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Acylated Anthocyanins From Black Carrots and Their
Related Phenolic Acids Diminish Priming and Activation of
the NLRP3 Inflammasome in THP-1 Monocytes

Inken Behrendt,* Katharina Becker, Christof Björn Steingass, Ralf Schweiggert,
Gabriela Michel, Elvira Friedrich, Daniela Grote, Zoe Martin, Hanna Pauline Dötzer,
Mathias Fasshauer, Martin Speckmann, and Sabine Kuntz

Scope: Excessive activation of the nucleotide-binding oligomerization
domain-like receptor pyrin domain-containing protein 3 (NLRP3)
inflammasome contributes to chronic inflammation. Thus, targeting NLRP3
inflammasome activation by anthocyanins may prevent inflammatory
diseases. Therefore, the present study determines the influence of a black
carrot extract (BCE) with high amounts of acylated anthocyanins and their
related phenolic acids on the NLRP3 inflammasome.
Methods and results: THP-1 monocytes are pretreated with a BCE,
cyanidin-3-glucoside (C3G), or hydroxycinnamic acids. NLRP3 inflammasome
assembly is initiated by priming THP-1 monocytes with lipopolysaccharide
and/or activating the NLRP3 inflammasome with nigericin. Flow cytometry is
used to assess apoptosis-associated speck-like protein containing a caspase
recruitment domain (ASC) speck formation, as well as ASC and NLRP3
protein expression. Caspase-1 activity is measured using a bioluminescent
assay, and cytokine concentrations are determined by enzyme-linked
immunosorbent assays (ELISA). C3G and phenolic acids diminish ASC and
NLRP3 protein expression. In addition, C3G and phenolic acids attenuate ASC
speck formation. Furthermore, the BCE and C3G decline caspase-1 activity.
Consistently, IL-1𝜷 and IL-18 secretion are reduced upon NLRP3
inflammasome activation.
Conclusion: The present study shows that a BCE with high amounts of
acylated anthocyanins and their related phenolic acids diminish priming and
activation of the NLRP3 inflammasome in THP-1 monocytes.

1. Introduction

Inflammasomes are part of the innate immune system and
sense endogenous and exogenous stress signals which lead
to a fast inflammatory response.[1,2] The nucleotide-binding

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/mnfr.202400356

© 2024 The Author(s). Molecular Nutrition & Food Research published
by Wiley-VCH GmbH. This is an open access article under the terms of
the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original work
is properly cited.

DOI: 10.1002/mnfr.202400356

oligomerization domain-like recep-
tor pyrin domain-containing protein
3 (NLRP3) inflammasome is the
most studied and therefore the best-
characterized inflammasome.[3] This
multimeric protein complex is expressed
in myeloid lineage cells and consists of
the sensor protein NLRP3, the adaptor
protein apoptosis-associated speck-like
protein containing a caspase recruitment
domain (ASC), and the effector protein
caspase-1.[4] Assembly of the NLRP3
inflammasome results in the autoprote-
olytic activation of caspase-1, which in
turn catalyzes the maturation and release
of proinflammatory cytokines.[5] Emerg-
ing evidence indicates that excessive
activation of the NLRP3 inflamma-
some contributes to obesity-induced
chronic low-grade inflammation.[6,7]

Furthermore, inhibition of the NLRP3
inflammasome exerts beneficial health
effects in several inflammatory disease
models while the host immune response
is hardly affected.[5] Therefore, many
studies have investigated the potential of
pharmacological NLRP3 inhibitors for
their use as antiinflammatory agents.
However, none of these newly identified
NLRP3 inflammasome inhibitors has
been approved by the food and drug

administration so far.[3] Consequently, identifying food compo-
nents targeting NLRP3 inflammasome activation may be a safe
and effective strategy to prevent the initiation and progression of
inflammation-related diseases.
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Anthocyanins are glycosylated phenolic plant metabolites im-
parting red, purple, and blue colors to many fruits and vegeta-
bles. Their aglycons consist of two phenolic rings (A- and B-
ring) which are linked by anO-heterocyclic C-ring. Their hydroxyl
groups can be substituted with one or several sugars or methyl
residues (i.e., forming methoxy groups). The glycosyl moieties
in turn may be acylated with aliphatic (e.g., malonic, acetic, and
malic acid) or phenolic acids (e.g., ferulic, p-coumaric, sinapinic,
and gallic acid).[8] So far more than 700 naturally occurring an-
thocyanins have been identified, with cyanidin derivatives being
the most abundant anthocyanins.[8,9] Berries such as blueber-
ries and blackberries, as well as pigmented vegetables and tu-
bers such as black carrots, are anthocyanin-rich sources.[10,11,12]

