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Acute supplementation with a curcuminoid-based
formulation fails to enhance resting or exercise-
induced NRF2 activity in males and females†

Josh Thorley, a Abrar Alhebshi, a,b Ana Rodriguez-Mateos, c Zicheng Zhang,c

Stephen J. Bailey, a Neil R. W. Martin, a Nicolette C. Bishop a and
Tom Clifford *a

Purpose: Exercise and (poly)phenols may activate nuclear factor erythroid 2-related factor 2 (NRF2), a

transcription factor that coordinates antioxidant synthesis. The purpose of this study was to determine

whether curcuminoid supplementation augments resting and exercise-induced NRF2 activity. Methods:

In a double-blinded, randomised, between-subjects design, 14 males and 12 females performed plyo-

metric exercise (100 drop jumps, 50 squat jumps) following 4 d supplementation with a curcuminoid-

based formulation (CUR + EX; n = 13; ∼200 mg d−1 curcuminoids) or a placebo (PLA + EX; n = 13). NRF2/

DNA binding in peripheral blood mononuclear cells, plasma glutathione peroxidase (GPX), and plasma

cytokines (interleukin-6 [IL-6], tumour necrosis factor-alpha [TNF-α]) were measured pre-, post-, 1, 2 h

post-exercise. Curcuminoid metabolites were measured 0, 1, 2 h post-administration of a single bolus.

Results: Total area under the curve for total curcuminoid metabolites was greater in CUR + EX (p < 0.01),

with bioavailability peaking at 2 h post administration (CUR + EX: [0 h] 80.9 ± 117 nM [1 h] 76.6 ± 178.5 nM

[2 h] 301.1 ± 584.7 nM; PLA + EX: [0 h] 10.4 ± 1.6 [1 h] 8.5 ± 2.6 [2 h] 10.6 ± 2.1). NRF2 activity did not

increase in PLA + EX (p = 0.78) or CUR + EX (p = 0.76); however, curcuminoid metabolite concentrations

did positively predict NRF2/DNA binding (R2 = 0.39; p = 0.02). Exercise increased IL-6 (p = 0.03) but

TNF-α was unresponsive (p = 0.97) and lower across PLA + EX (p = 0.03). GPX activity was higher in CUR

+ EX (p < 0.01) but not in PLA + EX (p = 0.94). Conclusion: Supplementation with a curcuminoid-based

formulation failed to augment resting or exercise-induced NRF2/DNA binding; however, higher concen-

trations of curcuminoid metabolites predicted NRF2/DNA binding response, suggesting effects may be

dependent on bioavailability.

Introduction

Exercise induces biochemical, metabolic, and circulatory per-
turbations which, over time, promote training adaptations that
improve physical performance and protect against homeostatic
challenge.1 One such biochemical process that transiently
increases in response to strenuous exercise is the production
of reactive oxygen species (ROS), such as superoxide (O2

•−) by
NADPH oxidases (NOXs).2 Exercise-induced ROS may contrib-
ute to various training adaptations through redox signalling.

One adaptation ascribed to ROS is a bolstered antioxidant
defence system, driven by their activation of the transcription
factor nuclear factor erythroid 2-related factor 2 (NRF2), a criti-
cal regulator of endogenous antioxidant and anti-inflamma-
tory defence pathways.3,4

In humans, strenuous aerobic exercise increases NRF2
activity in skeletal muscle5–7 and in peripheral blood mono-
nuclear cells (PBMCs),8–10 purportedly through the inhibition
of kelch like ECH associated protein 1 (KEAP1), the negative
regulator of NRF2. These changes can be driven by ROS-
induced oxidation or alkylation of KEAP1 cysteine (Cys) thiol
residues.3 Ubiquitination allows nascent NRF2 to translocate
to the nucleus where it binds to antioxidant response elements
(ARE) on DNA to initiate the transcription of antioxidants,
such as glutathione peroxidase (GPX).11 In addition, NRF2 is
thought to moderate immune responses by competitively inhi-
biting the transcription factor nuclear factor-κB (NF-κB),
thereby attenuating the production of cytokines with pro-
inflammatory properties including interleukin-6 (IL-6) and
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tumour necrosis factor-alpha (TNF-α).12,13 Previously, we
reported that plyometric exercise elevates NRF2 activity in peri-
pheral blood mononuclear cells (PBMCs) compared to a
resting, non-exercise group.14 Repeated exercise-induced NRF2
activation is thought to strengthen cell defences, protecting
against future perturbations to redox balance and pro-inflam-
matory milieu after exercise training.15,16 Thus, enhancing
NRF2 activity could elicit widespread health benefits,
especially in diseases characterized by aberrant immune or
redox systems.

Given the Cys-rich structure of KEAP1, ROS are not con-
sidered the only molecules to repress KEAP1 through Cys
modification; rather, several of KEAP1 Cys thiols are sensitive
to modification by electrophiles via Michael addition reac-
tions.17 Curcuminoids, such as curcumin, demethoxycurcu-
min, and bisdemethoxycurcumin, are naturally occurring
(poly)phenols that are isolated from the rhizome of Curcuma
longa (turmeric); these molecules are reported to possess an
α,β-unsaturated carbonyl moiety that demonstrates electrophi-
lic properties in vitro.18 Therefore, it is postulated that this
electrophile endows curcuminoids with their supposed anti-
oxidant and anti-inflammatory effects in vivo.19,20

Several rodent and cell culture models suggest curcuminoid
administration can activate NRF2.21–25 Although the precise
mechanisms of activation are not fully elucidated, it has been
demonstrated that curcuminoids can activate NRF2 either
canonically after KEAP1 Cys151 modification by its
α,β-unsaturated carbonyl moiety,21 or alternatively, non-cano-
nically by activating AMP-activated protein kinases (AMPK)
and p62.24 Despite the apparent health benefits of curcumi-
noids in humans, curcuminoid bioavailability is low, driven by
its poor solubility and absorption from the gut, plus rapid
metabolism and systemic elimination.26 Collectively, these
factors are thought to impair curcuminoids ability to reach
and modulate cellular targets. Nonetheless, two studies have
previously investigated the effects of curcumin on NRF2
activity in humans, utilizing a single bolus (4 g) and chronic
supplementation (15 d; 500 mg d−1), and both have shown to
increase NRF2 expression in healthy individuals.27,28

