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Abstract

:

Butein is a flavonoid found in many plants, including dahlia, butea, and coreopsis, and has both antioxidant and sirtuin-activating activities. In light of the postulated role of free radicals in aging, we examined the effects of butein on aging and on genetic or nutritional models of age-related diseases in Caenorhabditis elegans. Butein showed radical scavenging activity and increased resistance to oxidative stress in Caenorhabditis elegans. The mean lifespan of Caenorhabditis elegans was significantly increased by butein, from 22.7 days in the untreated control to 25.0 days in the butein-treated group. However, the lifespan-extending effect of butein was accompanied by reduced production of progeny as a trade-off. Moreover, the age-related decline in motility was delayed by butein supplementation. Genetic analysis showed that the lifespan-extending effect of butein required the autophagic protein BEC-1 and the transcription factor DAF-16 to regulate stress response and aging. At the genetic level, expression of the DAF-16 downstream target genes hsp-16.2 and sod-3 was induced in butein-treated worms. Butein additionally exhibited a preventive effect in models of age-related diseases. In an Alzheimer’s disease model, butein treatment significantly delayed the paralysis caused by accumulation of amyloid-beta in muscle, which requires SKN-1, not DAF-16. In a high-glucose-diet model of diabetes mellitus, butein markedly improved survival, requiring both SKN-1 and DAF-16. In a Parkinson’s disease model, dopaminergic neurodegeneration was completely inhibited by butein supplementation and the accumulation of α-synuclein was significantly reduced. These findings suggest the use of butein as a novel nutraceutical compound for aging and age-related diseases.
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1. Introduction


Reactive oxygen species (ROS), including hydroxyl radical (HO·), hydroxide ion (HO−), superoxide anion (O2·−), and hydrogen peroxide (H2O2), are formed by the reduction of molecular oxygen. They are byproducts of mitochondrial oxidative phosphorylation, but are also formed by intracellular organelles such as peroxisomes and chloroplasts [1]. Pollutants, heavy metals, and ionizing radiation can lead to ROS formation in cells as well. Under normal conditions, ROS are present in cells at low levels and are required for cellular signaling pathways, homeostasis, and the response to cellular stress; however, in excessive amounts, they can cause oxidative damage to DNA, proteins, lipids, and other cellular macromolecules [2]. According to the free radical theory of aging, the age-related accumulation of oxidative damage by ROS is among the mechanisms of aging [3]. Age-related ROS accumulation increases both apoptosis in cardiomyocyte, a major hallmark of the aged heart, and neuroinflammation in the aged brain, which can result in neurodegeneration [4]. ROS have also been implicated in the development of many age-related diseases, including cancers, through the expansion of cancer cells via MAPK and PI3K signaling [5]. Cell migration and invasion are activated by ROS, as is angiogenesis, which is necessary to support metastasis [6]. Increased oxidative damage to DNA, proteins, and lipids has been reported in patients with Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis [7,8]. In both AD and PD, supplementation with antioxidants has been shown to inhibit the accumulation of the amyloid beta (Aβ) and α-synuclein proteins, which are respectively associated with the development of these diseases [9,10,11].



Antioxidant molecules such as vitamins, polyphenols, and flavonoids mainly work as ROS scavengers. The effects of antioxidant compounds provided as a dietary intervention on aging have been examined in various model organisms. Among these organisms, C. elegans has been widely employed as an aging model due to its conserved aging signaling with mammals, short life cycle, and applicable genetic manipulations. Over the past decade, many antioxidant molecules with anti-aging and lifespan-extending properties have been identified in C. elegans [12]. Plant-derived phytochemicals, including polyphenols, terpenoids, and alkaloids, are the most observed and promising anti-aging molecules discovered from C. elegans screening thus far [12]. Resveratrol, a polyphenol found in red wine, has shown the ability to retard many age-related pathophysiological changes and extend the lifespan of C. elegans [13]. Dietary supplementation with myricetin, a polyphenolic compound found abundantly in navel oranges and blueberry leaves, increased the lifespan of C. elegans [14]. Silymarin, a flavanol derivative, inhibited Aβ-induced toxicity and had lifespan-extending effects [15]. Anti-aging effects and preventive effects on age-related diseases, including AD, PD, and diabetes mellitus (DM), have been described following dietary supplementation with phlorizin, a flavonoid found in Malus genus, through a mechanism involving the DAF-16-induced stress response and autophagy [10]. Fisetin (3,3′,4′,7-tetrahydroxyflavone) reduced cellular ROS levels and increased both the mean and maximum lifespan of C. elegans [9].