While blueberries contain a broad spectrum of nonacylated an-
thocyanins based on various aglycons,[13,14] carrot anthocyanins
mainly comprise cyanidin derivatives.[15,16] In addition, in black
carrots more than 60% of the total anthocyanin levels are repre-
sented by derivatives acylated with hydroxycinnamic acids such
as ferulic acid (FA), p-coumaric acid (CA), and sinapinic acid
(SA).[15,16] Recent studies suggest that due to the complex struc-
tural properties of acylated anthocyanins, the biological effects
may differ from those of their nonacylated counterparts.[17] Nev-
ertheless, the extent to which these different effects are associated
with a health-promoting status remains to be investigated.[17] Al-
though acylated anthocyanins could be absorbed intact in the gas-
trointestinal tract, their bioavailability has been described to be
poor.[14,15,18] However, acylated anthocyanins, which are not ab-
sorbed in the small intestine, could reach the colon, where they
are broken down by the human gut microbiota into small molec-
ular phenolic acids, both resulting from the cleavage of the acyl
groups and the breakdown of the anthocyanidins. In this con-
text, it has already been shown in vitro that pelargonidin sophoro-
sides, whichwere acylated with hydroxycinnamic and/ormalonic
acid, can be degraded to 4-hydroxybenzoic acid and hydroxycin-
namic acids.[19] Phenolic acids, which are released from acylated
anthocyanins, such as caffeic, ferulic, p-coumaric, and vanillic
acid as well as phenolic acids, which are degradation products
of aglycons such as protocatechuic acid, may be absorbed in the
lower gastrointestinal tract and were further metabolized to glu-
curonidated or sulfated conjugates.[11,20,21] In this context, a hu-
man placebo-controlled, cross-over study showed that urinary ex-
cretion of hydroxycinnamic acids increased after consumption of
a study meal supplemented with a purple potato extract, which
was rich in monoacylated anthocyanins.[20] Therefore, phenolic
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acidsmay at least partly contribute to the observed antiinflamma-
tory effects of acylated anthocyanins. However, the protective role
of acylated anthocyanins from black carrots and their related phe-
nolic acids to prevent chronic low-grade inflammation by atten-
uating NLRP3 inflammasome activation in human monocytes
has not been explored so far. Therefore, the primary goal of the
present study was to determine whether a black carrot extract
(BCE) being rich in acylated anthocyanins can influence the ac-
tivation of the NLRP3 inflammasome in THP-1 monocytes. In
addition, we also aimed to determine the influence of cyanidin-
3-glucoside (C3G) and phenolic acids, which are components of
the acylated anthocyanins in the BCE, on NLRP3 inflammasome
activation.

2. Experimental Section

2.1. HPLC-DAD and HPLC-DAD-ESI-QTOF-HR-MS/MS Analyses
of the Anthocyanin-Rich Black Carrot Extract

A commercially available, anthocyanin-rich BCE powder was pur-
chased from Döhler (Darmstadt, Germany). According to the
manufacturer, anthocyanins were isolated from black carrot juice
using an adsorber resin following spray-drying. An aliquot of
10 mg of the extract was dissolved in 100 mL eluents A and
B (1:1 and v/v), filtered through a 0.2 μm syringe filter (PTFE,
Macherey-Nagel, Düren, Deutschland) into glass vials prior to
HPLC analyses.
Anthocyanins and further phenolic compounds were analyzed

with an Ultimate 3000 UHPLC (Thermo Scientific, Waltham,
MA, USA) equipped with a diode array detector (DAD) and a C18
reversed-phase column (Luna C18 Phenomenex, 150 × 2 mm
i.d., particle size 3 μm) operated at an oven temperature of 40 °C.
Eluent A was composed of a mixture of H2O and formic acid
(95:5, v/v), eluent B was pure methanol. The eluent gradient was
as follows: 90% A isocratic (1 min), 90%–50% A (12 min), 50%–
0% A (12.5 min), 0% A isocratic (16.5 min), 0%–90% A (17 min),
and 90% A isocratic (21 min). Total run time was 21 min at a
flow rate of 0.25 mLmin−1. The injection volume was 4 μL. Iden-
tification was performed by an Elute UHPLC system coupled to
a timsTOF Pro 2 quadrupole time-of-flight high-resolution tan-
dem mass spectrometer (Bruker Daltonik, Bremen, Germany)
equipped with an electrospray ionization source, utilizing the
aforementioned elution program. The obtained UV/vis andmass
spectral data were compared to those described previously in
the literature.[22] Chlorogenic and caffeic acid were identified by
comparing retention times as well as UV and mass spectral data
to those of authentic reference standards (Carl Roth GmbH +
Co. KG, Karlsruhe, Germany), which were also used for quan-
tification in analytical duplicates by HPLC-DAD applying linear
external calibration curves. Chlorogenic acid (calibration range
0.01–100mg L−1) and caffeic acid (0.1–100mg L−1) were detected
at 320 nm. An authentic standard of C3G (Carl Roth GmbH
+ Co. KG) was used for the quantification of anthocyanins
(0.25–100 mg L−1) at 520 nm. The mass concentration in mg
anthocyanin per g of extract was calculated from the C3G equiv-
alents obtained using molecular weight correction factors by
analogy to Gras et al. (2015).[22] The limit of detection (LOD: 3.3
𝜎/S) and quantification (LOQ: 10 𝜎/S) expressed in nanogram
on the column were deduced from the standard deviation (𝜎)
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Figure 1. Gating strategy to assess apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) speck formation in THP-1
monocytes. A) First, debris were excluded using the forward light scatter area (FSC-A) and side scatter area (SSC-A). B) Then, doublets were excluded
using FSC-A and FSC height (FSC-H). C) Next, ASC positive cells (dark gray filled histogram) were selected compared to the matching isotype control
(light gray filled histogram) and D) ASC speck formation was assessed via the obvious reduction in phycoerythrin width (PE-W) due to ASC condensation.
Cell density is indicated by pseudocolor plot ranging from low (blue) to high (red).

and the slope (S) of the calibration curves. The linearity of the
calibration curves was assessed using Mandel’s test (LOD/LOQ
ICH Guideline (www.fda.gov/regulatory-information/search-
fda-guidance-documents/q2r1-validation-analytical-procedures-
text-and-methodology-guidance-industry).

2.2. Preparation of the Treatment Solutions

The treatment solution comprising the powdered BCE was
freshly prepared each time by dissolving in cell culture media
at 1 mg mL−1 followed by sterile filtration. Stock solutions of
C3G (purity ≥ 97%; Carl Roth GmbH + Co. KG), FA (4-hydroxy-
3-methoxycinnamic acid; purity ≥ 98%; Th. Geyer GmbH &
Co. KG, Renningen, Germany), CA (4-hydroxycinnamic acid; pu-
rity ≥ 98%; Carl Roth GmbH + Co. KG), and SA (3,5-dimethoxy-
4-hydroxycinnamic acid; purity ≥ 98%, Carl Roth GmbH +
Co. KG) were prepared in dimethyl sulfoxide (DMSO; Merck

KGaA, Darmstadt, Germany) at 10 mm and stored at −20 °C.
Working solutions of all treatments were made in cell culture
media.

2.3. Determination of Cell Viability and Cytotoxicity by Flow
Cytometry

Cell viability and cytotoxicity were assessed by flow cytometry.
Therefore, THP-1 monocytes (2 × 105 cells well−1) were seeded
in 48-well plates and incubated with different concentrations of
the BCE (from 15 to 500 μg mL−1), C3G (from 3.9 to 125 μm), FA
(from 3.9 to 125 μm), CA (from 3.9 to 125 μm), or SA (from 3.9
to 125 μm) at 37 °C and 5% CO2 for 24 h. Then, cells were incu-
bated with Guava ViaCount Reagent (Merck KGaA). Cell viability
was assessed by flow cytometry on a Guava Muse Cell Analyzer
(Merck KGaA) and the percentage of viable cells was quantified
as recently published.[23]
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Figure 2. Representative HPLC-DAD chromatograms of anthocyanins
at 520 nm as well as chlorogenic and caffeic acid at 320 nm in
the black carrot extract. Acylated anthocyanins also generated sig-
nals at 320 nm. Peak assignment as follows. 1) Chlorogenic acid,
2) Caffeic acid. 3) Cyanidin-3-xylosyl-glucosyl-galactoside, 4) cyanidin-3-
xylosyl-galactoside, 5) cyanidin-3-xylosyl-(sinapoyl-glucosyl)-galactoside,
6) cyanidin-3-xylosyl-(feruloyl-glucosyl)-galactoside, 7) cyanidin-3-xylosyl-
(p-coumaroyl-glucosyl)-galactoside. Detailed analytical data for antho-
cyanin identification has been compiled in Table 1.

2.4. Cell Culture and NLRP3 Inflammasome Activation

The human monocytic cells line THP-1 (ACC16), which was
originally derived from a 1-year-old patient with acute mono-
cytic leukemia,[5,24] was purchased from Leibniz Institute DSMZ-
German Collection ofMicroorganisms and Cell Cultures (Braun-
schweig, Germany). THP-1 monocytes were maintained in
Roswell Park Memorial Institute (RPMI) 1640 GlutaMAX™
medium (Invitrogen GmbH, Darmstadt, Germany) supple-
mented with 7.5% v/v heat-inactivated fetal calf serum (Invitro-
gen GmbH) and 10 mm HEPES (Invitrogen GmbH). Cells were
kept at 37 °C and 5% CO2 in a humidified incubator at a density

of 2 × 105 to 1 × 106 cells mL−1. Cells were passaged twice a week
and used from passage 9 to 17, since THP-1 monocytes can be
used up to passage 25.[24]

For inflammasome activation, the medium was changed and
THP-1monocytes were left untreated or primed with 10 ngmL−1

lipopolysaccharide (LPS; from Escherichia coli 0111: B4, Sigma–
Aldrich, Taufkirchen, Germany) for 4 h before 10 μm nigericin
(Sigma–Aldrich) was added for further 40 min under serum-free
conditions.

2.5. Dosage Information

THP-1 monocytes were incubated with only two different non-
cytotoxic concentrations of the BCE (15 or 50 μg mL−1), C3G (1
or 50 μm), FA (1 or 50 μm), CA (1 or 50 μm), or SA (1 or 50 μm)
at 37 °C and 5% CO2 in a humidified incubator for 24 h before
the NLRP3 inflammasome was activated as mentioned above.
Although these concentrations were significantly lower than in
other studies,[25,26] it must be emphasized that they do not corre-
spond to physiological concentrations.

2.6. Determination of Protein Expression and ASC Speck
Formation by Flow Cytometry

Protein expression and ASC speck formation were assessed by
intracellular flow cytometry as recently published.[23] In brief,
cells were fixed with Cyto-Fast Fix/Perm (BioLegend, Amster-
dam, Netherlands) according to the manufacturer’s instructions,
and fixed cells were kept at 4 °C in azide-containing buffer
overnight. On the next day, cells were intracellularly stained with
fluorescence-labeled monoclonal antibodies against ASC (BioLe-
gend) and NLRP3 (Miltenyi Biotec B.V. & Co. KG, Bergisch Glad-
bach, Germany) or the corresponding isotype controls. THP-1
monocytes were analyzed on a BD FACSCanto II FlowCytometer
(BD Bioscience, Heidelberg, Germany) and data were analyzed
with FlowJo software version 10.8.1 (BD Bioscience). ASC and

Table 1. Identification of anthocyanins and phenolic acids in the black carrot extract by HPLC-DAD-ESI-QTOF-HR-MS/MS.

Peak tR [min] 𝜆max [nm] 𝜆acyl [nm] MS a) (m/z) Sum formula MS/MS (m/z) Compound assignment

1 7.6 sh293, 325 – 353.0879
(353.0578)

C16H17O9
− 191.0562 Chlorogenic acid (5-caffeoylquinic acid)

2 8.2 sh291, 322 – 179.0347
(179.0350)

C9H7O4
− 135.0453 Caffeic acid

3 8.8 518 – 743.2023
(743.2029)

C32H39O20
+ 287.0550 Cyanidin-3-xylosyl-glucosyl-galactoside

4 9.5 519 – 581.1502
(581.1501)

C26H29O15
+ 287.0558 Cyanidin-3-xylosyl-galactoside

5 10.0 531 333 949.2608
(949.2608)

C43H49O24
+ 287.0554 Cyanidin-3-xylosyl-(sinapoyl-glucosyl)-

galactoside

6 10.4 530 331 919.2502
(919.2503)

C42H47O23
+ 287.0553 Cyanidin-3-xylosyl-(feruloyl-glucosyl)-

galactoside

7 10.7 528 318 889.2397
(889.2397)

C41H45O22
+ 287.0551 Cyanidin-3-xylosyl-(p-coumaroyl-

glucosyl)-galactoside

tR: retention time, 𝜆max: wavelength of maximum absorption, 𝜆acyl: wavelength of maximum absorption in the UV range characteristic for the respective hydroxycinnamoyl
moiety of acylated anthocyanins, sh: shoulder in the UV spectrum.

a)
MS spectra of peaks 1 and 2 displayed deprotonated molecules [M−H]− in the negative, those of peaks

3–7 molecular ions [M]+ in the positive ion mode (theoretical m/z given in brackets).
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Table 2. Quantification of anthocyanins and phenolic acids of the black
carrot extract by HPLC-DAD.

[mg g−1]a) % w/w of respective
compound class

Anthocyaninsb)

Nonacylated

Cyanidin-3-xylosyl-glucosyl-galactoside 3.2 2.7

Cyanidin-3-xylosyl-galactoside 20.3 17.2

Acylated

Cyanidin-3-xylosyl-(sinapoyl-glucosyl)-
galactoside

27.2 23.0

Cyanidin-3-xylosyl-(feruloyl-glucosyl)-galactoside 55.8 47.2

Cyanidin-3-xylosyl-(p-coumaroyl-glucosyl)-
galactoside

11.6 9.8

∑ Anthocyanins 118.1 100

Phenolic acids

Chlorogenic acidc) 96.7 94.4

Caffeic acidd) 5.7 5.6

∑ Phenolic acids 102.4 100

Anthocyanin-bound hydroxycinnamic acidse)

Anthocyanin-bound sinapinic acid 6.4 31.5

Anthocyanin-bound ferulic acid 11.8 58.1

Anthocyanin-bound p-coumaric acid 2.1 10.3

∑ Anthocyanin-bound hydroxycinnamic acids 20.3 100
a)
The black carrot extract was analyzed in duplicate by HPLC-DAD and data are

expressed as mean ± SD;
b)
Limit of detection (LOD) and limit of quantification

(LOQ): 0.6 and 1.8 ng on column, respectively;
c)
LOD and LOQ: 0.5 and 1.6 ng

on column, respectively;
d)
LOD and LOQ: 0.2 and 0.6 ng on column, respectively;

e)
Anthocyanin-bound hydroxycinnamic acids were calculated from the concentration

of the respective acylated anthocyanins.

NLRP3 expression were determined by comparing the median
fluorescence intensity (MFI) to the corresponding isotype control
and the percentage of ASC speck-positive cells was quantified as
shown in Figure 1.

2.7. Determination of Caspase-1 Activity

Caspase-1 activity was measured in cultured cells using the
Caspase-Glo 1 InflammasomeAssay (PromegaGmbH,Walldorf,
Germany) according to the manufacturer’s instructions. In brief,
THP-1 monocytes (5 × 104 cells) were seeded in a white opaque
96-well plate, and the NLRP3 inflammasome was activated by
stimulating THP-1monocytes with LPS and/or nigericin asmen-
tioned in section 2.4. To determine caspase-1 activity, the Z-
WEHD aminoluciferin substrate was added and luminescence
was measured after 1 h of incubation on a BioTek Synergy H1
microplate reader (BioTek GmbH, Karlsruhe, Germany).

2.8. Determination of Cytokine Secretion by Enzyme-Linked
Immunosorbent Assays (ELISA)

Levels of proinflammatory cytokines in cell culture supernatants
were quantified using commercial IL-1𝛽 and IL-18 ELISA kits
(Invitrogen) according to the manufacturer’s instructions. Ab-

sorbance was measured at 450 nm using a BioTek Synergy H1
microplate reader (BioTek GmbH).

2.9. Statistical Analyses

Results are expressed as means ± standard deviation (SD) of at
least three experiments and the significance level for all statistical
tests was set at p < 0.05. Statistical calculations were performed
using one-way analysis of variance (ANOVA) followed by Dun-
nett’s multiple comparisons test. Adjusted p-values were given
throughout the manuscript and all data were analyzed using
GraphPad Prism version 10.0.3 (GraphPad Software, San Diego,
CA, USA).

3. Results

3.1. Characterization of the Anthocyanin-Rich Black Carrot
Extract (BCE)

In agreement with previous reports on anthocyanins in black
carrots,[22] five different major cyanidin-based anthocyanins as
well as chlorogenic and caffeic acid were identified by HPLC-
DAD-ESI-QTOF-HR-MS/MS in the BCE (Figure 2). These find-
ings demonstrates that the extract comprised all typical black car-
rot anthocyanins (Table 1).
The total anthocyanin content of the BCE was 118.1 mg g−1 of

extract, consisting predominantly of cyanidin-3-xylosyl-(feruloyl-
glucosyl)-galactoside (47.2% w/w of total anthocyanins). Overall,
acylated anthocyanins accounted for 80% w/w of the total an-
thocyanin content. The anthocyanin composition of the BCE is
presented in Table 2. Besides anthocyanins, colorless phenolic
compounds like chlorogenic acid (96.7 mg g−1) and caffeic acid
(5.7 mg g−1) were also present (Figure 2). The total content of
phenolic compounds was 220.5 mg g−1.

3.2. Influence of a Black Carrot Extract (BCE) With High Amounts
of Acylated Anthocyanins and Their Related Phenolic Acids on
Cell Viability of THP-1 Monocytes

After exposure to increasing concentrations of the BCE, C3G or
phenolic acids for 24 h cell viability of THP-1 monocytes was as-
sessed by flow cytometry to determine potential cytotoxic effects.
Cell viability was only slightly affected (from 95.5% ± 1.0% to
92.12% ± 1.9%) by preincubation with the highest concentration
of SA (p < 0.01) (Supporting Information Figure S1). Therefore,
noncytotoxic high and low concentrations were selected to exam-
ine the inhibitory effects of the BCE, C3G, or phenolic acids on
NLRP3 inflammasome activation.

3.3. Influence of a Black Carrot Extract (BCE) With High Amounts
of Anthocyanins and Their Related Phenolic Acids on ASC and
NLRP3 Protein Expression in THP-1 Monocytes

Priming of the NLRP3 inflammasome by LPS, which is a com-
ponent of the outer membrane of Gram-negative bacteria such

Mol. Nutr. Food Res. 2024, 68, 2400356 2400356 (5 of 11) © 2024 The Author(s). Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 3. Influence of a black carrot extract (BCE) with high amounts of acylated anthocyanins and their related phenolic acids on ASC andNLRP3 protein
expression in THP-1 monocytes. THP-1 monocytes were preincubated with the indicated concentrations of the BCE, C3G, or phenolic acids before cells
were primed with LPS. A, C) ASC and B, D) NLRP3 protein expression were assessed as median fluorescence intensity (MFI) by intracellular flow cy-
tometry. Significant differences to LPS primed cells were calculated using one-way ANOVA with Dunnett’s multiple comparisons test (**p < 0.01).
ANOVA, analysis of variance; ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain; cyanidin-3-glucoside (C3G);
p-coumaric acid (CA); ferulic acid (FA); LPS, lipopolysaccharide; NLRP3, nucleotide-binding oligomerization domain-like receptor pyrin domain-
containing protein 3; sinapinic acid (SA).

as E. coli,[1] is a common method to induce transcriptional up-
regulation of the NLRP3 inflammasome.[5] To determine poten-
tial mechanisms by which anthocyanins and their related phe-
nolic acids attenuate NLRP3 inflammasome activation, THP-
1 monocytes were left untreated or primed with LPS before
ASC, as well as NLRP3, protein expression was assessed by
intracellular flow cytometry. As shown in Figure 3A, pretreat-
ment with the high C3G concentration significantly declined
ASC protein expression compared to the LPS primed control
(p < 0.01), while no effect of C3G and the BCE on NLRP3
protein expression was observed (Figure 3B). In contrast, in-
cubation of cells with phenolic acids prior to LPS priming
was uneffective on ASC protein expression (Figure 3C), and
NLRP3 protein expression of LPS primed cells was decreased
only by preincubation with low and high concentrations of
SA (p < 0.01; Figure 3D). Taken together, these results sug-
gest that C3G and phenolic acids may diminish NLRP3 in-
flammasome priming by attenuating ASC and NLRP3 protein
expression.

3.4. Influence of a Black Carrot Extract (BCE) With High Amounts
of Anthocyanins and Their Related Phenolic Acids on ASC Speck
Formation in THP-1 Monocytes

Although priming of the NLRP3 inflammasome facilitates in-
flammasome assembly, a second signal is needed to activate
the NLRP3 inflammasome. This second step can be medi-
ated by a broad range of inflammasome inducers such as
nigericin, resulting in the oligomerization of NLRP3, ASC,
and pro-caspase-1 to a supramolecular ASC speck.[27] Sester
et al. recently established a new method to assess NLRP3 in-
flammasome assembly by intracellular flow cytometry.[28] Upon
NLRP3 inflammasome formation, ASC proteins condensate,
which could be detected by decreased ASC pulse width as
shown in Figure 4A. Therefore, THP-1 monocytes were left un-
treated or primed with LPS for several hours followed by acti-
vation of the NLRP3 inflammasome with nigericin as the sec-
ond stimulus. Cells with decreased width, detected by intracel-
lular flow cytometry, were considered ASC speck-positive, and
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Figure 4. ASC speck formation in THP-1 monocytes. A) ASC pulse width (ASC-W) analysis of THP-1 monocytes by flow cytometry. Cells were treated with
LPS and/or nigericin as indicated. Unstimulated cells were used as a negative control. A representative data set (n = 1) with 14.000 cells per treatment
is shown and cell density is indicated by a pseudocolor plot ranging from low (blue) to high (red). B) The percentage of ASC speck-positive cells was
quantified. Significant differences to untreated cells were calculated using one-way ANOVA with Dunnett’s multiple comparisons test (****p < 0.0001).
ANOVA, analysis of variance; ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain; lipopolysaccharide (LPS).

the percentage of ASC speck-positive cells was quantified. As ex-
pected, ASC speck formation significantly increased after stim-
ulation with LPS and nigericin compared to untreated cells
(p < 0.0001), although nigericin treatment alone was also suf-
ficient to induce ASC speck formation in THP-1 monocytes
(p < 0.0001). In contrast, we could not observe any spontaneous
ASC speck formation in untreated and LPS-treated THP-1mono-
cytes (Figure 4B).
We next investigated the influence of the BCE with high

amounts of acylated anthocyanins and their related phenolic
acids on ASC speck formation, which was slightly but not sig-
nificantly declined by pretreatment with the BCE and the lower
concentration of C3G (Figure 5A). In contrast, pretreatment with
both concentrations of C3G reduced ASC speck formation in
unprimed, nigericin-stimulated cells, whereas the effect of the
higher concentrationwas still significant after correction formul-
tiple testing (p < 0.01; Figure 5B). In addition, pretreatment with
both concentrations of CA and the higher dose of SA declined
ASC speck formation in LPS and nigericin-treated cells. How-
ever, after correction formultiple comparisons, these effects were
no longer statistically significant (Figure 5C). In contrast, ASC
speck formation decreased by pretreatment with high concen-
trations of CA and SA prior to inflammasome activation in un-
primed THP-1 monocytes, whereas the inhibitory effect of SA
was also statistically significant after correction for multiple test-
ing (p < 0.05; Figure 5D). In conclusion, these results indicate
that preincubation of THP-1 monocytes with the related pheno-
lic acid such as SA may attenuate ASC speck formation, while
inhibitory effects are greater in unprimed cells.

3.5. Influence of a Black Carrot Extract (BCE) With High Amounts
of Acylated Anthocyanins and Their Related Phenolic Acids on
Caspase-1 Activity in THP-1 Monocytes

ASC speck formation leads to the activation of caspase-1. Hence,
we next examined the influence of the BCE and their related

phenolic acids on caspase-1 activity in THP-1 monocytes. A bio-
luminescent assay was used to selectively measure caspase-1
activity,[29] which was significantly increased in LPS primed and
nigericin-activated THP-1 monocytes (p < 0.0001; Figure 6A)
compared to untreated THP-1 monocytes. To a lower extent,
caspase-1 activity also increased in unprimed nigericin-activated
THP-1 monocytes (p < 0.0001; Figure 6A). However, preincuba-
tion with the BCE resulted in a significant decline of caspase-1
activity, both in LPS primed and nigericin-activated (p < 0.0001;
Figure 6A) as well as in unprimed nigericin-activated cells
(p < 0.0001; Figure 6B). In addition, caspase-1 activity also signif-
icantly declined in unprimed nigericin-activated cells (Figure 6B)
after preincubation with both concentrations of C3G (p < 0.001
and p < 0.05, respectively). In contrast, caspase-1 activity was
not affected by C3G in LPS-primed and nigericin-activated cells
(Figure 6A). Interestingly, caspase-1 activity was also not declined
after inflammasome activation by pretreatment with phenolic
acids (Supporting Information Figure S2). Consequently, these
findings suggest that a BCEwith high amounts of acylated antho-
cyanins and C3G reduce caspase-1 activity in THP-1 monocytes.

3.6. Influence of a Black Carrot Extract (BCE) With High Amounts
of Acylated Anthocyanins and Their Related Phenolic Acids on
Proinflammatory Cytokine Release in THP-1 Monocytes

IL-1𝛽 and IL-18 are inflammatory cytokines which belong to
the IL-1 superfamily.[6] Active caspase-1 catalyzes the matura-
tion of their proforms into their mature forms, which are sub-
sequent released.[5] To measure the influence of a BCE with
high amounts of acylated anthocyanins and their related phe-
nolic acids on proinflammatory cytokine release, IL-1𝛽 and IL-
18 concentrations in cell culture supernatants were measured
by ELISA. IL-1𝛽 secretion was significantly induced by nigericin
treatment (p< 0.05) compared to the untreated control. However,
prior priming of THP-1 monocytes with LPS lead to a six-fold
increase of IL-1𝛽 secretion compared to nigericin-treated cells.
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Figure 5. Influence of a black carrot extract (BCE) with high amounts of acylated anthocyanins and their related phenolic acids on ASC speck formation in
THP-1 monocytes. THP-1 monocytes were preincubated with the indicated concentrations of the BCE, cyanidin-3-glucoside, or phenolic acids before the
NLRP3 inflammasomewas activated. Significant differences to A, C) LPS and nigericin stimulated cells or B, D) only nigericin treated cells were calculated
using one-way ANOVA with Dunnett’s multiple comparisons test (*p < 0.05 and **p < 0.01). ANOVA, analysis of variance; ASC, apoptosis-associated
speck-like protein containing a caspase recruitment domain; C3G; CA; FA; LPS, lipopolysaccharide; NLRP3, nucleotide-binding oligomerization domain-
like receptor pyrin domain-containing protein 3; SA.

Figure 6. Influence of a black carrot extract (BCE) with high amounts of acylated anthocyanins on caspase-1 activity in THP-1 monocytes. THP-1 mono-
cytes were preincubated with the indicated concentrations of the BCE or C3G before theNLRP3 inflammasomewas activated. Caspase-1 activity wasmea-
sured by using a bioluminescent assay and luminescence wasmeasured as relative light unit (RLU). Significant differences to (A) LPS and nigericin stimu-
lated cells or (B) only nigericin treated cells were calculated using one-way ANOVA with Dunnett’s multiple comparisons test (**p < 0.01, ***p < 0.001,
and ****p < 0.0001). ANOVA, analysis of variance; C3G, cyanidin-3-glucoside; LPS, lipopolysaccharide; NLRP3, nucleotide-binding oligomerization
domain-like receptor pyrin domain-containing protein 3.
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Figure 7. Influence of a black carrot extract (BCE) with high amounts of acylated anthocyanins on proinflammatory cytokine release in THP-1monocytes.
THP-1 monocytes were preincubated with the indicated concentrations of BCE or C3G before the NLRP3 inflammasome was activated. Release of (A)
IL-1𝛽 and (B) IL-18 into the cell culture supernatant was measured by ELISA. Significant differences to LPS and nigericin-stimulated cells were calculated
using one-way ANOVA with Dunnett’s multiple comparisons test (*p < 0.05 and **p < 0.01). ANOVA, analysis of variance; C3G, cyanidin-3-glucoside;
CA, p-coumaric acid; ELISA, enzyme-linked immunosorbent assays; FA, ferulic acid; LPS, lipopolysaccharide; NLRP3, nucleotide-binding oligomerization
domain-like receptor pyrin domain-containing protein 3; SA, sinapinic acid.

Similarly, IL-18 was also significantly increased in the super-
natant of nigericin, as well as LPS and nigericin, treated cells
compared to the untreated control (p < 0.05 and p < 0.0001,
respectively). Pretreatment with the high concentration of the
BCE (50 μg mL−1) and the low concentration of C3G (1 μm) re-
sulted in a reduced IL-1𝛽 release. However, after correction for
multiple testing, the observed inhibitory effects were no longer
statistically significant. Surprisingly, IL-1𝛽 secretion was signif-
icantly increased by pretreatment with the high C3G concen-
tration (p < 0.01; Figure 7A). In addition, IL-18 release into
the cell culture supernatant was significantly decreased by both
concentrations of the BCE (p < 0.05). Furthermore, IL-18 was
also declined by pretreatment with the lower concentration of
C3G (p < 0.05), while the higher concentration had no effect
(Figure 7B). In contrast, neither IL-1𝛽 nor IL-18 concentrations
were significantly declined by pretreatment with phenolic acids
(Supporting Information Figure S3).
Taken together, our results indicate that a BCE with high

amounts of acylated anthocyanins as well as low concentrations
of C3Gdiminish proinflammatory IL-18 cytokine release in THP-
1 monocytes. It was also observed that incubation of THP-1 cells
with C3G at high concentrations resulted in a significantly in-
creased release of IL-1𝛽, which was an unexpected outcome.

4. Discussion

Overweight and obesity promote chronic low-grade inflamma-
tion, which is characterized by increased circulating proinflam-
matory cytokine levels.[30,31] Obesity-induced metabolic stress fa-
vors excessive activation of the NLRP3 inflammasome result-
ing in proinflammatory cytokine release,[32] which seems to be
one underlying mechanism via that circulating monocytes con-
tribute to systemic low-grade inflammation. Consequently, food
components targetingNLRP3 inflammasome activationmay be a
novel safe and effective strategy to prevent the initiation and pro-
gression of inflammation-related diseases. Therefore, the present
study aimed to determine the influence of a BCE with high

amounts of acylated anthocyanins and their related phenolic
acids (i.e., FA„ CA, and SA) as well as C3G as a non-acylated an-
thocyanin on multiple steps of the NLRP3 inflammasome activa-
tion cascade in THP-1 monocytes.
Canonical NLRP3 inflammasome activation usually comprises

two steps. The first step (priming) can be mediated by different
damage-associated molecular patterns (DAMPs) and pathogen-
associated molecular patterns (PAMPs) which bind to pattern
recognition receptors (PRRs) such as the Toll-like receptors
(TLRs), nucleotide-binding oligomerization domain 2 (NOD2),
and receptors for advanced glycation end products (RAGE).[32]

Binding by different agonists (e.g., LPS) results in the activation
of several signaling pathways. In this context, binding of LPS to
TLR4 activated the nuclear factor kappa B (NF𝜅B) signaling path-
way, which in turn induces de novo synthesis of NLRP3 inflam-
masome components.[32] Hence, inhibition of, e.g., TLR4/NF𝜅B
signaling pathway may effectively diminish NLRP3 inflamma-
some priming. Our results show that C3G and phenolic acids
attenuate ASC and NLRP3 protein expression in THP-1 mono-
cytes. Similarly, C3G supplementation reduced ASC and NLRP3
expression in the liver tissue of ethanol-induced steatohepatitis
mice by NF𝜅B suppression.[33] Administration of FA and CA also
reduced ASC, as well as NLRP3, protein expression in other ro-
dent tissues.[34,35] In addition, FA decreased LPS-induced NLRP3
expression in THP-1-derived macrophages.[36] Furthermore, CA
treatment attenuated high-fat and high-sucrose diet-induced hep-
atic TLR4 and NF𝜅B target gene expression in mice.[37] Taken
together these evidence suggest that anthocyanins and pheno-
lic acids may mitigate NLRP3 and ASC expression in human
monocytes through downregulation of the TLR4/NF𝜅B signaling
pathway.
Although priming of the NLRP3 inflammasome induces the

transcriptional upregulation of NLRP3 inflammasome compo-
nents, NLRP3 inflammasome assembly is only induced by a sec-
ond independent signal. However, in contrast to murine models
and human macrophages, NLRP3 activation can also take place
in unprimed human monocytes.[27,38]
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NLRP3 inflammasome activation is mediated by a broad range
of metabolic and environmental inflammasome inducers, result-
ing in the oligomerization of NLRP3, ASC, and pro-caspase-1 to
a supramolecular ASC speck.[27] Our results suggest that prein-
cubation of THP-1 monocytes with BCE with high amounts of
acylated anthocyanins and their related phenolic acids attenu-
ate ASC speck formation in human monocytes, whereas the ob-
served inhibitory effects are greater in unprimed cells. Similarly,
pretreatment with SA diminished ASC speck formation in bone
marrow-derived macrophages.[39] Interestingly, in silico analy-
ses indicate that phenolic acids can bind to NLRP3 and ASC
molecules.[34,40] Thus, phenolic acids potentially reduce NLRP3
inflammasome activation by preventing intermolecular interac-
tions of NLRP3 components.[40] Maybe anthocyanins are also
able to form hydrogen bonds to active site amino acids of NLRP3
components by their A- and B-ring hydroxyl groups. This could
explain the observed inhibitory effects of C3G on ASC speck for-
mation in the present study. Furthermore, it is well established
that oxidative stress induces NLRP3 inflammasome activation,
and several studies have shown that anthocyanins and pheno-
lic acids attenuate oxidative stress and prevent reactive oxygen
species generation.[33,35,36,41] Hence, BCE with high amounts of
acylated anthocyanins and their related phenolic acids could also
diminish ASC speck formation by downregulation of the activa-
tion signal.
Oligomerization of the NLRP3 inflammasome results in the

autoproteolytic activation of caspase-1, which in turn catalyzes
the maturation and release of IL-1𝛽 and IL-18.[5,6] These inflam-
matory cytokines can activate other immune cells and thus fur-
ther increase the secretion of inflammatory cytokines.[42] Fur-
thermore, active caspase-1 also mediates an inflammatory form
of programmed cell death called pyroptosis through gasdermin-
D cleavage.[5] The N-terminal domain of cleaved gasdermin D
oligomerizes and forms pores into the cell membrane. The loss
of cell integrity leads to the release of other alarmins apart from
cytokines, which further promote the inflammatory response.[32]

Therefore, inhibition of caspase-1 activity and subsequent proin-
flammatory cytokine release may be effective to reduce low-grade
inflammation. Our results show that the BCE and C3G decline
caspase-1 activity in THP-1 monocytes. Inhibition of caspase-1
activity was induced in LPS-primed and unprimed cells by the
BCE (15 and 50 μg mL−1) and only in unprimed cells by C3G
(1 μm). In the case of the BCE, this inhibition was not dose de-
pendent, suggesting that lower concentrations may also be able
to induce an effect. However, the inhibition was only associ-
ated with a release of IL-18 but not IL-1𝛽 in LPS-primed THP-
1 monocytes by the BCE. Using a low concentration of C3G
(1 μm), we only observed a reduced release of IL-18 in LPS-
primed cells, whereas higher concentrations (50 μm) were inef-
fective, but surprisingly induced IL-1𝛽 release from LPS-primed
cells. In mice with alcoholic steatohepatitis, dietary C3G sup-
pressed hepatic expression of active caspase-1, as well as IL-1𝛽
and IL-18 expression levels.[33] Similarly, oral gavage of “pur-
ple sweet potato color”, which main components were acylated
cyanidin and peonidin glycosides with acyl moieties such as
FA (-feruloyl), CA (-coumaroyl), and caffeic acid (-caffeoyl), re-
duced protein levels of cleaved caspase-1 and IL-1𝛽 in high-fat
diet-treated mice livers and kidneys.[41,43] In addition, several
cell and animal models have shown that phenolic acids such

as FA, CA, and SA reduce transcriptional, as well as protein
expression, levels of caspase-1 and IL-1𝛽.[34–37,39] In contrast to
these findings, neither caspase-1 activity nor inflammatory cy-
tokine release is diminished by phenolic acids in the present
study. However, discrepancies in study results may be due to
experimental and methodological differences, since very high
phenolic acid concentrations up to 200 μm were used in some
studies.[37,39]

Taken together, our data suggest for the first time that a BCE
with high amounts of acylated anthocyanins and their related
phenolic acids diminish priming and activation of the NLRP3 in-
flammasome in THP-1monocytes. Certainly, our studymay have
some limitations. First, we used THP-1 cells.Monocytic cell lines,
such as THP-1 cells, are typically derived from patients with neo-
plasms, thus their responses may deviate markedly from blood-
derived monocytes. Depending on the investigated endpoint, the
values can be many times lower or higher than in noncarcino-
genic cells isolated from blood.[44,45] However, THP-1 cells are a
common cell model to study NLRP3 inflammasome activation[5]

and priming is disposable in THP-1 monocytes similar to pri-
mary human monocytes.[27,37] Secondly, dietary phenolic acids
have mainly been detected as glucuronides, sulfates, or methy-
lated metabolites in vivo.[46] However, those Phase II metabo-
lites were not tested in our in vitro models. Third, only two dif-
ferent concentrations were used for both the BCE and phenolic
acids. Since no concentration-dependent effects were observed
for some parameters, significantly lower concentrations could
also have effects, which should be verified in further studies.
To the best of our knowledge, this is the first study investigat-

ing the influence of a BCE with high amounts of acylated an-
thocyanins and their related phenolic acids on NLRP3 inflamma-
some activation in human THP-1 monocytes. Our results show
that the BCE and the aforementioned phenolic acids, which could
be amicrobial fermentation product of the acylated anthocyanins
from the BCE in the colon, could be responsible for diminished
priming and activation of the NLRP3 inflammasome in THP-1
monocytes. Although phenolic acids can be formed as a micro-
bial end product in the gastrointestinal tract, the BCE has a va-
riety of other phenolic compounds, including chlorogenic acid,
caffeic acid, and nonacylated anthocyanins. These compounds
could also be responsible for the observed effects. In view of the
previous results, further studies with corresponding metabolites
or isolated acylated anthocyanins should be carried out to con-
firm the present findings with THP-1monocytes. In addition, the
usage of primary human monocytes is necessary to provide con-
clusions that are evenmore definitive. Additionally, investigating
intracellular targets of the signal cascade such as TLR4/NF-kB
should also been included as this signaling cascade play a huge
role in NLRP3 inflammasome activation.
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the author.
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