There is evidence in animals that combining curcuminoid
supplementation with exercise could augment NRF2 acti-
vation. Indeed, feeding curcumin (100 mg kg−1) to Wistar rats
increased NRF2 activity following treadmill running to a
greater extent than running alone.25 However, the combined
effects of curcumin and exercise on NRF2 signalling is yet to
be examined in humans. Therefore, the aim of this study was
to examine whether supplementing with a curcumin-based for-
mulation for 4 d increased the systemic concentration of cur-
cuminoid metabolites in young, healthy individuals, and if so,
whether these molecules augmented resting or exercise-
induced NRF2 activity in PBMCs. Further, a secondary aim was
to measure changes in NRF2-regulated GPX activity, and the
cytokines IL-6 and TNF-α which are known to be negatively
regulated by NRF2. It was hypothesised that curcuminoid sup-
plementation would increase systemic curcuminoid metabolite
concentration, exercise would increase NRF2 activity, and that

supplementation with curcuminoids would amplify NRF2
activity post-exercise.

Methods
Participants

Sample size was based on a simulation-based power analysis
for our primary outcome, changes in NRF2/ARE binding
activity, using the ANOVA_power app.29 At the time of concep-
tualization for this study, no current study, to our knowledge,
had performed this analysis in humans, so we estimated a
mean and SD using data from a previous study using the same
assay in animals.30 Our analysis is more conservative given the
different study designs and suggested that with a difference in
means and SD of 0.01 units and 0.0075, with 11 participants
per group, we had ≥80% power to detect a time and inter-
action effect (effect size of ≥0.22 (partial eta squared)). A total
of 30 participants were initially recruited for this study; of
these, 4 withdrew due to various reasons (i.e., time constraints,
unwillingness to undertake standardizations, fear of needles).
Therefore, 26 participants (n = 13 per group; mean [SD]: age:
25 [6] years, height: 171.0 [8.7] cm, weight: 68.9 [10.9] kg) com-
pleted the study.

This cohort included 14 males and 12 females, of which 8
females were eumenorrheic and 4 females were monophasic
oral contraceptive (mOCP) users. Females using mOCP
reported taking their respective contraception for a minimum
of 2 years as prescribed (28 d cycle; 7 d break after every 21 d
pill consumption period). Eumenorrheic female participants
reported having regular cycles without using any form of hor-
monal contraceptives for at least 5 months. Each of the
4 mOCP users reported taking different contraceptive brands;
these were Desogestiel®, Rigevidon®, Dianette® and Cerelle®.
Female participants menstrual cycle phase was estimated with
a subjective questionnaire.33 For female participants classified
as eumenorrheic, the second visit took place during the early
follicular phase (d 1–10 after first bleed) of their menstrual
cycle to ensure oestrogen concentrations remained stable, due
to this hormone’s possible effect on oxidative stress.32 For the
female participants who reported taking mOCP, the second
visit took place during the first 10 d of pill withdrawal.

All participants completed a health screening survey to
assess their eligibility. Individuals with a past or present
history of cardiovascular or metabolic disease, musculoskeletal
injury, food allergy, or those currently taking medication were
not included in the study. Throughout the experimental pro-
cedures, participants were advised not to use proposed recov-
ery aids (e.g., compression garments, foam rollers) or consume
any dietary supplements. Additionally, exercise outside of the
experimental procedures was prohibited from 48 h before the
second visit until the conclusion of the study.

Experimental design

This study employed a double-blinded, placebo-controlled,
between-subjects design and was pre-registered on the Open
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Science Framework (osf.io/5fpvn). Ethical approval was
granted by the Loughborough University Research Committee
and all procedures were conducted in accordance with the
Declaration of Helsinki. Participants attended the laboratory
on two occasions. During the first visit, anthropometric
measurements were collected, and participants were given an
opportunity to practice the exercise intervention with visual
and verbal guidance. Participants were then given 3 opportu-
nities to achieve their maximal counter movement jump (CMJ)
and squat jump (SJ) height. Thereafter, participants were ran-
domly allocated to either a curcuminoid and exercise (CUR +
EX; n = 13; ♂ = 6 ♀ = 7) or placebo and exercise (PLA + EX; n =
13; ♂ = 8 ♀ = 5) group using minimization randomisation
based on their sex and maximal CMJ height. In both groups,
participants were allocated 8 capsules that were sealed in an
opaque envelope by an investigator not involved with data
collection.

Participants were instructed to consume 2 capsules of their
respective supplements for 3 d prior to, and on the morning of
the second visit (4 d in total). As this study formed part of a
wider investigation examining the effects of a high (poly)
phenol diet at the same time-points, all participants were also
provided with low (poly)phenol control breakfasts (energy
intake of meal provided in Table S1†). Participants consumed
1000 mg d−1 of the experimental supplement (CurcuWIN®,
OmniActive Health Technologies Ltd, Mumbai, India), or
1000 mg d−1 of inulin (Blackburn Distributions, Burnley, UK)
immediately after their control meal. Each 1000 mg dose of
the experimental supplement contained 20–28% (∼200 mg) of
curcuminoids (curcumin, demethoxycurcumin, and bisde-
methoxycurcumin), as well as a combination of hydrophilic
carriers (63–75%), cellulosic derivatives (10–40%), and natural
antioxidants (1–3%), which reportedly increase the absorption
and bioavailability of curcuminoids compared to other com-
mercial unformulated curcuminoid products.31 Participants
completed an adverse effects questionnaire 24 h prior to
administration of their final experimental capsule to monitor
tolerability of the supplement dose.

During the second laboratory visit, participants arrived at
09:00 am in a hydrated state after an overnight fast (8–10 h)
and a resting blood sample was collected. They then consumed
a final dose of their allocated supplement and control meal.
After 30 min of seated rest participants completed the exercise
intervention. Further blood samples were collected immedi-
ately post-, 1 h, and 2 h post-exercise.

