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The human population is aging. Thus, the greatest risk factor for numerous diseases, such as diabetes,

cancer and neurodegenerative disorders, is increasing worldwide. Age-related diseases do not typically

occur in isolation, but as a result of multi-factorial causes, which in turn require holistic approaches to

identify and decipher the mode of action of potential remedies. With the advent of C. elegans as the

primary model organism for aging, researchers now have a powerful in vivo tool for identifying and

studying agents that effect lifespan and health span. Natural products have been focal research subjects

in this respect. This review article covers key developments of the last decade (2012–2023) that have led

to the discovery of natural products with healthy aging properties in C. elegans. We (i) discuss the state

of knowledge on the effects of natural products on worm aging including methods, assays and involved

pathways; (ii) analyze the literature on natural compounds in terms of their molecular properties and the

translatability of effects on mammals; (iii) examine the literature on multi-component mixtures with

special attention to the studied organisms, extraction methods and efforts regarding the characterization

of their chemical composition and their bioactive components. (iv) We further propose to combine small

in vivo model organisms such as C. elegans and sophisticated analytical approaches (“wormomics”) to

guide the way to dissect complex natural products with anti-aging properties.
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1 Introduction
1.1. Historical development

Aging is a fundamental and fascinating process that affects all
natural organisms.1–3 For humans, aging has always been
a subject of curiosity and cultural reection and it is addressed
in religious, philosophical, and pop-culture contexts. It is
a complex multi-factorial phenomenonmanifesting as a decline
of tissue and cell functions and an increase in the risks of many
so-called age-related diseases, which include e.g., Alzheimer's
disease, Parkinson's disease, osteoporosis, osteoarthritis, type 2
diabetes, cardiovascular disease, chronic obstructive pulmo-
nary disease, and glaucoma. Over the last decades, our under-
standing of aging has changed dramatically, with a paradigm
shi from viewing it as a passive, entropic process to an actively
Nat. Prod. Rep., 2023, 40, 1849–1873 | 1849
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regulated process inuenced by a combination of hereditary,
environmental, and lifestyle factors,4 which occur despite
complex pathways of maintenance and repair.5

Hereby, invertebrate model organisms such as the rhabditid
nematode Caenorhabditis elegans (C. elegans) have paved the
way to effectively study the phenomenon of aging and its
pathways.6,7 In the 1980s and early 1990s, research on C. elegans
provided some remarkable results. It was discovered that
mutations in highly conserved ancient genes such as the daf-2
or age-1 cause a doubling of life span depending on daf-16.8,9

There is strong evidence that the mammal orthologues of these
genes, the insulin/insulin-like growth factor receptor,
phosphatidylinositol-3-OH kinase and FOXO3 genes also
contribute (negatively and positively) to mammal longevity.10–13

These early studies furthered the understanding of genes
involved in the regulation of aging and revealed that the func-
tion of these gene products, hence aging, is open to interven-
tions.6,14 Today we have identied several drugs that can
increase mammal life span signicantly.15–18 Although it is still
Benjamin Kirchweger is a post-
doctoral researcher at the Divi-
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Sciences at the University of
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1850 | Nat. Prod. Rep., 2023, 40, 1849–1873
unclear how these approaches translate to humans,19 there is
growing consensus that aging and late life multi-morbidity
might be open to pharmaceutical intervention. That would
provide the opportunity for holistic rather than individual
intervention to combat the inevitable effects of aging like
cancer, neurodegeneration, cerebral and cardiovascular
diseases, blindness, sarcopenia and wrinkles – a regulatory
pathway that gets these jobs done, all at once.
1.2. From lifespan to health span

For most of human history, human lifespan stagnated at
around 20 to 40 years. Only recently with improvements in
medicine, agriculture, sanitation and general living condi-
tions life expectancy has been boosted to over 70 years.20,21

However, the proportion of life spent in good health has not
increased to the same extent, meaning that more and more
years are spent in poor health.22,23 Hence, multimorbidity and
polypharmacy is the norm in old age.24 Thus, the question
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arises as to whether potential life-prolonging therapy will only
extend life, or will also compress morbidity? Interestingly,
slowing aging does not necessarily mean reducing morbidity
caused by age-related diseases such as cancer, cardiovascular
disease, or Alzheimer's disease. Instead, research shows that
mutations which extend lifespan can also come with an
increased proportion of total life time spent healthy.25–28

However, there are also mutations where increased lifespan
simply translates to an extended period of frailty.29 In 2013,
Rattan proposed using the term “healthy aging” instead of
“anti-aging” to shi the understanding of the aging process as
an evolving phenotype due to the failure of homeodynamics.5

According to the World Health Organization (WHO), the term
“healthy aging” is dened “as the process of developing and
maintaining the functional ability that enables well-being in
older age” rather than just the absence of a disease.30 The
emerging eld of geroscience is an interdisciplinary research
area striving to understand the connection between aging and
age-related diseases.23,31–33 The goal of geroscience is not to
increase life span, but to understand the biology of aging in
order to delay diseases and improve health span. In 2013,
a conceptual framework of aging was established whereby
nine common hallmarks of aging were dened.34 Hereby
primary hallmarks develop progressively with time. They
comprise genomic instability, epigenetic alterations, telomere
attrition and loss of proteostasis. Secondary hallmarks, which
include mitochondrial dysfunction, deregulated nutrient-
sensing and cellular senescence, evolve as a result. Together
with tertiary hallmarks of altered cell communication and
reduced stem cell turnover they produce the aged phenotype. A
geroscientic hypothesis is that targeting the hallmarks of
aging holistically would be an effective approach to delay the
pathogenesis of age-related diseases.35,36 Thus, the early
prevention of the onset of age-related diseases is considered as
ideal approach for extending the health span and achieving
healthy aging.37 However, the framework of nine hallmarks of
aging has been challenged in the last ten years.38,39 Despite
much progress, many challenges remain in formulating an
enhanced paradigm of aging.40

Yet, it has been shown that the rate of aging, at least in part,
can be delayed in mammalian model organisms by genetic,
behavioural and also pharmacological means,15–18,41–45 and
when aging is delayed, the rate of age-related diseases and
conditions will also slow down.46 Since aging is associated with
a progressive deterioration of multiple organs, tissues and
physiological functions, the usefulness of multicellular organ-
isms for testing is undeniable in the search for aging-
modulators. However, there are considerable and pervasive
experimental challenges to studying aging in vertebrates and
humans. This is especially true for natural products (NPs)
including botanicals, because the challenges of sufficient and
well-dened material are added. Short-lived animal models that
are both, amenable to experimentation andminiaturization, are
essential in aging research and provide meaningful guides to
the biology of aging in humans.47 Thus, the most-used experi-
mental model organisms for screening the impact of NPs on
This journal is © The Royal Society of Chemistry 2023
their age and health span extending properties are small
invertebrates such as Drosophila melanogaster and C. elegans.
1.3. Current status

NPs are a recognized source of bioactive molecules. They
contributed signicantly to the arsenal of approved drugs.48 Iso-
lated NPs and their derivatives, such as rapamycin, resveratrol,
and metformin, are probably among the most studied and pre-
clinically advanced interventions against aging and age-related
diseases. Botanicals and multi-component mixtures have also
been studied early on49 in the context of dietetics.50,51 The inter-
face of healthy aging, C. elegans and NPs has grown immensely
since then. A recent analysis of Saul and coworkers52 analysed
C. elegans health span literature: according to their analysis, out
of the 42 most studied samples in different aging phenotypes, 27
are natural compounds, 12 are extracts; only three samples are
not from natural origin. Looking at the 34 most studied agents in
test conditions (number of concentrations, temperatures, expo-
sure timings, food and strains), 17 are natural compounds, 12 are
extracts, three are NP derivatives (e.g., acetylsalicylic acid) and
only two have no natural origin. This dominance of NPs in health
span research is supposed to have manifold reasons, such as (i)
their increased likelihood for bioactivity;53,54 (ii) the many
advantages of C. elegans, especially for NP research;55 (iii) the
contradicted but popular free radical theory of aging has led
many scientists to focus on antioxidants, such as polyphenols,
which are widely found in nature;56–58 (iv) dietary interventions as
a primary target for healthy aging and in case of botanicals only
a blurry distinction between dietary and pharmacological inter-
vention; (v) traditional knowledge on herbal remedies for symp-
toms related to healthy aging. (vi) Additionally, some NPs have
been subject of anti-aging research through mammal models
before the use of C. elegans became the premier model organism
in this eld;59 (vii) according to the xenohormesis theory, natu-
rally occurringmetabolites, such as plant polyphenolsmight have
an evolutionary role as signals to stimulate protective pathways in
organisms consuming them.60 Hence their dominance in the
eld stems from the high likelihood to have health span
promoting effects due to a speculated evolutionary imprint.