Butein (3,4,2′,4′-tetrahydroxychalcone) is a flavonoid found in extracts from many plants; its pharmacological properties include antioxidant, anti-inflammatory, and antimicrobial activities [16,17]. Butein has shown the ability to reduce ethanol-induced ROS production in hepatic stellate cells and nitric oxide production in pancreatic β cells [18]. Neuroprotective effects of butein due to decreased levels of ROS and apoptotic cell death have been reported, as have inhibition of both lipogenesis and the expression of adipogenic markers in animals [19,20]. A recent study described butein-mediated activation of autophagy via AMPK/mTOR signaling in human chondrocytes [21]. The potential role of butein as a therapeutic agent in cancers such as neuroblastoma and breast cancer has been examined as well [22,23]. Dietary supplementation with butein led to recovery in an animal model of nonalcoholic fatty liver disease via reduced levels of ROS and inflammatory cytokines [24]. In a model of chronic heart failure, butein ameliorated cardiac injury and dysfunction through decreased ROS production [25].



In the present study, we examined the antioxidant and anti-aging effects of butein in C. elegans. The cellular mechanisms involved in butein-mediated lifespan extension were investigated in genetic analyses using long-lived genetic mutants, genetic knockdown, and target gene expression. The effects of dietary supplementation with butein on age-related diseases were investigated using genetic and nutritional disease models.




2. Materials and Methods


2.1. Worm Strains and Maintenance


All strains used for this study were purchased from the C. elegans Genetics Center (Minneapolis, MN, USA). The N2 strain was used as the wild-type strain. CL2070 (dvIs70 [Phsp-6.2::GFP, rol-6]) and CF1553 (muIs84 [Psod-3::GFP, rol-6]) express green fluorescence protein (GFP) under the hsp-16.2 and sod-3 promoters, respectively. For the identification of lifespan-extending mechanisms, three long-lived mutants were used: age-1 (hx546), clk-1 (e2519), and eat-2 (ad465). The subcellular localization of DAF-16 was determined in TJ356 (zls356 IV [daf-16p::daf-16a/b::GFP, rol-6]). CL4176 (dvls27 [myo-3/Aβ1-42/let UTR, rol-6]) is a genetic model for AD in which human Aβ is expressed in C. elegans muscle tissue after induction. BZ555 (egIs1 [dat-1p::GFP], expressing GFP in dopaminergic neurons) and NL5901 (pkIs2386 [unc-54p::alphasynuclein::YFP + unc-119(+)], expressing yellow fluorescent α-synuclein in muscle) were used as genetic models for PD. The worms were maintained at 20 °C on nematode growth medium (NGM) plates (25 mM NaCl, 2.5 mg peptone/mL, 50 mM KPO4, 5 μg cholesterol/mL, 1 mM CaCl2, 1 mM MgSO4, and 1.7% agar) spread with Escherichia coli OP50 as the food source. Butein (Sigma Aldrich, Cat. No. 72795, St. Louis, MO, USA) was dissolved in 99.9% ethanol.




2.2. In Vitro Antioxidant Activity


Butein solution was mixed with the same volume of a freshly prepared ethanolic solution of 0.2 mM DPPH (2,2-diphenyl-1-picrylhydrazyl) in a 96-well plate. After incubation in the dark for 30 min at 37 °C, the absorbance at 517 nm (A) was measured with a spectrophotometer. The scavenging activity was calculated using the following equation: Inhibition of DPPH radical (%) = [Acontrol − (Asample − Ablank)/Acontrol] × 100. Ascorbic acid (1 mg/mL) served as the positive control.




2.3. Resistance to Environmental Stressors


Age-synchronized 3-day-old adult worms (n = 30) were treated for 24 h with different concentrations of butein. To induce oxidative stress, the worms were transferred individually to S-basal medium without cholesterol (5.85 g sodium chloride, 1 g potassium phosphate dibasic, and 6 g potassium phosphate monobasic in 1 L sterilized distilled-water) containing 2 mM hydrogen peroxide (H2O2) in a 96-well plate. After 8 h of incubation, worm survival was examined under a microscope. Ultraviolet (UV) and heat stress were induced in age-synchronized 3-day-old worms (n = 60) by applying 1 min of UV irradiation (20 J/cm2/min) and 8 h of incubation at 35 °C, respectively. Live and dead worms were counted daily until all worms were dead.




