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A B S T R A C T

Isorhamnetin (3-O-methylquercetin), a flavonol found in dill weed, sea buckthorn berries, kale and onions, has
been suggested to have anti-obesity effects, but there is limited evidence of its mechanisms of action on lipid
metabolism. The goal of this study was to investigate the effects of isorhamnetin on lipid metabolism using
Caenorhabditis elegans as an animal model. Isorhamnetin reduced fat accumulation without affecting food intake
or energy expenditure in C. elegans. The isorhamnetin's fat-lowering effects were dependent on nhr-49, a homolog
of the human peroxisome proliferator-activated receptor alpha (PPARα). Isorhamnetin upregulated an enoyl-CoA
hydratase (ech-1.1, involved in fatty acid β-oxidation) and adipose triglyceride lipase (atgl-1, involved in lipolysis)
via NHR-49-dependent pathway at transcriptional levels. Isorhamnetin also upregulated the C. elegans AMP-
activated protein kinase (AMPK) subunits homologs (aak-1 and aak-2), involved in energy homeostasis. These
results suggest that isorhamnetin reduces body fat by increasing fat oxidation in part via NHR-49/PPARα-
dependent pathway.
1. Introduction

Isorhamnetin (3-O-methylquercetin), a methylated derivative of the
flavonol quercetin, is found in a variety of foods, such as dill weed (43
mg/100 g), sea buckthorn berries (38mg/100 g), kale (23mg/100 g) and
onions (5 mg/100 g) (Haytowitz et al., 2018). In addition to the potential
antioxidant, anti-microbial, anti-inflammatory, anticancer and anti-aging
effects, isorhamnetin has been suggested as an anti-obesity agent (Ese-
berri et al., 2019; Lee et al., 2010; Zhang et al., 2016; Lee and Kim, 2018;
Surco-Laos et al., 2011). The suggested mechanisms of action for iso-
rhamnetin's effects on lipid metabolism involve suppressing adipo-
genesis, especially via peroxisome proliferator-activated receptor gamma
(PPARγ)-mediated pathway (Eseberri et al., 2019; Lee et al., 2010; Zhang
et al., 2016; Lee and Kim, 2018). However, there are inconsistent reports
on the effects of isorhamnetin on PPARγ in vitro (Zhang et al., 2016;
Ramachandran et al., 2012).

Caenorhabditis elegans, a multi-organ millimetric transparent worm, is
used for food and obesity research with well-established protocols (Shen
et al., 2018a, 2018b). Human lipid metabolism pathways are conserved
in C. elegans, which help to identify the mechanisms of action of food
components prior to vertebrate animals and/or humans (Shen et al.,
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2018a, 2018b). Previously, studies have examined the anti-obesity ef-
fects of plant extracts and food bioactive components in C. elegans,
showing the relevance of this animal model for the mechanistic studies of
prospective bioactives (Bhattacharya et al., 2013; Farias-Pereira et al.,
2018, 2020; Lin et al., 2019; Liu et al., 2018; Machado et al., 2018; Shen
et al., 2017, 2018a, 2018b, 2018c; Sun et al., 2016; Yue et al., 2019).
Thus, the goal of this study was to determine the effects of isorhamnetin
on lipid metabolism by using C. elegans as an animal model. In this cur-
rent study, we showed that isorhamnetin reduced fat accumulation
dependent on nhr-49, a functional homolog of proliferator-activated re-
ceptor alpha (PPARα), with involvement of enzymes related to fatty acid
β-oxidation and lipolysis in C. elegans.

