
ysis. Eventually, IL-6, TNF-𝛼, and PCSK9 concentrations were determined
using a commercially available cytokine enzyme-linked immunosorbent
assay (ELISA) method[68,69] (IL-6 and TNF-𝛼: Quantikine ELISA kit, R&D
Systems, Abingdon, UK; PCSK9: Circulex, Human PCSK9, MBL Interna-
tional Woburn, MA, USA). Differential blood counts, blood chemistry, and
global coagulation assays were performed at the central laboratory of the
General Hospital of Vienna, Austria.

Plasma samples were analyzed according to Schiborr et al.[39] with
slight modifications. For total curcuminoid extraction, 500 μL plasma
was mixed with 5 μL 6 M hydrochloric acid, 1 mL 0.1 M acetate
buffer, and 100 μL 𝛽-glucuronidase type H-1 from Helix pomatia (1 mg
𝛽-glucuronidase in 100 μL 0.1 mol L−1 sodium acetate buffer). En-
zyme treatment was carried out for 45 min at 37 °C and 150 rpm.
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Curcuminoids were extracted by adding 3mL extraction solvent (95% ethyl
acetate, 5% methanol), mixing for 30 s, and then centrifuging (1690 ×
g, 4 °C, 5 min). Two mL of the organic layer was transferred into a fresh
tube. Extraction was performed on ice and repeated three times, in total
8 mL of the 9 mL supernatant was collected and evaporated to dryness in
an RVC 2–25 CDplus centrifugal evaporator (Martin Christ Gefriertrock-
nungsanlagen GmbH, Osterode am Harz, Germany). The dried sam-
ples were resuspended in 500 μL methanol and evaporated again. Fi-
nally, the samples were reconstituted in 75 μL methanol and transferred
to HPLC vials. Quantification was performed using a Shimadzu-HPLC
system (autosampler SIL-20 AC HT, controller SIL-20A, degaser DGV-
20A, mixer FCV-20 AC, pump LC-10 AT; Shimadzu Corporation, Nakagyo
ku, Japan) equipped with a Reprosil-Pur C18 AQ column (150 mm ×
4 mm, 3 μm particle size; Dr. Maisch GmbH, Ammerbuch) and a flu-
orescence detector (excitation/emission 426 nm/536 nm, Fluorescence
detector RF 20A). The mobile phase, consisting of 55% deionized water
adjusted to pH 3 with perchloric acid and 45% acetonitrile, was deliv-
ered at a flow rate of 1.4 mL min−1 for a runtime of 12 min. Twenty mi-
croliters were injected and quantified by an external standard curve (cur-
cumin purity≥97.2%; CAS#458-37-7; demethoxycurcumin purity≥98.3%;
CAS#22608-11; and bis-demethoxycurcumin purity ≥99.4%, CAS#24949-
16; Chromadex, Irvine, CA, USA). All peaks were recorded and integrated
with LabSolution Software (Shimadzu, Groß-Umstadt, Germany).

Statistical Analysis and Sample Size: The sample size calculation was
based on the results of a prior trial using an LPS model and anti-
inflammatory agents.[57] After stimulationwith LPS, TNF-𝛼 concentrations
increased to 65± 50 pgmL−1, whereas in subjects pretreated with colistin,
TNF-𝛼 concentrations only increased to 8 ± 9 pg mL−1. Based on these
results, a sample size of 13 subjects should suffice to show a statistically
significant difference between both groups with a power of 80% and an
alpha error of 5%. The power was increased to 90% and thus 16 healthy
subjects were included in the trial.

Demographics and baseline data, as well as pharmacokinetics, were
presented with descriptive statistics (mean ± standard deviations (SD)).
First, normal distribution was assessed using histograms and the Shapiro-
Wilk test. A paired t-test was used for normally distributed data and a
non-parametric Wilcoxon signed ranks test was used for skewed data.
Hence, concentrations of pro-inflammatory cytokines (TNF-𝛼 and IL-6,
with or without LPS stimulation) and pharmacokinetic parameters were
compared using a non-parametric Wilcoxon signed ranks test, whereas
the impact of both formulations on PCSK9 concentrations was analyzed
with a paired t-test.
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