2.4. Lifespan


Age-synchronized worms (n = 60) were grown on NGM plates containing 5-fluoro-2′-deoxyruridine (12.5 mg/L) to inhibit internal hatching (bagging). The number of live, dead, lost, killed, and bagged worms was recorded daily. Worms that were lost, killed, or bagged during the assay were classified as ‘censored’ and excluded from data analysis. The data were statistically analyzed using the log-rank test [26].




2.5. Fertility


Age-synchronized 2-day-old worms (n = 12) were randomly selected and transferred to fresh NGM plates (1 worm/plate) for 24 h, during which time they laid eggs. They were then transferred again to fresh NGM plates. Eggs left on the NGM plates were incubated at 20 °C for an additional 48 h and adult progeny were counted under microscope. This cycle was continued until no progeny were produced by each worm.




2.6. Motility


For the qualitative analysis of motility, the locomotive activity of worms at different ages was classified according to three phases: phase 1, spontaneous locomotive activity in the absence of any stimulus; phase 2, locomotive activity only in the presence of a mechanical stimulus; and phase 3, motility limited to the head and only in response to a mechanical stimulus (n = 100). Motility was quantitatively analyzed by counting the number of thrashing movements of the worms in M9 buffer during 1 min (n = 20).




2.7. RNAi


The expression of daf-16, skn-1, or bec-1 was specifically inhibited using RNAi clones obtained from the Ahringer RNAi library and the bacterial feeding method [27]. Double-stranded RNA synthesis during bacterial culture was induced by the addition of isopropyl-β-D-thio-galactoside (Sigma-Aldrich) to the culture medium. Cultured bacteria carrying each RNAi clone were spread on NGM plates as a food source. An empty vector clone served as the negative control.




2.8. Subcellular Localization of DAF-16


Seven days after hatching, TJ356 worms were mounted on glass slides containing 1 M sodium azide. The subcellular distribution of GFP was monitored by fluorescence microscopy.




2.9. Expression of Downstream Targets of DAF-16


CL2070 and CF1553 worms were grown on NGM plates. Seven days after hatching, randomly selected worms were transferred to a 96-well plate and their fluorescence intensity was measured with a fluorescence multi-reader (Infinite F200, Tecan, Grodig, Austria) (n = 20). GFP was also observed by fluorescence microscopy in worms mounted on glass slides coated with 2% agarose and 1 M sodium azide.




2.10. Aβ-Induced Paralysis


Eggs laid by CL4176 worms were incubated for 24 h at 15 °C. Sixty randomly selected worms were then transferred to a 25 °C incubator for 24 h to induce human Aβ gene expression in muscle. After induction, the development of paralysis in the worms was monitored every hour until all worms were paralyzed.




2.11. Toxicity Caused by High-Glucose Diet (HGD)


Glucose toxicity was induced by spreading 100 μL of 40 mM glucose onto NGM plates prior to the addition of OP50. A lifespan assay was performed with 60 age-synchronized worms as previously described.




2.12. Genetic Model of PD


BZ555 worms were transferred to NGM containing 50 mM 6-hydroxydopamine (6-OHDA) and 10 mM ascorbic acid to induce degeneration of dopaminergic neurons and gently mixed every 10 min for 1 h at 20 °C. After three washes with M9 buffer, the worms were transferred to fresh NGM plates spread with OP50 and 12.5 mg/L of 5-fluoro-2-deoxyruridine, then incubated at 20 °C for 72 h. A fluorescence microscope fitted with a 470/22 nm excitation filter and a 525/50 nm emission filter was used to visualize the degeneration of dopaminergic neurons in worms mounted on glass slides. L-3,4-dihydroxyphenylalanine (L-DOPA)-treated worms served as the positive control for inhibition of dopaminergic neuronal degeneration. Three-day-old NL5901 worms were bleached and their eggs were cultured in M9 buffer for 24 h at 20 °C. Hatched worms were transferred to fresh NGM plates and incubated for 72 h at 20 °C. Fluorescent intensity was determined using a 500/24 nm excitation filter and a 542/27 nm emission filter. The fluorescence intensity observed in the head region of both strains was quantified using Image-J software (version 1.54).