2. Material and methods

2.1. Material

Isorhamnetin was acquired from Frontier Scientific (purity � 98%,
fromHippophae rhamnoides L., batch LL60O103, CAS 480-19-3, PubChem
CID 5281654, Logan, UT, USA). Chemicals were bought from Fisher
Scientific (Pittsburgh, PA, USA) unless stated in the described methods.
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Fig. 1. Isorhamnetin reduced fat accumulation in C. elegans. Adult worms (wild
type) were treated with isorhamnetin for 2 days. Triglyceride levels were
normalized by protein content. Data are means � S.E. (n ¼ 3–6). Means with
different letters are significantly different at P < 0.05.
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2.2. Worms culture

C. elegans strains (Supplementary Table S1) provided by Caeno-
rhabditis Genetics Center (University of Minnesota, Minneapolis, MN,
USA), were cultivated on Petri dish with solid nematode growth media
(NGM) until eggs were harvested by using bleach solution (Shen et al.,
2017). Worm eggs in S-complete (liquid growth media) were incubated
overnight at 20 �C or 15 �C (only for daf-2 mutant) on an incubator
(model DT2-MP-47, Tritech Research Inc., Los Angeles, CA) (Far-
ias-Pereira et al., 2018). After eggs were hatched, L1 stage worms were
cultured in liquid growth media, containing 100 μg/mL ampicillin (Sig-
ma-Aldrich Co., St. Louis, MO, USA), 50 μg/mL carbenicillin (Fisher
Bioreagents, Pittsburgh, PA, USA) and live Escherichia coli OP50 for two
days. Then, worms at L4 stage/young adult were harvested and placed in
12-well plates containing 120 μM20-deoxy-5-fluorouridine (TCI America,
Portland, OR, USA) in liquid media, to prevent eggs from becoming
larvae (Sun et al., 2016). Dead E. coli (65 �C for 30 min) was used to feed
the worms and to prevent isorhamnetin degradation by bacteria (Far-
ias-Pereira et al., 2018; Du et al., 2017). Previously, others have shown
the antioxidant and anti-aging properties of isorhamnetin up to 200 μM
in C. elegans (Surco-Laos et al., 2011), thus, adult worms were treated
with 0.1% dimethyl sulfoxide (DMSO; control) or isorhamnetin
(50–200 μM in DMSO) for 2 days.

2.3. Fat measurement

Worm bodies were sonicated with 0.05% Tween 20® for 3 min as
previously described (Sun et al., 2016). Triglyceride content was
measured by using Infinity™ Triglycerides Reagent (Fisher Diagnostics,
Middletown, VA, USA) with glycerol as a standard. Triglyceride levels
were normalized by protein levels, measured by using Pierce™ BCA
Protein Assay Kit (Thermo Fisher Scientific, Middletown, VA, USA) with
bovine serum albumin as a standard. The absorbances were determined
by using SpectraMax i3 microplate reader and SoftMax Pro v. 6.5 (Mo-
lecular Devices, Sunnyvale, CA, USA).

2.4. Food intake, body size and energy expenditure

Food intake was estimated by pharynx movement (pumping rate),
since worm's food intake depends on the pharynx contractions to uptake
the food (E. coli) into the gut (Lee et al., 2017; Avery and You, 2012).
Worms were placed in low-peptone NGM plates with live E. coli OP50 to
attract the worms to the observational sites, as previously described
(Farias-Pereira et al., 2018). In order to quantify worms' body size by
measuring width (μm) and length (μm), videos of nematodes were
recorded and analyzed byWormLab tracking system and software (model
MSCOP-002, software v. 3.1.0 64-bit, MBF Bioscience, MicroBrightField
Inc., Willinston, VT, USA) (Shen et al., 2018c). Energy expenditure was
estimated by the moving speed [μm/s; (forward distance þ reverse dis-
tance)/time], since the locomotor behavior of C. elegans is related to
energy expenditure (Farias-Pereira et al., 2020; Laranjeiro et al., 2017;
Shen et al., 2018b).

