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Polyphenols as NLRP3 inflammasome modulators
in cardiometabolic diseases: a review of in vivo
studies
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The nucleotide-binding domain and leucine-rich repeat containing receptors (NLRs) are components of
the innate immune system, important in coordinating the inflammatory response. Among them, NLRP3
can form inflammasomes, multiprotein complexes activating the inflammatory caspase-1 and leading,
through a cell death-mediated signaling cascade, to the release of several proinflammatory cytokines.
Dietary polyphenols, plant secondary metabolites, have been reported to exhibit anti-inflammatory pro-
perties, although studies have focused most on their effect on the expression of the final circulating cyto-
kines rather than on the upstream signals activating the NLRP3 inflammasome. The present review
explores current knowledge on the potential of dietary polyphenols to regulate the whole NLRP3 inflam-
masome pathway, in the context of cardiometabolic pathologies (obesity, cardiovascular diseases, type 2
diabetes and non-alcoholic fatty liver disease), based on in vivo studies. A clear tendency towards a
decrease in the expression of the whole NLRP3 inflammasome signaling pathway when several animal
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models were supplemented with polyphenols was observed, commonly showing a dose—-response effect;
these modifications were concomitant with clinical improvements in the pathologies. Nevertheless, the
diversity of doses used, the disparity in polyphenol structures tested and, particularly, the scarce clinical

rsc.li/food-function trials and exploration of mechanisms of action show the need to develop further research on the topic.
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1. NLRP3 inflammasome: a key driver
in cardiometabolic diseases

The nucleotide-binding domain and leucine-rich repeat con-
taining receptors (NLRs) are a family of pattern recognition
receptors of the innate immune system, important in coordi-
nating the inflammatory response triggered by danger and cell
damage signals, as well as by pathogens. Among the NLRs, the
activation of nucleotide-binding oligomerization domain
(NOD) 1 (aka. NLRC1), NOD2 (aka. NLRC2) and NLRP3 has
been described during the immune response to endogenous
host-related signals." NLRP3, as well as other NLRs (such as
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NLRP1, NLRP6 and NLRC4), signals by forming inflamma-
some, amultiprotein complex activating the inflammatory
caspase-1.%

The canonical activation of the NLRP3 inflammasome
requires a two-step signaling process, as summarized in Fig. 1:
the first step is characterized by an initial priming inducing
NLRP3 expression. This first priming step is commonly
achieved by the activation of toll-like receptors (TLRs) by either
pathogen- or damage-associated molecular patterns (PAMPs or
DAMPs); examples of them are lipopolysaccharide (LPS), from
the wall of Gram-negative bacteria, or uric acid, respectively.
The second activation step is characterized by the sensing of
cellular stress signals including K™ and CI~ efflux, Ca** influx,
lysosomal disruption, metabolic alterations, mitochondrial
stress, or radical oxygen species (ROS) production.>* This
second activation step induces active NLRP3 oligomers that
are stabilized by their interaction with negatively charged
lipids and/or accessory proteins such as never in mitosis gene
a-related kinase 7 (NEK7) or thioredoxin-interacting protein
(TXNIP), the negative regulator of the antioxidant thioredoxin
system.” TXNIP is released from thioredoxin in an ROS-sensi-
tive manner and then binds to NLRP3 downstream of the cel-
lular K" efflux, probably binding to the active NLRP3 oligo-
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Fig. 1 NLRP3 inflammasome activation pathway.

mer.® These NLRP3 active oligomers present with the
N-terminus pyrin domain exposed and able to recruit the ASC
adaptor protein (apoptotic speck-like protein with a caspase
activation and recruitment domain). ASC subsequently homo-
oligomerizes, forming filaments that culminate in the for-
mation of a large inflammasome aggregate. These ASC fila-
ments recruit and activate the effector protease caspase-1 and
this protease subsequently cleaves and maturates the pro-
inflammatory cytokines interleukin (IL)-1p and IL-18. Caspase-
1 also cleaves the protein gasdermin D (GSDMD), which devel-
ops oligomers that form pores in the plasma membrane allow-
ing the cellular release of IL-1p and IL-18, leading to the
initiation of the immunogenic type of cell death termed pyrop-
tosis.” It should be highlighted that NLRP3 activation has mul-
tiple additional regulatory elements, such as Src homology-2
domain containing protein tyrosine phosphatase-2 (SHP2).®
Targeting NLRP3 activation is emerging as a reasonable
approach for the treatment of different chronic inflammatory,
metabolic (including cardiometabolic), and degenerative dis-
eases, where elevated plasma levels of IL-1p and IL-18 are
reported.”'® In particular, in the metabolic context the NLRP3
inflammasome is involved at two levels. First, NLRP3 partici-
pates in the molecular mechanism of immune regulation by
the diet, as this receptor was firstly described as a critical
mechanism of intestinal inflammation in the dextran sulfate
sodium (DSS) colitis model."* Second, NLRP3 is involved in
the trained activation of myeloid cells induced by the western
diet, contributing to the chronic low-grade inflammation
associated with this type of diet. At the same time, the increase
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of serum cholesterol levels caused by a high-fat diet (HFD) is
known to activate the NLRP3 inflammasome.'*"? In addition,
other dietary components promote metabolic defects via
NLRP3 inflammasome activation. For example, crystallization
of uric acid from the diet is a direct inducer of NLRP3 acti-
vation and inflammation, increasing also glucose intolerance
and insulin resistance, and resulting in hepatic steatosis.’* In
this context, research has shown that some natural com-
pounds are able to downregulate the NLRP3 inflammasome
activation present in cardiometabolic alterations. In particular,
there is an increasing interest in the search for dietary con-
stituents involved in NLRP3 modulation.""’

2. Dietary polyphenols as
cardiometabolic modulators

Polyphenols constitute a diverse group of bioactive plant sec-
ondary metabolites encompassing several families, such as fla-
vonoids, phenolic acids, lignans, stilbenes and other polyphe-
nols.’® Dietary sources of polyphenols comprise all food
groups of vegetal origin, such as fruits, vegetables, whole
grains, nuts, and legumes, as well as derived beverages (wine
or juices) and specific food items, e.g., coffee, tea or cocoa.™

During the last decades, research on polyphenols has
evolved from technology or sensory aspects to health benefits.
In this context, it is relevant that, as for any other dietary com-
ponents, in order to exert their potential beneficial effect, poly-
phenols must be bioaccessible and bioavailable after inges-
tion. Thus, it has been established that polyphenols undergo a
series of biotransformations during their passage through the
intestinal tract to finally reach the systemic circulation.? It is
well known that just a small proportion (5-10%) of the
ingested polyphenols may be absorbed into the small intes-
tine. After absorption, the resultant metabolites reach the liver
through the portal circulation to finally be distributed to the
organs and excreted in the urine. Other non-absorbable poly-
phenols can reach the colon where they are metabolized by the
gut microbiota, allowing the formation of new metabolites,
which may have local effects related to colon health but also
lead to metabolic outcomes after absorption.”* Due to the low
bioavailability of dietary polyphenols, some nanodelivery
systems have been explored for improving their solubility and
biocompatibility, particularly in the context of the NLRP3
inflammasome.**>*

‘Cardiometabolic alterations’ is a category of health con-
ditions that encompasses a wide spectrum of cardiovascular
and metabolic diseases, such as obesity, cardiovascular dis-
eases (CVDs), type 2 diabetes (T2D) and non-alcoholic fatty
liver disease (NAFLD), all of them with increasing prevalence
in populations following western-style dietary and physical
habits.>® Cumulative evidence from in vitro, preclinical, obser-
vational and intervention studies sustains a beneficial role of
polyphenols in the risk reduction of cardiometabolic
alterations®”*® or as adjuvant for inhibiting disease pro-

gression.”® Moreover, there is promising evidence on the
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potential of polyphenols for modulating other pathologies
such as certain kinds of cancer’® or cognitive function.!
Nevertheless, research on polyphenols and health outcomes
has also pointed to the existence of inter-individual variability
in the results due to different reasons,?” as well as to different
results when exploring individual foods or polyphenol-rich
diets.*

Different mechanisms have been described for polyphenols’
action. Beyond the initial consideration of polyphenols just as
radical scavengers, nowadays it is known that their mecha-
nisms of action are much more complex, involving a bidirec-
tional interaction with microbiota®" as well as several mole-
cular activities.>” Indeed, their ability to modulate oxidative
stress would be mostly derived from their potential to modu-
late some cytosolic proteins like Keap1 (Kelch like ECH associ-
ated protein 1) and kinase activities, such as protein kinase C,
as an indicator of the multilevel regulation of nuclear factor
erythroid 2-related factor 2 (Nrf2) mediated transcription.**~°
Also, polyphenols are able to regulate signaling pathways
implicated in chronic inflammation, endothelial dysfunction,
altered insulin signaling, adipose tissue remodeling or mito-
chondrial dysfunction.>”*° Other studies, related to gene
expression analysis, have demonstrated the influence of poly-
phenols on the modulation of genes involved in cell adhesion,
monocyte transendothelial migration, regulation of the actin
cytoskeleton or nuclear factor kappa B (NF-kB) signalling.*'™**
An additional mechanism of action of polyphenols for modu-
lating cardiometabolic diseases, as shown by research per-
formed in the last decade, would be related to their ability to
modulate the NLRP3 inflammasome, eventually leading to
clinical effects in the most common cardiometabolic pathol-
ogies. This will be the focus of this review.

3. Current in vivo evidence on
polyphenols as NLRP3 inflammasome
modulators in cardiometabolic
diseases

An updated bibliography search on the potential of polyphe-
nols to modulate the NLRP3 inflammasome in the context of
cardiometabolic pathologies was carried out. Study selection
was based on in vivo (preclinical or clinical) studies, per-
formed either with pure phenolic compounds or with polyphe-
nol-rich extracts or foods. The selected studies explored the
effects of about 40 polyphenols, belonging to different poly-
phenol classes; some of them were tested for several of the
selected pathologies, while others were explored only for one
of them, as shown in Fig. 2.

3.1 Obesity

It has been widely established that an intrinsic characteristic
of obesity, besides an excess of fat deposition, is the presence
of a state of chronic, low-grade inflammation where multiple
molecular pathways are involved, including the NLRP3 inflam-
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masome.*® Six studies*®™" explored the specific role of poly-
phenols as NLRP3 inflammasome modulators in an obesity
context (Table 1). They were all preclinical studies, five in mice
and one in rats.’® Obesity was induced by an HFD except for
one study, which used a high-fat high-sucrose diet (HFHSD).”
Only one study tested a pure polyphenol, morin,”® while the
other ones were focused on extracts from the seaweed Ecklonia
cava,*® red raspberry,*® or the tropical fruit jaboticaba,®® and
on whole materials from grape seed’” or red raspberry.*® The
study duration ranged from 8°° to 14°" weeks. There was a
heterogeneity in dose reporting but, interestingly, a study with
red raspberry stated that the dose provided was the equivalent
in humans to a daily consumption of 150 g of this fruit.*’
Finally, two studies evaluated synergistic effects of polyphenols
with lactic acid bacteria®” or with polyunsaturated fatty acids.”®

There was a tendency to find a regulatory effect of the
tested polyphenols in NLRP3 inflammasome activation. In par-
ticular, the protein levels of caspase-1, IL-1p and IL-18, present
in the NLRP3 cascade signal, were significantly decreased, as
compared with the obese group, in the kidneys,*® liver’® and
intestine®" (based on protein levels in the first case and mRNA
expression in the other two). Nevertheless, the levels of
NLRP3 measured as protein in the kidneys*® and mRNA
expression in the intestine’" remained unaltered as compared
with the obese group. However, an increased expression of
inflaimmasome components should not be used as proof of
inflammasome activation.

A particular approach was followed in a study that per-
formed an ex vivo experiment with primary bone marrow cells
differentiated into bone-marrow derived macrophages
(BMDM), finding that red raspberry and its pulp not only
decreased the activation of NLRP3 inflammasome, but was
also able to reverse IL-1p epigenetic adipogenesis activation,*’
which is particularly relevant in the context of obesity.

Finally, it should be mentioned that the described modifi-
cations in the NLRP3 inflammasome were concomitant with
some improvement in clinical markers, such as improved
glucose tolerance, insulin sensitivity and hepatic insulin sig-
naling after raspberry supplementation,’® and the HOMA-IR
(homeostatic model assessment for insulin resistance), or
body weight, plasma insulin and plasma cholesterol in the
study with grape seed flour and kefir.*”

3.2 Cardiovascular diseases (CVDs)

Activation of the NLRP3 inflammasome has been shown to be
involved in certain key events in CVDs, such as atherosclerosis,
myocardial infarction or cardiac remodeling.”> CVDs are the
cardiometabolic alterations for which more in vivo studies
have explored how polyphenols could modulate the NLRP3
inflammasome, with a total of 18 studies on the topic (17 pre-
clinical and 1 clinical), whose main findings are summarized
in Table 2.°*° Regarding the pre-clinical trials, the two most
commonly selected animal models corresponded to the
middle cerebral artery occlusion/reperfusion model (MCAO/R)
in rats®®”9%1%47%7 and the myocardial ischemia/reperfusion
model (MI/R) in rats or mice.’**>%%%%7% QOther different

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Polyphenols tested in in vivo studies on the NLRP3 inflammasome in the context of cardiometabolic pathologies. Numbers indicate the
pathological situation where supplementations were performed. 1, obesity; 2, cardiovascular diseases; 3, type 2 diabetes; 4, non-alcoholic fatty liver

disease.

reported models included: an atherosclerotic study with the
apolipoprotein E-deficient (ApoE~'") mouse model,* a ventri-
cular arrhythmia model with New Zealand white rabbits,*> an
induced cardiac tissue damage (using an anthracycline anti-
neoplastic drug) in male Sprague Dawley (SD) rats,”” a classic

This journal is © The Royal Society of Chemistry 2023

permanent coronary occlusion without reperfusion in male SD
rats®> and a hepatic ischemia/reperfusion model in mice.®®
Different classes of polyphenol were tested, highlighting
the use of flavonoid compounds, including: flavonols like astil-
bin;*® dihydroflavonols like dihydromyricetin;>’ procyanidins

Food Funct, 2023, 14, 9534-9553 | 9537


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo03015f

Open Access Article. Published on 03 October 2023. Downloaded on 6/10/2026 11:46:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Review Food & Function

» Phenolic acids

* Hydroxycinnamic acids * Hydroxybenzoic acids

e 4 CLT

Li__ - >_. «,a/\ r (]
TR W V& o \“ 7 %

=\ 4 '

\ 7

Salvianolic acid A Salvianolic acid B Ellagic acid [ 1]

/ N
Salvianolic acid D Salvianofic acid Y Rosmarinic acid

» Other polyphenols

* Phenyipropanoids * Stilbene * Others

"'y i N ¢ g WS ¥
% \/\©\ % Ao © X Non  HO N W/\/\
HOY N OH  HOY @/\/\ O W
ou OH 2N
Salidroside | 2.4 Syringin Resveratrol 6-gingerol

* Ellagitannin *  Phlorotannin * Chalcone

Dieckol 12 Carthamin yellow
* Dihvdrochalcone

SOt O

57

Camos;c acid Bakuchiol Trilobatin

Fig. 2 (Contd).

(polymeric flavanols);>® flavones like scutellarin,®® baicalin,’® acids like salvianolic acids B, D, Y and rosmarinic acid;*> baku-
and chrysin;®® and flavanones like didymin.”® Other categories chiol, a phenolic terpene;®® carthamin yellow, a chalcone,®*
of polyphenols included: resveratrol, a stilbene;>>® phenolic and other phenols like 6-gingerol.®® Moreover, extracts
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Table 1 Preclinical studies to evaluate polyphenols as NLRP3 inflammasome modulators in an obesity context®
Experimental model Diet and dosage Polyphenols Effect Ref.

- C57BL/6] mice - Control diet

Dieckol and its derivatives” (phlorotannin)

| Caspase-1, IL-1p 46

- HFD and IL-18
- HFD + Ecklonia cava extract (kidneys)
(100-500 mg per kg bw)
Duration: 10 weeks
- C57BL/6] mice - Standard diet Flavanols®: | Trim30a 47
- High-fat diet (HFD) - Catechin (epididymal
microcrystalline cellulose adipose tissue)
- HFD + grape seed flour (GS) - Epicatechin
(5%-10%)
- HFD + lactic acid bacteria (LAB)? - Epigallocatechin

(10 mL per kg bw)
-HFD + GS + LAB
Duration: 9 weeks
- C57BL/6] mice - Control diet

- Raspberry extract diet (RD) (5%

Total polyphenols

| Nirp3, Casp1, 48
111D, 1118 (liver)
| Caspase-1 p20,

w/w) IL-1p and IL-18
(liver)
- HFD
- HFD + RD
Duration: 12 weeks
- C57BL/6] mice - Low-fat diet Quercetin (flavonol), myricetin (flavonol), | Nirp3, 1l1b 49
Ex vivo: primary bone - HFD ellagic acid (hydroxybenzoic acid), (+)-catechin (BMDM)

marrow cells differentiated

to macrophages (BMDM)

- HFD + red raspberry extract (RB)
from whole fruit (0.4% w/w)

- HFD + RB from seeds (0.1% w/w)
- HFD + RB from pulp (0.3% w/w)
Duration: 16 weeks

- Standard diet

- HFD, high sucrose

- HFD + morin (5 mg per kg bw)

- HFD + polyunsaturated fatty
acids (PUFAs) (1 mL per kg bw)

- HFD + morin + PUFAs

Duration: 8 weeks

- HF-high sucrose diet (HFHSD)

- Wistar rats

- C57BL/6] mice

Morin (flavonol)

Ellagic acid and its derivatives (hydroxybenzoic
acid), delphinidin-3-O-glucoside (anthocyanin),
cyanidin 3-O-glucoside (anthocyanin), myricetin

(flavanol), (—)-epicatechin (flavanol), cyanidin
3-0-p-p-glucoside (anthocyanin) and cyanidin
glycoside derivatives (anthocyanin)

| Caspase-1, IL-1p 50
and IL-18 (liver)

| Caspase-1, IL-1p 51
and IL-18
(intestine)

3-O-rhamnoside (flavonol), quercetin 3-O-
rhamnoside (flavonol)

- HFHSD + phenolic-rich
jaboticaba extract (50-100 mg
gallic acid equivalents per kg bw)
Duration: 14 weeks

% All mentioned preclinical experiments were performed with male animals.
¢ Flavonoids content of Chardonnay GSL reported by Cho et al., 2018 *
LAB is a freeze-dried mixture of Leuconostoc mesenteroides 4 (1 x 10" CFU) and Lactobacillus kefiri DH5 (1 x 10° CFU).

et al., 2017*® (https:/doi.o dg/lO .1021/acs.jafc.7b00357).
10. 1021/acs1afc 8b03720).

b polyphenol content of Ecklonia cava extract can be found at Eo
(https:/doi.org/

Abbreviations: BMDM, primary bone marrow cells differentiated to macrophages; bw, body weight; Casp1, caspase-1; GS, grape seeds; HFD, high-
fat diet; HFHSD, high—fat high-sucrose diet; IL, interleukin; AB, lactic acid bacteria; NLRP3, nucleotide-binding, leucine-rich and pyrin domain-3
protein; PUFAs, polyunsaturated fatty acids; RB, red raspberry extract; RD, raspberry diet; Trim30a, tripartite motif-containing 30A.

obtained from Abelmoschus manihot (L.) Medic and Herba
Siegesbeckiae (both containing flavonoids compound) were
tested,® as well as a Rhodiola crenulate extract containing sali-
droside, a phenylpropanoid.®”> The doses of supplementation
used in the preclinical studies ranged from 1.0-320 mg kg™
for pure compounds or a mix of them,*>”° and 0.125-4.0 g
kg™ when extracts were used.®*®® The duration of the studies
was different according to the model evaluated; for example,
in those in which ischemia/reperfusion were induced the dur-
ation ranged from 15 min (ref. 58) to 7 days>>°>”° prior to the

This journal is © The Royal Society of Chemistry 2023

induction process. Also, one of the MI/R models involved
administration 4 h after reperfusion induction.”® More exten-
sive studies cover a duration of 4-8 weeks.

In the most common model found in the preclinical
studies, MCAO/R, brain protein levels of NLRP3 were signifi-
cantly decreased after supplementation with different pure
polyphenols such as astilbin,>® carthamin yellow, a chalcone,®*
6-gingerol,®* salvianolic acids and rosmarinic acid,*® baku-
chiol®® and baicalin.®” Other upstream markers involved in the
NLRP3 activation cascade were also significantly modified in
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Table 2 Preclinical® and clinical studies to evaluate polyphenols as NLRP3 inflammasome modulators in a cardiovascular diseases context

Preclinical/clinical model Diet and dosage Polyphenols Effect Ref.
- Sprague Dawley (SD) rats. - Control Total flavones | NLRP3, caspase-1, IL-18, 53
Myocardial ischemia/reperfusion IL-6, TNF- (serum)
(MI/R) model - MI/R | ASC, NLRP3 (myocardial
tissue)
- MI/R + Abelmoschus manihot (L.)
Medic extract (40-80 mg per kg bw)
4 h after MIR
- C57BL/6] mice - Control Resveratrol (stilbene) | ASC, NLRP3, caspase-1 55
P20 (myocardial tissue)
MI/R model - MI/R | 111D, 116, Tnfa (myocardial
tissue)
- Resveratrol (320 mg per kg bw)
- MI/R + resveratrol
7 days before MI/R induction
- SD rats - Control diet Astilbin (dihydroflavonol) | NLRP3 (brain tissue) 56
Middle cerebral artery occlusion/ - MCAO/R | IL-1p, IL-18 (serum)
reperfusion (MCAO/R) model
- MCAO/R + astilbin (40-60-80) mg
per kg bw
3 days supplementation before
MCAO/R
- SD rats - Control Dihydromyricetin | Pro-caspase-1/caspase-1 57
(dihydroflavonol) (myocardial tissue).
Cardiac tissue damage induced - Cardiotoxicity induced (DIC) | IL-16, IL-18 (plasma)
by doxorubicin
- DIC + dihydromyricetin
(100-200 mg per kg bw)
6 weeks supplementation
- SD rats - Control Scutellarin (flavone) | NLRP3, caspase-1, IL-1p, 58
IL-18, TNF-a (serum)
MIR/R model - MI/R | NLRP3 (myocardial
tissue)
- MI/R + scutellarin (5-10-20 mg per
kg bw)
15 min before vascular ligation
- SD rats - Control Procyanidins (flavanol) | TLR4-p38, caspase-1, 59
MCAO/R model - Procyanidins (PC) (80 mg per kg IL-1f (brain tissue)
bw)
- MCAO/R
- MCAO/R + PC (20-40-80 mg per kg
bw)
1 h before MCAO
- ApoliPoprotein E-deficient - Control Baicalin (flavone) | NLRP3, caspase-1, IL-1p, 60
(ApoE™'") mice. Atherosclerosis IL-18 (aorta)
model
- Atherosclerosis (AS) | Nirp3, Casp1 (aorta)
- AS + baicalin (20-50-100 mg per kg
bw)
8 weeks supplementation
- SD rats - Control Carthamin yellow (chalcone) | p-NF-«B, NLRP3, caspase- 61
1, IL-1p (brain cortex)
MCAO/R model - MCAO/R | IL-1p, IL-6 and TNF-«
(serum)
- MCAO/R + carthamin yellow
(20-40 mg per kg bw)
2 weeks supplementation before
MCAO
- New Zealand white rabbits - Control Salidroside (phenylpropanoid) | 111b, 1l6, Tnfa, 118 (left 62

Ventricular arrhythmia model

- Heart failure (HEF)

- HEF + Rhodiola crenulate extract
(RCE) (125-150-500 mg per kg bw)
- HEF + salidroside (SL) (9.5 mg per

kg bw)

- Control + RCE (250 mg per kg bw)

- Control + SL
4 weeks supplementation
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Table 2 (Contd.)

Preclinical/clinical model Diet and dosage Polyphenols Effect Ref.
- SD rats - Control Resveratrol (stilbene) | Pycard, Nlrp3, Casp1 63
(myocardial tissue)
Myocardial infarction model - Control + resveratrol (50 mg per kg | IL-6, TNF-a (serum)
bw)

- Acute myocardial infarction (AMI)
- AMI + resveratrol
45 days prior AMI induction

- SD rats - Control 6-Gingerol (other polyphenols) | NLRP3, caspase-1, IL-1f, 64
MCAO/R model - MCAO/R IL-18 (brain tissue)
- MCAO/R + 6-gingerol (3.0-6.0 mg
per kg bw)
30 min before MCAO
- SD rats - Control Salvianolic acid B, D, Y and | NLRP3, ASC, caspase-1, 65
rosmarinic acid IL-1f (brain cortex)
MCAO/R model - MCAO/R (hydroxycinnamic acid) | Pycard, Nirp3, Casp1, Il1b

(brain cortex)
- Salvianolic acids mix (10 mg per kg
bw)
- MCAO/R + salvianolic acids mix
7 days supplementation after MCAO/
R

- C57BL/6 mice - Control Bakuchiol (phenolic terpene) | ASC, NLRP3, cleaved- 66
MCAO/R model - MCAO/R caspase-1 (brain tissue)

- MCAO/R + bakuchiol (2.5-5 mg per

kg bw)

5 days supplementation before

MCAO
- SD rats - Control Baicalin (flavone) | ASC, NLRP3, cleaved- 67
MCAO/R model - MCAO/R caspase-1, IL-1p, IL-18

- MCAO/R + baicalin (100-200 mg (brain tissue)

per kg bw)

3 days supplementation before

MCAO
- C57BL/6 mice - Control Chrysin (flavone) | ASC, NLRP3, caspase-1, 68
Hepatic ischemia/reperfusion - HI/R IL-1p, IL-18, IL-6, TNF-a
model (HI/R) (liver)

- Liposomal chrysin (LC) (25 mg per

kg bw)

-HI/R + LC

16.5 h, 8.5 h, 0.5 h before HIR
- SD rats - Control Flavonoids and diterpenes | Caspase-1, IL-1f, IL-18, 69
MI/R model - MI/R IL-6 (left ventricle)

- MI/R + Herba Siegesbeckiae extract
(1-2—4 g per kg bw)
7 days pre-treatment before MIR
- C57/BL6 mice - Control Didymin (flavanone) | ASC, NLRP3, caspase-1, 70
IL-1p, IL-18, TNF-a
(myocardial tissue)
MI/R model - MI/R | 1l1b, 1118, Tnfa
(myocardial tissue)
- MI/R + didymin (1-2-4 mg per kg

bw)
7 days pre-treatment before MIR
- Clinical trial - Control (gin) Total polyphenols | TLR4, TLR6, CASP1 54
(serum) (wine and gin)
Open, acute, randomized, cross- - Aged wine (928 mg gallic acid | TLR2, CXCR3, NLRP3,
over trial equivalents per day) ILIR (serum) (wine)
Men at high cardiovascular risk,
aged 55-80

 All mentioned preclinical experiments were performed with male animals. Abbreviations: AMI, acute myocardial infarction; ApoE~'~, apolipo-
protein E-deficient; AS, atherosclerosis; ASC, apoptotic speck-like protein; bw, body weight; CXCR3; chemokine receptor 3; DIC, cardiotoxicity
induced; HEF, heart failure; HI/R, hepatic ischemia/reperfusion; IL, interleukin; ILIR, interleukin 1 receptor type 1; LC, liposomal chrysin;
MCAO/R, middle cerebral artery occlusion/reperfusion; MI/R, myocardial ischemia/reperfusion; NF-kB, nuclear factor kappa B; NLRP3, nucleo-
tide-binding, leucine-rich and pyrin domain-3 protein; PC, procyanidins; p-NF-kB, phosphorylated nuclear factor kappa B; Pycard, gene encoding
for ASC; RCE, Rhodiola crenulate extract; SD, Sprague Dawley rats; SL, salidroside; TLR, toll-like receptor; TNF-a, tumor necrosis factor alfa.
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some of these studies; such was the case for TLR4 *° after pro-
cyanidin supplementation and phosphorylated (p-) NF-xB®
after a chalcone was provided. The expression of the adaptor
ASC protein and the effector caspase-1 were also significantly

downregulated in the brain tissue in some of these
studies,”®®"***® and dose-response relationships®” were
observed. Regarding downstream inflammasome-related

signals, IL-1f and IL-18 were downregulated after polyphenol
treatment, either in the serum®’ or in brain tissue.>®¢1:6465:67
Some studies did not find significant modifications in the
assessed molecules, such as GSDMD®® or the levels of pro-
IL-1p and pro-caspase-1, despite significant decreases in the
cleaved active forms.*®

Regarding the studies based on the MI/R model, a tendency
towards downregulation of the NLRP3 inflammasome pathway
due to polyphenol supplementation was observed in the
different steps of the signaling cascade. Thus, at the priming
step, significant decreases in NLRP3 protein levels in myocar-
dial tissue were observed after supplementation with
didymin,’® scutellarin,® reveratrol®® and flavones.’* At the trig-
gering step, the levels of the adaptor ASC detected in myocar-
dial tissue were significantly decreased in the three
studies®>>7° that measured it, while caspase-1 was decreased
in two studies in the myocardial tissue®>”® and in another one
in serum.’® In addition, all studies detected a decrease in
IL-1f in myocardial tissue or in serum, based on protein
levels,>®*®%® mRNA expression,” or both.”® Interestingly,
when several doses were compared, in some studies the effects
were observed for all the tested concentrations, with no clear
dose-response relationship,®® while in another study only the
highest doses were effective.>®

A modulation of the NLRP3 inflammasome pathway was also
observed in the less common animal models for CVDs that were
identified. Thus, several constituents of this signaling cascade
were found to be inhibited in myocardial tissue from a model of
cardiac tissue damage with doxorubicin,” the aorta of an athero-
sclerosis model,’° the left ventricle of a ventricular arrythmia
model,** serum in a myocardial infarction model without reperfu-
sion® and liver in a hepatic ischemia/reperfusion model.*® All
together, these results suggest the ability of dietary polyphenols
to exert their action on NLRP3 inflammasome regulation at a
multi-tissue scale, thus eventually leading to a risk reduction in
CVDs onset or progression.

The reported clinical trial was performed in male subjects
at high cardiovascular risk, aged 55-80.7° It comprised the
acute administration of aged wine (0.5 g ethanol per kg) with
928 mg of gallic acid equivalents, using gin as a control. The
postprandial response was studied for 4 h. Both aged wine and
gin led to a significant decrease in TLR4, TLR6 and CASP1,
indicating the effect was due to ethanol, while aged wine sup-
plementation specifically caused a significant expression
decrease of the TLR2, chemokine receptor 3 (CXCR3), NLPR3
and interleukin 1 receptor type 1 (IL1R1) genes, being thus
associated with polyphenol presence.

Overall, at the same time that modifications in NLRP3 acti-
vation were observed, there were significant improvements in
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several clinical markers. For instance, in the MI/R model,
improvements in cardiac function parameters of mice and
rats, such as stroke work, infarction area, fibrosis area, ejection
fraction or fractional shortening were reported in several
studies,”>>® being concomitant with improvements in oxi-
dative stress markers in myocardial tissue®® or serum.>® Some
of these parameters were also improved in the less common
models, such as the fibrotic area after cardiac tissue damage
with doxorubicin®” or the ejection fraction in the myocardial
infarction model without reperfusion.®® Also, atherosclerotic
plaques were reduced following a dose-response relationship
after baicalin supplementation in the ApoE™'~ mouse model.®
In the case of the MCAO/R approach, significant improvements
were observed in specific markers of this pathological model,
such as the neurological deficit score,® infarct rate,’" brain
water content,®® or infarction volume,*>®” together with an
improvement in serum endogenous antioxidants.®® Notably,
dose-response relationships were observed for several of the
tested polyphenols.®>®"°®%” No clinical modification was
observed in the clinical trial, although that was hard to expect,
since it was an acute study based on a single supplementation.

3.3 Type 2 diabetes (T2D)

A decade ago, it was reported that monocyte-derived macro-
phages (MDMs) from T2D patients had significantly increased
mRNA and protein expression of NLRP3 as compared with
healthy controls, as well as that the stimulation of MDMs with
several molecules caused upregulated IL-1f and
IL-18 maturation and secretion, as well as caspase-1 cleavage.”*
In this context, a total of 14 in vivo studies dealing with NLRP3
inflammasome modulation in T2D by polyphenols were identi-
fied, as shown in Table 3.7>7®> All of them were preclinical
studies, with streptozotocin (STZ)-induced T2D as the most
common one. In particular, 9 of the identified studies used
this approach, with diabetic nephropathy’>’*7*># being the
most studied diabetic complication, but with other studies
focused on diabetic retinopathy,”” diabetic
cardiomyopathy,”®®* diabetic neuropathic pain,®® and athero-
sclerosis in a diabetic context.** One study used Zucker dia-
betic rats as a model, additionally inducing atherosclerosis
with an HFD.”® Indeed, an HFD alone was used to cause T2D
in two studies in mice,”®®® while one study in rats”® induced
T2D through a high-fructose diet. The last study was focused
on gestational diabetes.®’ Most studies were focused on flavo-
noids, belonging to different families: flavonols such as
quercetin’®”*”” or myricetin;”*> dihydroflavanols such as dihy-
dromyricetin;®* flavanols such as epigallocatehin 3-O-
gallate,”®®* or procyanidins;®' and flavones such as tilianin.”®
Additionally, the phenolic acid salvianolic acid A,””®* the ella-
gitannin punicalagin,”* the dihydrochalcone trilobatin® and
the phenylpropanoids syringin’® and salisdroside®® were
tested. The duration of the studies ranged from 6 to 16
737784 The dose range was rather wide, from 0.5 mg per
kg bw ”® to 250 mg per kg bw.*>

Regarding STZ-induced T2D models, as the most common
one, a clear tendency towards an inhibition of the NLRP3 sig-

weeks.
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Table 3 Preclinical® studies to evaluate polyphenols as NLRP3 inflammasome modulators in a type 2 diabetes context
Experimental model Diet and dosage Polyphenols Effect Ref.
- Sprague Dawley rats (SD). Diabetic - Diabetic control Quercetin (flavonol) | ASC, NLRP3, caspase-1 (kidneys) 72
nephropathy model (DNM) - STZ control | Nirp3, Casp1 (kidneys)
(streptozotocin induced, STZ) - STZ + quercetin | IL-1P, IL-18 (serum and kidneys)

(25-50-100 mg per kg bw)

- STZ + allopurinol

Duration: 7 weeks
- SD rats - Control Quercetin (flavonol) | TXNIP, NLRP3, caspase-1, IL-1f 73
Diabetic model (high fructose induced, - DMHF (hypothalamus)
DMHF)

- DMHEF + quercetin

(50-100 mg per kg bw)

- DMHF + allupurinol

Duration: 6 weeks
- C57BL/6] mice - Control Punicalagin | NLRP3, caspase-1, GSDMD, IL-1f 74
DNM (STZ induced) - STZ (high-fat diet) (ellagitannin) (kidneys)

- STZ + punicalagin (20 mg per

kg bw)

Duration: 8 weeks
- Wistar rats - Control Myricetin (flavonol) | NLRP3 (kidneys), IL-1p (plasma) 75
DNM (STZ induced) - STZ control (with high-fat | Pycard, Casp1 (kidneys)

diet)

- STZ + myricetin (Myr) (20 mg

per kg bw)

- STZ + horsegram protein

(HP) (100 mg per kg bw)

- STZ + Myr + HP (ratio 1:5)

- STZ + metformin

Duration: 6 weeks
- Zucker diabetic fatty rats (ZDF) - Control Salvianolic acid A | NLRP3, caspase-1, IL-1p (aorta) 76
Diabetic atherosclerosis model (high- - ZDF (high-fat diet) (hydroxycinnamic acid)
fat diet)

- ZDF + salvianolic acid A

(0.5-1 mg per kg bw)

- ZDF + atorvastatin

Duration: 10 weeks
- SD rats - Control Quercetin (flavonol) | IL-1 B, IL-18, IL-6, TNF-a (retina) 77
Diabetic retinopathy (STZ induced) -STZ | HMGB1, NLRP3, Hmgb1, Nipr3

(retina)

- STZ + quercetin (150 mg per | TLR4, NF-«B (retina)

kg bw)

- STZ + quercetin + zinc

protoporphyrin

Duration: 16 weeks
- SD rats - Control Syringin | TLR4, MyD88, NF-kB (Syr + Til) 78

(phenylpropanoid) (left ventricles)

Diabetic cardiomyopathy (STZ - Control + syringin (Syr) Tilianin (flavone) | NLPR3, IL-1p, TNF-a (Syr, Til, Syr
induced) (50 mg per kg bw) + Til) (left ventricles)

- Control + tilianin (Til) | IL-6 (Til, Syr + Til) (left ventricles)

(60 mg per kg bw)

- Control + Syr + Til

- Diabetic (high-fat diet + STZ)

- Diabetic + Syr/Til/Syr + Til

Duration: 14 weeks
- C57BL/6 mice - Control Epigallocatechin 3-O- | Caspase-1, IL-16, IL-18 (BMDM) 79
Ex vivo: primary bone marrow cells - Diabetic (high-fat diet) gallate (flavanol)
differentiated to macrophages (BMDM)
Diabetic model (high fat induced) - Diabetic + EGCG (50 mg per

kg bw)

Duration: 12 weeks
- SD rats - Control Salidroside | TXNIP, pro-caspase-1, pro- IL-18, 80
Diabetic neuropathic pain (STZ - Diabetic (high-fat diet + STZ)  (phenylpropanoid) IL-18, NLRP3, caspase-1 (dorsal

induced)

- Diabetic + salidroside
(50-100 mg per kg bw)
Duration: 6 weeks

This journal is © The Royal Society of Chemistry 2023
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Experimental model Diet and dosage

Polyphenols Effect Ref.

- C57BL/6 female mice - Control

Gestational diabetes mellitus (GDM)
model

- Diabetic (high-fat high-
sucrose diet)

- Diabetic + procyanidins (PA)
(28 mg per kg bw)

- Diabetic + PA + Abs

Duration: 7 weeks

- Control

- Diabetic (high-fat diet + STZ)
- Diabetic + epigallocatechin 3-
O-gallate (40-80 mg per kg bw)
Duration: 8 weeks

- Control

- SD rats
DNM (STZ induced)

- C57BL/6] mice

NAFLD in a diabetic model (high fat - Diabetic (high-fat diet + STZ)

induced)
- Diabetic + trilobatin
(20-60 mg per kg bw)
- Diabetic + metformin
Duration: 10 weeks

- ApoE™'~ mice - Control

Diabetic atherosclerosis model (STZ - STZ control

induced)

- STZ + salvianolic acid A
(10-20 mg per kg bw)
Duration: 16 weeks

- Control

- STZ control

- C57BL/6 mice
Diabetic cardiomyopathy model (STZ
induced)
- STZ + dihydromyricetin
(250 mg per kg bw)
- Control + dihydromyricetin
Duration: 12 weeks

Procyanidins (flavanol) | Pro-IL-1f, ASC, NLRP3, caspase- 81
1, IL-1p (liver)

| IL-6, IL-7, TNF-a (serum)

| 116, 117, Tnfa (liver)

Epigallocatechin 3-O-
gallate (flavanol)

} IL-1p, TL-18, IL-6, TNF-« (kidneys) 82

Trilobatin
(dihydrochalcone)

| NLRP3, caspase-1, GSDMD, 83
N-GSDMD, IL-1 B, TL-18 (liver)
(High dose dependence)

Salvianolic acid A | ASC, NLRP3, GSDMD (aortic 84
(hydroxyccinamic acid) sinus)

Dihydromyricetin | NLRP3, IL-1p (myocardium) 85
(dihydroflavonol)

“ All mentioned preclinical experiments were performed with male animals, except when otherwise indicated. Abbreviations: ApoE~'~, apolipopro-
tein E-deficient; ASC, apoptotic speck-like protein; BMDM, primary bone marrow cells differentiated to macrophages; bw, body weight; DMHF,
diabetic model high fructose; DNM, diabetic nephropathy model; DRG, dorsal root ganglion; GDM, gestational diabetes mellitus; GSDMD; gas-
dermin D protein; HMGB1, high-mobility group box-1; HP, lectin-rich protein fraction from horsegram seeds; MyD88; myeloid differentiation
primary response-88; NAFLD, non-alcoholic fatty liver disease; NF-kB, nuclear factor kappa B; N-GSDMD, N-terminal gasdermin D protein;
NLRP3, nucleotide-binding, leucine-rich and pyrin domain-3 protein; Pycard, gene encoding for ASC; SD, Sprague Dawley rats; STZ, streptozoto-
cin; Syr, syringin; Til, tilianin; TLR4, toll-like receptor-4; TNF-a, tumor necrosis factor alfa; TXNIP, thioredoxin-interacting protein; ZDF, Zucker

diabetic fatty rats.

naling cascade - as evidenced by a decrease in the concen-
trations of its markers in different tissues — due to polyphenol
supplementation was observed. Thus, NLRP3 was decreased in
the kidneys,”>’*7”> retina,”” cardiac tissue,”®® aortic sinus®*
and dorsal root ganglion;®® ASC levels were reduced in the
kidneys,”” retina,”” and aortic sinus;®* caspase-1 in the
kidneys,”>”*”> and dorsal root ganglion;*" IL-1f or IL-18 in
serum,”” plasma,”” kidneys,”>’* retina,”” cardiac tissue’®®
and dorsal root ganglion;®*° and other cytokines in all the men-
tioned tissues. The inactive forms of caspase-1 and IL-1f3 were
also decreased in the dorsal root ganglia after polyphenol sup-
plementation.?’ In some studies, gene expression evaluation
was performed at the same time as the determination of
protein concentration, finding similar results.”>”>7”” It is also
worth mentioning that a dose-response effect was observed
for quercetin effects in a diabetic nephropathy model,”” as
well as the fact that synergistic effects were found between syr-
ingin and tilianin in a diabetic cardiomyopathy model.”®

9544 | Food Funct, 2023, 14, 9534-9553

In the other T2D models, a similar downregulation of
NLRP3 inflammasome components due to polyphenol sup-
plementation was observed. Thus, the concentrations of the
main signals of the pathway were decreased in several tissues:
TXNIP in the hypothalamus;”® NLRP3 in the hypothalamus,”?
aortic tissue,”® and liver;*""®* caspase-1 in the hypothalamus,”
aortic tissue,’® and liver;*"®* and IL-1p, IL-18 or TNF-a in the
hypothalamus,”® aortic tissue,”® serum,®' 80,81,83
macrophages.” Also, other cytokines, such as IL-6 and IL-7,
were decreased in the serum of animals in a gestational dia-
betes model.**

liver and

It should be mentioned that four of the above studies com-
pared the inhibitory effects of polyphenols with existing
NLRP3 inhibitors - allopurinol, metformin, and atorvastatin —
in a type 2 diabetes mellitus context.’® In that sense, Wang
et al,”> and Zhang et al,”” used allopurinol with Sprague
Dawley rats for a diabetic nephropathy model induced by strep-
tozotocin, and for a diabetic model induced by a high-fructose

This journal is © The Royal Society of Chemistry 2023
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diet, respectively. They used allopurinol as a positive control
group in contrast with quercetin supplementation. Their find-
ings suggest that quercetin responds in a similar way to allo-
purinol for the reduction of some protein levels like ASC,
NLRP3, caspase-1, IL-18 and IL-18 measured in the kidneys, as
well as levels of IL-1f and IL-18 found in the serum,’” and
TXNIP, caspase-1 and IL-1p measured in the hypothalamus.”?
In the same context, Lalitha et al,”” found that levels of
NLRP3 protein expression in the liver tissue of diabetic Wistar
rats, as well as gene expressions of Pycard and Casp1, and
IL-1p levels in blood plasma, were similarly modified by met-
formin and myricetin. Also, Ma et al.”® employed atorvastatin
as a control positive group in Zucker diabetic fatty rats with
atherosclerosis. Their results showed that salvianolic acid A
decreased the expression levels of NLRP3, caspase-1 and IL-1p
in the aortic tissues in a similar way to atorvastatin.

Finally, inhibition of the NLRP3 inflammasome was
accompanied by several improvements in clinical markers,
first in those ones directly related to glucose hemostasis, such
as blood glucose or insulin, hemoglobin Alc (HblAc) or
fructosamines,”>®*%* put also in markers associated with dia-
betic complications, such as blood urea nitrogen, serum creati-
nine and kidney lipid profile in the case of diabetic
nephropathy;”>”* thickness of the retina in retinopathy;”
echocardiogram parameters in cardiomyopathy;’® and paw
withdrawal threshold and paw withdrawal latency in neuro-
pathic pain.®® Overall, the downregulation of the NLRP3
inflammasome after supplementation with dietary polyphe-
nols had an adjuvant effect in the multiple disturbances
present in a T2D situation.

3.4 Non-alcoholic fatty liver disease (NAFLD)

Although NLRP3 inflammasome activation plays a key role in
all the selected cardiometabolic alterations, it plays an unequi-
vocal role in the case of NAFLD, since it has been suggested
that activation of the TLR4/NLRP3 pathway and the sub-
sequent NLRP3 priming is involved in the onset of NAFLD and
in the progression of this pathology to the characteristic fibro-
sis found in nonalcoholic steatohepatitis (NASH).®”>*® Table 4
summarizes the main findings from the seven studies®®*° that
were identified dealing with the modulation of the NLRP3
inflammasome by polyphenols regarding NAFLD. They com-
prised six preclinical studies and a clinical trial in NAFLD
patients.””> Regarding the selected animal models, one study
was performed in rats fed an HFD,®® while the other ones used
the same diet either in wild type mice,’*** in ApoE~~ mice,”*
in C57BLKS/Lepr® mice®® or in MARCKS (myristoylated
alanine-rich C-kinase substrate)-deficient mice.””> The studies
tested phenolic compounds belonging to different categories:
salisdroside (tyrosol glucoside),”® a phenylpropanoid; carnosic
acid, a phenolic terpene,”® and salvianolic acid A, a phenolic
acid;*® quercetin, a flavonol;* and nobiletin, a flavone.’* The
distribution in nature of these compounds is quite different.
Quercetin is an ubiquitous polyphenol; carnosic acid and
nobiletin are characteristic of specific foods (rosemary and
orange, respectively); and the other ones are found in some

This journal is © The Royal Society of Chemistry 2023
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medicinal plants. Also, a cranberry extract® and an anthocya-
nin-rich extract”™ were tested. The study duration in the
animal models ranged from 8 %%°>% to 24 weeks,”* while the
clinical trial lasted 12 weeks.?® Finally, the doses used in the
preclinical models ranged from 8 to 200 mg kg '.5%%*
Participants in the clinical trial received a daily dose of 320 mg
of anthocyanins.®

The effects on NLRP3 activation were mostly measured in
the liver, since it was the explored target. The results, based
either on protein levels or mRNA expression, clearly showed a
tendency for a regulation of NLRP3 inflammasome com-
ponents expression by polyphenols, at least partially restoring
the disturbances caused by an HFD. This regulation first
affected the priming step in NLRP3 inflammasome activation.
As previously explained, the canonical pathway for NLRP3
priming is the one mediated by TLRs. In this context, it was
shown that quercetin was able to revert the dysbiosis by TLR4
activation, which ultimately would have beneficial effects on
NAFLD pathology, through a gut-liver axis.”’ Similarly, the
variations observed in Tir4 gene expression after supplemen-
tation with a cranberry extract led the authors to the con-
clusion that the effects observed in several components of the
NLRP3 inflammasome were partially mediated by a regulation
of the TLR4/NLRP3 pathway.”® Also, a decrease in hepatic
TXNIP, as evidenced by mRNA expression and protein levels,
was found after diet supplementation with salvianolic acid A*°
and with salisdroside.”® TXNIP liver gene expression was also
inhibited after diet supplementation with cranberry extract.”
It should be mentioned that, although the most common
pathway to induce the TXNIP/NLRP3 complex is derived from
an ROS excess, it has been shown that this pathway may be
also independently activated in the presence of high glucose
and insulin levels. Thus, the inhibition of the pathway
observed in these NAFLD animal models has relevant impli-
cations regarding T2D, considering the interconnection
between both pathologies. Downstream in the priming
process, hepatic nuclear and cytosolic measurements of the
protein level of transcription factor p65 showed that its translo-
cation to the nucleus was inhibited after supplementation
with quercetin.”

Following the inflammasome cascade, mRNA expression of
Nrip3 was significantly decreased in hepatic tissues after sup-
plementation with cranberry extract® and the same tendency
was found with Casp1 after the same supplementation and
also after providing salidroside.”® Similarly, carnosic acid sig-
nificantly inhibited hepatic protein levels for NLRP3 °*> and
caspase-1, as well as after supplementation with salidrose.’*?
The final step in the cascade is the release of IL-1p and IL-18
from their inactive forms. Thus, hepatic levels of pro-IL-1p
were decreased after supplementation with salisdroside,”
while Il1b expression was significantly decreased after sup-
plementation with salisdroside®® and carnosic acid,”® and
protein levels were lower than in the HFD group after both
supplementations and also after providing nobiletin.’* IL-18
was significantly decreased, as measured both by gene
expression and protein levels, after carnosic acid supplemen-
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Table 4 Preclinical® and clinical studies to evaluate polyphenols as NLRP3 inflammasome modulators in an NAFLD context

Preclinical/clinical model Diet/protocol and dosage Polyphenols Effect Ref.
- Sprague Dawley rats - Control with regular diet (RD) Salvianolic acid A | TXNIP, Txnip (liver) 89
High-fat diet (HFD) induced - SD + salvianolic acid A (SA) (hydroxycinnamic acid)
obesity model (16 mg per kg bw)

- HFD

- HFD + SA (8-16 mg per kg bw)

- Duration: 8 weeks
- C57BL/6] mice - HFD Anthocyanins and | Tir4, Rela (liver) 90
HFD-induced obesity model - HFD + cranberry extract (0.8% proanthocyanidins | Nirp3, Txnip, Casp1 (liver)

w/w)

- Duration: 21 weeks

- Low-fat diet (LFD)

- LFD + quercetin (0.05% w/w)
- HFD

- HFD + quercetin (0.05% w/w)
- Duration: 16 weeks

- C57BL/6] mice
HFD-induced obesity model

Quercetin (flavonol)

| TNF-a (liver)

| TLR4, Tir4 (liver) 91
| NF-kB p65 subunit (liver)

| 1116, Tnfa (liver)

- C57BL/6] wild-type mice (WT) - Control RD (WT and MT) Carnosic acid (phenolic | NLRP3, caspase-1 (liver) 92
- MARCKS-deficient mice (MT) - HFD (WT and MT) terpene) | Il1b, 1118, Tnfa, 112, Il4, 116, 1112,
Ifng (liver)
HFD-induced obesity model - WT + HFD + carnosic acid (CA) | IL-1p, IL-18, TNF-a, IL-2, IL-4, IL-6,
(15-30 mg per kg bw) IL-12, IFN-y (serum)
- Duration: 8 weeks (No clear dose-response
relationship)
- C57BL/6] WT - Control RD (WT and db/db) Salidroside | TXNIP, pro-caspase-1, caspase-1, 93
(phenylpropanoid) pro-IL-1, IL-1 (liver db/db mice)
- C57BLKS/Lepr?® (db/db) mice - HFD (WT) | Casp1, Il1b, Tnfa (liver WT)
HFD-induced obesity model - HFD + salidroside (100 mg per | IL-1p (serum WT)
kg bw)
- db/db + salidroside (100 mg per
kg bw)
- Duration: 8 weeks
- ApoE™"~ mice - Control RD Nobiletin (flavone) | NLRP3 (low and medium dose) 94
(liver)
HFD-induced obesity model - HFD | IL-1p (low and high dose) (liver)

- HFD + nobiletin

(50-100-200 mg per kg bw)

- Duration: 24 weeks

- Control group (healthy subjects,
n=169)

- NAFLD patients + anthocyanins
1 capsule (320 mg)

- NAFLD patients + placebo

(320 mg)

- Duration: 12 weeks

- Clinical trial

Randomized, double-blind,
parallel study

NAFLD patients and healthy
subjects (25-65 years old)

Anthocyanins

| CASP1, IL1B, IL18 (PBMCs) 95

| IL-1B, IL-18 (plasma)

“ All mentioned preclinical experiments were performed with male animals. ApoE~'~, apolipoprotein E-deficient; bw, body weight; Casp1, caspase
1 gene; HFD, high-fat diet; IFN-y, interferon gamma; IL, interleukin; Leprdb (db/db), mouse with a leptin receptor mutation; LFD, low-fat diet;
MARCKS, myristoylated alanine-rich C-kinase substrate; MT, MARCKS-deficient mice; NAFLD, non-alcoholic fatty liver disease; NF-xB, nuclear
factor kappa B; NLRP3, nucleotide-binding, leucine-rich and pyrin domain-3 protein; PBMCs, peripheral blood mononuclear cells; RD, regular
diet; Rela: transcription factor NF-kB p65; SA, salvianolic acid A; TNF-a, tumor necrosis factor alfa; TLR4, toll-like receptor-4; TXNIP, thioredoxin-

interacting protein; WT, wild-type mice.

tation.®? Furthermore, downstream in the NF-xB cascade, car-
nosic acid inhibited the release of TNF-a, IL-2, IL-4, IL-6, IL-12
and interferon gamma (IFN-y) (all measured at the level of
gene expression and protein);®> quercetin decreased the mRNA
levels of Tnfa and Il6;°" and cranberry extract reduced the
protein expression of TNF-a.’® It should also be mentioned
that supplementation with the anthocyanin cyanidin 3-O-
glcuoside in an animal model of alcoholic steatohepatitis (not
fulfilling the inclusion criteria of this review, dealing with
NAFLD) also observed a significant decrease in multiple
markers of the NLRP3 cascade.”®

The clinical study® in NAFLD patients deserves a specific
comment. It was a randomized, double-blind, parallel study

9546 | Food Funct., 2023, 14, 9534-9553

where subjects (n = 37 per group) daily consumed a pill with
either the anthocyanin extract or the placebo. After verifying in
a previous case-control study that peripheral blood mono-
nuclear cells (PBMCs) were able to discriminate NAFLD
patients by measuring NLRP3 inflammasome gene expression,
thus avoiding liver biopsies, in this intervention study it was
found that the supplementation originated a significant
decrease in CASP1, IL1B, IL18, at the same time that signifi-
cantly lower plasma levels of IL-1p and IL-18 were observed.
Some of the studies tested the compounds at different
doses. The modifications in cytokine levels observed after sup-
plementation with carnosic acid were achieved in some cases
only at 30 mg kg™ and other times with both 15 and 30 mg

This journal is © The Royal Society of Chemistry 2023
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kg™", without a clear dose-response dependency.’® The study
with nobiletin found some unexpected results, such as the fact
that NLRP3 hepatic protein levels were decreased by the low
and medium dose but not by the high one, while in the case
of IL-1p low and high doses were effective and not the inter-
mediate concentration.’*

All the studies reported clinical effects besides the modifi-
cations in the NLRP3 inflammasome. They comprised
improvements in hepatic lipid deposition,®>*"#>%* insulin
sensitivity,”>°* NAFLD score,*”°*°>°* SOD (superoxide dismu-
tase) levels®”®* or MDA (malondialdehyde) concentration.®*%?
It is particularly relevant that lipid accumulation and insulin
sensitivity were improved in MARCKS-deficient mice, an
animal model of liver fibrosis,’* although in some cases con-
tradictory results were obtained, for instance regarding
obesity.””® Moreover, besides the general beneficial conse-
quences of decreasing the grade of inflammation, the effects
observed in these studies on the NLRP3 inflimmasome are
relevant for NAFLD progression itself, since IL-1p is particu-
larly involved in the pathogenesis of NAFLD and NASH.
Indeed, in comparison with wild-type animals, Nlrp3™~ or
Casp1™'~ animals were protected from feeding-induced hepato-
megaly, hepatic steatosis and liver fibrosis.”” However, in the
clinical study analyzed here, despite the already mentioned
variations in NLRP3 inflammasome components, the only bio-
chemical modification that was observed was a decrease in
liver ALT (alanine transaminase), without effects on plasma
lipid profile or glucose.”

4. Perspectives for research

Overall, the critical assessment of scientific evidence per-
formed in this review shows there is cumulative in vivo evi-
dence on the ability of dietary polyphenols to modulate the
NLRP3 inflammasome in the context of cardiometabolic
alterations, by downregulating the expression, from upstream
to downstream, of the key molecules involved in the signaling
pathway. Moreover, although the precise molecular mecha-
nisms through which polyphenols inhibit NLPR3 activation
still remain unclear, three possible mechanisms have been
proposed related to polyphenols’ action against NLRP3 acti-
vation in canonical and noncanonical inflammasome path-
ways, as follow: (1) inhibition of NF-kB priming in the priming
step, (2) inhibition of NLPR3 inflammasome assembly in the
activation step and (3) inhibition of NLPR3 inflammasome
activation through the redox state and cellular metabolism.”®
However, from the analysis of current knowledge on the topic
several considerations emerge.

First, regarding the tested, doses, a high disparity has been
observed. For instance, in the case of CVD, the differences in
the selected doses were up to 200-fold between the lowest and
the highest one, and this was up to a 500-fold difference for
studies focused on T2D. It is evident that this makes it
difficult to reach a conclusion on which polyphenol doses
would be the most effective ones. Indeed, some studies

This journal is © The Royal Society of Chemistry 2023
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reported dose-response relationships, while others found the
same effects for all the doses — this may be related to the fact
that in some studies the lowest tested doses were already high.
Moreover, this connects with the need to use doses in the
animal studies of nutritional relevance. In this sense, when
extrapolating the dose range used in the studies (about
1-250 mg per kg bw) to humans, based on the reported conver-
sions for each animal species,” they would correspond to a
daily dose for an adult person weighing 60 kg of about
2.4-2400 mg per kg bw. Taking into account that several
studies have reported a daily polyphenol intake about 1 g per
day,'®® this means that, for some of the selected polyphenols,
the dose provided would be in a nutritional range, other ones
would be equivalent to an additional supplementation and, in
some cases, the tested doses of a single polyphenol may be
risky, considering that the person’s diet would include other
dietary sources of these compounds and it is known that high
polyphenol doses may have adverse effects,'*" probably due to
a transformation into pro-oxidant entities. For instance, one of
the most studied polyphenols reported in this review was quer-
cetin used in animal models for diabetes,”>”*”” and the doses
provided were not on a nutritional scale: they would corres-
pond to a daily intake of 240-1500 mg of quercetin in an adult
person (after conversion) when, for instance, red onion, one of
the most common sources of quercetin, has a quercetin
content of 1 mg per 100 g.'°* In contrast, for punicalagin, an
ellagitannin tested in a mouse diabetic nephropathy model,”*
we found that the proposed dose could be reasonable for an
adult person (97 mg after conversion from an animal dose):
this polyphenol is present in pomegranate juice (43.6 mg per
100 g),"** so a glass of this juice (225 mL) would be enough to
reach the proposed dose. Similarly, the dose of didymin pro-
vided in a mouse model of MI/R (equivalent to 5-20 mg in an
adult person) could be achieved by consuming orange juice
(with a didymin content of 5.9 mg per 100 mL).'*?

Second, among the wide diversity of chemical entities
belonging to the polyphenol family, only a minor fraction has
been tested in the identified studies (about 40 different enti-
ties). Moreover, while some of them are ubiquitous com-
pounds present in many food sources (such as flavanols or
quercetin), other ones were very specific compounds, found
just in some plant sources (e.g., salidroside or salvianolic acid
A). Indeed, this would lead to two different approaches in the
study of polyphenols as NLRP3 inflammasome modulators.
One would be related to their potential to exert these actions
through the intake of plant-based food diets and the other
would be supplementation with specific compounds not
found in common foods. Nevertheless, the role of many
dietary polyphenols in the modulation of the NLRP3 inflam-
masome remain to be tested, as shown, for instance, by the
scarce number of phenolic acids assessed in the reviewed
in vivo studies. This led to the fact that most of the in vivo
studies evaluate a decrease of the expression for different com-
ponents of the NLRP3 inflammasome, and this could not be
directly related to effective inflammasome formation and sig-
naling. Furthermore, overall expression in complex tissues and
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organs could overlook the expression in particular cells, and it
might be that in myeloid or other relevant cells, the NLRP3
inflammasome could be activated as normal in certain cells
albeit with a general decrease of NLRP3 expression in a tissue.
Additionally, it should be considered that most of the inflam-
masome components are also necessary for the formation of
other inflaimmasomes (such as NLRP1, NLRC4, NLRP6, or
pyrin), and therefore not only NLRP3, but also other inflam-
masomes could be potentially affected by polyphenols and this
should be further investigated. Additional molecular studies
are needed to clarify the mechanism of action of polyphenols
modulating the activation (not expression) of the NLRP3 (and
other) inflammasomes. In this regard, the polyphenol punica-
lagin does not affect NLRP3 inflammasome expression or acti-
vation in vitro but interferes with pyroptosis and IL-1f
release.'® Also, the clinical benefits of polyphenol supplemen-
tation in animal models cannot be directly attributed to a
decrease in the expression of NLRP3 inflammasome com-
ponents without a formal demonstration of the activation of
the inflammasome complex and its implication in the studied
pathology.

Another relevant point is the need to further evaluate the
potential interactions (additive, antagonistic, or synergistic)
that may take place between polyphenols and dietary constitu-
ents as regards the modulation of the NLRP3 inflammasome,
since they are not consumed alone, but entrapped in a food
matrix with many other constituents. It has been mentioned
that a few studies have explored this aspect,””*® but it has
been scarcely addressed. In particular, these interactions
should be explored regarding joint intakes of probiotics and
polyphenols, since it is known that the interactions of these
compounds with microbiota is a key step for generating the
eventually bioactive metabolites,'®* including their interaction
with the NLRP3 inflammasome. Also, the accumulation of
more scientific evidence regarding polyphenols and the
NLRP3 inflimmasome will allow us to establish whether
certain polyphenols differentially modulate preferentially a
certain step of the cascade or have a stronger effect in one of
the studied cardiometabolic alterations, such a classification
cannot yet be performed.

Finally, a key aspect to be further explored is the develop-
ment of clinical trials aiming to evaluate the NLRP3 inflamma-
some, since in this review only two trials in humans were
identified. It should be noted that measurements of gene
expression in the NLRP3 signaling cascade, as well as measure-
ments of direct NLRP3 inflammasome formation, may be per-
formed in PBMCs, an approach that is much less invasive than
biopsies and provides consistent results,’”°"*® being therefore
a feasible alternative. Besides, one of the clinical trials that
was found provided the participants with polyphenols in a
capsule and another one with a very specific food, such as
wine. Future studies should test different dietary sources of
polyphenols, keeping the range of realistic doses that may be
incorporated into a habitual diet. At the same time, since it
has been suggested that polyphenol effects are achieved by a
consumption of whole polyphenol-rich diets and not so much
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by specific foods,'® such an approach should be tested, never-
theless, a clear definition of a polyphenol-rich diet has not yet
been provided.'® Also, inter-individual variability should be
explored in such studies, as a commonly described character-
istic related to polyphenol response.>” Overall, an extension of
clinical trials in participants with the most common cardiome-
tabolic alterations is needed to complete the validation of
dietary polyphenols as modulators of the NLRP3 inflamma-
some, as a molecular process eventually impacting the clinical
markers of those pathologies.

5. Conclusions

A relevant number of in vivo papers, mostly preclinical studies,
have explored the potential of dietary polyphenols for downre-
gulating the components of NLRP3 inflammasome expression,
in the context of cardiometabolic alterations (obesity, CVD,
T2D and NAFLD). In several animal models for the mentioned
conditions, a clear tendency towards a decrease in the
expression of the whole signalling pathway was observed, com-
monly showing a dose-response effect; these modifications
were concomitant with clinical improvements in the pathol-
ogies. Nevertheless, the diversity of doses used, the disparity
in the polyphenol structures tested, the lack of mechanistic
data and, particularly, the scarce clinical trials, show the need
to develop further research on the topic.
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