Exercise protocol

This study employed a plyometric-type exercise protocol which
consisted of performing 100 drop jumps from a 0.6 m steel
box, followed by 50 squat jumps. This protocol is a more meta-
bolically challenging adaptation to the eccentric-heavy exercise
employed in our previous work, which was shown to augment
NRF2 activity in PBMCs.14 Briefly, participants performed 100
drop jumps from a 60 cm box, with each jump interspaced by
a 5 s rest period, and every 20 jumps with a 1 min rest. Upon
completion of the drop jumps, 50 consecutive SJs were per-

formed with 5 s between each jump. In both jumping proto-
cols, exercise intensity was standardized; participants were
instructed perform each jump to a height that was within 20%
of their maximal effort CMJ and SJ height which was recorded
during familiarisation. This was assessed by participants
landing on a contact jump mat (JumpMat™, FSL Scoreboards,
Cookstown, Northern Ireland) which immediately provided
jump height data for direct comparison to max scores.

Dietary standardisations

In the 24 h before the second visit, participants recorded their
dietary intake through a weighed food diary. Total energy,
carbohydrate, fat, protein, omega-3 fatty acids, and vitamin C,
D, and E intakes were evaluated using online dietary analysis
software (Nutritics Education v5.81, Nutritics, Dublin, Ireland).
Throughout the study, participants were instructed to main-
tain their regular diet and not increase their intake (poly)
phenol rich foods to enhance the ecological validity of the
study. A list of these foods was provided to participants before
the initiation of the supplementation period (list provided in
Fig. S1†).

Blood sampling and analysis

At pre-, post-, 1 h and 2 h post-exercise, venous blood was
drawn into Vacuette containers treated with ethylenediamine-
tetraacetic acid (EDTA) and lithium heparin (LH) (Vacuette,
Greiner Bio-One, Austria). EDTA blood then centrifuged at
1500g for 10 min at 4 °C. Plasma was subsequently pipetted
into cryovials and stored at −80 °C for later analysis. To collect
PBMCs, 10 mL of LH blood was mixed at a 1 : 1 ratio with 1×
phosphate-buffered saline (PBS) (Thermo Fisher Scientific,
Loughborough, UK). The mixture was then carefully layered
onto 15 mL Ficoll® Paque PLUS (Merck, Darmstadt, Germany)
and centrifuged without the brakes (400g, 20 °C, 35 min). The
buffy coat interphase, which contains PBMCs, was collected
and washed twice in PBS at 300g for 10 min at 20 °C. After
washing, the supernatant was removed, and the pellet was
reconstituted in RPMI 1640 Complete Medium (Merck,
Darmstadt, Germany). The PBMCs were aliquoted at a concen-
tration of 9 × 106 cells per mL in cryopreservation media con-
sisting of 50% RPMI 1640, 40% fetal bovine serum, and 10%
dimethyl sulfoxide (Merck, Darmstadt, Germany).
Subsequently, PBMCs were frozen at a rate of −1 °C min−1 to
−80 °C using a Mr. Frosty™ freezing container (Thermo Fisher
Scientific, Loughborough, UK). Nuclear proteins were later
fractionated from PBMCs using a commercial extraction kit
(nuclear extraction kit, cat. no. 40010, Active Motif, Waterloo,
Belgium) according to manufacturer’s instructions. Protein
content of nuclear fractions was measured using a commercial
bovine serum albumin assay (Prostain™ Protein
Quantification Kit, cat. no. 15001, Active Motif, Waterloo,
Belgium).

NRF2/ARE binding

NRF2/ARE binding was performed ex vivo using a commercially
available human NRF2 activity assay (cat. no. TFEH-NRF2-1,

Paper Food & Function

10784 | Food Funct., 2024, 15, 10782–10794 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 7
:5

2:
28

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo02681k


RayBiotech, Georgia, United States) following the manufac-
turer’s guidelines. For the initiation of binding, nuclear pro-
teins were allowed to incubate overnight in wells containing
immobilized oligonucleotides that possessed ARE consensus
binding sites (5′-GTCACAGTACTCAGCAGAATCTG-3′). After
appropriate washing steps, wells were treated with anti-NRF2
antibodies, followed by incubation with HRP-conjugated sec-
ondary antibodies. The absorbance was then measured at
450 nm using a Varioskan™ LUX multimode microplate reader
(Thermo Fisher Scientific, Loughborough, UK). It is noteworthy
that, as per our pre-registration, our initial intention was to
also investigate NF-κB DNA binding. However, due to technical
issues with the assay and limited sample for further analysis,
this aspect of the study was not completed.

Curcuminoid metabolite analysis

Curcuminoid metabolites were extracted from plasma samples
using a micro-solid phase extraction (μ-SPE) method previously
reported.32 Briefly, digested samples were thawed on ice and
centrifuged at 15 000g for 15 min at 4 °C. Supernatant was col-
lected and acidified with 4% phosphoric acid (85% HPLC
grade, Yorlab, Fluka, York, UK) in the ratio of 1 : 1 (v/v) and
vortexed thoroughly. The acidified samples were loaded onto
the Oasis hydrophilic–lipophilic balanced (HLB) reversed-
phase sorbent μ-SPE 96-well cartridge plate (Waters, Eschborn,
Germany) using a semi-automated positive pressure 96 pro-
cessor (Waters, Eschborn, Germany). The plate then was
washed with 200 μL HPLC grade water and 200 μL 0.2% acetic
acid. Targeted compounds were eluted with 30 μL methanol
containing 0.1% formic acid and 10 nM ammonium formate
for 3 times into a 96 deep-well collection plate. An additional
35 μL of HPLC water with 5 μL of internal standards (0.25 mg
mL−1 taxifolin) were added in the collection plate, making a
130 μL final volume. Finally, the collection plate was covered
with an adhesive seal to prevent samples from evaporating and
mixed on a plate mixer for 3 min. Samples in the collection
plate were finally transferred into the HPLC vials and stored in
−70 °C before the analysis.