3. Results


3.1. Butein Scavenges Free Radicals and Increases Resistance to Oxidative Stress


The antioxidant activity of butein was determined by measuring the in vitro radical-scavenging activity and in vivo survival under oxidative stress conditions. The percent inhibitive effects of the well-known antioxidant ascorbic acid (1 mg/mL) was 95.6 ± 0.47% (mean ± standard error, p < 0.001 compared to the untreated control). All tested concentrations of butein showed strong radical-scavenging activity (Figure 1A). The percent inhibitive effects were 94.7 ± 0.07, 94.7 ± 0.06, 94.8 ± 0.07, and 94.7 ± 0.12 in worms treated with butein of 0.5, 1, 2, and 5 mM, respectively; all p-values were lower than 0.001 compared to the untreated control. In C. elegans with oxidative stress induced by H2O2, pretreatment with 1 mM butein increased the survival rate from 77.8 ± 4.01% in the untreated control to 96.7 ± 1.92% (p = 0.013) (Figure 1B). However, in worms treated with a higher concentration (5 mM) of butein, the survival difference was not significant compared to the untreated control (80.0 ± 1.92%, p = 0.643). Based on the results of the in vitro and in vivo antioxidant assays, 1 mM of butein was used in subsequent experiments. The effect of dietary supplementation with butein on the response of C. elegans to heat stress or UV irradiation was examined as well, but no significant effect was observed in either condition (Figure 1C,D).




3.2. Butein Extends the Lifespan of C. elegans but Reduces Fertility


According to the free radical theory of aging, cellular oxidative damage caused by free radicals is the major cause of aging [4]. In light of the increased resistance to oxidative stress observed in worms treated with butein, we next asked whether dietary supplementation with butein induced a longevity phenotype. The result of the lifespan assay showed that butein supplementation increased the mean lifespan from 22.7 days in the untreated control to 25.0 days in the butein-treated group (p < 0.001) and increased the maximum lifespan from 27 days to 29 days (Figure 2A). Independent replicative experiments showed a similar significant lifespan extension in response to butein (Table S1). However, many lifespan-extending genetic or nutritional interventions are accompanied by dysfunctional reproducibility as a trade-off [28,29]. This was the case in worms supplemented with butein, as the total number of progeny produced throughout a gravid period was significantly less than in the untreated control: 156.5 ± 12.88 vs. 198.4 ± 14.05 (p = 0.040). (Figure 2B). A comparison of the time-course distribution of progeny revealed a significant difference in the number of progeny produced on day 3: 107.1 ± 9.93 in the untreated control vs. 77.3 ± 8.84 in the butein-treated group (p = 0.036) (Figure 2B).




3.3. Butein Delays the Age-Related Decline in Motility


The effect of butein on the age-related decline in motility was examined both qualitatively and quantitatively. For the qualitative analysis, the worms were classified at different ages according to their locomotive activities. At young age (5 and 10 days after hatching), more than 97% of the worms showed active spontaneous locomotion in the absence of any mechanical stimulus (phase 1) in both the untreated control and the butein-treated group. Locomotive activity declined with aging, as the percentage of phase 1 worms decreased while the percentages of worms exhibiting locomotive activity only in the presence of a mechanical stimulus (phase 2) or movement only of the head in response to a stimulus (phase 3) increased with aging. However, butein supplementation delayed the age-related decline in motility, with an increase in the percentage of phase 1 for 20-day-old worms from 28.3% in the untreated control to 55.2% in the butein-treated group and a decrease in the percentage of worms of the same age in phase 3 from 16.2% to 9.4%, respectively. A similar effect was observed for 25-day-old worms (Figure 2C). A quantitative comparison of motility was performed through a thrashing assay. The number of thrashings per min was significantly higher in butein-treated worms (91.6 ± 2.86) than in the untreated control (74.8 ± 4.71; p = 0.007) (Figure 2D).




3.4. The Lifespan-Extending Effect of Butein Requires DAF-16 and BEC-1


The cellular mechanisms underlying butein-induced longevity were explored in three genetic mutants representing three lifespan-extending mechanisms. The mean lifespan of age-1, a mutant in which insulin/IGF-1-like signaling is reduced, was 30.6 days in the control and 30.0 days in the butein-treated group; the difference was not significant (p = 0.430) (Figure 3A). There was no significant increase in the mean lifespan of clk-1, in which ROS production is reduced, between the untreated control (22.4 days) and the butein-treated group (22.7 days; p = 0.473) (Figure 3B). Similarly, the difference was not significant in eat-2 mutants, a genetic model of dietary restriction (DR), at 28.6 days in the untreated control and 28.8 days in the butein-treated group (p = 0.440) (Figure 3C). These results suggest that the mechanism underlying the extended lifespan conferred by butein involves pathways common to all three longevity mutants. Butein had no effect on the lifespan of worms with repressed expression of bec-1, a major autophagic gene in C. elegans. The genetic knockdown of daf-16, a FOXO transcription factor that regulates both stress response and aging, completely abolished the lifespan-extending effect of butein. (Figure 3D and Table S2).




3.5. DAF-16-Regulated Stress-Responsive Genes Are Induced by Butein


The effect of butein on the subcellular distribution of DAF-16 was examined using GFP fused to DAF-16. Dietary supplementation with butein enhanced the nuclear localization of DAF-16 (Figure 4A). The percentage of worms exhibiting a cytosolic distribution of GFP decreased from 59.2 ± 7.77% in the untreated control to 34.6 ± 5.58% in butein-treated worms (p = 0.042). The percentage of worms in which GFP was found in both the cytosol and the nucleus was higher in the butein-treated group than in the control, at 46.3 ± 3.22% vs. 30.0 ± 3.60% (p = 0.015). The percentage of worms in which GFP was present only in the nucleus increased from 17.1 ± 4.54% to 25.4 ± 2.76% by butein treatment (p = 0.168) (Figure 4B). The increased nuclear localization of DAF-16 led to upregulation of its downstream targets, as the expression of both hsp-16.2 and sod-3 was higher in butein-treated worms than in the untreated control: 146.9 ± 5.93% vs. 100.0 ± 10.33% (p = 0.001) and 254.0 ± 15.69% vs. 100.0 ± 12.83% (p < 0.001), respectively (Figure 4D).




3.6. Butein Prevents Aβ-Induced Toxicity in an AD Model


In the AD model of C. elegans, the muscle-specific expression of human Aβ causes paralysis. However, dietary supplementation with butein significantly inhibited Aβ-induced toxicity. Following Aβ induction, 50% of the untreated worms were paralyzed after 7.32 h and 100% were paralyzed after 12 h. In the butein-treated group, 50% of the worms were paralyzed at 8.63 h after Aβ induction (p = 0.016, 18.0% increase) and 100% were paralyzed at 14 h (Figure 5A). Genetic knockdown of skn-1 but not daf-16 abolished the inhibitory effect of butein on Aβ-induced toxicity. The inhibitory effect of butein on paralysis was similar in worms fed the daf-16 RNAi clone, with a 21.8% delay in the time until 50% of the worms were paralyzed, from 7.4 h to 9.0 h (p = 0.018). However, when the expression of skn-1 was inhibited, the time taken until 50% of the worms were paralyzed was not altered by butein treatment (p = 0.956) (Figure 5B). These findings suggest that the inhibitory effect of butein on Aβ-induced toxicity is dependent specifically on SKN-1, and not on DAF-16.




3.7. Butein Reduces HGD-Induced Mortality in C. elegans


HGD is a widely-used nutritional model for DM in C. elegans [30]. The mean lifespan of worms was reduced from 20.8 days in the untreated control to 17.5 days in HGD worms (p < 0.001). Following butein supplementation, the mean lifespan increased to 19.5 days (p = 0.002 vs. HGD worms) (Figure 5C). In addition, HGD significantly decreased the mean lifespan in worms treated with daf-16 RNAi clone, from 24.5 days to 22.6 days (p < 0.001), although there was no improvement following butein supplementation, as the mean lifespan was essentially unchanged (22.5 days; p = 0.533). The increased mortality in HGD worms fed the skn-1 clone was not ameliorated by butein. The mean lifespan of skin-1 RNAi only, skn-1 RNAi + HGD, and skn-1 RNAi + HGD + butein worms was 25.8, 22.2, and 22.6 days, respectively. The difference between skn-1 RNAi only vs. skn-1 RNAi + HGD was significant (p < 0.001), while the difference between skn-1 RNAi + HGD vs. skn-1 RNAi + HGD + butein was not (p = 0.307) (Figure 5D).




3.8. Butein Inhibits Dopaminergic Neurodegeneration and Accumulation of α-Synuclein


In strain BZ555 worms, both L-DOPA and butein prevented the 6-OHDA-induced neurodegeneration of GFP-expressing dopaminergic neurons (Figure 6A). The relative fluorescence intensity decreased from 100.0 ± 3.47% in the untreated control to 74.3 ± 4.12% in worms treated with 6-OHDA (p < 0.001), whereas the relative fluorescence intensity in the L-DOPA-treated and butein-treated groups was 104.3 ± 9.78 and 97.7 ± 7.88%, respectively (p < 0.05 vs. worms treated only with 6-OHDA) (Figure 6B). The effect of butein on the accumulation of α-synuclein was examined using strain NL5901 worms, which express fluorescent α-synuclein. The accumulation of α-synuclein decreased significantly in older worms treated with butein, whereas in younger worms there was no significant difference in fluorescence between the untreated control and the butein-treated group (Figure 6C). In butein-treated 7-day-old worms, the relative fluorescence intensity was reduced to 81.2 ± 10.50% vs. 110.1 ± 8.71% in the untreated control (p = 0.040). In 10-day-old worms, the relative fluorescence intensity was 108.9 ± 7.45% in the untreated control and 78.2 ± 7.47% in the butein-treated group (p = 0.007) (Figure 6D).





4. Discussion


This study examined the role of dietary-supplemented butein on the response to environmental stressors and aging using C. elegans as a model system. Among the tested environmental stressors, butein conferred resistance to oxidative stress but not to heat stress or UV irradiation. Both mean and maximum lifespan were significantly extended by supplementation with butein. These findings indicate that the impact of butein on longevity is mediated by its antioxidant activity, providing support for the free radical theory of aging. Previous studies have reported that quercetin and fisetin, both of which are phenolic flavonols, can increase the lifespan of yeast and nematodes [9,31]. Dietary supplementation with the flavonoid kaempferol has been shown to extend the lifespan of C. elegans, with its effect being mediated by DAF-16 [32]. According to the disposable soma theory, organisms allocate their limited cellular resources between growth, reproduction, and age-related maintenance, which would explain why many genetic or nutritional prolongations of an organism’s lifespan are accompanied by a functional trade-off [33]. For example, organisms fed resveratrol or fisetin have a longer lifespan but reduced fertility [9,28]. Similarly, a long-lived mutant, age-1, produces fewer progeny than the wild-type control [29]. The longevity phenotype observed with butein supplementation was accompanied by fewer progeny, implying re-allocation of cellular resources from reproduction to maintenance and repair. An age-related decline in motility is a strong biomarker of aging, as it reflects universal and progressive features of the aging process. In this study, qualitative and quantitative analyses showed that butein delayed the age-related decline in motility. This delay in muscle aging may be due to the antioxidant activities of butein, as age-related changes in muscle, including atrophy, sarcopenia, and increased apoptosis, are consequences of increased ROS production in aged muscles [34].



The mechanisms underlying the butein-induced prolongation of the lifespan of C. elegans were investigated in long-lived mutants. Butein supplementation did not further extend the lifespan of the genetic mutants age-1, clk-1, and eat-2, indicating that its impact on longevity is conferred by a mechanism common to all three lifespan-regulating pathways. Recent studies have reported that autophagy is required for the prolonged lifespan mediated by reduced insulin/IGF-1-like signaling, DR, or decreased mitochondrial respiration [35]. Genetic knockout of the autophagy genes bec-1 and unc-51 suppressed the prolonged lifespans of the daf-2 and eat-2 genetic models of reduced insulin/IGF-1-like signaling and DR in C. elegans, respectively [35]. In C. elegans with clk-1 knockdown, the longevity phenotype of the bec-1 and unc-51 mutants was eliminated [35]. DAF-16 is a FOXO-transcription factor that modulates the response to oxidative stress and is required for the activity of lifespan-extending pathways, including the reduced insulin/IGF-1-like signaling and DR pathways [36]. Dietary supplementation with butein induced nuclear localization of DAF-16 and increased the expression of its downstream targets hsp-16.2 and sod-3. However, RNAi-mediated repression of either bec-1 or daf-16 completely inhibited the butein-mediated lifespan extension. These results suggest that the lifespan-prolonging effects of butein require autophagy and the DAF-16-induced stress response. Previous studies of C. elegans with the same genetic background showed a positive correlation of lifespan with the expression levels of hsp-16.2 and sod-3 [37,38]. In young worms exposed to heat stress, hsp-16.2 expression correlated positively with individual’s thermotolerance and life expectancy. Worms with higher levels of hsp-16.2 expression lived longer than worms with lower levels of hsp-16.2 expression, suggesting that hsp-16.2 expression level is a major predictor of the remaining lifespan of C. elegans [37]. