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Blue turmeric (Curcuma caesia Roxb.): phenolic
profile, bioaccessibility after in vitro
gastrointestinal digestion, and chondroprotective
effects in IL-1p-stimulated human chondrocytes.
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Osteoarthritis (OA) is a chronic degenerative joint disease characterized by progressive cartilage break-
down driven by inflammatory and oxidative stress mechanisms. Blue turmeric (Curcuma caesia Roxb.), a
rare and understudied spice, represents a source of bioactive compounds with anti-inflammatory pro-
perties. This study aimed to characterize the phenolic profile of a blue turmeric rhizome extract (BTE) and
its bioaccessible fraction obtained after in vitro gastrointestinal digestion, and to assess their biological
effects on human chondrocytes (C-28/12) exposed to interleukin-1 p (IL-1p). HPLC-MS/MS analyses
revealed a phytochemical profile rich in phenolic acids and flavan-3-ols, with partial stability maintained
after in vitro digestion. Pre-treatment with both native BTE and digested BTE (dBTE) protected chondro-
cytes against IL-1p-induced cytotoxicity, mitochondrial dysfunction, and nuclear factor erythroid
2-related factor 2 (Nrf2) inactivation. Furthermore, BTE pre-treatment significantly reduced tumour
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necrosis factor-a (TNF-a) release and preserved cellular morphology. These findings demonstrate that
BTE phenolic compounds are partially bioaccessible and exert chondroprotective effects, supporting
further preclinical investigation of BTE as a potential functional ingredient for joint health maintenance

rsc.li/food-function and OA prevention strategies.

factors, including deficiencies in vitamins D, C, and K, have
been associated with an increased risk of OA.'" In addition,

1. Introduction

Osteoarthritis (OA) is a multifactorial degenerative joint
disease characterized by progressive cartilage degradation,
synovial inflammation, and altered joint homeostasis. At the
cellular level, pro-inflammatory cytokines such as IL-1f and
TNF-o promote catabolic signalling in chondrocytes, contribut-
ing to extracellular matrix degradation, oxidative stress and
mitochondrial dysfunction.’™ The OA progression is driven by
a complex interplay of in situ joint inflammation and systemic
metabolic imbalances, underlying its systemic rather than
solely localized implications.'® Current therapeutic strategies
primarily focus on symptom management and are effective in
reducing pain and inflammation; however, preventive strat-
egies for these conditions remain limited. Several dietary
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adherence to the Mediterranean diet has been linked to a
lower prevalence of OA,'>"? likely, at least in part, due to the
presence of polyphenols.'* Indeed, these compounds have
been shown to modulate inflammation, counteract oxidative
damage, and support physiological cartilage turnover.'®
Additionally, polyphenols modulate key molecular pathways
that regulate chondrocyte viability, control the expression of
pro-inflammatory genes, and contribute to extracellular matrix
remodelling.'*>*

In this context, exploring food substances naturally rich in
bioactive compounds, commonly used in several countries,
may lead to the identification of functional ingredients
with health-promoting effects.>*>* Previous investigations on
polyphenols and food-derived blends have revealed
considerable potential for the management of inflammatory
conditions;**>® however, poor bioaccessibility of these com-
pounds still limits their translational relevance. To address
this limitation, several in vitro digestion models have been pro-
posed, including the INFOGEST protocol and its modified ver-
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sions, the TNO gastrointestinal model, and the DIDGI®
system.>® Previous research from our group has highlighted
the biological effects of food-derived blends and isolated com-
pounds on several molecular networks, thereby counteracting
the development of maladaptive phenotypes.*** Among poly-
phenol-rich nutraceuticals, Curcuma represents a valuable
source of flavanols and other bioactive constituents with anti-
inflammatory and antioxidant properties, making it a promis-
ing candidate for the management of inflammatory
conditions.**?® Curcuma caesia Roxb., commonly known as
blue turmeric, is a rare species of the Zingiberaceae family,
native to India, Nepal, and Bangladesh, where it thrives in tro-
pical and subtropical forests. Although less widely used than
Curcuma longa L., it has been incorporated into traditional
culinary practices in specific regions of India. It is typically
used as a paste or powder to enhance the colour and aroma of
different dishes, particularly in fermented foods and herbal
blends. Although it is not currently authorized in Europe, it
may be classified as a novel food in the future.*’° As pre-
viously reported, blue turmeric extracts are characterized by a
rich polyphenolic profile, including high levels of epicatechin,
ellagic acid, and procyanidins, which have been associated
with antioxidant and anti-ageing effects in HaCaT keratino-
cytes exposed to UVB-induced phototoxicity.”® Nevertheless,
the bioaccessibility of Curcuma caesia Roxb. polyphenols has
not yet been established, nor has the potential impact of blue
turmeric-derived blends on osteoarthritis-related cellular pro-
cesses. In this context, the present study characterises the
bioaccessibility of a polyphenol-rich extract from Curcuma
caesia Roxb. following in vitro simulated gastrointestinal diges-
tion and elucidates its effects on inflammation-related mole-
cular pathways in IL-1f-stimulated human chondrocytes,
thereby providing mechanistic insights into its potential as a
functional food ingredient for osteoarthritis management.

2. Materials and methods

2.1. Plant material and extraction procedure

The rhizome of Curcuma caesia Roxb. was supplied by Bellaria
Agricultural Company, Igea Marina (RN, Italy). The material
was sliced into thin sections, frozen at —80 °C, and sub-
sequently lyophilized using a LIO5P freeze dryer (Pascale) for
24 h. Subsequently, 2 g of Curcuma caesia Roxb. dried powders
were extracted with 40 mL of methanol under agitation at
40 °C for 2 h, corresponding to a solid-to-liquid ratio of 1:20
(w/v). The liquid fraction was then separated by centrifugation,
filtered using Supervelox filter paper, and the solvent was
removed with a rotary vacuum evaporator at 40 °C. This extrac-
tion process was repeated twice. The obtained extract was
freeze-dried and stored at —20 °C in moisture -and light- pro-
tected vials until use. The extraction yield of BTE, calculated as
the percentage ratio between the dry weight of the freeze-dried
extract and the dry weight of the starting dried plant material,
was 4.73 + 0.23%.

This journal is © The Royal Society of Chemistry 2026
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2.2. Digestion procedure

In vitro gastrointestinal digestion was employed to evaluate the
bioaccessibility of the phytocomplex. The procedure was based
on the dynamic model reported by Oomen et al*' Salivary,
gastric, duodenal, and biliary juices were individually prepared
to reproduce the complexity of digestive fluids involved in gas-
trointestinal processing. The exact procedure, including the
volumes (mL) and quantities (mg) of the extractants, is fully
described by Roselli et al, with slight modifications, and
reported in SI Table S4.>° Briefly, a vial containing 500 mg of
the extract was exposed to each digestive fluid under controlled
temperature conditions (37 + 2 °C) and constant agitation (29
rpm), simulating gastrointestinal tract conditions according to
the sequence reported in Table 1. The resulting suspension
was centrifuged at 4000g for 1 h using a VWR MEGA STAR
4.0R centrifuge to separate the digestive juice from the
digested sample (pellet). The supernatant was then filtered
using a 0.45 pm filter into a clean vial and freeze-dried for
48 h using a LIO 5P freeze dryer. The resulting digested
sample was stored at —20 °C until use.

2.3. HPLC-MS/MS determination of BTE and dBTE
polyphenolic composition

2.3.1. Reagents and standards. Analytical standards (purity
> 95%) of cyanidin-3-glucoside chloride, delphinidin-3,5-diglu-
coside chloride, delphinidin-3-galactoside chloride, petunidin-
3-glucoside chloride, malvidin-3-galactoside chloride, querce-
tin-3-glucoside and kaempferol-3-glucoside were purchased
from PhytoLab (Vestenbergsgreuth, Germany). The remaining
31 analytical standards (purity > 95%) of the 38 phenolic com-
pounds were supplied by Sigma-Aldrich (Milan, Italy).
Individual stock solutions of each analyte, at a concentration
of 1000 mg L™, were prepared by dissolving pure standards in
HPLC-grade methanol and storing them in glass stoppered
bottles at 4 °C, except for anthocyanins, which were stored at
—15 °C until analysis. Standard working solutions at various
concentrations were prepared daily by appropriate dilution of
the stock solutions with HPLC-grade methanol. Formic acid
(99%) was obtained from Merck (Darmstadt, Germany).
Analytical-grade hydrochloric acid (37%) was obtained from
Carlo Erba Reagents (Milan, Italy). HPLC-grade methanol was
supplied by Sigma-Aldrich (Milano, Italy). Deionized water
(>18 MQ cm resistivity) was further purified using a Milli-Q
SP Reagent Water System (Millipore, Bedford, MA, USA). All

Table 1 Procedure for complete digestion of the BTE extract

Time
Stage Sample Extractant (min)
1 BTE extract (500 mg)  0.34 mL salivary solution 5
(pH 6.5 + 0.2)
2 Resulting suspension  0.68 mL gastric solution 120
from stage 1 (pH 1.07 £ 0.07)
3 Resulting suspension  0.68 mL duodenal solution 120

from stage 2 +0.34 mL biliary solution

(pH 8.0 £ 0.2)
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solvents and solutions were filtered through a 0.2 pm polya-
mide filter from Sartorius Stedim (Goettingen, Germany).
Before HPLC analysis, all samples were filtered with Phenex™
RC 4 mm 0.2 pm syringeless filter, Phenomenex (Castel
Maggiore, BO, Italy).

2.3.2. Sample preparation for HPLC-ESI-MS/MS analysis.
For the extraction of phenolic compounds, 2 g of the BTE and
dBTE were extracted with 10 mL of ethanol: water mixture
(70:30, v/v) by sonication (FALC ultrasonic bath, Treviglio,
Italy) at a frequency of 40 kHz for 60 min. After centrifugation
at 5000 rpm for 10 min, the supernatants were filtered through
a 0.2 pm syringeless filter before injection into HPLC-MS/MS
triple quadrupole. All samples were stored at —15° C until ana-
lysis. Each sample was analysed in triplicate.

2.3.3. HPLC-ESI-MS/MS analysis. HPLC-MS/MS studies
were performed using an Agilent 1290 Infinity series and a
Triple Quadrupole 6420 from Agilent Technology (Santa Clara,
CA) equipped with an electrospray ionization (ESI) source oper-
ating in negative and positive ionization modes.** In fact, the
instrument allowed to perform a single run with polarity
switching. MS/MS parameters of each analyte were optimized
in flow injection analysis (FIA) (1 puL of a 10 mg L™" individual
standard solution) by using Optimizer Software (Agilent). The
separation of target compounds was achieved on a Synergi
Polar-RP C18 analytical column (250 mm x 4.6 mm, 4 um)
from Phenomenex (Chesire, UK). The column was preceded by
a Polar RP security guard cartridge (4 mm x 3 mm ID). The
mobile phase was a mixture of (A) water and (B) methanol,
both with formic acid 0.1%, at a flow rate of 0.8 mL min™" in
gradient elution mode. The composition of the mobile phase
varied as follows: 0-1 min, isocratic condition, 20% B;
1-25 min, 20-85% B; 25-26 min, isocratic condition, 85% B;
26-32 min, 85-20% B. All solvents and solutions were filtered
through a 0.2 pm polyamide filter from Sartorius Stedim
(Goettingen, Germany). The injection volume was 2 pL. The
temperature of the column was 30 °C, and the temperature of
the drying gas in the ionization source was 350 °C. The gas
flow was 12 L min~", the nebulizer pressure was 55 psi, and
the capillary voltage was 4.000 V. Detection was performed in
the dynamic-multiple reaction monitoring (dynamic-MRM)
mode, and the dynamic-MRM peak areas were integrated for
quantification. The most abundant product ion was used for
quantitation, and the others for qualification. The specific
time window for each compound (A retention time) was set at
2 min. The selected ion transitions and the mass spectrometer
parameters for the analyzed compounds are reported in
Table 2. The analytical method was previously validated
according to international validation guidelines. Linearity was
assessed using eight concentration levels ranging from 0.005
to 10 mg L™'. Limits of detection (LOD) and quantification
(LOQ) were determined using signal-to-noise ratios of 3 and
10, respectively. Method precision was evaluated through intra-
day and inter-day repeatability tests and expressed as relative
standard deviation (RSD%). Recovery experiments were per-
formed through spiking procedures at two concentration
levels. Validation parameters for all monitored phenolic com-
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pounds are reported in SI Table S3. Quantification was per-
formed by external calibration using authentic analytical stan-
dards. No isotope-labelled internal standard was employed.

2.4. Culture of immortalized human chondrocyte cell line

This study evaluated the effects of BTE and dBTE solutions on
the immortalized human chondrocyte cell line C-28/12 (Merck,
SCC043).**** The cells were thawed from liquid nitrogen and
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
high glucose (SIAL-DMEM-12-A), supplemented with 10% fetal
bovine serum (FBS) (YOURSIAL-FBS-SA) and 1% penicillin-
streptomycin (Gibco, 15140122) - hereafter referred to as com-
plete culture medium - with medium changes every three
days. Cell cultures were maintained at 37 °C in a humidified
incubator with 5% CO,.

2.5. Preparation of nutraceutical solutions

BTE and dBTE working solutions were prepared by diluting
the stock solution (100 mg of nutraceutical resuspended in
1 mL of dimethyl sulfoxide, DMSO) in complete culture
medium. To evaluate safety and biological effects, a concen-
tration range of 5-50 pg mL~" was selected based on previously
reported bioactivity of Curcuma caesia extracts and other poly-
phenol-rich matrices in cellular models.*°

2.6. Pro-inflammatory stimulation

C-28/12 cells were seeded in 96-well plates at a density of 5000
cells per well in a complete culture medium and allowed to
adhere to the plastic support for 24 h. Subsequently, 10 or 100
ng mL~" IL-1f (Cell Guidance System, Aurogene, Rome, Italy),
freshly prepared in complete culture medium, was added to the
cells. C-28/12 were then incubated for an additional 24 h. IL-1p
concentrations were selected according to the experimental
endpoint. A higher concentration was used for the wound
healing assay to achieve a reproducible inhibition of cell
migration, whereas a lower concentration was employed for the
other assays to induce inflammation without causing excessive
cellular stress. The concentrations were chosen based on pre-
vious reports and preliminary optimization experiments.

2.7. Determination of cell viability (MTT assay)

C-28/12 cell viability was evaluated using the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. To
evaluate the safety profile of BTE and dBTE, C-28/I12 cells were
treated with increasing concentrations of the extract, ranging
from 5 to 50 pg mL™", and cell viability was determined after 48 h
of incubation. C-28/12 cells were plated at a density of 5000 per
well in 96-well plates and incubated for 24 h at 37 °C in a humidi-
fied 5% CO, incubator. Next, the cells were serum-starved for an
additional 24 h before being treated with BTE and dBTE.
Alternatively, to evaluate the chondroprotective potential, C-28/12
cells were pre-treated with BTE and dBTE for 48 h before IL-1f
treatment. Finally, 0.5 mg mL™" of MTT reagent (Sigma-Aldrich,
475989-1GM) was added to the cells for 2 h at 37 °C. The result-
ing purple formazan crystals were solubilized using dimethyl sulf-
oxide (DMSO), and absorbance was measured at 570 nm using a

This journal is © The Royal Society of Chemistry 2026
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Table 2 Dynamic-MRM transitions, retention times, and optimized HPLC-ESI-MS/MS conditions for the targeted quantification of 38 phenolic

markers
Precursor ion, Product ion, Fragm- Collision Retention time Delta retention
No. Compounds m/z m/z entor, V energy, V Polarity (R, min) time (ARy)
1 Gallic acid 169 125.2¢ 97 12 Negative 6.96 2
2 Neochlorogenic acid 353 191.2% 179 82 12,12 Negative  9.52 2
3 Delphindin-3- 465.01 303° 121 20 Positive  11.36 2
galactoside
4  (+)-Catechin 289 245.29,109.2 131 8, 20 Negative 11.44 2
5 Procyanidin B2 576.99 576.99%, 160 0, 32 Negative 12.41 2
321.2
6 Chlorogenic acid 353 191.24 127.5 82 12,20 Negative 12.42 2
7 p-Hydroxybenzoic acid 137 93.2¢ 92 16 Negative 12.86 2
8 (—)-Epicatechin 289 245.1%,109.1 126 8,20 Negative 13.03 2
9 Cyanidin-3-glucoside 449 287.3% 255.6 121 20, 20 Positive  13.14 2
10  Petunidin-3-glucoside  479.01 3179, 302 121 20, 44 Positive  13.26 2
11 3-Hydroxybenzoic acid 137 93.2¢ 88 8 Negative 13.59 2
12 Caffeic acid 179 135.2%,134.1 92 12,24 Negative 13.65 2
13 Vanillic acid 167 152;14‘1, 108.1 88 12, 20 Negative 14.32 2
14  Resveratrol 227 185 131 12 Negative 14.40 2
15 Pelargonidin-3- 433.01 2714 121 116 24, 50 Positive  14.52 2
glucoside
16  Pelagonidin-3- 579.01 271¢ 145 32 Positive  14.56 2
rutinoside
17  Malvidin-3-galactoside 493.01 3319 315.1 121 20, 50 Positive  14.64 2
18  Syringic acid 196.9 182.2% 121.2 93 8,12 Negative 15.28 2
19 Procyanidin A2 575 575% 285 170 0, 20 Negative 16.18 2
20  p-Coumaric acid 163 119.2:, 932 83 12, 36 Negative 16.70 2
21 Ferulic acid 193 134.27,131.6 83 12, 8 Negative 17.10 2
22 3,5-Dicaffeoylquinic 514.9 353.1%,191 117 8,28 Negative 17.61 2
acid
23 Rutin 609 300.29 271.2 170 32,50 Negative 17.73 2
24 Hyperoside 465.01 3034 61.1 97 8, 50 Positive  18.33 2
25  Isoquercitrin 463 271.2%300.2 155 44, 24 Negative 18.36 2
26 Delphindin-3,5- 462.9 300.1° 165 24 Negative 18.38 2
diglucoside
27 Phloridzin 435.39 273% 167 155 8, 28 Negative 18.83 2
28 Quercitrin 446.99 300.2% 301.2 160 24,16 Negative 19.61 2
29 Myricetin 316.99 179.1%, 182 150 16, 24 Negative 19.61 2
30  Naringin 578.99 271.3%,151.3 170 32,44 Negative 19.62 2
31  Kaempferol-3- 447 284.2%,255.2 170 24, 40 Negative 19.77 2
glucoside
32 Hesperidin 611.01 3039 334.8 112 20, 12 Positive  20.19 2
33 Ellagic acid 301 3019, 229 170 0,24 Negative 21.41 2
34  trans-Cinnamic acid 149 131.2 74 4 Positive  21.44 2
35 Quercetin 300.99 151.2%,179.2 145 16, 12 Negative 21.87 2
36 Phloretin 272.99 1679 123 116 8, 20 Negative 22.30 2
37  Kaempferol 287.01 153% 69.1 60 36, 50 Positive  23.84 2
38  Isorhamnetin 314.99 300.2%,196.1 145 16, 4 Negative 24.57 2

“These product ions were used for quantification.

microplate reader (TECAN Infinite® M200 PRO). Cell viability was
expressed as a percentage relative to untreated controls.

2.8. Wound healing assay

C-28/12 cells were seeded in 6-well plates and treated with BTE
and dBTE either alone for 48 h or as a pre-treatment before IL-1p
exposure. The cells were incubated at 37 °C in a humidified
atmosphere containing 5% CO, and cultured until reaching con-
fluence to form monolayers. Subsequently, a linear mechanical
wound was introduced along the horizontal axis of each well
using the sterile tip of a pipette. Following scratching, the
medium was removed, the cells were washed with Phosphate
Buffered Saline (PBS) and then incubated for 24 h in fresh

This journal is © The Royal Society of Chemistry 2026

medium with or without IL-1p (100 ng mL™"). Untreated cells
served as the control group. Micrographs of the lesion areas
were acquired immediately after scratching (TO) or after 24 h
using a phase-contrast microscope (Olympus IX51 4x objective).
Wound closure was quantified using Image] software (version
1.52a) by measuring the total area of the wound region. The per-
centage of wound closure was calculated according to the
formula: Wound closure (%) = [(original wound gap — remaining
wound gap)/original wound gap] x 100.*

2.9. Quantification of TNF-« release

The levels of secreted TNF-a in cell culture supernatants were
measured using the Human TNF-alpha DuoSet ELISA Kkit,

Food Funct, 2026,17, 7748-7766 | 7751
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according to the manufacturer’s instructions. Supernatants
were collected after 48 h of treatment with BTE or dBTE, either
alone or as a pre-treatment before a 24 h stimulation with 10
ng mL " IL-1B. Afterwards, the cells underwent a 24 h recovery
period, and were finally analyzed using the TNF-o ELISA kit
(DY210, R&D Systems, Minneapolis, MN, USA).

2.10. Transmission electron microscopy (TEM)

Control and treated cells were washed and fixed with 2.5% glu-
taraldehyde in 0.1 M phosphate buffer (pH 7.3) for 15 min.
The cells were then scraped and centrifuged at 300g for
10 min, and the pellets were fixed in 2.5% glutaraldehyde for
an additional 30 min. The samples were post-fixed in 1%
osmium tetroxide (OsO,) for 1 h, alcohol dehydrated and
embedded in araldite. For ultrastructural analysis, thin sec-
tions were stained with UranyLess and lead citrate and ana-
lyzed using a Philips CM10 transmission electron microscope
(FEI Italia SRL, Milano, Italy). Mitochondrial density and
cristae number were evaluated using the microscope software.
Mitochondrial size was assessed by analyzing 10 areas of
20 um? for experimental condition. Mitochondrial density was
quantified in 10 cells for experimental condition, whereas
cristae number was determined by analyzing 15 mitochondria
for cell. All measurements were performed under identical
imaging and analysis conditions.

2.11. Confocal laser scanning microscopy (CLSM)

To obtain high-resolution fluorescence images of treatment-
induced changes, confocal microscopy was performed.
Chondrocytes were grown on 18 x 18 mm coverslips placed in
24-well plates and subjected to pre-treatment with 10 pg BTE
and dBTE for 48 h. Inflammation was then induced using 10
ng mL~"' IL-1f for 24 h. Following treatments, the cells were
fixed with 4% paraformaldehyde (PFA) prepared in 1x PBS.

2.11.1. Evaluation of AY,, by JC-1 staining. Control and
treated C-28/12 cells were exposed to the JC-1 probe to evaluate
the functionality of mitochondrial membrane potential (A¥,).
Chondrocytes were exposed to JC-1 probe (ab288313, Abcam)
for 20 min at 37 °C. Samples were observed through a Leica
TCS-SP5 Confocal connected to a DMI 6000 CS Inverted
Microscope (Leica Microsystems CMS GmbH; objectives 40x
and 60x); excitation was set at 488 nm fluorescein isotiocianato
(FITC), and emission signals were detected at 525 nm (JC-1).
CLSM images are presented as single-plane images or Z-stack
projections.

2.11.2. Evaluation of the mitochondrial mass by NAO
staining. To assess the mitochondrial mass in untreated and
treated C-28/12 cells, fresh cell pellets were exposed to the fluo-
rescent probe 10-nonyl acridine orange (NAO). Briefly, 50 nM
NAO (A7847, Sigma-Aldrich) was added to each sample for
10 min at room temperature (RT); the specimens were then
rinsed in PBS and finally observed through a CLSM. Excitation
and emission signals were 488 nm and 519 nm for NAO.
Densitometric analysis of NAO immunofluorescence was per-
formed wusing Image] software (version 1.54j, National
Institutes of Health, Bethesda, MD, USA) on 10 images per
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experimental condition. Fluorescence intensity was quantified
within a standardized square region of interest (ROI) measur-
ing 250 x 250 pm in each image. All images were acquired
using identical microscope settings and analyzed under the
same conditions. Images were collected at the same magnifi-
cation, with a 50 pm scale bar.

2.11.3. Nrf2 immunostaining. To assess the expression and
localization of nuclear factor erythroid 2-related factor 2 (Nrf2),
an immunofluorescence assay was performed. After fixation,
cells were incubated overnight with a polyclonal rabbit anti-
Nrf2 antibody (AC-A95354-100, SIAL) at a 1:100 dilution in a
mixture of PBS, 2% bovine serum albumin (BSA), and 5%
normal goat serum (NGS) to block nonspecific binding.
Following primary antibody incubation, cells were washed with
PBS and incubated for 2 h with a goat anti-rabbit IgG second-
ary antibody conjugated with a fluorophore (A-11008,
ThermoFisher Scientific) at a 1:400 dilution in PBS, BSA 2%,
and NGS 5%. After staining, coverslips were mounted onto
slides using an anti-fade mounting medium, Vectashield
H-100 (H-1000-10, Vector Laboratories), and fluorescence
signals were visualized using a Leica TCS-SP5 Confocal
Microscope connected to a DMI 6000 CS Inverted Microscope.

2.11.4. NLR family pyrin domain containing 3 (NLRP3)
immunostaining. To evaluate the expression and localization of
NLRP3 (NOD-, LRR- and pyrin domain-containing protein 3), a
key component of the innate immune system that forms the
NLRP3 inflaimmasome, an immunofluorescence assay was per-
formed. After fixation, cells were incubated overnight with a
polyclonal rabbit anti-NLRP3 antibody (A14882, SIAL) at a 1: 100
dilution in a mixture of PBS, 2% BSA, and 5% NGS to block non-
specific binding. Following primary antibody incubation, cells
were washed with PBS and incubated for 2 h with a goat anti-
rabbit IgG secondary antibody conjugated with a fluorescein
(AP132F, Millipore) at a 1:200 dilution in PBS, BSA 2%, and
NGS 5%. After staining, coverslips were mounted onto slides
using an anti-fade mounting medium, Vectashield H-100
(H-1000-10, Vector Laboratories), and fluorescence signals were
visualized using a Leica TCS-SP5 Confocal Microscope connected
to a DMI 6000 CS Inverted Microscope. Densitometric analysis
of NLRP3 immunofluorescence was performed using Image]
software (version 1.54j, National Institutes of Health, Bethesda,
MD, USA) on 11 images per experimental condition.
Fluorescence intensity was quantified within a standardized
square region of interest (ROI) measuring 250 x 250 um in each
image. All images were acquired using identical microscope set-
tings and analyzed under the same conditions. Images were col-
lected at the same magnification, with a 50 pm scale bar.

2.12. Statistical analysis

For MTT assays, one-way Analysis of Variance (ANOVA) was per-
formed to compare between-groups variance and within-group
variance, followed by Sidak’s multiple comparison test to
identify specific groups with statistically significant differ-
ences. Data are expressed as mean =+ standard deviation (SD)
from at least three independent experiments. Data obtained
from wound-healing and ELISA assays were analyzed using

This journal is © The Royal Society of Chemistry 2026
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two-way ANOVA followed by Tukey’s multiple comparison test
and are presented as mean + SD from at least four and three
independent experiments, respectively. Quantification of mito-
chondrial size is reported as mean + SD of four measurements
across three different fractions, whereas cristae number is pre-
sented as mean + SD from ten cells per condition across three
different fractions. These datasets were analyzed using two-way
ANOVA followed by Tukey’s multiple comparison test. NAO
fluorescence intensity was quantified as Mean Fluorescence
Intensity (MFI, %) and is expressed as mean + SD from at least
ten distinct, non-overlapping fields per condition; two-way
ANOVA was performed, followed by Tukey’s multiple compari-
son test. NLRP3 fluorescence intensity was quantified as MFI
and is expressed as mean + SD from eleven distinct, non-over-
lapping fields per condition; two-way ANOVA was performed,
followed by Sid4k’s multiple comparison test. For all analyses,
the threshold for statistical significance was set at P < 0.05,
and significance levels were assigned as follows: *P value
<0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Statistical ana-
lyses were conducted using GraphPad Prism software.

3. Results

3.1. Stability of BTE phenolic compounds during in vitro
gastrointestinal digestion

As shown in Table 3, the recovery of phenolic compounds was
generally reduced following the digestive process. This was
particularly evident for flavan-3-ols - including catechin (C),
epicatechin (EC), and procyanidin B2 (PB2) - whose concen-
trations decreased from 345.52 to 45.12 mg kg™, from 695.34
to 268.97 mg kg™*, and from 346.52 to 163.70 mg kg ™", respect-

Table 3 Quantitative profile of phenolic compounds (mg per kg dry
weight of the freeze-dried extract) in blue turmeric extract before and
after simulated gastrointestinal digestion (BTE vs. dBTE)

No. Compound BTE (mg kg™') dBTE (mgkg™")
1 Gallic acid 80.87 55.64
2 Neochlorogenic acid 22.21 18.62
3 Delphinidin 3-galactoside n.d. 5.84

4 Catechin 345.52 45.12
5 Procyanidin B2 346.52 163.70
6 Chlorogenic acid 55.12 54.22
7 4-Hydroxy benzoic acid 233.31 222.84
8 Epicatechin 695.34 268.97
9 3-Hydroxy benzoic acid 478.62 355.80
10 Caffeic acid 18.91 14.27
11 Vanillic acid 416.91 315.35
12 Syringic acid 198.36 189.70
13 Procyanidin A2 50.12 56.88
14 P-Coumaric acid 211.80 86.70
15 Ferulic acid 174.04 55.22
16 3,5-Dicaffeoylquinic acid 88.32 79.24
17 Rutin 23.27 17.50
18 Isoquercitrin 10.05 11.87
19 Delphinidin 3,5-diglucoside  19.93 7.26
20 Kaempferol 3-glucoside n.d. n.d.
21 Ellagic acid 36.16 28.69
22 Quercetin 16.57 n.d.
23 Isorhamnetin 1.09 n.d.

This journal is © The Royal Society of Chemistry 2026
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ively. Conversely, the recovery of other polyphenol classes,
such as phenolic acids, was less affected by digestion.
HPLC-MS/MS analysis revealed comparable levels of some
hydroxybenzoic and hydroxycinnamic acids before and after
simulated digestion. Among the most abundant compounds,
4-hydroxy benzoic acid (4-HBA) and syringic acid (SA) showed
stable levels (233.31 vs. 222.84 mg kg ' and 198.36 vs.
189.70 mg kg™, respectively), whereas 3-hydroxy benzoic acid
(3-HBA) and vanillic acid (VA) exhibited reduced, yet still rela-
tively high, concentrations (478.62 vs. 355.80 and 416.91 vs.
315.35 mg kg™, respectively). By contrast, p-coumaric acid
(p-CA) and ferulic acid (FA) levels were markedly reduced by
gastrointestinal digestion (211.80 vs. 86.70 and 174.04 vs.
55.22 mg kg™, respectively). Regarding flavonols, although
overall detected at lower amounts in BTE, their concentrations
were only partially impacted by the digestive process.
Altogether, these results highlight the compound-dependent
stability of the BTE phenolic fraction, comprising both highly
stable and less bioaccessible phytochemicals.

3.2. Assessment of C-28/12 cell viability upon BTE exposure

To exclude potential cytotoxic activities of BTE, C-28/
12 metabolic activity was evaluated after 48 h treatments with
BTE at a concentration range of 5-50 pg mL™' using the MTT
assay. Notably, C-28/12 metabolic activity remained unaffected at
all tested concentrations, with values comparable to those of the
untreated control groups (Fig. 1A). Similarly, cell viability was
not affected by the BTE bioaccessible fraction (dBTE), as no
metabolic alterations were detected after 48 h of treatment with
increasing concentrations (5-50 pg mL™') of dBTE (Fig. 1B).
Altogether, these results suggest the safety profile of BTE in
human chondrocytes.

3.3. Cell viability evaluation in BTE-treated C-28/12 exposed
to IL-1p

To assess BTE protection against IL-1p-induced cytotoxicity, cell
viability was measured in C-28/12 cells pre-treated with BTE and
dBTE prior to IL-1p stimulation. As expected, IL-1p treatment
exerted cytotoxic effects, resulting in an approximately 30%
reduction in cell viability compared to untreated controls.
Conversely, a 48 h pre-treatment with BTE prevented
IL-1p-induced cytotoxicity at all tested concentrations (5-50 pg
mL™"). As shown in Fig. 2, the protective effects of BTE were
retained following in vitro gastrointestinal digestion; IL-1p-exposed
cells pre-treated with dBTE maintained viability levels comparable
to those of untreated cells, demonstrating that the chondroprotec-
tive activity of BTE is preserved within the bioaccessible fraction
of phytochemicals soluble in the digestive fluids.

3.4. Evaluation of C-28/12 wound healing capacity

The wound healing capacity of C-28/12 cells was assessed using
the scratch assay under baseline conditions, following IL-1p
exposure, and after treatment with BTE, either alone or as a pre-
treatment prior to IL-1f stimulation (Fig. 3A). As shown in Fig. 3B,
a 48 h treatment with BTE at both 5 and 10 pg mL™" significantly
enhanced migratory capacity, resulting in an approximately 15%
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Fig. 2 Assessment of BTE and dBTE protective effects on cell viability
in C-28/12 cells exposed to IL-1f8. C-28/12 cell viability was evaluated in
untreated and treated cells. Data from the MTT assay are expressed as
absorbance at 570 nm and normalized to untreated controls (% CTRL).
Data are presented as mean + SD from three independent experiments.
Ordinary one-way ANOVA, Sidak’s multiple comparison test (*P value <
0.0001 CTRL vs. IL-1p-treated cells. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001 IL-1p-treated cells vs. BTE and dBTE pre-treated cells).

increase in wound closure compared to untreated controls.
Notably, this effect was maintained in dBTE-treated C-28/12 cells,
whose migratory capacity similarly improved at both 10 and 50 pg
mL™" (Fig. 3C). Conversely, IL-1f stimulation only marginally
affected C-28/12 migratory capacity and did not influence the
response to either BTE or dBTE (SI Tables S1 and S2). Overall,
these results underscore the regenerating potential of the BTE
bioaccessible fraction, which is not impacted by IL-1p.

3.5. Evaluation of TNF-«x release in BTE-treated C-28/12
exposed to IL-18

The release of the inflammatory mediator TNF-a from C-28/12
cells was measured by ELISA under baseline conditions, fol-
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lowing IL-1p exposure, and after treatment with BTE, either
alone or as a pre-treatment prior to IL-1p stimulation.
IL-1p-exposed C-28/12 cells showed a marked increase in TNF-a
release compared to untreated controls. In contrast, a 48 h
treatment with BTE at both 5 and 10 pg mL™" effectively pre-
vented IL-1p-induced TNF-o secretion. Notably, this activity
was maintained in C-28/12 cells treated with the bioaccessible
fraction of BTE (dBTE), further reflecting a protective role of
this phytocomplex in inflamed chondrocytes (Fig. 4).

3.6. Ultrastructural analysis of BTE-treated C-28/12
stimulated with IL-1

TEM ultrastructural analyses were employed to evaluate morpho-
logical changes in the cellular membrane, nucleus, and intracy-
toplasmic organelles under baseline conditions, IL-1f stimu-
lation, and BTE pre-treatment. As shown in Fig. 5, untreated and
BTE-treated C-28/I12 cells displayed similar morphological fea-
tures. Under these experimental conditions, the cells appeared
elongated, with numerous well-preserved mitochondria, abun-
dant endoplasmic reticulum, and a conserved nucleus character-
ized by an intact double membrane and diffuse chromatin
(Fig. 5A-C). Following IL-1p exposure, numerous small and large
empty vacuoles emerged, accompanied by the formation of
autophagic vacuoles. Moreover, the phospholipid bilayer
appeared detached, and several mitochondria were empty and
damaged (Fig. 5D-G). Conversely, pre-treatments with BTE and
its bioaccessible fraction dBTE effectively preserved nuclear and
cytoplasmic ultrastructure, as well as mitochondrial and endo-
plasmic reticulum morphology (Fig. 5H-J).

3.7. Morphometric analysis of BTE-treated C-28/12 stimulated
with IL-1p

Mitochondrial ultrastructure of C-28/12 cells was evaluated by
morphometric analysis. In untreated, BTE-, and dBTE-treated
cells, mitochondria displayed well-preserved outer membranes
and cristae. Across these conditions, mitochondrial diameters,
ranging between 550 and 600 nm, and cristae number were

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Ultrastructural analysis of C-28/I12 cells under different con-
ditions. TEM analysis of C-28/12 cell morphology under different con-
ditions: untreated controls (A), BTE- and dBTE-treated cells (B and C),
IL-1p-exposed cells (D—-G), and IL-1-exposed cells pre-treated with BTE
or dBTE (H-J). IL-1p treatments were performed at 10 ng mL™* for 24 h.
BTE and dBTE treatments were performed at 10 ug mL™ for 48 h. Scale
bar: 1 pm.

comparable (Fig. 6A-C). Conversely, in IL-1f-stimulated cells,
mitochondria appeared flattened, emptied, smaller in size
(350-380 nm), and characterized by a reduced number of
cristae (Fig. 6D). Notably, in cells pre-treated with BTE and
dBTE, mitochondrial morphology was preserved, with dimen-
sions (520-550 nm) and cristae distribution comparable to
those of untreated cells (Fig. 6E and F). Overall, these results
support the preservation of mitochondrial integrity mediated
by BTE under IL-1p-driven inflammatory conditions.
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3.8. Evaluation of the mitochondrial mass and AY,, in
BTE-treated C-28/12 exposed to IL-1f

To further investigate the mitoprotective activity of BTE against
IL-1f-induced damage, the mitochondrial mass and AY¥,, were
assessed through CLSM analysis using NAO and JC-1 staining.
In viable cells characterized by high A¥,,, JC-1 accumulates as
aggregates emitting orange-red fluorescence. Accordingly,
untreated and BTE-treated C-28/12 cells exhibited JC-1 red fluo-
rescence, indicating preserved AY,, (Fig. 7A-C). Conversely, in
damaged cells characterized by low A%, JC-1 exists as mono-
mers emitting green fluorescence. Under IL-1p stimulation, JC-1-
associated green fluorescence indicated impaired A¥,, (Fig. 7D).
Notably, pre-treatment with BTE and dBTE preserved JC-1-associ-
ated red fluorescence, indicating preservation of mitochondrial
function (Fig. 7E and F). To evaluate mitochondrial integrity,
NAO-associated fluorescence was measured in C-28/I2 cells
under different conditions. NAO dye emits green fluorescence
upon binding cardiolipin and accumulates in intact mitochon-
dria. In cells treated with BTE and dBTE, NAO fluorescence was
comparable to control conditions (Fig. 8A-C). Conversely,
exposure to IL-1f markedly reduced NAO signals, indicating
mitochondrial damage (Fig. 8D). NAO fluorescence was pre-
served in IL-1f-stimulated cells pre-treated for 48 h with both
BTE and its bioaccessible fraction dBTE (Fig. 8E and F). This
effect was further confirmed by quantitative analysis of NAO
signals, which were significantly reduced upon IL-1f exposure
but partially preserved in cells pre-treated with BTE and dBTE
(Fig. 8G). Altogether, these results are consistent with a mitopro-
tective activity of BTE in inflamed chondrocytes.

3.9. Assessment of Nrf2 activation in BTE-treated C-28/12
exposed to IL-1f

BTE antioxidant potential was investigated by assessing Nrf2
localization in C-28/12 cells under control conditions and fol-
lowing IL-1f exposure, either alone or following pre-treatment
with BTE. In control, BTE-, and dBTE-treated cells, Nrf2 was
mainly localized in the cytoplasmic compartment, accumulat-
ing as a predominantly inactive pool (Fig. 9A-C). Upon IL-1p
stimulation, Nrf2-related signals were mainly detected in the
nuclear compartment, indicating Nrf2 translocation to the
nucleus and transcriptional activation of antioxidant genes
(Fig. 9D). Notably, pre-treatment with BTE and dBTE prevented
Nrf2 nuclear translocation in inflamed chondrocytes, support-
ing the redox-regulating activities of BTE under conditions of
IL-1p-induced cellular stress (Fig. 9E and F). Nrf2 is a key regu-
lator of the cellular antioxidant response, and its nuclear trans-
location is generally regarded as an adaptive mechanism acti-
vated under oxidative stress. Therefore, the reduced Nrf2
nuclear localization observed following BTE and dBTE treat-
ment should not be interpreted as a direct inhibition of this
protective pathway. Rather, it may reflect a reduced require-
ment for Nrf2 activation because of the attenuation of
IL-1p-induced oxidative stress. This interpretation is consistent
with the overall decrease in inflammatory and oxidative stress-
related markers observed in treated cells.

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Morphometric analysis of mitochondria in C-28/12 cells under different conditions. TEM analysis of mitochondrial morphology in C-28/12
cells under different conditions: untreated controls (A), BTE- and dBTE-treated cells (B and C), IL-1p-exposed cells (D), and IL-1B-exposed cells pre-
treated with BTE or dBTE (E and F). IL-1p treatments were performed at 10 ng mL™* for 24 h. BTE and dBTE treatments were performed at 10 pg
mL~* for 48 h. Scale bar: 500 nm. Quantification of mitochondrial size and cristae number under baseline conditions and following treatment is
shown in the bottom panels. Mitochondrial size is expressed as mean + SD of four measurements across three different fractions (bottom, left).
Cristae number is presented as mean + SD from ten cells per condition across three different fractions (bottom, right). Ordinary two-way ANOVA,
Tukey's multiple comparison test, *P value < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

3.10. Assessment of NLRP3 activation in BTE-treated C-28/12
exposed to IL-1f

The anti-inflammatory potential of BTE was investigated by
assessing NLRP3 localization in C-28/I2 cells under control con-
ditions and following IL-1p exposure, either alone or following
pre-treatment with BTE. In control, BTE-, and dBTE-treated cells,
NLRP3 appeared diffusely localized throughout the cytoplasm,
and the fluorescence signal was weak (Fig. 10A-C). Upon IL-1p
stimulation, NLRP3-related signals were predominantly detected
in the perinuclear region, with enhanced fluorescence intensity
and the appearance of puncta/speck aggregates (Fig. 10D and E).
Notably, pre-treatment with both BTE and dBTE prevented the
IL-1p-induced increase in NLRP3 fluorescence intensity and peri-

This journal is © The Royal Society of Chemistry 2026

nuclear localization, restoring a pattern comparable to control
conditions (Fig. 10F and G). This protective activity was further
confirmed by quantitative analysis of NLRP3 fluorescence
signals, which were significantly enhanced upon IL-1f exposure
but partially preserved in cells pre-treated with BTE and dBTE
(Fig. 10H). Overall, these findings further support the role of
BTE as an upstream modulator of inflammation.

4. Discussion

Emerging research increasingly highlights the potential of
dietary polyphenols to act within a nutraceutical framework by
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Fig. 7 Evaluation of A¥,, in C-28/I2 cells under different conditions. CLSM analysis of A%, in C-28/12 cells using JC-1 staining under various con-
ditions: untreated controls (A), BTE- and dBTE-treated cells (B and C), IL-13-exposed cells (D), and IL-1p-exposed cells pre-treated with BTE or dBTE

(E and F). Scale bar: 50 pm for A, C, D and F, 25 pm for B and E.

modulating inflammatory and oxidative pathways and support-
ing cartilage homeostasis, thereby contributing to the main-
tenance of joint health. Accordingly, polyphenol-rich nutraceu-
ticals may be positioned within a “before drugs, beyond foods”
framework aimed at supporting joint homeostasis.'®**”
Among these, Curcuma caesia Roxb. has emerged as a promis-
ing source of phenolics endowed with anti-inflammatory and
antioxidant properties. In this study, we evaluated the phenolic
profile and the biological effects of a Curcuma caesia Roxb.
phytocomplex (BTE) and its bioaccessible fraction (dBTE) in
inflamed human chondrocytes. Specifically, inflammatory
marker release, mitochondrial function and integrity, anti-
oxidant response activation, chondrocyte viability, and wound-
healing capacity were evaluated under inflammatory con-
ditions.”® In this regard, cell culture-based antioxidant assays,
including the assessment of Nrf2 activation, provide a biologi-
cally relevant system for evaluating antioxidant activity, com-
plementing conventional chemical assays.*® Our findings indi-
cate that Curcuma caesia extracts mitigate inflammatory
responses, as pre-treatment with both BTE and dBTE pre-
vented IL-1p-induced TNF-o release and NLRP3 perinuclear
localization. NLRP3 inflammasome activation can be triggered
by several endogenous stimuli, including IL-1f and TNF-o.”°
By attenuating the TNF-o-NLRP3 signalling axis, Curcuma
caesia Roxb. may act as a broad modulator of the inflammatory
response. Moreover, BTE and dBTE partially prevented mito-
chondrial dysfunction while promoting the activation of anti-

7758 | Food Funct,, 2026,17, 7748-7766

oxidant responses under inflammatory conditions.
Phenotypically, BTE preserved chondrocyte viability under
IL-1p-stimulation, and the regenerative potential of C-28/12 was
overall enhanced by both BTE and its bioaccessible fraction.
Phytochemical analyses revealed a complex profile of bioactive
compounds, with flavanols - including epicatechin, catechin,
and procyanidin B2 - and phenolic acids - such as 3-hydroxy-
benzoic acid, 4-hydroxybenzoic acid, and vanillic acid - repre-
senting the most abundant subclasses. These compounds are
known for their anti-inflammatory properties and ability to
modulate key molecular pathways involved in OA. Epicatechin
(EC), the most abundant flavanol, exhibits antioxidant and
anti-inflammatory effects. It inhibits nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-xB) activation and
reduces reactive oxygen species (ROS) production, thereby pro-
tecting chondrocytes from oxidative stress. These findings are
consistent with previous studies in which EC, tested in Detroit
551 human fibroblast cells, substantially reduced Matrix
Metalloproteinase-1 (MMP-1) activity at comparable concen-
trations. In the present study, the EC content within the phyto-
complex was approximately 6.95 ng mL ™" at an effective extract
concentration of 10 pg mL™". This suggests that the phytocom-
plex may contribute to anti-MMP-1 activity, even at relatively
low levels of EC, potentially through synergistic interactions
among its bioactive constituents. Procyanidin B2 (PB2), a key
compound in the BTE extract, has been reported to inhibit
both MMP expression and reduce the secretion of pro-inflam-

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Evaluation of the mitochondrial mass in C-28/12 cells under different conditions. CLSM analysis of the mitochondrial mass in C-28/12 cells

using NAO staining under various conditions: untreated controls (A)
IL-1B-exposed cells pre-treated with BTE or dBTE (E and F). Scale bar: 50

, BTE- and dBTE-treated cells (B and C), IL-1p-exposed cells (D), and
pm. Quantification of NAO fluorescence intensity is shown in panel G. Data

are expressed as Mean Fluorescence Intensity (MFI, %), and the results are presented as mean + SD from at least ten distinct, non-overlapping fields
for each condition. Statistical analysis was performed using ordinary two-way ANOVA, Tukey's multiple comparison test, *P value <0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001.

matory cytokines, including interleukin-6 (IL-6) and interleu-
kin-8 (IL-8), in chondrocytes at a concentration of 20 pM (equi-
valent to 11.57 pg mL™").>'7® In the present study, BTE exhibi-
ted anti-inflammatory effects at a total extract concentration of
10 pg mL™", corresponding to approximately 3.47 ng mL™" PB2
(equivalent to 6 nM). This observation suggests that PB2, in
combination with other bioactive constituents of the blend,
may contribute to the observed anti-inflammatory activity.
Furthermore, hydroxybenzoic acids may contribute to inflam-
mation modulation and bone health maintenance. In particu-
lar, vanillic acid (VA) has been associated with anti-inflamma-
tory activity in rat models of OA by targeting the NLRP3 inflam-

This journal is © The Royal Society of Chemistry 2026

masome. In these models, VA administration (30 mg kg™") for
40 days markedly reduced pain-related behaviours and downre-
gulated the levels of pro-inflammatory and pro-apoptotic
markers.”* Moreover, in in vitro OA models, pre-treatment with
VA in a concentration range of 5-20 pg mL™" reduced
IL-1p-induced chondrocyte hypertrophy and attenuated inflam-
matory responses by interfering with MAPK and PI3K/AKT/NF-
kB signalling pathways.”” In our study, high levels of VA were
detected in both BTE and its bioaccessible fraction, supporting
a potential contribution of this compound to the overall behav-
iour of C-28/12 chondrocytes. Notably, the VA content at the
active BTE concentration range corresponds to approximately
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Fig. 9 Assessment of Nrf2 activation in C-28/12 cells under different conditions. CLSM analysis of Nrf2 localization in C-28/12 cells under various
conditions: untreated controls (A), BTE- and dBTE-treated cells (B and C), IL-18-exposed cells (D), and IL-1p-exposed cells pre-treated with BTE or

dBTE (E and F). Scale bar: 25 ym for A, B, C, E and F, 50 pm for D.

4.17 ng mL™", suggesting that additional constituents and/or
synergistic effects within the phytocomplex are likely involved
in the overall functional activity. Likewise, 4-hydroxybenzoic
acid (4-HBA) has been reported to exert chondroprotective
effects in inflammatory OA models. In osteoarthritic chondro-
cytes, 4-HBA at 25 uM reduced the expression of catabolic
(MMP-1, MMP-3, MMP-13) and pro-inflammatory (COX-2)
genes, while inducing the expression of anabolic markers
(COL-1I, ACAN), thereby exhibiting anti-catabolic, anti-inflam-
matory, and pro-anabolic activities.>® In addition, 4-HBA at
50 mg kg™' has been shown to attenuate the levels of key
inflammatory cytokines, including IL-1p, TNF-o, and IL-6, in
mice exposed to LPS-induced septic shock.”” Altogether, these
compounds constitute a phytochemical blend endowed with
anti-inflammatory and chondroprotective properties, under-
scoring Curcuma caesia Roxb. as a promising nutraceutical can-
didate for OA management. In particular, given the reported
NLRP3-inhibitory, Nrf2-activating, and A¥;,-preserving effects
of specific phenolic acids, including VA and 4-HBA, the
retained chondroprotective activity of dBTE may be partly
attributed to the persistence of these compounds within the
bioaccessible fraction®*°%*>*

Another possible explanation supporting the biological
activity of dBTE involves synergistic interactions among the
identified phenolics after simulated digestion. Indeed, although
only partially bioaccessible, flavan-3-ols such as EC and PB2

7760 | Food Funct.,, 2026,17, 7748-7766

remained detectable after digestion and may still contribute to
the overall chondroprotective activity of dBTE, together with
other classes of phenolic compounds, including flavonols, phe-
nolic acids, and anthocyanins, thereby generating biological
effects beyond the individual mechanisms of each constituent.”®
Alternatively, other non-phenolic bioactive compounds poten-
tially retained after simulated digestion, including phytosterols
and terpenes, may also contribute to the observed chondropro-
tective activity of dBTE.®>®" In addition, although not considered
in the present study, intestinal microbiota may transform BTE
polyphenols into bioactive phenolic metabolites that could con-
tribute to the overall biological effects observed following diges-
tion.®> Moreover, polyphenols can interact with polysaccharides
and proteins within the food matrix, forming complexes that
may affect their extractability, stability, and bioaccessibility.
During in vitro digestion, factors such as pH variations and
digestive enzymes may facilitate the disruption of such inter-
actions, potentially impacting the release and bioaccessibility of
phenolic compounds.®® In this regard, such matrix-related inter-
actions may partly contribute to the release of phenolics within
dBTE, potentially affecting its observed chondroprotective
activity despite its lower overall phenolic content. Polyphenols
are typically characterized by limited bioaccessibility, which may
constrain the translational potential of phenolic-rich ingredients
for health-related applications. Investigating polyphenol bioac-
cessibility is thus essential to quantify the phenolic fraction

This journal is © The Royal Society of Chemistry 2026
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Fig. 10 Assessment of NLRP3 activation in C-28/I2 cells under different conditions. CLSM analysis of NLRP3 fluorescence in C-28/12 cells under
various conditions: untreated controls (A), BTE- and dBTE-treated cells (B and C), IL-1p-exposed cells (D and E), and IL-13-exposed cells pre-treated
with BTE or dBTE (F and G). Scale bar: 25 pym for A, B, C, D, F and G, 10 um for E. Quantification of NLRP3 fluorescence intensity is shown in panel
H. Data are expressed as Mean Fluorescence Intensity (MFI), and the results are presented as mean + SD from eleven distinct, non-overlapping fields
for each condition. Statistical analysis was performed using ordinary two-way ANOVA, Sidak’s multiple comparison test, *P value <0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001.

soluble in the digestive fluids and, therefore, potentially avail-
able for intestinal absorption. In this context, in vitro gastrointes-
tinal digestion is widely employed to estimate the bioaccessibil-
ity of bioactive compounds within complex food matrices.
HPLC-MS/MS analysis revealed a total polyphenol content of
3523.04 mg kg™'. Notably, following simulated gastrointestinal
digestion, this amount decreased to 2053.43 mg kg™, indicating
an overall polyphenol bioaccessibility of 58.3%. Nevertheless,
phenolic retention during digestion was strictly compound-

This journal is © The Royal Society of Chemistry 2026

dependent, encompassing both highly stable and degradation-
prone polyphenols. Flavan-3-ols were the most digestion-sensi-
tive compounds: catechin, epicatechin, and procyanidin B2
showed retentions of 13.1%, 38.7%, and 47.2%, respectively.
Overall, the flavan-3-ol fraction decreased from 1437.50 to
534.67 mg kg™, corresponding to approximately 37.2% reten-
tion. Conversely, hydroxybenzoic acids were comparatively more
stable. 4-Hydroxybenzoic and syringic acids showed almost com-
plete retention, 95.5% and 95.6%, respectively. As a class, hydro-
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xybenzoic acids decreased from 1444.23 to 1168.02 mg kg™,
corresponding to about 80.9% retention, and represented
approximately 56.9% of the phenolic profile of dBTE.
Hydroxycinnamic acids showed an intermediate behaviour with
about 54.0% retention, although p-coumaric and ferulic acids
were markedly reduced. In line with these findings, Ozkan et al.
reported reduced epicatechin levels in Crataegus monogyna Jacq.
and Crataegus orientalis Pall herbs during in vitro gastrointestinal
digestion. Such reduced contents may be attributed to degra-
dation processes driven by pH variations within the digestive
fluids, bile acid-mediated precipitation, as well as polyphenol
autoxidation, polymerization, and epimerization.”” This com-
pound-dependent profile has direct implications for the develop-
ment of blue turmeric-based functional foods. Formulation
should be guided by the bioaccessible phenolic fingerprint after
digestion. In this perspective, hydroxybenzoic acids may rep-
resent digestion-resilient markers for standardization, whereas
flavan-3-ols should be considered bioactive but digestion-labile
compounds that may require formulation strategies aimed at
improving stability and release. Notably, among the identified
BTE phenolic compounds, isoquercitrin, procyanidin A2, and
delphinidin 3-galactoside showed increased levels after diges-
tion. As previously reported, enhanced apparent bioaccessibility
may arise from the release of phenolic compounds from food
matrix components, such as dietary fibers and proteins, during
digestion, thereby increasing their solubility in intestinal
fluids.®*°> Recent studies have demonstrated that matrix compo-
sition markedly affects the bioaccessibility of phenolic com-
pounds, including anthocyanins, whose behavior may be influ-
enced by lipids, proteins, and polysaccharides.®®®” In our study,
the impact of digestion on anthocyanin levels was compound-
dependent, with delphinidin 3,5-diglucoside decreasing follow-
ing digestion, whereas delphinidin 3-galactoside, undetected in
the parent methanolic extract, became detectable in the bioac-
cessible fraction. Such variations may arise from the distinct
chemical environments associated with BTE and dBTE prepa-
ration, which could alter anthocyanin detectability through
inter- and intra-molecular interactions occurring within complex
chemical microenvironments. In this regard, transformations of
acylated anthocyanins during gastrointestinal digestion have
been reported to modify anthocyanin profiles and influence
their detectability.®*”® Moreover, digestion-related chemical
transformations of parent phenolics may be involved in vari-
ations in the detectable anthocyanin profile. Consistently, Kim
et al. reported that specific anthocyanins and anthocyanidins
became detectable or increased after in vitro digestion due to
transformations of parent compounds.”! In addition, the
process of in vitro digestion may behave as a biological extraction
system, comprising enzymes, bile salts, electrolytes, and pH vari-
ations, which may impact the release and extractability of pheno-
lics. For instance, variations in the protonation/deprotonation
state of phenolics have been reported to influence their oxidative
status and stability, thereby affecting their extractability.”* Lastly,
some apparent increases in specific phenolic compounds may
also reflect matrix-related analytical effects, including ion sup-
pression or ion enhancement, which can affect the quantifi-
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cation of target analytes or potentially contribute to analytical
artifacts.”® Overall, these findings indicate that gastrointestinal
digestion deeply impacts the bioaccessibility of the phenolic frac-
tion of Curcuma caesia Roxb, without significantly reducing the
overall effectiveness of the phytocomplex in mitigating OA-
related inflammation. Nevertheless, several phenolics were sub-
stantially reduced after digestion and specific biological effects,
such as mitochondrial mass preservation, were partially compro-
mised. This suggests that further optimization may enhance the
overall bioaccessibility and bioactivity of BTE phenolics. In this
regard, microbial fermentation of functional foods represents a
valuable approach to improve bioaccessibility and functional
properties of natural bioactive compounds. During fermentation,
secreted microbial enzymes such as cellulase, tannase, pecti-
nase, and p-glucosidase can drive alterations in the composition
and bioactivity of food-derived phenolic compounds. Fan et al
reported extensive biotransformation of epigallocatechin gallate
(EGCG) following exposure to the fungus Eurotium cristatum,
resulting in increased total phenolic content (TPC), total flavo-
noid content (TFC), and antioxidant capacity through the bio-
conversion of EGCG into metabolites such as epigallocatechin
(EGC) and gallic acid (GA), and other theaflavin-type com-
pounds.” Likewise, Massaro et al. demonstrated that lactic acid
bacteria (LAB)-driven fermentation of Malva sylvestris extract
resulted in a threefold increase in TPC and a twofold increase in
antioxidant activity compared with the unfermented extract,
together with a pronounced reduction in tannin levels and an
overall improvement in antimicrobial bioactivity.”> In this
context, microbial fermentation of Curcuma caesia extracts may
increase the total content of phenolics and enhance their func-
tional effects by increasing the availability of these compounds
in digestive fluids. For instance, the bioconversion of phenolic
acids by microbial reductases and decarboxylases may result in
the accumulation of corresponding dihydro-derivatives with
enhanced availability in digestive fluids, potentially facilitating
their absorption, bioavailability, and bioactivity, thereby increas-
ing the intrinsic functional value of Curcuma caesia phenolics.”®
Although no human pharmacokinetic data are available for blue
turmeric and no standardized daily intake has been established
for this novel spice, a bioaccessibility-adjusted calculation based
on HPLC-MS/MS data and the active concentration range
(5-50 pg mL™") can provide a preliminary indication of the trans-
lational relevance of the extract doses. BTE and dBTE contain
3523.04 mg kg* and 2053.43 mg kg™! of phenolic compounds,
respectively. Accordingly, the tested concentration range
(5-50 pg mL™") corresponds to about 16.6-176.2 ng mL™" of phe-
nolics for BTE and 10.3-102.7 ng mL ™" for dBTE, whereas at
10 pug mL™" the corresponding concentrations are approximately
35.2 ng mL™' and 20.5 ng mL™", respectively. These values
should not be interpreted as direct plasma-equivalent concen-
trations of unchanged extract, but rather as the concentrations
of quantified phenolic compounds to which cells were exposed
within the complex extract mixture. This is relevant because
human studies on dietary polyphenols generally report low sys-
temic exposure to parent compounds, with circulating concen-
trations often in the nM to pM range and with extensive contri-
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bution of phase-II conjugates and microbiota-derived metab-
olites. Therefore, the present data support a mechanistic and
preclinical rationale, but they do not yet define an effective
human intake. If BTE were developed as a nutraceutical ingredi-
ent, the estimated amount of bioaccessible phenolics may be
approximated based on the measured phenolic content of dBTE
and the intended daily oral dose: bioaccessible phenolics (mg
day™) = oral BTE dose (mg day ') x 2.053 pg mg ' + 1000.
However, if dried rhizome powder is used, this calculation
should include the extraction yield from the raw material.

Finally, while the evaluation of phenolic bioaccessibility
through in vitro simulated digestion provides valuable infor-
mation regarding the digestive fate of BTE phenolics, further
investigations, including post-digestive microbial biotrans-
formation models and Caco-2-based intestinal epithelial
absorption models, are warranted to characterize the actual
bioavailability of BTE phenolic compounds.

5. Conclusions

Overall, the present study identifies blue turmeric phenolics as
promising bioactives for the management of OA-related
inflammation, retaining relevant bioactivity following simu-
lated digestion. Notably, the overall polyphenol bioaccessibility
after in vitro digestion was 58%. From a functional perspective,
both parent and digested extracts exerted protective effects in
IL-1p-stimulated human chondrocytes within a concentration
range of 5-50 pg mL™" through modulation of inflammatory
and oxidative stress pathways, including TNF-a suppression
and Nrf2 activation, while preserving mitochondrial function,
cell viability, and regenerative potential. However, the transla-
tional relevance of these findings remains limited by several
aspects: (i) the in vitro digestion model used in this study does
not account for colonic microbial metabolism of phenolics; (ii)
intestinal epithelial transport and absorption of BTE phenolics
were not evaluated; (iii) the OA model based on immortalized
chondrocytes only partially reflects the complexity of the
human articular cartilage microenvironment; and (iv) BTE
functional activities have not yet been evaluated in vivo.
Therefore, further studies are warranted to better characterize
BTE bioactivity in more complex OA models (synovial cultures,
osteochondral explants, genetic mouse models), assess poten-
tial synergistic or additive interactions among phenolics and
related metabolites, perform toxicological assessment in
accordance with EFSA guidelines, and evaluate the incorpor-
ation of BTE into real food matrices.
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