The quantification of curcuminoids in the samples and
standard mixes was achieved with a UPLC system (Vanquish,
Thermo Fisher Scientific, Runcorn, UK) equipped with electro-
spray ionisation and triple quadrupole mass spectrometry
(Vantage, Thermo Fisher Scientific, Runcorn, UK). 5 μL of
sample or standard mixes were injected into the system and
passed through a Raptor Biphenyl reversed phase column 2.1
× 50 mm, 1.8 µm (Restek, Bellefonte, USA) coupled with a com-
patible guard cartridge 5 × 2.1 mm, 2.7 µm (Restek, Bellefonte,
USA) with the column temperature of 30 °C. The mobile
phases were HPLC grade water and HPLC grade acetonitrile
that both were acidified with 0.1% LC-MS grade formic acid
(v/v), as solvent A and B, respectively. The gradients were as fol-
lowed: 0–1 min, 1% B; 1–4 min, 1–12% B; 4–8 min, 12% B;
8–11 min, 12–15% B; 11–11.5 min, 15–30% B; 11.5–12 min,
30–99% B; 12–14 min, 99% B; 14–14.1 min, 99–1% B; and
14.1–16 min, 1% B, with a flow rate of 0.35 mL min−1.
The MS analysis was performed under the following

conditions: collision gas pressure 1.0 mTorr, capillary temp-
erature 270 °C, vaporizer temperature 350 °C, sheath gas
pressure 49 arb., aux gas pressure 10 arb., ion sweep gas
pressure 0.0 arb., spray voltage 3000 °C. All the compounds
were analysed in negative ion mode. Five HPLC grade stan-
dards were used for the identification and quantification of
curcuminoids in the samples. All the standards were mixed as
the master calibration mix and 11 dilutions were made for
plotting the calibration curve. Taxifolin (0.25 mg mL−1) was
fortified into all samples and calibration mixes in the same
concentration as the internal standard. The final MRM ana-
lysis method was generated with the confirmed retention time
of the compounds, 2 min RT window, 0.70 FWHM Q1 peak
width, and 3.0 seconds cycle time.

The peak integration was conducted with the TraceFinder
5.0 Software (Thermo Fisher Scientific, Runcorn, UK) and data
calculation was performed on Microsoft Excel. The identifi-
cation of the compounds was according to the RT and the
reference ion ratios. Linear calibration curve of the standards
was made by their area ratios in the calibration mixes of the
same batch. The quantification of the samples was conducted
according to the corresponding linear calibration curves. The
area ratios of the target compounds to internal standard taxifo-
lin were used in the quantification to balance the variations in
device performance during the batch run. Chromatograms for
each individual curcuminoid can be found in ESI Fig. 1–3.†
Total curcuminoid metabolite concentration was calculated by
summarising the concentrations of all individual metabolites
(curcumin, bisdemethoxycurcumin, curcumin glucureonide,
curcumin sulfate, demethoxycurcumin). Total curcuminoid
metabolite concentration at ‘post-supplementation’ reflects
the accumulation of metabolites after 3 d of 1000 mg d−1

CurcuWIN (∼200 mg d−1 of curcuminoids) supplementation,
whilst levels at 1 and 2 h post-administration reflect levels
after administration of an acute bolus.

Glutathione peroxidase activity

GPX activity was measured in plasma using a commercially
available assay (cat. no. 703102, Cayman Chemical, Michigan,
USA) according to manufacturer’s instructions. One unit of
GPX activity is defined as the number of enzymes causing the
formation of 1 nmol of NAPDH to NADP+ per min (nmol
min−1 mL−1).

Cytokine analysis

EDTA plasma samples were analysed for TNF-α and IL-6 con-
centrations using SimplePlex™ Ella microfluidic cartridges
(ProteinSimple, Bio-Techne, Oxford, UK). Values were read in
duplicate, with the intra-assay CV 3.6% for TNF-α and 2.9% for
IL-6.

Statistical analysis

Statistical analysis was performed using jamovi v2.3.26. Prior
to analysis, data were checked for normality by inspecting his-
tograms and QQ plots of the residuals. All variables were nor-
mally distributed aside from IL-6 and total curcuminoid
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metabolite concentrations; thus, this data was log10 trans-
formed, which successfully reduced skewness. Linear mixed
models (2 [supplement: CUR + EX vs. PLA + EX] × 4 [time: pre-,
post-, 1 h-, 2 h post-exercise]) (LMM; gamlj v2.6.6) were per-
formed on antioxidant, cytokine and NRF2 activity. A 2 [sup-
plement: CUR + EX vs. PLA + EX] × 3 [time: 0 h, 1 h, 2 h post-
administration] LMM was performed on total and individual
curcuminoid metabolite concentration. Any significant main
effects from the LMM were followed up with Holm–Bonferroni
corrected post hoc tests. Effect sizes for LMM analysis were cal-
culated using partial eta squared (ηp

2: small: 0.01, medium:
0.05, large 0.14).33 Total area under the curve (tAUC), where
possible, was calculated using an automated spreadsheet;34

this was to provide insight into the total antioxidative and
inflammatory response to exercise between groups, and to rep-
resent the total quantity of curcuminoid in the bloodstream
over the duration. tAUC could not be calculated for partici-
pants with first and/or last datapoint missing; thus, these par-
ticipants were excluded from tAUC analysis.

As an exploratory aim, a simple linear regression model was
performed to determine whether average (x)̅ total curcuminoid
metabolite concentrations (covariate) predicted downstream
responses (dependant variable) in the CUR + EX group. For
NRF2/ARE binding/curcuminoid metabolite regression ana-
lysis, cooks distance was examined since a perceived outlier
was present. Cooks distance was <1 for this model, and even
after removing this outlier from analysis, statistical signifi-
cance (p = 0.047) was still evident.

Independent samples t-tests were performed to evaluate
group differences in physical characteristics, mean and
maximal CMJ height, 24 h energy intake, and were used to cal-
culate pre-post exercise/supplement differences in tAUC for
blood variables. Statistical significance was set at p < 0.05 prior
to analysis. Figures were produced using GraphPad Prism
(v9.4.1, Boston, USA).

Results

Physical characteristics and total energy, macronutrient, and
micronutrient intakes are summarised in Table 1. Regarding the
monitoring of exercise intensity, 7/13 participants in the CUR +
EX group achieved a mean CMJ height that was within 20% of
their pre-recorded maximal CMJ height. In the PLA + EX group,
10/13 participants achieved this. Examination of food diaries
revealed that all participants reported adherence to the dietary
restrictions. No side effects were reported following curcuminoid
supplementation; however, after placebo supplementation, the
following side effects were reported (headache: mild [n = 2] mod-
erate [n = 1]; stomach upset: moderate [n = 1]; diarrhoea: mild [n
= 1]; skin rash: mild [n = 1]); 4/6 of these symptoms were,
however, reported by the same participant.

Total and individual curcuminoid metabolite concentrations

Total curcuminoid metabolite concentrations were signifi-
cantly greater in the CUR + EX vs. PLA + EX group (sup-

plement: p < 0.01; ηp
2 = 0.56) (Fig. 1[a]). Total curcuminoid bio-

availability increased after administration of the acute bolus
(time: p = 0.01; ηp

2 = 0.12); bioavailability at 2 h post-acute
bolus was greater than that measured at 1 h (p < 0.01). No
time × supplement effect was observed (p = 0.17; ηp

2 = 0.06).
Total curcuminoid metabolite tAUC response was greater in
CUR + EX vs. PLA + EX group (p < 0.01) (Fig. 1[b]). 3/78 data
points were missing for this analysis. Fig. 1[c] depicts individ-
ual responses of total curcuminoid metabolites measured in
the CUR + EX group, whilst Fig. 1[d] presents the individual
responses measured in the PLA + EX group, prior to log10
transformation to better represent transient changes in total
curcuminoid bioavailability following supplementation, but
prior to administration of a single bolus (0 h) and after acute
administration (1 h, 2 h).

Regarding the individual responses of curcuminoid metab-
olites, bisdemethoxycurcumin was greater in the CUR + EX vs.
PLA + EX group (supplement p < 0.01; ηp

2 = 0.60) but no time (p =
0.14; ηp

2 = 0.07) or time × supplement (p = 0.49; ηp
2 = 0.02) effect

was observed (Fig. 2[a]). Bisdemethoxycurcumin tAUC response
was greater in CUR + EX vs. PLA + EX (p < 0.01) (Fig. 2[b]).

For curcumin, 5/39 samples were detectable in the PLA +
EX group whilst 34/39 samples were detectable in the CUR +
EX group; thus, due to insufficient statistical power, LMM
and tAUC analysis was not performed for curcumin, however
individual responses in the CUR + EX group are presented in
Fig. 2[c].

For curcumin glucureonide, 19/39 samples were detectable
in the PLA + EX group whilst 36/39 were detectable in the CUR
+ EX group; thus, due to insufficient statistical power, LMM
and tAUC analysis was not performed for curcumin glucureo-
nide, however individual responses in the CUR + EX group are
presented in Fig. 2[d].

Table 1 Group differences in physical characteristics and 24 h energy
intakes

CUR + EX
(n = 13)

PLA + EX
(n = 13) p

Physical characteristics
Sex (M/F) 6/7 8/5 —
Age (years) 26 ± 6 23 ± 4 0.26
Height (cm) 168.1 ± 7.7 179.5 ± 6.8 0.08
Body mass (kg) 66.0 ± 7.9 79.7 ± 8.3 0.18
Maximal CMJ height (cm) 28.9 ± 6.2 28.5 ± 8.6 0.74
Mean CMJ height across exercise (cm) 25.4 ± 2.2 26.2 ± 2.9 0.44
Maximal SJ height (cm) 27.8 ± 8.9 29.1 ± 5.4 0.66
Mean SJ height across exercise (cm) 20.2 ± 7.1 22.8 ± 7.5 0.37
24 h energy intake
Energy (kcal) 2378 ± 426 2222 ± 517 0.65
Protein (g) 119 ± 25 113 ± 31 0.63
Fat (g) 89 ± 22 88 ± 25 0.90
Carbohydrate (g) 274 ± 62 242 ± 74 0.69
Omega-3 fatty acid (n-3) (g) 1.2 ± 1.2 0.8 ± 0.8 0.23
Vitamin C (mg) 73.2 ± 81.7 37.1 ± 22.0 0.72
Vitamin D (µg) 2.5 ± 2.5 3.6 ± 3.8 0.81
Vitamin E (mg) 7.9 ± 5.9 6.2 ± 4.3 0.53

Values are mean ± SD. CMJ = counter movement jump. SJ = squat
jump. Statistical significance set at p < 0.05.
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Curcumin sulfate was greater in the CUR + EX vs. PLA + EX
group (supplement p < 0.01; ηp

2 = 0.15) but no time (p = 0.27;
ηp

2 = 0.05) or time × supplement (p = 0.31; ηp
2 = 0.04) effect

was observed (Fig. 2[e]). Curcumin sulfate tAUC response was
greater in CUR + EX vs. PLA + EX (p = 0.02) (Fig. 2[f ]).

Demethoxycurcumin was greater in the CUR + EX vs. PLA +
EX group (supplement p < 0.01; ηp

2 = 0.39) but no time (p = 0.07;
ηp

2 = 0.09) or time × supplement (p = 0.86; ηp
2 < 0.01) effect was

observed (Fig. 2[g]). Demethoxycurcumin tAUC response was
greater in CUR + EX vs. PLA + EX (p < 0.01) (Fig. 2[h]).

NRF2/ARE binding

Due to technical difficulties, >75% of data was missing for 3
participants ([CUR + EX] n = 1 [PLA + EX] n = 2), thus, these
participants were excluded from analysis. Exercise did not
increase NRF2/ARE binding (time p = 0.69; ηp

2 = 0.02), and this
response was not augmented by the supplementation of curcu-

minoids (supplement p = 0.94; ηp
2 < 0.01). No time × sup-

plement (p = 0.84; ηp
2 < 0.01) effect was found for NRF2/ARE

binding (Fig. 3[a]). No group differences were reported for
NRF2 tAUC response (p = 0.91) (Fig. 3[b]). 13/104 data points
were missing for this analysis. Linear regression revealed that
x ̅ curcuminoid metabolite concentration predicted NRF2/ARE
binding response (R2 = 0.39; p = 0.02) (Fig. 3[c]).

Cytokines

Exercise increased IL-6 (time p = 0.03; ηp
2 = 0.11); IL-6 was

greater at 1 h post vs. pre-exercise (p = 0.02) (Fig. 4[a]). No sup-
plement (p = 0.82; ηp

2 < 0.01) or time × supplement (p = 0.96;
ηp

2 < 0.01) effect was observed for IL-6. No group differences
were found for IL-6 tAUC response (p = 0.87) (Fig. 4[c]).

In the CUR + EX group, 1 participant was missing >75% data
for TNF-α, thus, they were removed from analysis. TNF-α did not
change in response to exercise (time p = 0.97; ηp

2 < 0.01),

Fig. 1 Total curcuminoid metabolite concentrations. [a] Total curcuminoid metabolites (sum of plasma curcumin, bisdemethoxycurcumin, curcu-
min glucureonide, curcumin sulfate, and demethoxycurcumin concentrations; AU) at 0 h (post 3 d supplementation; pre-administration of a single
bolus), 1 h and 2 h post-administration of the single bolus of curcuminoids (CUR + EX) or placebo (PLA + EX) (n = 13 per group). The bar chart is pre-
sented with SD and with symbols (orange circles = CUR + EX; black triangles = PLA + EX) representing individual responses. * = Greater than 1 h
post administration (p = 0.01). [b] Group differences in total curcuminoid metabolite total area under the curve (tAUC) responses (AU) (n = 11 CUR +
EX, n = 13 PLA + EX). [c] Individual total curcuminoid metabolite concentrations (nM) post-supplementation and after an acute bolus of curcumi-
noids in CUR + EX group, and [d] after placebo administration in PLA + EX group.

Food & Function Paper

This journal is © The Royal Society of Chemistry 2024 Food Funct., 2024, 15, 10782–10794 | 10787

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 7
:5

2:
28

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo02681k


Fig. 2 Individual curcuminoid metabolite concentrations. [a, e and g] Plasma bisdemethoxycurcumin, curcumin sulfate, and demethoxycurcumin
concentrations at 0 h (post 3 d supplementation), 1 h and 2 h post-administration of the single bolus of curcuminoids (CUR + EX) or placebo (PLA +
EX), respectively (n = 13 per group). Bar charts are presented with SD and with symbols (orange circles = CUR + EX; black triangles = PLA + EX)
representing individual responses. [c and d] Individual responses of curcumin and curcumin glucureonide, respectively, post supplementation and
after an acute bolus of curcuminoids in the CUR + EX group. [b, f and h] Group differences in bisdemethoxycurcumin, curcumin sulfate, and
demethoxycurcumin total area under the curve (tAUC) responses (AU) (bisdemethoxycurcumin [n = 11 CUR + EX, n = 13 PLA + EX]; curcumin sulfate
[n = 11 CUR + EX, n = 12 PLA + EX]; demethoxycurcumin [n = 11 CUR + EX, n = 13 PLA + EX]), respectively.
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however, TNF-α was higher in the CUR + EX vs. PLA + EX group
(supplement p = 0.02; ηp

2 = 0.06) (Fig. 4[b]). No time × sup-
plement (p = 0.80; ηp

2 = 0.01) effect was reported for TNF-α. No
group differences were reported for TNF-α tAUC response (p =
0.40) (Fig. 4[d]). 11/208 data points were missing for this ana-
lysis. x ̅ curcuminoid metabolite concentrations did not predict
either x ̅ IL-6 or x ̅ TNF-α concentration ([IL-6] R2 = 0.05, p = 0.47
[TNF-α] R2 = 0.15, p = 0.19) (Fig. 4[e] and [f]).

Glutathione peroxidase activity

GPX activity was not influenced by exercise (time p = 0.94; ηp
2 <

0.01) but was significantly greater in the CUR + EX group (sup-
plement p < 0.01; ηp

2 = 0.11) (Fig. 5[a]). No time × supplement
effect was found for GPX activity (p = 0.86; ηp

2 < 0.01). There
was a significant difference in tAUC between groups (p < 0.01)
(Fig. 5[b]). 7/104 data points were missing for this analysis.

Fig. 3 Nuclear factor erythroid 2-related factor 2 (NRF2) activity. [a] NRF2/antioxidant response element (ARE) binding (OD450 nm) at pre-, post-, 1 h
post-, and 2 h post-exercise in CUR + EX and PLA + EX (n = 12 in CUR + EX; n = 10 in PLA + EX). The bar chart is presented with SD and with
symbols (orange circles = CUR + EX; black triangles = PLA + EX) representing individual responses. [b] Group differences in NRF2/ARE binding total
area under the curve (tAUC) responses (n = 10 per group). [c] Regression analysis for x ̅ total curcuminoid metabolite concentration (nM) with x ̅
NRF2/ARE binding within the CUR + EX group.

Fig. 4 Cytokine concentrations. [a and b] Interleukin-6 (IL-6; AU) (n = 13 per group) and tumour necrosis factor-alpha (TNF-α; pg mL−1) concen-
trations measured pre-, post-, 1 h post- and 2 h post-exercise, respectively (n = 12 in CUR + EX; n = 13 in PLA + EX). The bar chart is presented with
SD and with symbols (orange circles = CUR + EX; black triangles = PLA + EX) representing individual responses. * Different to pre-exercise (p =
0.02). [c and d] Group differences in total area under the curve (tAUC) responses for IL-6 (n = 11 per group) and TNF-α (n = 12 in CUR + EX; n = 11 in
PLA + EX) responses, respectively. [e and f] Regression analysis for x ̅ total curcuminoid metabolite concentration (nM) with x ̅ IL-6 and x ̅ TNF-α within
the CUR + EX group, respectively.
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x ̅ curcuminoid metabolite concentrations did not predict x ̅
GPX activity (R2 = 0.13, p = 0.22) (Fig. 5[c]).

Discussion

This study aimed to evaluate whether supplementing with a
curcumin-based formulation for 4 d would augment resting or
exercise-induced NRF2 activity in PBMCs. The key findings
from this study were: (1) supplementing with curcuminoids for
3 days, followed by administration of an acute bolus (1000 mg
CurcuWIN; ∼200 mg curcuminoids) on the day of exercise
increased total curcuminoid metabolite concentration vs.
placebo supplementation; (2) exercise did not increase NRF2
activity in PBMCs, and the addition of curcuminoid sup-
plementation did not augment this response, although higher
systemic curcuminoid concentrations was a significant predic-
tor of NRF2/ARE binding; (3) exercise increased IL-6 but not
TNF-α concentrations, but TNF-α was higher in the CUR + EX
group; (4) GPX activity was significantly greater following cur-
cuminoid supplementation. Collectively, these findings
suggest that strenuous plyometric exercise did not activate
NRF2, and curcuminoids did not significantly augment the
exercise-induced NRF2 response.

Plyometric-type exercise did not increase NRF2/ARE
binding in this study. We have reported similar null results
after a less-intensive plyometric exercise protocol,35 but conver-
sely increased NRF2/ARE binding after a less-intensive proto-
col.14 The discrepancy in these findings is likely mediated by
two important factors; firstly, NRF2/ARE binding emits a
highly variable inter-individual response, as shown here and
across previous experiments.14,30,35 Ultimately reducing the
statistical power of this measure. Secondly, in the study which
reported elevated NRF2 activity after plyometric exercise,14

NRF2/ARE binding was compared to responses measured in a
non-exercise, control group to account for circadian oscil-
lations in NRF2 activity. Not employing a control group in this
present study means that these oscillations were not accounted

and potentially restricted the observation of small effects,
therefore this acknowledged as a limitation of this study.

Curcuminoids, (poly)phenols ubiquitously found in the
widely used medicinal spice turmeric, purportedly possesses
anti-inflammatory and antioxidative properties.19,20 However,
research has indicated that curcuminoids have limited bio-
availability in humans after oral consumption, which may
limit its bioactivity in vivo.36 However, it has been suggested
that improved curcuminoid formulations with a hydrophilic
carrier, cellulosic derivatives, and natural antioxidants can
enhance their lipophilicity and adsorption. Indeed, such a for-
mulation was previously shown to improve curcuminoid bio-
availability by 46-fold compared to a 95% curcumin powder.31

In line with these findings, our results confirm the bio-
availability of curcuminoids in this formulation, as plasma
concentrations of all the measurable curcumin metabolites
(curcumin, bisdemethoxycurcumin, curcumin glucureonide,
curcumin sulfate, and demethoxycurcumin) were greater than
that measured in the placebo group. Going forward, similar
studies examining the biological effects of curcuminoids
should utilise formulations like employed here to maximise
the bioavailability and subsequent downstream measurable
effects of curcuminoids.

Despite the increase in curcuminoid metabolites, the sup-
plementation did not augment resting and exercise-induced
NRF2 activity. This contrasts with some previous work demon-
strating that curcumin activates NRF2. However, most studies
showing that curcuminoids activates NRF2 are in vitro studies
with large doses,21,22,24 utilise rodent models,25,37 or in other
tissues (i.e., skeletal and cardiac muscle). The few existing
studies in humans have led to equivocal findings. Cheng
et al.28 and Yang et al.27 reported that supplementing with 4 g
(single bolus) and 500 mg (for 15 d) of curcumin elevated
NRF2 mRNA expression in whole blood and lymphocytes iso-
lated from healthy humans and type-II diabetics, respectively.
In contrast, a lower dose of curcumin (320 mg d−1) sup-
plemented for 8 weeks did not alter NRF2/ARE binding in
patients with nondiabetic or diabetic chronic kidney disease.38

The discrepancy in the findings from this study and those of

Fig. 5 Glutathione peroxidase (GPX) activity. [a] GPX activity (nmol min−1 mL−1) at pre-, post-, 1 h post-, and 2 h post-exercise in CUR + EX and PLA
+ EX (n = 13 per group). The bar chart is presented with SD and with symbols (orange circles = CUR + EX; black triangles = PLA + EX) representing
individual responses. [b] Group differences in GPX total area under the curve (tAUC) responses (n = 12 in CUR + EX; n = 11 in PLA + EX). [c]
Regression analysis for x ̅ total curcuminoid metabolite concentration (nM) with x ̅ GPX activity within the CUR + EX group.
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Jiménez-Osorio et al.38 compared to those reporting a positive
effect of curcuminoids on NRF2 could stem from differences
in the analytical methods used to measure NRF2 activity.
Whilst this study and Jiménez-Osorio et al.38 quantified the
binding of nuclear-bound NRF2 to synthetic ARE oligonucleo-
tides, the aforesaid studies utilized PCR techniques to assess
changes in NRF2 mRNA expression. Despite the popularity of
using PCR to delineate changes in protein abundance, there is
not a strong correlation between mRNA expression and protein
expression;39 thus, NRF2/ARE binding, which mimics the
pathway NRF2 follows to trigger protein expression, may be a
more valid indication of physiologically relevant changes to
NRF2 activity by proposed activators such as curcuminoids.

Another possibility for the lack of NRF2 activation by curcu-
minoids could be attributed to the tissue type we employed.
PBMCs were chosen since NRF2 is widely expressed and com-
monly assayed in these cells, and they offer an accessible alterna-
tive to measuring transcriptional changes in skeletal muscle.40,41

However, akin to our previous work with green tea (poly)
phenols,42 it appears the electrophilic (and possibly pro-oxi-
dative) properties of (poly)phenols have limited effect on NRF2/
ARE binding in humans PBMCs. It has been reported that other
redox-sensitive signalling pathways in human PBMCs pretreated
ex vivo with curcuminoids are modulated,43,44 suggesting that
PBMCs are likely inducible to curcuminoids electrophilic
α,β-unsaturated carbonyl moiety, albeit exogenously. Thus, cur-
cuminoids inability to activate NRF2 in human PBMCs could be
due to other factors, including the large inter-individual differ-
ences in (poly)phenol absorption that exists after ingestion.45,46

One intriguing finding of this study was that total curcuminoid
metabolite concentrations predicted NRF2/ARE binding
response; this suggests that higher systemic curcuminoid con-
centrations may be required to significantly activate NRF2. The
dose used in this present study was based on two factors; firstly,
there is scant research in humans examining curcuminoids on
NRF2 activity, but our dose was higher than that provided by
Yang et al.27 who observed increased NRF2 expression following
supplementation with 500 mg of a commercially available tur-
meric powder. Secondly, the ecological validity of the results; our
aim was to use a typical curcuminoid dose that was rec-
ommended in commercial products, such as that found in
CurcuWIN®. We therefore believe that our data has real-world
translatability to consumers seeking to purchase curcuminoid
products. However, future research may wish to explore whether
a greater dose could elicit more favourable effects.

Whether or not exercise alongside curcuminoid supplemen-
tation increased NRF2 activity in other tissues is unknown.
Interestingly however, plasma GPX activity was greater in the
CUR + EX group, and since GPX expression is regulated by
NRF2, this could infer that NRF2 was activated by curcumi-
noids, but in other tissues aside from PBMCs. The heightened
activity in this group could be due to the pro-oxidant activities
most (poly)phenols can exert under certain conditions, such
as in the presence of transition metals, which can lead to
H2O2 production.47,48 Because GPX functions to catalyse H2O2

into water,49 an elevated presence of GPX activity may be

indicative of heightened H2O2 generated by curcuminoids.
Heightened H2O2 by curcuminoids could be interpreted as a
positive outcome, since H2O2 is the primary ROS governing
redox signalling, and this may infer how curcuminoids impart
their antioxidative effects; conversely, it could be viewed as a
negative outcome, as extreme levels of H2O2 which could
accompany large doses of curcuminoids, could contribute to
oxidative distress. Nonetheless, this is merely speculation
since we were unable to quantify H2O2 production. As no pre-
supplementation blood sample was collected, it is also unclear
whether the heightened GPX activity was due to the curcumi-
noids or random variation at baseline.

This study also measured the cytokines TNF-α and IL-6,
which play pivotal roles in coordinating immune responses to
stressors such as exercise,50 and are negatively regulated by
NRF2 via competitive inhibition of NF-κB.12,13 In this study, one
notable finding was that TNF-α concentrations were higher in
the CUR + EX group; this was despite previous research
suggesting that curcuminoids downregulated stress-induced
TNF-α expression both in vitro51,52 and in vivo animal
models.53–55 As such, it is uncertain why TNF-α was greater in
the curcuminoid group. It was speculated that this could be due
to outliers in the data, since 2 participants in the CUR + EX
group had basal and exercise-induced TNF-α concentrations
exceeding 16 pg mL−1, concentrations 2–3-fold greater than the
group mean. However, even after excluding these participants
from statistical analysis, a supplement effect was still present (p
= 0.03). As differences in resting TNF-α concentrations ranged
from 0.18 to 20.4 pg mL−1 in the CUR + EX group, it cannot be
ruled out that these group differences were due to random vari-
ation, given the large inter-individual differences in TNF-α con-
centrations. These individual differences could be influenced by
underlying inflammation,56 or genetic polymorphisms in the
promotor region of TNF-α;57 however, the former seems unlikely
as no such group differences were evident for IL-6. Regardless, if
curcuminoids did increase circulating TNF-α, then this may have
paradoxical implications. Firstly, it may be beneficial in immune
surveillance by modulating an appropriate inflammatory
response to infection and injury. Conversely, a heightened pro-
inflammatory immune response may induce damage to tissues.
Future research in larger homogeneous samples is needed
however to examine the impact of curcuminoids on these NRF2
regulated cytokines, particularly TNF-α.58

Strengths and limitations

A strength of this study is the characterisation of plasma curcu-
minoid metabolites. To our knowledge this is the first study to
report the bioavailability of curcuminoid supplementation
alongside NRF2/DNA binding in humans. This allowed us to
examine whether systemic curcuminoid concentrations could
explain any changes in NRF2/DINA binding and other gene
targets. Furthermore, this was the first study to examine such
responses in females. Our study included both mOCP users
and eumenorrheic females; however, given that only 4 of the
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females recruited were mOCP users, we did not have a
sufficient sample size to analyse any potential differences.

There were several limitations to acknowledge; (1) to reduce
participant burden, a pre-supplementation blood sample was
not collected, but this could have helped to determine whether
the differences in plasma GPX and TNF-α were due to the cur-
cuminoid supplementation or random variation; (2) to retain
higher statistical power we did not recruit a non-exercise
control group, but this may have helped us detect small
changes in exercise-induced NRF2/ARE binding; (3) due to the
large variability in NRF2/ARE binding, the sample size for this
study likely needed to be larger; however, the sample size for
this study was based on the only available data using this
assay;30 (4) in line with our findings from the correlation ana-
lysis between total curcuminoid bioavailability and NRF2/ARE
binding response, this study could have used a greater dosage
of curcuminoids as this may have elicited greater biological
effects; however, as previously discussed, this may not have
been ecologically valid; (5) ideally, this study would have
measured NRF2 downstream targets from the cytoplasmic frac-
tion isolated from PBMCs. We were unable to perform this, as
all the sample was used for the NRF2/ARE binding assay. In
addition, it would have been useful to collect additional
samples to perform epigenetic analysis on NRF2 and down-
stream targets; this is worth exploring in future studies.

Conclusion

Strenuous plyometric exercise, with and without curcuminoid
supplementation, does not increase NRF2/ARE binding in
PBMCs from healthy males and females. Furthermore, curcu-
minoids did not influence IL-6 but may have augmented
plasma GPX activity and TNF-α. However, total curcuminoid
metabolite concentrations positively predicted NRF2/ARE
binding response, suggesting higher systemic curcuminoid
concentrations may be required to modify NRF2 activity
in vivo. This could be achieved with higher doses, but curcumi-
noid bioavailability showed high inter-individual bio-
availability, suggesting effects are likely highly independent.
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