The last decade has witnessed tremendous increase in
research activities dealing with C. elegans used to search for anti-
aging NP panaceas. The main aspects have been surveyed in the
last ten years providing different perspectives on this research
eld, e.g.,: in 2013, Argyropoulou and colleagues61 gave a profound
overview on natural compounds with anti-aging activities derived
from phenotypic studies; Pallauf et al. 2017 (ref. 62) reviewed the
lifespan-extending effects of avonoids in different model
organisms; Ding et al. 2017 (ref. 63) summarized treatments with
reported activity in aging models; Matsunami, 2018 (ref. 64)
reviewed literature on C. elegans as model for frailty. Chatto-
padhyay and Thirumurugan 2018,65 who reviewed 18 dietary and
medicinal plants, and Wang et al. 2021,66 who focused on 23
plants from traditional Chinese medicine, both analyzed the
longevity promoting effects of plant genera. Several reviews on the
longevity promoting effect of natural compounds were also pub-
lished.67,68 NPs active against transgenic C. elegans models of
Nat. Prod. Rep., 2023, 40, 1849–1873 | 1851
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Alzheimer's disease were surveyed by Navarro-Hortal et al.69 Shen
and coworkers70,71 reviewed the use of C. elegans as a model for
researching bioactive compounds in food against aging, obesity
and Alzheimer's disease. A review on the oxidative and anti-
oxidative potential of NP in C. elegans was also published
recently.72 In 2021, Saul et al.52 presented the “healthy worm
database” and analyzed literature on health span promoting
treatments, including extracts, in C. elegans. These reviews have
summarized the outcome of hundreds of research initiatives
dedicated to the identication of anti-aging NPs samples by
means of C. elegans.
1.4. Scope of this review

A very important research question in pharmacognosy still
remains on how to cope with the phenotypic effects from multi-
component mixtures and to identify which molecules trigger
those observed bioactivities. It is also imperative to understand
how well a read-out from a whole organism, such as C. elegans
wild type or mutant strains, can accelerate the search for efficient
(herbal) drugs for the benet for human health in particular with
respect to an ever-increasing number of elderly people. The
essentials of health span research in C. elegans, which includes
worm biology, methods, and assays, were reviewed. In addition,
a representative number of studies (169) on NPs research in
C. elegans from 2012 onwards, were analyzed with special
emphasis on the phytochemical aspects of extracts. This review
presents past and present approaches for the discovery of anti-
aging NPs implemented in pharmacognostic workows as well
as novel strategies to dissect complex outcomes.
2. Caenorhabditis elegans and
healthy aging

C. elegans, a basal metazoan organism, offers several advantages
as model organism for life sciences. Its use has contributed
signicantly to many important discoveries. Three of them were
honored with noble prizes:73 (i) the discovery of the genetic
regulation of organ development and programmed cell death; (ii)
the discovery of RNA interference and gene silencing with double-
stranded RNA; and (iii) the development of green uorescent
protein as marker for gene expression. C. elegans is also an
invaluable model organism especially in the eld of health span
research and for NP screens. Their small size allows for minia-
turized high-throughput procedures at the scale of conventional
cell culture methods,74 which offers considerable advantages in
terms of resources and the necessary quantities of test
substances.75 Large populations of genetically identical animals
of synchronized age can be cultured andmaintained easily within
short time frames and with relatively simple procedures.76 The
worm has a rapid life cycle of two to three weeks under standard
laboratory conditions and a completely sequenced and well-
annotated genome with many well-established resources and
protocols available.77,78 The nematode undergoes progressive,
degenerative changes while aging, thus providing physiologically
relevant data and insights into the underlying mechanism of
human diseases.79 Half of the human protein-coding genes have
1852 | Nat. Prod. Rep., 2023, 40, 1849–1873
recognizable orthologues in C. elegans.80 Thus, the nematodes
have the potential to bridge the gap between in vivo and in vitro
approaches in the context of a whole-animal setting,81,82 and have
become a popular animal model in aging research.83 Moreover,
an invertebrate model comes with certain advantages with
respect to legal, regulatory and ethical issues.84,85

This chapter briey outlines main characteristics of
C. elegans biology and anatomy, its use in aging research
(Table 1), and pathways and genes known to affect its lifespan
and health span (Table 2).

2.1. Biology

C. elegans is a soil dwelling non-parasitic nematode which feeds
on bacteria and yeasts found in its natural habitat of compost
heaps, rotting fruits and plants.86,87 In these microorganism-rich
environments it interacts with a diversity of microorganisms and
they not only serve as food but also as commensals. In the lab it is
usually maintained on agar plates with axenic uracil auxotroph
Escherichia coli as bacterial diet. Under these conditions, 99.9%
of C. elegans are self-fertilizing hermaphrodites which can each
produce more than 250 eggs.88 The eggs are protected by a resil-
ient shell, which allows them to resist even very adverse envi-
ronments. Aer hatching, the life cycle of C. elegans consists of
four larval stages L1 to L4. The end of each larval stage is char-
acterized by a molt, until the reproductive adult stage is reached.
In the absence of food, worms can arrest in L1 stage and survive
for several days, or, if they have already reached the L2 stage,
enter the dauer stage at which point they worms can survive for
several months.89 For longer periods of time, larvae can even be
stored in a cryogenically frozen state at −80 °C.76,90 Thus, large
numbers of strains can be easily maintained. To generate an age-
synchronized culture for lifespan experiments, worm cultures are
bleached with an alkaline hypochlorite solution, whereby worms
are sensitive to the bleach and disintegrate while the egg shell
protects the embryos fromdeath. The eggs are then agitated until
they hatch, while in the absence of food they arrest at
a synchronized L1 stage.91 Protocols that make use of lters to
isolate eggs have also been described.92

2.2. Anatomy

C. elegans (Fig. 1) is an unsegmented pseudocoelomate and lacks
respiratory and circulatory systems. It is enveloped in a cuticle,
a collagenous, extracellular, exoskeleton that shields the animal
from its environment andmaintains themorphology and integrity
of the worm.93 The cuticle is synthesized by a hypodermal cell layer
and plays a critical role in bodymovement because it is attached to
muscles.94 The worm's mouth is at the anterior of its body. It is
a small opening with a cavity that is separated from the intestinal
lumen by the pharynx, a neuromuscular pump and one of the
most complex organs of the worm. The pharynx is comprised of
eight muscle cells, 20 neurons, and epithelial, support, and gland
cells.95,96 The rhythmic contraction of pharyngealmuscles, referred
to as pumping, sucks bacteria into the mouth of the worm,
mechanically grinds them and transports the food into the
intestinal lumen. The pumping rate is dependent on food avail-
ability, worm age and can be altered by compounds that modulate
This journal is © The Royal Society of Chemistry 2023
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e.g., serotonin signaling.97 The intestine consists of 20 cells and
has various functions apart from digestion and nutrient absorp-
tion including nutrient storage and synthesis of macromolecules
and yolk. Yolk particles are lipoproteins, which are packaged into
oocytes in fertile worms. Four enteric muscles located at the
posterior of the intestine and body work for defecation.98 The
gonad of the hermaphrodites is an ovotestis that produces sperm
in the L4 stage and oocytes in the adult stage. As a result, the worm
produces up to 300 progenies by self-fertilization within a few
days, a process that involves self-destructive biomass repurpos-
ing.99 Noteworthy features of the worm's anatomy are also six
macrophage-like scavenger cells, the coelomocytes,100 and 95 body
wall muscle cells.101 For the worms' 302 neurons a complete map
of synaptic connections, the connectome, is available.
2.3. C. elegans assays related to healthy aging

The aged phenotype of C. elegans develops dynamically over time
until death. Many age-related changes on the molecular and
tissue level become apparent at the level of the whole organism
and can be easily assayed e.g., via behavioral phenotypes and
morphological markers. These changes start from the rst day of
adulthood. Already at day 2 of adulthood learning and long-term
memory worsens.102 Around day 4 of adulthood the hermaphro-
dite enters the post reproductive period and yolk lipoproteins start
to accumulate ectopically in the body cavity.103,104 This is accom-
panied by gradual intestinal atrophy and an increase of auto-
uorescent pigments which represent probably advanced
glycation end products.105 The two posterior V5-derived (PVD)
neurons for sensation of mechanical stimuli and cold tempera-
tures degenerate.106,107 At day 7 of adulthood, sarcopenia is
apparent histologically by a progressive disorganization of sar-
comers,108 and behaviorally by a reduced motor activity. The latter
one is also caused by stiffening and thickening of the cuticle
caused by an unregulated collagen biosynthesis.108 Pharyngeal
pumping also slows gradually due to an aging-related decline of
pharyngeal muscles and other pathologic changes. While young
adult worms have a pumping rate of more than 200 pumps per
minute, old adults achieve less than 50 pumps per minute.109,110

Since the duration of contractions is extended, the grinder fails to
break down the bacterial food. Hence, living bacteria increasingly
colonize the intestinal lumen causing it to bloat.111,112 Whether
and how this dysbiosis subsides with a more natural bacterial
culture and a functional microbiome, however, still needs to be
investigated. Around day 10, the body motions become sporadic.
Their response to stimuli like plate shaking, light or touching
decreases. Overall, old adults shorten and get thicker around the
midbody area and their bodies begin to wrinkle, an indicator of
physical deterioration.108,113 Death in C. elegans is usually assessed
as non-response to harsh stimuli. A wave of necrotic cell death in
the intestine and a burst of intense blue “death” uorescence are
reliable indicators of organismal death.112,114 The wormatlas has
reviewed the aging of the worm and provides very good gures
and video sequences that are available to the scientic commu-
nity.115 To assess NPs-based biological effects in C. elegans, the
following pharmacological endpoints can be determined by
means of (i) survival (lifespan and lethality), (ii) behavioral
This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3np00021d


Table 2 Most relevant C. elegans genes involved in health span promoting effects in C. elegans

Gene Inuence Human orthologue Role Signicance Exemplary NPs

skn-1 [ [ NRF2 Transcription factor skn-1 mutants show
decreased resistance to
oxidative stress and
shortened lifespan220

Urolithin A,140

curcumin,214 baicalein,222

withanolide A,223

ginsenosides;132 extracts of
Lycium barbarum,224,225

Hibiscus sabdariffa,226

Crataegus pinnatida,227

Apios americana,228

Vaccinium corymbosum,229

Anacardium occidentale230

and the essential oil of
Juniperus communis231

Cellular regulator of
oxidative stress
response

skn-1 transgenic strains
with constitutive nuclear
localization exhibit
increased oxidative stress
resistance, improved health
span parameters and mean
lifespan is extended by
5–21% (ref. 221)

hsf-1 [ [ HSF1 Transcription factor hsf-1 overexpression
promotes longevity and
delays age-related protein
misfolding and
proteotoxicity232,233

Trigonelline,212 caffeine;234

extracts of Cratoxylum
formosum,187 Coffea
arabica,234 Lonicera
japonica158 and Vicatia
thibetica235

Protects against age-
related proteotoxicity

daf-2 Y Y Y Insulin/insulin-like
growth factor
receptor (IR/IGF-1R)

Transmembrane
tyrosine kinase receptor

Loss of function mutations
in the insulin/insulin-like
growth factor signaling
(IIS) pathway extend
lifespan two-fold8,236

Orientin202 and
naringin;200 extracts of
Rubus idaeus,237 Ribes
fasciculatum,238 Hedyotis
diffusa192 andMorus alba239

Various functions in
metabolism, growth,
and reproduction

age-1 Y Y Y Phosphoinositide-3-
kinase (PI3K)

Kinase downstream to
daf-2

daf-16 [ [ [ FOXO Transcription factor daf-16 is required for
increased life span and
enhanced resistance to
stress when the IIS pathway
is downregulated240,241

Indicaxanthin,120

geniposide,127 4-hydroxy-E-
globularinin,242

hydroxytyrosol,218,243

epigallocatechin
gallate,230,244–249

avonoids149 and
silymarin;211 extracts of
Rhodiola sp.,131 Eugenia
uniora,250 Warburgia
salutaris248 and Punica
granatum251

Various functions in
metabolism, cell
proliferation and stress
resistance

sir-2.1 [ [ SIRT1 NAD+-dependent
protein; senses cellular
NAD+/NADH levels to
regulate transcription,
genome stability and
many metabolic
processes252

Required for life span
extension by caloric
restriction; sirtuin
overexpression increases
longevity by up to 50%253

Stilbenes,148,195

pentagalloylglucose;190

extracts of Vaccinum
uliginosum254 and Camellia
sinensis255,256

let-363 [ TOR Part of TORC1 and
TORC2 kinase
complexes; nutrient
and energy sensor,
tunes protein synthesis
and autophagy

Adulthood knockdown of
TORC1 pathway genes
extends lifespan ∼25% and
enhances health span
parameters such as
motility, stress resistance
and pharyngeal
pumping257

Rapamycin257 and extracts
of Vigna radiata133 and
Ganoderma lucidum258

aak-1/aak-
2

[ AMPK Kinase; cellular sensor
of energy levels, tunes
cellular catabolic and
anabolic processes

Couples lifespan to
information about
environmental stressors,
energy levels and daf-2
signaling259 mediates
lifespan extension through
dietary restriction259–261

Trigonelline212 and
orientin;202 extracts of
Vigna radiata133

This journal is © The Royal Society of Chemistry 2023 Nat. Prod. Rep., 2023, 40, 1849–1873 | 1855
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Fig. 1 Brightfield image of adult hermaphrodite C. elegans with scale
and visible organs.
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changes (pharyngeal pumping and locomotor activity), (iii)
histological parameters (autouorescence, muscle ber organi-
zation), (iv) reproduction (morphologic deformity, brood size and
larval development), (v) resistance to stressors (heat or reactive
oxygen species (ROS)), (vi) biochemical markers, e.g., measuring
ROS levels, or (vii) gene/protein expression and cellular localiza-
tion. Noteworthy assessments are also (viii) proteotoxicity assays
that model amyloid beta, a-synuclein or polyglutamine toxicity
(Table 1).72,116

(i) Survival assays. Lifespan assays are probably the most direct
method to determine the effect of test samples on aging. Hereby,
cohorts of worms from the same synchronized populations are
created by separating them into different wells or different petri
dishes. Then they are challenged by interventions such as
different diets, compound treatments, or double-strand RNA
(dsRNA). Living and dead worms are counted at specied intervals
(e.g., every day, every second day). Usually, Kaplan–Meier survival
plots are generated to illustrate the percentages of live worms in
the cohorts over time, and the data are statistically analyzed.117

These assays can be performed either on solid agar or in liquid
media. Both come with advantages and limitations reviewed
elsewhere.117,118 Manual counting in these conventional lifespan
assays is time-consuming and tedious and it comes with several
limitations such as researcher-oriented bias and the exposure of
worms repeatedly to light, heat or mechanical stresses. That is
why more and more approaches to automate lifespan assays have
been developed. The lifespan machine automatically captures
sequential images of worm populations on agar plates. It deter-
mines death events when worms stop crawling for long periods of
time with image processing soware.119,120 Other methods employ
ow cells where fresh media, food and interventions enter, while
eggs, metabolites and debris exit the ow cell. Digital video
recording allows for continuous observation.121 Beside death
events, health span parameters like locomotion, morphology and
behaviour can be assayed.122 Of course, this comes at the expense
of high technical requirements and a decreased throughput
compared to microwell-based approaches.

(ii) Behavioural assays. Maintaining mobility and physical
tness is an important indicator of healthy aging. In C. elegans it is
also an important predictor of lifespan.110,123,124 The worm's loco-
motion gradually declines with age and is therefore a straight-
forward health span marker. The rate of body movement can be
accessed with markers such as maximum bending amplitude,
crawling speed on agar,125–127 number of body bends during xed
1856 | Nat. Prod. Rep., 2023, 40, 1849–1873
intervals of time or bending angle.128 The locomotion of worms can
also be measured at the cohort level.129–131 In this case, cohorts of
worms are generated and treated with samples, similar to life span
studies. Then the nature of the worms' movements on successive
days is examined, dividing the worms intomotility classes as in the
most unbiased way as possible e.g., healthy class worms that
exhibit symmetrical and spontaneous movements, aged class
worms that exhibit uncoordinated, stiffmovements, and very aged
class worms that move only the tail or head in response to stimuli.
In this way it can be shown how a treatment slows down the age-
dependent motility decline.132,133 However, the classication of
worms is prone to researchers' bias and body movements are
noisy, because behavioural states are episodic. Food and neuro-
modulators like exogenous 5-HT can substantially inhibit move-
ments without necessarily affecting aging.124,134–136 A further
measure of aging in C. elegans is the amplitude of pharyngeal
pumping.137 Hereby, pharyngeal contractions are counted during
xed intervals of time. As the pumping rate can have irregular
rhythms, e.g., showing pumping bursts,97 it is necessary to count
pumping of worms several times and calculate the mean pumping
rate.136 Technical requirements are low, a routine stereomicro-
scope and a hand counter is all that is needed.96 However, the
repeated measurements of pumping are cumbersome and prone
to researcher bias. There are also methods to automate this
measurement with image analysis of consecutive image frames138

or by recording electropharyngeograms with electrodes.139

(iii) Histological parameters. A histological marker of health
span is the intensity of intestinal autouorescence. Red channel
uorescence correlates well with the worm's remaining days of
life, and is therefore a good marker of health.105 Although not as
frequently employed, muscle bre organization is also a good
surrogate parameter of health in aged worms. It can be assayed
with transgene strains showing GFP-marked myosin (e.g., strain
RW1596).108,140,141

(iv) Reproduction. Another frequently employed health span
assay is the measurement of the reproductive period. In the L4
stage, the worms produce around 300 sperm cells. With the
advent of adulthood, they switch to the production of oocytes
which are continuously fertilized with sperm. When everything
runs smoothly the worm can produce up to 300 progenies. The
ability to produce eggs for a longer time period is sometimes
regarded as health parameter but it is largely regulated inde-
pendently of other health parameters and has a poor corre-
spondence with lifespan.110 Nevertheless, it is useful to probe if
health span is achieved via suppression of reproduction.142,143

(v) Resistance to stressors. As most health span prolonging
pathways also promote resistance to various abiotic factors like
ROS generating chemicals, ultraviolet radiation or heat stress,
assays that test for such properties are frequently used as
surrogates to identify new health-promoting genes and
agents.144–147 This stress resistance is oen measured by
exposing worms to elevated temperatures (e.g., 35 °C) or a ROS
generating chemical (e.g., juglone, paraquat or peroxide) and
comparing the survival of treated and untreated worms. This is
also performed semi-automatically in plate-reader format using
the Sytox®Green reagent which can only penetrate necrotic cells
where it leads to a strong increase of uorescence. Thus, SYTOX
This journal is © The Royal Society of Chemistry 2023
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uorescence is positively correlated to worm mortality rate and
negatively related to their stress resistance.148,149

(vi) Biochemical markers. 2′,7′-dichlorodihydrouorescein
(DCF) is a small-molecule uorescent probe which is frequently
used to assess intracellular ROS inC. elegans. Upon cellular uptake
DCF is oxidized by ROS to the uorescent product 2′,7′-dichloro-
uorescein. Thus, DCF uorescence serves as an indicator of the
accumulation of oxidative damage in worms, which is associated
with senescence.150However, this oxidative stress theory of aging is
increasingly challenged.151,152 In addition, most hits of these DCF
assays are not followed up in detail and the documentation of the
experimental protocol is sometimes inadequate. This is critical
because the measurement of ROS and oxidative damage in
general, and in particular with DCF, can be prone to many inter-
ferences and problems as summarized recently.153

(vii) Protein expression and cellular localization. For a more
mechanistic insight into health span promotion by treatments,
western blot analysis, quantitative PCR or MS-based proteomics
are used.83,154,155 The expression of several gene products which are
associated with an improved health span e.g., detoxication factors
such as heat shock proteins, metallothioneins and super-
oxiddismutase, can be monitored by transgene worms carrying
GFP-reporters.156–159 Noteworthy are also strains carrying GFP
fusion proteins with pro-longevity transcription factors such as daf-
16 and skn-1 where a translocation to the nucleus can be moni-
tored in response to treatments with uorescence microcopy.160
2.4. NPs in C. elegans-based drug screening

Treatment with test agents in C. elegans can be achieved by
several methods which vary between studies. When worms are
tested in a liquid buffer, test samples can be added to the
medium in a given concentration similar to cell culture.
However, C. elegans cultures on agar plates require mixing into
or the spreading of the samples onto the agar. An alternative is
to supplement the agents to the worm's food, the bacteria. The
concentrations of test substance used and the concentrations
achieved in the worm can oen differ by several orders of
magnitude. The agents can be absorbed by diffusion through
the cuticle, the uptake via sensory cilia of neurons or through
ingestion of bacteria which have taken up the samples. The
latter approach is the most relevant for most drug-like mole-
cules.161 This comes with some caveats as the living uracil-
auxotroph E. coli has a considerable potential to metabolize
test agents.162,163 The alternative of feeding inactivated bacteria,
proposed by some researchers,163 signicantly impairs worm
development.164,165 However, C. elegans also has a remarkable
xenobiotic defense system with many xenobiotic detoxication
enzymes and efflux pumps.166,167 It should therefore come as no
surprise that drug concentrations several magnitudes higher
than can be achieved in human plasma are used. Burns and
colleagues reported that only 2% of bioactive compounds can
produce a robust phenotype at a concentration of 25 mM.168

However, certain NP classes such as avonoids show good
bioavailability.149 Therefore, it is necessary to consider appro-
priate carrier concentrations, solubility and properties of test
extracts and compounds, to prevent precipitation. We and other
This journal is © The Royal Society of Chemistry 2023
groups have observed that DMSO concentrations up to 1% do
not lead to signicant changes of lifespan,75,169 although it is
clear that high DMSO concentrations have impact regulatory
pathways, physiologic rates and drug bioavailability.170

Drug delivery, dosage, and time of administration also have
major effects and may also be a major cause for contradictory
results in the literature. Just to name two examples: for instance,
when resveratrol is added to worms at L1 stage, it extends
lifespan.190–192 However, if resveratrol is added later in life at L4 or
adult stage, it is reported to have highly variable outcomes with
either a signicant lifespan extension or not.148,193–196 Another
example is naphtazarin treatment, which in concentrations of up
to 500 mM causes a lifespan extending effect on solid media,197

while in liquid culture it exerts a potent nematotoxic effect already
at 79 mM.198 This controversial effect may be due to a greater
uptake of compounds in liquid culture as it is reported for
resveratrol and uoxuridine.161 “Sola dosis facit venenum” – the
dose makes the poison. This maxim attributed to Paracelsus
applies very well to C. elegans lifespan modulation. Low doses of
toxins can sometimes have benecial effects on lifespan through
not fully understood mechanisms which may include the upre-
gulation of stress response pathways. This was shown for naph-
toquinones197 and arsenite,199 nor can the increase in lifespan be
expected to be linear or exponential with the dose of supposedly
non-toxic compounds. For most compounds inverted U-shaped
dose response curves with highest effects at medium doses were
shown for e.g., naringin,200 withanolide A,201 orientin202 and
quercetin.203 This non-linear dose–response poses a problem both
for classical bioassay-guided fractionation but also for statistical
correlations where active ingredients are identied based on the
correlation of bioactivity and compound concentration.

Attentiveness is also warranted in the interpretation of results:
C. elegans health span is highly sensitive to environmental vari-
ables like temperature, light, solid or liquid culture and compo-
sition of media. While these variables can be minimized with
specialized equipment and handling, other parameters like
standardization of the bacterial food source are more complex.
Therefore, two-tiered cell banking systems, ODmeasurements for
optimal harvesting points as well as precise harvesting and
storage protocols need to be implemented to reduce variations.
However, variation in adult survival of synchronized worms even
in the same well can still be substantially different. Age-related
pathologies appear to occur stochastically, and so do the result-
ing deaths.108 According to the disposable soma theory the post-
reproductive survival is not under evolutionary pressure. It is
therefore more likely to vary. A high number of technical repli-
cates and several parallel and independent experiments are
necessary to conrm and quantitate lifespan increase.
2.5. Pharmacological dissection

Amajor advantage of C. elegans is that aer identication of health
span promoting compounds, the deconvolution of required path-
ways and targets is feasible. Several pathways have been discovered
that mediate the life-prolonging effects of NPs. The best studied is
probably the insulin and insulin-like growth factor-1 (IIS) pathway
with the tyrosine kinase receptor daf-2 and the downstream
Nat. Prod. Rep., 2023, 40, 1849–1873 | 1857
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phosphoinositide- 3-kinase age-1. When activated, this pathway
inhibits the transcription factor daf-16 and thus the expression of
downstream genes involved in longevity. Knockdown of daf-2 and
age-1 genes can prolong lifespan up to two times. There are other
pathways frequently named in mediating lifespan prolonging
activities of NPs. The putatively best studied ones are summarized
in Table 2. NPs with a well demonstrated inuence on such
pathways have also shown to impact healthy aging in other model
organisms and mammals e.g., the urolithins.140

The worms' simplicity and amenability to sophisticated, yet
convenient, genetic techniques is a big advantage.204 There are long
established genetic tools and resources available.78,79,205–208 The
screening of nonsense and missense mutant strains, which are
easily available (e.g., from the Caenorhabditis Genetics Center)207

can foster the deconvolution of gene products that are required for
life span extension.209 In this way, a plethora of NPs, including
emodin, trigonelline, naringin, silymarin avanolignans and
hibiscus extract, have been shown to extend health span in a daf-16
-dependent manner.200,202,210–212 Other NPs like acetyl-
phenethylamine and ginsenosides require (also) the function of
sir-2.1 or skn-1,132,213,214whereas orientin and urolithin A require aak-
2.140,202 Another possibility is to employ RNA interference which can
be achieved by feeding bacteria expressing gene-specic dsRNA. It
allows for knockdown in adults to avoid development defects (e.g.,
in daf-2 mutant). With specic promoters, tissue-specic RNA
silencing is possible.215,216 The worms' transparent body allows for
researchers to visualize and quantify molecular and cellular
processes like the expression, localization and activity of proteins.217

A frequently employed approach is to use transgeneworms carrying
uorescent protein tagged transcription factors to test for nuclear
translocation in response to treatment.218 In this case daf-16::gfp
(e.g., strain TJ356) and skn-1::gfp (e.g. strain LD001) are useful to
prove an involvement of these pathways. Also transgene worms
expressing hsp-16.2::gfp, sod-3::gfp and gst-7::gfp are employed to test
the induction of these antioxidant enzymes and stress reporters.219

Gene expression levels can also be determined via western blot but
larger populations (up to 1000 worms) or on RNA level via quanti-
tative real-time polymerase chain reaction.175 A shortcoming of
these techniques is that there is no smoking gun in the sense of
a discovered specic drug – target binding event. Since that event is
causative for the modulation of protein function and the disorga-
nization of a pathway, it results in lifespan extension. This knowl-
edge could foster linking chemo-structural details to health span
promoting phenomena at the organism level, which is valuable to
structurally optimize compounds towards improved efficacy.
Fig. 2 Structural classes of NPs investigated in C. elegans for their
health span promoting effects.
3. Natural compounds with anti-
aging effects in C. elegans

A variety of natural compounds from almost all structural classes
have been investigated in the past ten years for their effects on
aging in C. elegans. They are presented in ESI Tables ESI1–14†
and are grouped into structural classes without making a claim to
completeness. Additionally, Tables ESI1–14† provide information
on the experiments, their parameters (e.g., dose, strain) in
C. elegans, the ndings of the respective studies and the report of
1858 | Nat. Prod. Rep., 2023, 40, 1849–1873
signalling pathways or genes involved in the observed mecha-
nism.We have gathered data from 160 compounds reported in 85
representative studies that show healthy aging effects in
C. elegans. The most researched compounds were epi-
gallocatechin gallate (1, thirty experiments), resveratrol (3,
seventeen experiments), withanolide A (2, fourteen experiments),
hydroxytyrosol (4, fourteen experiments), cannabidiol (5, eleven
experiments), quercetin (6, ten experiments), tyrosol (7, ten
experiments) and 4-hydroxybenzoic acid (8, ten experiments).

A continued focus on structural classes with phenolic structures
were observed (Fig. 2) with 92 out of 166 compounds being
phenols. Most of these compounds can be ascribed to the
compound classes of avonoids (fourty compounds),
This journal is © The Royal Society of Chemistry 2023
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hydroxycinnamates (eleven compounds), tannins (thirteen
compounds), and stilbenes (seven compounds). This focus can be
attributed to the fact that dietary polyphenols, e.g., from olives, tea,
fruits, herbal teas and vegetables have long been suspected of
preventing aging associated diseases.

It is also striking that almost one in four compounds were
glycosides (thirty-nine compounds) with saponins, iridoids and
avonoids as frequent scaffolds. This is interesting because
glycosylated NPs are usually not in the focus of interest for drug
discovery projects,219 due to their poor bioavailability in humans
caused mainly by hydrolysis by the intestinal ora.262 Whether
there is a similar metabolism in the C. elegans – OP50 model
remains elusive. Only two studies had looked into the fate of
glycosylated NPs during incubation with bacteria.263,264 It would
be interesting to determine which metabolites actually arrive in
the worm and cause the observed effects.

However, there are also reports on healthy aging promoting
terpenes, alkaloids, betalains, diarylheptanoids, anthraquinones
and non-proteinogenic amino acids (Fig. 2). A considerable part of
the collection was subsumed under the class “fragment-like NPs”.
3.1. Examples for investigated natural compounds

Urolithin A (9) is one of the major gut bacterial transformation
products of ellagitannins e.g., of pomegranate fruits and berries.
In humans the endogenous formation of 9 varies dramatically
depending on the individual microbiome composition.265 There-
fore, it was suggested that 9 could also be supplemented directly
to the diet. An application for 9 as a novel food ingredient in the
European Union was led in 2018.266 Supplemented 9 has shown
to promote healthy aging across several species including
C. elegans, D. melanogaster, and Mus musculus. The proposed
mechanism of supplemented 9 is the induction of mitophagy,
which comes with a contradictory improved mitochondrial
function and proteostasis in later life, probably due to the elim-
ination of dysfunctional mitochondria. Long-term treatment of
C. elegans with urolithin A inuences the regulation of mitophagy
and mitochondrial biogenesis through the transcription factor
skn-1. It increases mean and median lifespan but also improves
other health span parameters like pharyngeal pumping, respira-
tory capacity, mitochondrial content, muscle bre organization
and locomotion in aged worms. The urolithin A mediated
induction ofmitophagy is conserved over species and also in aged
rodents enhances muscle strength and running endurance.140 A
phase 1 clinical study conrms that urolithin A is bioavailable in
humans. A long-term oral consumption (4 weeks period) has
been demonstrated to be safe and shows signs of mitochondrial
and cellular health improvements also in aged humans.267
This journal is © The Royal Society of Chemistry 2023
The structure class of stilbenes, with its well-known repre-
sentatives' resveratrol (trans-3,4′,5-trihydroxystilbene, 3), oxy-
resveratrol (10) and pterostilbene, has been repeatedly
investigated in the context of aging across different species. A
study on the life-extending effect of resveratrol in small metazoan
organisms including C. elegans was published as early as 2004.268

Although resveratrol has been used as a positive control for life-
span experiments in many studies over the last 10 years,190,191,269

showing mainly positive effects, there are two studies that could
not reproduce this lifespan-extending effect.148,193 Also, natural
and synthetic derivatives of 3 were investigated: it has been
shown that 10 has a stronger life-prolonging effect than 3,195,196,270

whereas pterostilbene has no effect.148 Several synthesized stil-
bene derivatives have been reported to increase the lifespan of
C. elegans more robustly than 3.148

Aer nearly 20 years of anti-aging research with 3, it is still
highly controversial whether it can extend the lifespan of
C. elegans or other model organisms.148,195,271 Two studies per-
formed with rodents have found no statistically signicant life
extension upon treatment with 3.45,272 One study reported that 3
improved life- and health span of mice on a high-calorie diet;273

another noted a positive inuence on healthy aging on mice fed
a standard diet.274 Sirtuins (sir-2.1 in C. elegans) have been
proposed to account for the health span promoting effects of 3
similar to a caloric restriction mimetic.275 Mammal SIRT1 acti-
vation of resveratrol was shown in vitro and in vivo.276,277 As caloric
restriction can vary widely by genotype or diet, it is a conceivable
cause of conicting in vivo results.278However, the interaction of 3
with sirtuins is also not without controversy as biochemical
assays were called into question and results in model organisms
are oen not reproducible271,279–281 3 is contained in282 larger
amounts in berries of the genus Vaccinium (e.g., cranberry, bill-
berry, cowberry)283 and redcurrant, as well as in smaller amounts
in many other plants such as peanuts, pistacchios, apples,
tomatoes, grapes and cocoa.284 However, the concentrations of
stilbenes in food and that of in this context oen cited red
wine284,285 are low compared to doses of preclinical and clinical
studies. Considering also the poor bioavailability of 3,286 claimed
health benets for different foods are questionable.

Flavonoids are consumed in substantial quantities by humans.
Dietary intake is associated with positive effects in epidemiolog-
ical studies against age-related diseases including diabetes mel-
litus type II,287 cardiovascular disease288,289 and cognition in
elderly.290 Therefore, they were among the rst research subjects
tested on C. elegans,49,146,291 and they remain a prominent NP-class
in the literature over recent years (Fig. 2). Baicalein (11), a avo-
noid isolated from Scutellaria baicalensis, is known to be an acti-
vator of the transcription factor Nrf2 in mammalian cell lines.222

In C. elegans it modulated stress-resistance against lethal thermal
and sodium arsenite stress and dose-dependently extended the
nematodes' lifespan via the Nrf2 orthologue skn-1. The FOXO
orthologue daf-16 was not involved in these processes.292 The
polymethoxylated avonoid tangeretin (12), a constituent of citrus
fruits, extended the mean lifespan C. elegans at 30 and 100 mM. It
slowed aging related functional declines and increased the resis-
tance against heat-shock stress. On the mRNA expression level,
daf-16, hsp-16.2, and hsp-16.49 were upregulated. Tangeretin
Nat. Prod. Rep., 2023, 40, 1849–1873 | 1859
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promoted the nuclear localization of daf-16 and enhanced the
expression of hsp-16.2. No effects were observed on the lifespan of
daf-2, age-1, and daf-16 mutants. Hence, it was suggested that
besides an extension of lifespan, tangeretin enhances heat stress
tolerance in an insulin/insulin-like growth factor signaling
dependent manner.175 Naringin (13), a avanone-7-O-glycoside
consisting of the avanone moiety naringenin and the disaccha-
ride neohesperidose, is another well-known constituent of citrus
fruits, in particular of grapefruit. This compound was found to
extend the lifespan of C. elegans. Moreover, it increased the
thermal and oxidative stress tolerance and reduced the accumu-
lation of lipofuscin. In Alzheimer's and Parkinson's disease
models, it delayed their progression via daf-16.200 Orientin (14),
the 8-C glucoside of the avonoid luteolin, occurs in a wide range
of medicinal plants, for instance in plants of the genus Nastur-
tium. In C. elegans, it increased the lifespan, improved heat,
oxidative, and pathogenic stress resistance through the activation
of stress responses, including hsf-1-mediated heat shock
response, skn-1-mediated xenobiotic and oxidation response,
mitochondria unfolded responses, endoplasmic unfolded protein
response, and increased autophagy activity. Moreover, it activated
AMPK and daf-16. In neurodegenerative disease models of
C. elegans, it reduced the accumulation of toxic proteins (a-synu-
clein, b-amyloid, and poly-Q) and delayed the onset of the
respective disease.202

Several studies have shown good bioavailability of avonoid
aglycones along with their extensive metabolization by conju-
gation in C. elegans293–295 Treatment with quercetin-3-O-
glucoside led to higher accumulation of 6 compared to treat-
ment with the aglycone, which shows that the avonoid glyco-
side was taken up and deglycosylated by the worm.264
1860 | Nat. Prod. Rep., 2023, 40, 1849–1873
In 2017, Sciacca and co-workers, investigated four pure
compounds of the NP avonoid complex silymarin from milk
thistle (Silybum marianum (L.) Gaertn.), i.e. silybin A, silybin B
(15), 2,3-dehydrosilybin A (16) and 2,3-dehydrosilybin B (17),
regarding their effects on the inhibition of Ab amyloid growth
and toxicity in C. elegans. Underlining the crucial role of
stereochemistry, from all four constituents tested, silybin B was
found to be the most effective in counteracting Ab proteotox-
icity.296 In the same year, Filippopoulou and co-workers pub-
lished a study investigating the mixture of two avonolignans:
16 and 17. Themixture of the compounds was able to extend the
lifespan of C. elegans depending on fgt-1 and daf-16. In
a nematode model of Alzheimer's disease, the compound
mixture led to a decrease in the disease progression.211However,
in this study silybin A and B were not tested.
High consumption of extra virgin olive oil (Olea europea L.) as
the most representative food of the Mediterranean diet has been
associated with longevity and reduced incidences of age-related
diseases in many epidemiological and intervention
studies.297–299 The triglyceride prole of olive oil with a particularly
high proportion of esteried monounsaturated u-9 fatty acids
seems to be involved in these health-promoting effect.300

Supplementation of u-9 fatty acids such as oleic acid can indeed
promote longevity in C. elegans.301 However, this effect seems to
be dependent on the test protocol, as other groups did not show
this effect.302–304 Olive fruits and leaves also contain an interesting
prole of phenolic secondary metabolites which are responsible
for bitter and pungent notes in olive oil and include hydroxytyr-
osol (4), tyrosol (7), as well as the secoiridoids oleuropein (18),
oleacein (19) and oleocanthal (20). 4, 7 and 18 have shown to
improve C. elegans life- and health span in numerous studies
dependent on daf-16, hsf-1 and skn-2.218,243,269,305–308 The secoir-
idoids 19 and 20 have shown benecial effects against aging and
senescence in human broblasts and D. melanogaster but have
never been evaluated in C. elegans.309,310
This journal is © The Royal Society of Chemistry 2023
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Betalains are water-soluble nitrogen pigments responsible for
the colour of different plant parts of Caryophyllales. Due to their
stability and safety they are popular food additives. Several
medicinal plants of the order Caryophyllales are used in tradi-
tional medicine and their biological actions are sometimes
attributed to the betalain constituents. Betanin (betacyanin, 21),
the pigment of beetroots, indicaxanthin (betaxanthin, 22)
present in Opuntia fruits, and 15 other betalains were investi-
gated in C. elegans survival assays using the automated lifespan
machine and in vivo antioxidative assays.120,311 Treatment with 25
mM of betalain for 48 h prior to the reproductive period could
prolong lifespan up to 30%.311 These effects were accompanied
by increased sir-2.1 and heat shock proteins expression. In
response to betalain treatment, daf-16 was nuclearized in the
transgene worms TJ365, and lifespan extension was abolished in
mutant daf-16 worms. The two studies expand the alimentarium
of lifespan prolonging NP with an established structure–activity
relationship and mode of action.120 However, their experimental
setup with treatment restricted to the larval stages complicates
comparison with other studies, where it is rather standard to
start the treatments in the L4 or adult stadium.
This journal is © The Royal Society of Chemistry 2023
Recently cannabidiol (5) was discovered to inuence the
aging process of C. elegans. In the course of a toxicity screen,
C. elegans was exposed to different concentrations of cannabi-
diol and it was revealed that instead of shortening, it increased
lifespan up to 18% (at 40 mM). 5 doubled worm motility at old
age, and increased their resilience to heat stress.312 Similar
effects on C. elegans and D. rerio health span parameters were
reported later.313–316 Especially, the age-associated decline of
neuronal health was slowed by promotion of autophagy via sir-
2.1, bec-1 and sqst-1. Whether the endocannabinoid system of
the worm is involved in these effects remains to be claried. The
C. elegans cannabinoid receptor NPR-19 is sensitive to the
conserved endocannabinoids 2-arachidonoylglycerol and
anandamide. C. elegans endocannabinoids are involved in
monoaminergic signalling and feeding behaviour,317,318 axon
regeneration,319 development,320 and the coordination of
nutrient status, metabolism and aging.321
4. Multicomponent mixtures from
natural sources with anti-aging effects
in C. elegans

We have gathered data on over 255 different NP extracts/
fractions from 163 different plant, fungal and marine species
probed in C. elegans for healthy aging between 2012 and 2023.
The extracts are presented in the ESI† grouped into marine
invertebrate- (Table ESI15†), fungal- (Table ESI16†), and plant-
(Table ESI17†) sourced samples. The tables provide information
on chemical aspects (species, organ, extraction solvent, type of
characterization, and description of multicomponent mixture),
and information on the experiments in C. elegans, important
parameters (e.g., dose, strain), the ndings of the respective
studies and the report of signalling pathways or genes involved
in the observed effect. Based on these data we classied the
extracts regarding extraction solvent (Fig. 3A) and the level of
chemical dissection of the multicomponent mixture (Fig. 3B).

Regarding extraction solvent, most studies used (hydro-)
ethanol (40.0%) or (hydro-) methanol (13.9%) for extraction. 21.3%
of all multi-componentmixtures were aqueous extracts. Combined
extracts with a broad polarity range of metabolites were also re-
ported mainly using combined dichloromethane and methanol
extracts (11.5%), as well as combined butyl-methyl ether and
methanol extracts (3.4%). Only few studies test multi-component
mixtures generated by midpolar and nonpolar solvents such as
acetone (4.3%) and hexane (2.9%); ethyl acetate, dichloromethane
or isopropanol are hardly represented in the literature.

Regarding the chemical prole, the multicomponent mixtures
can be classied into ve levels: (i) extracts chemically non-
characterized, (ii) extracts with certain NP classes (e.g., total
phenol, avonoid, or anthocyanins) quantied with a spectropho-
tometer, (iii) extracts partly characterized with several annotated
constituents and/or main constituents quantied, (iv) extract qual-
itatively characterized (e.g., with LC-MS(/MS), GC-MS,HPLC-DAD) to
obtain a phytochemical prole, and (v) extracts subjected to
bioactivity-guided fractionation. Nearly one third of the studies
published between 2012 and 2023, do not provide a characterisation
Nat. Prod. Rep., 2023, 40, 1849–1873 | 1861
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Fig. 3 Analysis of literature dealing with multicomponent mixtures
regarding (A) the used solvents for extract preparation (n= 208) and (B)
their degree of analytical characterization (n = 255).
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of the testedmulticomponentmixtures (30.6%). This is critical, as it
severely compromises the reproducibility and interpretation of
results – an essential prerequisite for the progress of the research
eld. A considerable part of the studies performed provide some
information about the total phenolic and total avonoid contents
using e.g., Folin–Ciocalteu assay (21.2%). 43.1% of the published
literature contains at least one type of chromatographic analysis
(e.g., LC-DAD, LC-MS/MS, or GC-MS). In most of these analyses, the
phytochemical prole of the respective extract is further charac-
terised by compound annotation using databases or single refer-
ence compounds for comparison. The level of characterisation
differs signicantly among the studies. In most cases the tested
extracts have not been further chemically investigated to isolate the
constituents contributing to the observed effect. Admittedly, it
requires knowledge and instrumentation in analytics, chromatog-
raphy and characterization of isolated compounds or collaboration
partners covering these requirements. In general, the chemical
analysis of bioactive extracts is oen biased towards well-known
antioxidants (e.g., investigation of the phenolic prole) or limited
to well-known (and oen well-investigated) chemical entities
provided by suppliers. This generally inhibits research on novel,
unexpected or minor compound classes. From the surveyed studies
in this review it is obvious that extracts with already knownpotential
radical scavenging in vitro activities are prioritized for C. elegans
assays.57,322 However, approaches relying on in vitro antioxidant
activities to screen for lifespan extending extracts has limitations.
An extract screening study which included 30 different ower
extracts concluded that the potency of in vitro radical scavenging
activity shows no correlation to a prolongation ofmean andmedian
lifespan of nematodes.127

Regarding the experimental parameters for the C. elegans
tests, we observed an extremely wide range of tested extract
concentrations (0.1 mg ml−1 to 240 mg ml−1).177,187 The median
1862 | Nat. Prod. Rep., 2023, 40, 1849–1873
tested concentration in C. elegans assays of 125 mg ml−1 is
considerably higher than that reported for in vitro assays. About
30% of all tested concentrations were even above 10 mg ml−1

which raises questions on how these concentrations were ach-
ieved in the test media without precipitation, inuencing pH
and without causing osmotic stress on bacteria and worms. The
validity of these experimental protocols and the reported effects
have to be considered with caution.

4.1. Examples for investigated NPs

Among the investigated plant materials, a clear tendency
towards edible plants can be observed. Especially from nutri-
tional sciences, there is a huge interest in substantiating anti-
aging claims of so called “super food”, nutraceuticals, and
functional foods. In this respect many studies regarding anti-
aging properties in C. elegans focus on the investigation of
berries, e.g., açáı,169,257 goji,258 cranberries,259,260 blueberries,261

raspberries,262 black mulberries,263 and juniper berries.264

Interestingly, there is also a strong focus on botanicals
consumed as beverages, e.g., tea (black,265 green,266 oolong,267

rooibos,268 and mate269–271 tea), guaraná,272 hops,273 and
coffee.140,274 Another large portion of investigated extracts
focuses on industrial waste products e.g., coffee silver skin,275

corncob - a by-product of the corn industry,276 different fruit
peels (e.g., from apple277–279 or pomegranate280,281). On species
level, the most studied plants (number of experiments per
species) in recent years was Camellia sinensis,127,255,256,323–326 fol-
lowed by Camellia tenuifolia,327 Ginkgo biloba,187,328–330 Lycium
barbarum (goji)224,225,331 and Anacardium occidentale (cashew).230

Also species of the genus Vaccinium229,254,332–334 and Syzy-
gium55,335,336 were repeatedly investigated.

4.2. Following up studies of bioactive extracts

In a few studies, a bioactivity-guided isolation was performed
using a C. elegans model for the bioactivity evaluation.257–259

These articles can be further divided into (i) studies that use
C. elegans as an in vivo model for the conrmation of their in
vitro results337,338 and (ii) studies where C. elegans is used as the
primary model of bio-guided fractionation.339,340

An example of the latter one is a study of Sayed and co-workers
who compared the lifespan extending effects of Cuscuta chinensis
and Eucommnia ulmoides extracts generated with a mixture of
butyl-methyl ether and methanol (1 : 1) followed by an extraction
with 100% methanol. Both extracts improved the resistance
towards oxidative stress, and decreased the intracellular level of
ROS.126 UPLC-Q-Exactive Orbitrap MS analysis allowed for
metabolite identication and annotation. The authors also put
efforts into unravelling the responsible single components. Hence,
the extracts were fractionated viaRP-HPLC andMPLC. 20 fractions
of the E. ulmoides extract were again tested in the C. elegans heat
stress assay. As a result, 7 fractions showed similar activity as the
crude extract. 17 fractions of C. chinensis were further tested. From
the extract of C. chinensis, enriched fractions containing astragalin
(23, purity by 1H NMR ∼75%), pinoresinol (24, purity by 1H NMR
∼75%), and zingibroside R1 (25, purity by 1H NMR ∼50%) were
obtained. The fraction from the C. chinensis extract enriched in
This journal is © The Royal Society of Chemistry 2023
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zingibroside R1 improved the life span, the survival aer heat
stress, and the locomotion in a manner similar to the full C. chi-
nensis extract and therefore zingibroside R1 could be (partly)
responsible for the observed health benets of C. chinensis.
Furthermore, 2,3,4,5-tetrahydroxybenzoic acid (26) and the sterol
lipid 4-a-formyl-stigmasta-7,24(241)dien-3-b-ol (27) are abundantly
present in the C. chinensis extract and its most bioactive fraction.

Another example of a bioactivity-guided fractionation is the
study of Jia and coworkers who followed up on a bioactive
extract of clams (Meretrix meretrix). They discovered that
a peptide-rich extract ofM. meretrix could increase the survival
of worms und oxidative stress conditions induced by para-
quat.339 They separated the extract based on molecular weight
into two fractions by ultraltration whereby the low-molecular
weight peptides showed better activity in the paraquat stress
survival assay. Thus, the fraction was further separated into
ve subfractions by gel ltration chromatography. The rst
fraction (F1) showed the best activity which decreased over the
consecutive fractions. By RP-nano-LC-MS/MS they identied
25 peptides in F1 and subsequently synthesized and tested
them. Three peptides were shown to be responsible for the
observed effect which was further explained by an increased
daf-16 dependent expression of sod-3, ctl-1 and ctl-2 aer
treatment.
4.3. C. elegans microbiome and natural products

Maintaining C. elegans in an unnatural but simplied and well-
characterized culture with inactivated or dead OP50 as food
sources is advantageous to directly probe the effects of NPs on
worms. However, as in humans, in C. elegans its commensal
microbial communities play a crucial physiological role.341

Some naturally associated bacteria inuence behaviour, stress-
and infection resistance, fecundity, metabolism, and life span
This journal is © The Royal Society of Chemistry 2023
of C. elegans;342–347 e.g., different bacterial food sources can
cause different uptake/accumulation of avonoids.293 Mainte-
nance of C. elegans on Bacillis subtilis strains present in its
natural habitat increased lifespan by more than 50% and
increased heat shock survival by more than 200% compared to
standard OP50 diet.348

It is well known that many NPs including dietary poly-
phenols interact with the human gut microbiome. Genuine NPs
can be metabolized to different metabolites265 and vice versa
NPs affect the composition of gut microbiota.349,350 Although
C. elegans commensals are not identical to those of humans,351

the worm is proposed as a model for microbiome research.341

Recently an experimental microbiome modelling the native
worm consisting of 14 bacterial strains was presented.352 Future
studies will show how this microbiome interacts with natural
products and how this affects worm health.
4.4. Intrinsic complexity of multicomponent NP mixtures
and the challenge of combinatorial effects

For the elucidation of biological networks, the discipline of
systems biology has integrated -omics approaches (e.g., geno-
mics, transcriptomics, proteomics, and metabolomics) focus-
sing on large-scale data deriving from C. elegans assays.353

However, to answer questions regarding the anti-aging effects of
multi-component NPs on C. elegans, further disciplines need to
be involved. From the NP side, the bottleneck is still the iden-
tication and elucidation of the bioactive principle on the
molecular level – which compounds are responsible for certain
phenotypic effects (e.g., the prolongation of life span). Multi-
component mixtures such as extracts generated from natural
sources are known to contain hundreds of metabolites.
Working with multicomponent mixtures thus requires holistic
approaches on both the (phyto-)chemical as well as on the
biological level. Regarding the screening of C. elegans, NP
extracts are not oen dissected in detail. Instead, specic
(major) constituents known to be present in the respective
mixture are exemplarily tested as representatives of the extract.
Only in rare cases, the increase in lifespan observed for the
single constituent is similar to that observed for the complex
mixture, and thus only gives an incomplete picture.

Moreover, NPs are particularly prone to exert combinatorial
effects including an amplication of activity (when 1 + 1 > 2),
potentiation (when 0 + 1 > 1), or antagonism (when 0 + 0 < 0).
Another effect which can be observed is synergy (when 0 + 0 > 0).
In this instance, the combination of multiple constituents is
active, while the constituents separately are inactive. Apart from
chemical challenges (e.g., poor chromatographic separation,
analytical problems), these phenomena have to be consid-
ered.354,355 A possible case where additive effects may occur, might
happen if some extract constituents inhibit efflux pumps, while
others are genuinely active but not stable in the organism. In
a recent case study in our group, it was found that the action of
ostruthin, one of the major active constituents of the extract of
masterwort (Peucedanum ostruthium), is enhanced by other
constituents such as imperatorin and isoimperatorin, which are
themselves inactive and presumably act by inhibiting xenobiotic
Nat. Prod. Rep., 2023, 40, 1849–1873 | 1863

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3np00021d


Natural Product Reports Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 3
/2

1/
20

26
 8

:2
8:

12
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
defenses.302 Such additive effects are the proposed mechanism of
many botanical drugs. Traditional phytotherapy not only makes
use of molecular mixtures from one plant organ, but also employs
complex mixtures of several plants potentiating the chemical
complexity. This approach is very similar to Nature's which also
employs complex mixtures of metabolites with distinct strategies
to modulate biological processes. C. elegansmight be a key model
to unravel the therapeutic effect of such complexity in a living
organism with possible implications for mammals too.

When following up on a bioactive extract, the goal should be
to minimize the isolation of unwanted, inactive, or already well-
investigated compounds. Traditionally, bioactivity-guided frac-
tionation is one of the most common techniques applied to
isolate and identify the bioactive principle of a multicomponent
mixture. Successful examples, where this technique was used in
combination with a C. elegans set-up were described
before.322,327,329,338–340,356 Interestingly, further techniques to
dissect anti-aging multicomponent NPs using C. elegans as
model organism are scarce in the scientic literature.

Useful approaches might be high-performance liquid chro-
matography (HPLC)-based (micro)-fractionation,357 MS-based
techniques such as molecular networking,358 or bio-
chemometric approaches, where bioactivity data is correlated
with chemical data from spectroscopy (e.g., NMR) or spec-
trometry (e.g., MS). One such example is the biochemometric
approach ELINA (Eliciting Nature's Activities) which correlates
activity with 1H NMR data to detect spectral features respon-
sible for an observed effect.359–361 With this technique, it is
possible to distinguish bioactives from inactives prior to isola-
tion, as shown by the example of masterwort.362

5. Conclusions

An analysis of the literature shows that reports differ greatly in
terms of the experimental focus. Many studies have elaborately
established multiple assays to determine the function of the
extracts not only on lifespan, but also on abiotic stress resistance,
motility, proteotoxicity and more. Many mutant and transgenic
C. elegans strains are widely established to unravel involved
genes and pathways. However, a large part of studies does not
deal with the chemical characterization or the isolation of
constituents of the tested multicomponent mixtures. On the
other hand, awareness has increased during the past years that
extracts are chemically complex. Their composition can vary
tremendously depending on the underlying material and its
preparation. Accordingly, a chemical characterization of extracts
used for any pharmacological investigation is mandatory.363

There is also a strong bias towards well-studied structural NP
classes such as avonoids, stilbenes and tannins. This bias is not
unusual in NP drug discovery. The same structures are also
overrepresented in hit lists of in vitro bioactivity screenings.
These compounds are oen termed pan-assay interference
compounds (PAINS) or invalid metabolic panaceas (IMPs).364,365

The PAINS term was originally coined for high-throughput
screenings employing recombinant enzymes in which avo-
noids, catechol and other phenols frequently inhibited enzyme
activity through aggregation or oxidation rather than by specic
1864 | Nat. Prod. Rep., 2023, 40, 1849–1873
interaction. Therefore, the PAINS concept cannot be translated to
an in vivomodel. However, there are indications that the effect of
many phenols is also not a specic pharmacological effect. It is
known that some polyphenols have moderate bactericidal
effects,203,366,367 which might cause the lower availability of the
bacterial nutritional source inC. elegans assays, at least in studies
applying mg ml−1 doses of NPs. Thus, observed lifespan effects
are likely to be caused by dietary restriction or the mitigation of
bacterial colonization of the intestine in aged worms. Interest-
ingly, many polyphenols are investigated for anthelminthic
effects caused by tanning of cuticle, buccal cavity and intestine297

which at certain concentrations might also lead to a dietary
restriction mediated lifespan increase. However, the strong focus
of scientic research on polyphenols is impacted by their
essential role in food, as well as their relatively easy acquisition;
quite the opposite of more “exotic” or novel natural compounds.
Nevertheless, efforts should be at least partially directed towards
new structural classes for health span increase in C. elegans.

To achieve this goal, the authors highly recommend investi-
gating promising extracts in more detail, e.g., through -omics
studies. By introducing the term “wormomics”, a new workow
for the discovery of anti-aging NPs could be established. The
nematodes have multiple advantages that allow for setting up
experiments to discover (new) bioactive constituents of extracts
prior to their isolation, e.g., by MS/MS molecular networking,
NMR- or HPLC/MS-based bioactivity proling and bio-
chemometric approaches. These advantages can best be exploi-
ted by high content miniaturized screenings in multiwell-plates
to test samples in parallel in a higher throughput, but also by the
wide range of well-established assays that are increasingly auto-
mated. It is expected that extracts with health-promoting effects
in C. elegans warrant further employment in particular with
respect to the use of high resolution analytical techniques and
big data analysis to provide insight into new chemistries and
thus to unveil hidden treasures in complex mixtures.
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34 C. López-Ot́ın, M. A. Blasco, L. Partridge, M. Serrano and
G. Kroemer, Cell, 2013, 153, 1194–1217.

35 L. M. DeVito, N. Barzilai, A. M. Cuervo, L. J. Niedernhofer,
S. Milman, M. Levine, D. Promislow, L. Ferrucci,
G. A. Kuchel, J. Mannick, J. Justice, M. M. Gonzales,
J. L. Kirkland, P. Cohen and J. Campisi, Ann. N. Y. Acad.
Sci., 2022, 1507, 70–83.

36 J. N. Justice, L. Niedernhofer, P. D. Robbins, V. R. Aroda,
M. A. Espeland, S. B. Kritchevsky, G. A. Kuchel and
N. Barzilai, Cardiovasc. Endocrinol. Metab., 2018, 7, 80–83.

37 S. I. Rattan, Biogerontology, 2013, 14, 673–677.
38 V. Codd, C. P. Nelson, E. Albrecht, M. Mangino, J. Deelen,

J. L. Buxton, J. J. Hottenga, K. Fischer, T. Esko, I. Surakka,
L. Broer, D. R. Nyholt, I. Mateo Leach, P. Salo, S. Hägg,
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40 D. Gems and J. P. de Magalhães, Ageing Res. Rev., 2021, 70,
101407.

41 D. F. Lawler, B. T. Larson, J. M. Ballam, G. K. Smith,
D. N. Biery, R. H. Evans, E. H. Greeley, M. Segre,
H. D. Stowe and R. D. Kealy, Br. J. Nutr., 2008, 99, 793–805.

42 J. A. Mattison, R. J. Colman, T. M. Beasley, D. B. Allison,
J. W. Kemnitz, G. S. Roth, D. K. Ingram, R. Weindruch,
R. de Cabo and R. M. Anderson, Nat. Commun., 2017, 8,
14063.

43 M. Blüher, B. B. Kahn and C. R. Kahn, Science, 2003, 299,
572–574.

44 H. Kurosu, M. Yamamoto, J. D. Clark, J. V. Pastor, A. Nandi,
P. Gurnani, O. P. McGuinness, H. Chikuda, M. Yamaguchi,
H. Kawaguchi, I. Shimomura, Y. Takayama, J. Herz,
C. R. Kahn, K. P. Rosenblatt and M. Kuro-o, Science, 2005,
309, 1829–1833.

45 R. A. Miller, D. E. Harrison, C. M. Astle, J. A. Baur,
A. R. Boyd, R. de Cabo, E. Fernandez, K. Flurkey,
M. A. Javors, J. F. Nelson, C. J. Orihuela, S. Pletcher,
Z. D. Sharp, D. Sinclair, J. W. Starnes, J. E. Wilkinson,
N. L. Nadon and R. Strong, J. Gerontol., Ser. A, 2011, 66,
191–201.

46 F. Sierra, Cold Spring Harbor Perspect. Med., 2016, 6,
a025163.

47 B. M. Egan, A. Scharf, F. Pohl and K. Kornfeld, Front.
Pharmacol., 2022, 13, 938650.

48 D. J. Newman and G. M. Cragg, J. Nat. Prod., 2020, 83, 770–
803.

49 Z. Wu, J. V. Smith, V. Paramasivam, P. Butko, I. Khan,
J. R. Cypser and Y. Luo, Cell. Mol. Biol., 2002, 48, 725–731.

50 J. A. Joseph, B. Shukitt-Hale, N. A. Denisova, R. L. Prior,
G. Cao, A. Martin, G. Taglialatela and P. C. Bickford, J.
Neurosci., 1998, 18, 8047–8055.

51 M. A. Wilson, B. Shukitt-Hale, W. Kalt, D. K. Ingram,
J. A. Joseph and C. A. Wolkow, Aging Cell, 2006, 5, 59–68.

52 N. Saul, S. Möller, F. Cirulli, A. Berry, W. Luyten and
G. Fuellen, Biogerontology, 2021, 22, 215–236.

53 H. van Hattum and H. Waldmann, J. Am. Chem. Soc., 2014,
136, 11853–11859.

54 S. C. Sukuru, J. L. Jenkins, R. E. Beckwith, J. Scheiber,
A. Bender, D. Mikhailov, J. W. Davies and M. Glick, J.
Biomol. Screening, 2009, 14, 690–699.

55 B. Squiban and C. L. Kurz, Curr. Drug Targets, 2011, 12, 967–
977.
1866 | Nat. Prod. Rep., 2023, 40, 1849–1873
56 M. P. de Torre, R. Y. Cavero, M. I. Calvo and J. L. Vizmanos,
Antioxidants, 2019, 8, 142.

57 J. Chen, J. Zhang, Y. Xiang, L. Xiang, Y. Liu, X. He, X. Zhou,
X. Liu and Z. Huang, Food Funct., 2016, 7, 943–952.

58 E. S. David, in Bioactive Compounds in Phytomedicine, ed. R.
Iraj, IntechOpen, Rijeka, 2012, ch. 8, DOI: 10.5772/26102.

59 J. A. Joseph, B. Shukitt-Hale, N. A. Denisova, D. Bielinski,
A. Martin, J. J. McEwen and P. C. Bickford, J. Neurosci.,
1999, 19, 8114–8121.

60 S. Suter and M. Lucock, Explor. Res. Hypothesis Med., 2017,
2, 1–7.

61 A. Argyropoulou, N. Aligiannis, I. P. Trougakos and
A. L. Skaltsounis, Nat. Prod. Rep., 2013, 30, 1412–1437.

62 K. Pallauf, N. Duckstein and G. Rimbach, Proc. Natl. Acad.
Sci. U.S.A, 2017, 76, 145–162.

63 A. J. Ding, S. Q. Zheng, X. B. Huang, T. K. Xing, G. S. Wu,
H. Y. Sun, S. H. Qi and H. R. Luo, Nat. Prod. Bioprospect.,
2017, 7, 335–404.

64 K. Matsunami, Front. Nutr., 2018, 5, 111.
65 D. Chattopadhyay and K. Thirumurugan,Mech. Ageing Dev.,

2018, 171, 47–57.
66 L. Wang, X. Zuo, Z. Ouyang, P. Qiao and F. Wang, J.

Evidence-Based Complementary Altern. Med., 2021, 5591573.
67 Y. Ye, Q. Gu and X. Sun, Compr. Rev. Food Sci. Food Saf.,

2020, 19, 3084–3105.
68 J. Martel, C.-Y. Wu, H.-H. Peng, Y.-F. Ko, H.-C. Yang,

J. D. Young and D. M. Ojcius,Microb. Cell, 2020, 7, 255–269.
69 M. D. Navarro-Hortal, J. M. Romero-Márquez, S. Osta,
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152 V. I. Pérez, A. Bokov, H. Van Remmen, J. Mele, Q. Ran,
Y. Ikeno and A. Richardson, Biochim. Biophys. Acta, 2009,
1790, 1005–1014.

153 M. P. Murphy, H. Bayir, V. Belousov, C. J. Chang,
K. J. A. Davies, M. J. Davies, T. P. Dick, T. Finkel,
H. J. Forman, Y. Janssen-Heininger, D. Gems,
1868 | Nat. Prod. Rep., 2023, 40, 1849–1873
V. E. Kagan, B. Kalyanaraman, N.-G. Larsson, G. L. Milne,
T. Nyström, H. E. Poulsen, R. Radi, H. Van Remmen,
P. T. Schumacker, P. J. Thornalley, S. Toyokuni,
C. C. Winterbourn, H. Yin and B. Halliwell, Nat. Metab.,
2022, 4, 651–662.

154 D.-E. Jeong, Y. Lee and S.-J. V. Lee, in Hypoxia: Methods and
Protocols, ed. L. E. Huang, Springer New York, New York,
2018, pp. 213–225.

155 W. N. Tawe, M.-L. Eschbach, R. D. Walter and K. Henkle-
Dührsen, Nucleic Acids Res., 1998, 26, 1621–1627.

156 P. Link and M. Wink, Phytomedicine, 2019, 55, 119–124.
157 P. Link, K. Roth, F. Sporer and M. Wink, Molecules, 2016,

21, 871.
158 Z.-Z. Yang, Y.-T. Yu, H.-R. Lin, D.-C. Liao, X.-H. Cui and

H.-B. Wang, Free Radical Biol. Med., 2018, 129, 310–322.
159 D. Pretsch, J. M. Rollinger, A. Schmid, M. Genov,

T. Woehrer, L. Krenn, M. Moloney, A. Kasture,
T. Hummel and A. Pretsch, Sci. Rep., 2020, 10, 11707.

160 S. T. Henderson and T. E. Johnson, Curr. Biol., 2001, 11,
1975–1980.

161 S.-Q. Zheng, A.-J. Ding, G.-P. Li, G.-S. Wu and H.-R. Luo,
PLoS One, 2013, 8, e56877.
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M. Somogyvári, M. D. Piper, M. Hoddinott, G. L. Sutphin,
V. Leko, J. J. McElwee, R. P. Vazquez-Manrique,
A. M. Orla, D. Ackerman, C. Au, G. Vinti, M. Riesen,
K. Howard, C. Neri, A. Bedalov, M. Kaeberlein, C. Soti,
L. Partridge and D. Gems, Nature, 2011, 477, 482–485.
This journal is © The Royal Society of Chemistry 2023
280 M. Kaeberlein, T. McDonagh, B. Heltweg, J. Hixon,
E. A. Westman, S. D. Caldwell, A. Napper, R. Curtis,
P. S. DiStefano, S. Fields, A. Bedalov and B. K. Kennedy, J.
Biol. Chem., 2005, 280, 17038–17045.

281 C. Brenner, Life Metab., 2022, 1, 122–133.
282 S. T. Soukup, B. Spanier, G. Grünz, D. Bunzel, H. Daniel and

S. E. Kulling, PLoS One, 2012, 7, e46914.
283 S. Ehala, M. Vaher and M. Kaljurand, J. Agric. Food Chem.,

2005, 53, 6484–6490.
284 S. Weiskirchen and R. Weiskirchen, Adv. Nutr., 2016, 7,

706–718.
285 H. Yuan and R. Marmorstein, Science, 2013, 339, 1156–

1157.
286 T. Nunes, L. Almeida, J.-F. Rocha, A. Falcão, C. Fernandes-

Lopes, A. I. Loureiro, L. Wright, M. Vaz-da-Silva and
P. Soares-da-Silva, J. Clin. Pharmacol., 2009, 49, 1477–1482.

287 R. Zamora-Ros, N. G. Forouhi, S. J. Sharp, C. A. González,
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