2.5. Worm viability

Worms viability was determined by motility and fluorescence stain-
ing methods as previously described with modifications (Ferreira et al.,
2015). Motility of worms was observed in an optical microscope; worms
without motility are considered as non-viable worms (Ferreira et al.,
2015). SYTOX™ Green Nucleic Acid Stain (Life Technologies Corpora-
tion, Eugene, OR, USA), a DNA-binding fluorescence stain that does not
penetrate in viable cells, was also used to test worm viability (Ferreira
et al., 2015). Worms were placed in a black 96-well microplate in
S-complete media, then 1 μM of SYTOX™ Green Nucleic Acid Stain was
added to each well, then fluorescence intensities were measured with
excitation and emission at 485 and 523 nm, respectively, by using
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SpectraMax i3 microplate reader and SoftMax Pro v. 6.5 (Molecular
Devices, Sunnyvale, CA, USA) (Ferreira et al., 2015). Fluorescence in-
tensity was normalized by the number of worms in a well (60–80
worms/well). As a positive control, 50% methanol treatment, which is
known to kill nematodes, was used for both methods (Ferreira et al.,
2015), thus higher fluorescence intensity indicates non-viable worms
compared to the negative control.

2.6. Real-time PCR

TRIzol® (Thermo Fisher Scientific, Middletown, VA, USA) was used
to extract total RNA, then used to synthesize cDNA by using high-
capacity cDNA reverse transcription kit (Thermo Fisher Scientific, Inc.,
Middletown, VA) and thermal cycler (Bio-Rad Laboratories Inc., Hercu-
les, CA) following the respective manufacturer's protocols. TaqMan®
gene expression assays (Supplementary Table S2, Thermo Fisher Scien-
tific, Inc., Middletown, VA) were used to perform the relative quantita-
tive RT-PCR, and signal intensity was measured by StepOnePlus™ Real-
Time PCR system (Applied Biosystems, Foster City, CA). Comparative
threshold cycle (Ct) method was used to show the results as fold change
of gene expression (2�ΔΔCt ).

2.7. Statistical analysis

One-way (Figs. 1, 2 and 5) or two-way (Figs. 3 and 4) analysis of
variance (ANOVA) followed by Tukey-Kramer multiple comparison test
or one-tailed Dunnett's test (Supplementary Fig. S1), performed by SAS
Software (version 9.4, SAS Institute, Cay, NC), were used to analyze
statistical differences (P < 0.05).

3. Results

Isorhamnetin at 100 and 200 μM decreased triglyceride content in
wild-type C. elegans by 17% (P¼ 0.0105) and 36% (P<0.0001) compared
to the control, respectively (Fig. 1). In order to assess whether iso-
rhamnetin reduced fat accumulation by decreasing food intake and/or
increasing energy expenditure, we measured the pharynx pumping rate
and moving speed, as an indicator of food intake and energy expenditure,
respectively (Shen et al., 2018c). Our results showed that isorhamnetin
did not change pharynx pumping rate or moving speed of worms
(Fig. 2A, B). Moreover, isorhamnetin did not change worm body size
(Fig. 2C, D) or viability (Suppl. Fig S1). Overall, these suggest that the
reduced body fat by isorhamnetin is unlikely to be due to modifications
in energy intake or expenditure.



Fig. 2. Isorhamnetin did not change feeding or locomotor behavior of wild-type C. elegans. Adult worms were treated with isorhamnetin for 2 days, then transferred to
a low-peptone NGM plates before observations. Data are mean � S.E. A - Number of pharyngeal contractions of randomly selected worms was counted for 30 s
(n ¼ 20). An automatic tracking system measured worm locomotor behavior and body size (n ¼ 62–79). B - Moving speed. C - Width. D - Length.

Fig. 3. Effects of isorhamnetin on fat accumulation in C. elegans knockout mutants. Adult worms were treated with isorhamnetin for 2 days. Triglyceride levels were
normalized by protein content. Data are means � S.E. (n ¼ 3–6, from 1 to 2 independent experiments). Means with different letters at each variable are significantly
different at P < 0.05.
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We further assessed the mechanisms of action for the isorhamnetin's
effects on lipid metabolism by a targeted approach using C. elegans mu-
tants and gene expression. First, we evaluated the effects of isorhamnetin
on fat accumulation in the C. elegans mutant lacking sbp-1, a homolog of
the human sterol regulatory element-binding protein (SREBP), one of the
major players for lipogenesis (Farias-Pereira et al., 2018). Isorhamnetin
at 100 and 200 μM reduced fat accumulation over the control in sbp-1
mutant (Fig. 3, P ¼ 0.0032 and 0.0009, respectively), suggesting that the
reduced fat accumulation by isorhamnetin is independent on sbp-1 in
C. elegans.

The C. elegans CEBP-2, a homolog of the adipocyte differentiation-
related CCAAT/enhancer-binding proteins (C/EBPs), also regulates the
expression of lipogenesis-related genes, including fat-5/SCD, an ortholog
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of the human stearoyl-CoA desaturase (Xu et al., 2015). Treatment of
isorhamnetin at 100 and 200 μM upregulated cebp-2 expression by 13%
on wild-type worms compared to the control (Fig. 4A, P ¼ 0.0097 and
0.0136, respectively). However, the isorhamnetin's fat-lowering effects
were not associated with changes on fat-5 in C. elegans (Fig. 4A). These
suggest that isorhamnetin's effects on CEBP-2 may not involve the lipo-
genesis regulation in C. elegans.

DAF-12, a homolog of the human farnesoid X receptors (FXR), is
another transcription factor that regulates lipid metabolism in
C. elegans (Dowell et al., 2003). Thus, we evaluated the effects of iso-
rhamnetin on fat accumulation in the C. elegans mutant lacking daf-12.
The fat-lowering effects of 200 μM isorhamnetin remained in daf-12
mutant (Fig. 3, P ¼ 0.0012 compared to the control), suggesting that



Fig. 4. Effects of isorhamnetin on lipid metabolism-related genes expression on wild-type worms measured by real time-PCR (A & B). Data are means � S.E. (n ¼ 3–8,
from 1 to 2 independent experiments). Means with different letters at each variable are significantly different at P < 0.05.

Fig. 5. The upregulated ech-1.1 (A) and atgl-1 (B) expression by isorhamnetin
was abolished on nhr-49 mutant, measured by real time-PCR. Data are
means � S.E. (n ¼ 3–4).
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daf-12 is not a genetic requirement for isorhamnetin's fat-lowering ef-
fects in C. elegans.

The insulin/insulin-like growth factor signaling pathway, also known
for its effects on lipid metabolism in C. elegans, is regulated by DAF-2, a
homolog of the insulin/insulin-like growth factor receptor, and its
downstream target DAF-16, an ortholog of the mammalian Forkhead box
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O transcription factor (Farias-Pereira et al., 2018). Isorhamnetin at 100
and 200 μM reduced fat accumulation in daf-2 mutant (P ¼ 0.0036 and
0.0061, respectively) and daf-16 mutant (P ¼ 0.0002 and < 0.0001,
respectively). These suggest that isorhamnetin's fat-lowering effects were
independent on daf-2 and daf-16.

TUB-1, an ortholog of the mammalian TUBBY, is associated with the
regulation of lipid metabolism via a neuroendocrine pathway in
C. elegans (Yue et al., 2019). Isorhamnetin at 200 μM decreased triglyc-
eride content in tub-1 mutant by 46%, compared to the control (Fig. 3,
P ¼ 0.0187), suggesting that the effects of isorhamnetin on fat accumu-
lation were independent on tub-1 in C. elegans.

In C. elegans, the nuclear hormone receptor NHR-49, a homolog of the
peroxisome proliferator-activated receptor α (PPARα), regulates fatty acid
β-oxidation (Pathare et al., 2012; Ratnappan et al., 2014; Van Gilst et al.,
2005a, 2005b). The reduced fat accumulation by isorhamnetin was abol-
ished in nhr-49mutant, suggesting that isorhamnetin's fat-lowering effects
were dependent on nhr-49 (Fig. 3). Consistently, isorhamnetin at 100 μM
and 200 μMupregulated transcription of nhr-49 by 19% (P¼ 0.0065) and
20% (P ¼ 0.0038), respectively, compared to the control (Fig. 4B). Iso-
rhamnetin did not change the expression of a mediator complex that in-
teracts with NHR-49 protein, mdt-15 (a homolog of the human mediator
complex subunit 15, MED15), neither the NHR-49-downstream genes:
acs-2 (a homolog of the human acyl-coA synthetase 2), acs-11 (an ortholog
of the human acyl-CoA synthetase 3), cpt-5 (an ortholog of the human
carnitine palmitoyl transferase 1, CPT1) and ech-4 (an ortholog of the
human enoyl-CoA hydratase 2) (Pathare et al., 2012; Ratnappan et al.,
2014; Van Gilst et al., 2005a, 2005b). However, 100 μM isorhamnetin
upregulated the expression of ech-1.1 (an enoyl-CoA hydratase, an ortho-
log of the human hydroxyacyl-CoA dehydrogenase trifunctional multien-
zyme complex, HADHA) by 200% (P ¼ 0.0025) compared to the control
(Fig. 4B). Thus, we further determined if the effects of isorhamnetin on
ech-1.1 expression were dependent to nhr-49 by using nhr-49mutant. The
upregulation of ech-1.1 by isorhamnetin was abolished in nhr-49 mutant
(Fig. 5A), suggesting that isorhamnetin increases expression of ech-1.1 via
NHR-49-dependent pathway.
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Adenosine monophosphate-activated protein kinase (AMPK), enco-
ded by two subunits homologs aak-1 and aak-2 in C. elegans, regulates
multiple cellular pathways by sensing the energy balance (Shen et al.,
2018c). Although aak-1 and aak-2 were not a genetic requirement for
fat-lowering effects of isorhamnetin (Fig. 3), isorhamnetin at 200 μM
upregulated the expression of aak-1 (P¼ 0.0048) and aak-2 (P¼ 0.0236)
by 24% and 25%, respectively, compared to the control (Fig. 4A). These
suggest that AMPK activation may have contributed to isorhamnetin's
fat-lowering effects in C. elegans.

The C. elegans let-363 (a homolog of the human mechanistic target of
rapamycin, mTOR) is another energy sensor that regulates lipid meta-
bolism (Farias-Pereira et al., 2018). Isorhamnetin at 100 μM upregulated
let-363 expression by 20%, compared to the control (Fig. 4A, P¼ 0.0216),
however, 200 μM isorhamnetin did not regulate let-363 expression
(Fig. 4A) these results suggest that let-363/mTOR may not be involved in
the effects of isorhamnetin in C. elegans.

The lipases, atgl-1 (a homolog of the human adipose triglyceride
lipase or patatin-like phospholipase domain-containing protein 2,
PNPLA2) and hosl-1 (a homolog of the human hormone-sensitive lipase E,
LIPE), are targets for anti-obesity agents due to their effects on lipolysis
(Farias-Pereira et al., 2018; Liu et al., 2018; Machado et al., 2018).
Treatment of 200 μM isorhamnetin upregulated atgl-1 expression by 27%
(P ¼ 0.0211), while hosl-1 expression was upregulated only by 6% in the
100 μM isorhamnetin-treated worms (P ¼ 0.0106) compared to the
control (Fig. 4A). We further determined the effects of isorhamnetin on
atgl-1 expression in nhr-49mutant and we observed that the upregulation
of atgl-1 by isorhamnetin was abolished (Fig. 5B). These suggest that the
fat-lowering effects of isorhamnetin involve an increased lipolysis by
atgl-1 upregulation via NHR-49-dependent pathway in C. elegans.

4. Discussion

Isorhamnetin is a flavonol found in sea buckthorn berries, kale and
onions with potential use as anti-obesity agent. The fat-lowering effects
of isorhamnetin reported in this study are consistent with other reports
showing that flavonols, including isorhamnetin, reduced fat accumula-
tion in C. elegans, Drosophila melanogaster and/or rodent models (Zhang
et al., 2016; Bhattacharya et al., 2013; Azuma et al., 2019). Furthermore,
we showed that isorhamnetin reduced fat accumulation dependent on
nhr-49, a functional homolog of PPARα, by upregulating an NHR-49
downstream target (ech-1.1) involved in fatty acid β-oxidation in
C. elegans. In addition, the current study suggests that the energy sensor
AAK/AMPK and lipase ATGL-1 may contribute to the reduced body fat by
isorhamnetin in C. elegans.

The PPARs (PPARα, PPARβ/δ and PPARγ), which are structurally
similar (i.e. ligand biding site), are nuclear receptors that regulate lipid
metabolism by tissue-specific mechanisms (Chung et al., 2016; Mirza
et al., 2019). Previously, it was reported that isorhamnetin suppresses
adipocyte differentiation by antagonizing PPARγ (Eseberri et al., 2019;
Lee et al., 2010; Zhang et al., 2016; Lee and Kim, 2018); however, others
reported that isorhamnetin acts as a PPARγ agonist in gastric AGS cells
(Ramachandran et al., 2012). In C. elegans, there is evidence that the
functions of PPARs on lipid metabolism are led by the nuclear hormone
receptors, such as NHR-49 and DAF-12 (Dowell et al., 2003; Van Gilst et
al., 2005a). The current results showed that isorhamnetin reduced body
fat via NHR-49/PPARα-dependent only, but not via DAF-12-dependent
pathway.

Isorhamnetin may regulate nhr-49 by its effects on upstream regula-
tors, such as AAK/AMPK, as previously reported that AAK upregulates
transcription of nhr-49 in C. elegans (Moreno-Arriola et al., 2016). Current
observation of increased aak-1 and aak-2 expressions by isorhamnetin is
consistent to the previous report of activation of AMPK by isorhamnetin
in HepG2 and 3T3-L1 cells (Lee and Kim, 2018; Dong et al., 2014). Thus,
it is possible that increased expression of aak-1 and aak-2 by iso-
rhamnetin may lead to an increased nhr-49 expression; however, it is yet
not known if the isorhamnetin post-translationally regulates AAK in
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C. elegans. Others have suggested that isorhamnetin may regulate tran-
scription of PPARα by inhibiting p38 mitogen-activated protein kinase
(MAPK) in murine hepatocytes (Lu et al., 2018). However, it is known
that the p38 MAPK homolog (pmk-1) pathway has little influence on the
NHR-49-mediated pathway in C. elegans (Goh et al., 2018). Although
AAK/AMPK is not a genetic requirement for the effects of isorhamnetin
on body fat, these suggest that the AAK/AMPK activation, transcrip-
tionally and/or post-translationally, may play a part in the fat-lowering
effects of isorhamnetin via NHR-49/PPARα pathway.

Isorhamnetin may activate NHR-49 directly by binding its ligand-
binding domain in C. elegans. An isorhamnetin sulfate (isorhamnetin-7-
O-sulfate), along with other flavonol sulfates, were identified as a NHR-
49-ligand in silico by using LibDock, a docking algorithm that analyses the
ligand-protein conformational interactions (Lee et al., 2016). Whether
only sulfate forms of flavonols, originated by metabolization of flavonols,
but not flavonols themselves, are able to directly activate
NHR-49/PPARα is still not clear (Chung et al., 2016; Yeh et al., 2016).

The PPAR may have different target genes dependent to co-factors,
such as C/EBPs and PPAR coactivator 1α (PGC1α) (Chung et al., 2016);
PGC1α and C/EBPβ were both involved in the increased fatty acid
oxidation by CPT1 in human nasopharyngeal cancer cells (Du et al.,
2019). Homologs of these co-factors are MDT-15/PGC1α and
CEBP-2/C/EBP in C. elegans, respectively (Lin et al., 2019; Xu et al.,
2015). However, neither MDT-15 nor CEBP-2 was identified as co-factors
for the isorhamnetin's fat-lowering effects via NHR-49-mediated pathway
in the current study, which also explain the null effect of isorhamnetin on
cpt-5/CPT1 expression.

HADHA, an enzyme that has the enoyl-CoA hydratase and
hydroxyacyl-CoA dehydrogenase activities as ECH-1.1 in C. elegans, is
responsible for the last three steps of mitochondrial β-oxidation of long
chain fatty acids (Fould et al., 2010; de la Rosa Rodriguez et al., 2018).
Consistently, it was reported that daily intake of a PPARα agonist
(fenofibrate) upregulated the gene expression of HADHA in humanized
liver of chimeric mice after 4 days (de la Rosa Rodriguez et al., 2018).
Thus, the upregulation of ech-1.1 by isorhamnetin via NHR-49-dependent
pathway observed in the current study suggests that isorhamnetin in-
creases fatty acid β-oxidation that can contribute to reduced fat accu-
mulation in C. elegans.

The current study also showed that the upregulation of atgl-1 by
isorhamnetin was dependent on nhr-49, suggesting that isorhamnetin
increases lipolysis via NHR-49-dependent pathway. Previously, it was
reported that fenofibrate had lipolytic effects via PPARα-ATGL pathway
in muscle tissue in rats (Biswas et al., 2016). Consistently, yerba mate tea
extract reduced fat accumulation via NHR-49-dependent pathway with
the upregulation of atgl-1 in C. elegans (Machado et al., 2018). Therefore,
the lipolytic effects of isorhamnetin, particularly via atgl-1 upregulation,
may contribute for its fat-lowering effects in C. elegans.

After supplementation with St. John's wort and onion extracts con-
taining 97.2–163 mg of flavonols, maximum plasma concentrations
(Cmax) of isorhamnetin reached 40–50 nM and time to achieve the
maximum concentration (tmax) of isorhamnetin was 84–268 min in
humans (Burak et al., 2017; Schulz et al., 2005). These relatively low
plasma concentrations of isorhamnetin may be related to the metabolism
of flavonols by gut microbiota and/or detoxification pathways in vivo (Du
et al., 2017; Yeh et al., 2016). Even though, others have reported that
200 μM isorhamnetin treatment is absorbed in the worms body up to
50 μg isorhamnetin/mg protein after 4–6 days, the doses here used are
not yet translatable from C. elegans to humans (Shen et al., 2018a; Sur-
co-Laos et al., 2011).

The anti-obesity mechanisms of action of dietary bioactives and plant
extracts on lipid metabolism have various molecular targets in C. elegans
(Farias-Pereira et al., 2018; Lin et al., 2019; Liu et al., 2018; Machado et
al., 2018; Shen et al., 2017, 2018c; Sun et al., 2016; Yue et al., 2019). It
was reported that the inhibitory effects of NHR-49 on fatty acid desa-
turases (lipogenesis) were related to the fat-lowering effects of a saponin
extract in C. elegans (Lin et al., 2019). AAK was found to be regulated for
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isorhamnetin and methylated resveratrol associated with fatty acid
oxidation and lipogenesis, respectively (Yue et al., 2019). These suggest
that food can be used to target lipidmetabolism at various mechanisms to
effectively control body fat. For this, studies using C. elegans on lipid
metabolic pathways can be useful to identify potential food bioactive to
test these in vertebrate animals and/or humans.

The current study investigated the mechanisms for the effects of
isorhamnetin on lipid metabolism in C. elegans by a targeted approach.
Additional studies would be necessary to confirm our observation that
isorhamnetin has any effects on energy expenditure by using direct
measurements, such as microcalorimetry, oxygen consumption and
mitochondria function assays (Farias-Pereira et al., 2020; Laranjeiro et
al., 2017; Shen et al., 2018b). In addition, results from the current study
do not exclude the possibility that isorhamnetin reduced body fat via an
alternative pathway and/or post-transcriptional regulation of factors
involved in lipid metabolism.

In conclusion, isorhamnetin reduces fat accumulation in C. elegans
dependent on nhr-49, which are involved in fatty acid β-oxidation and
lipolysis. The current study is consistent with others that isorhamnetin is
a potential anti-obesity bioactive.
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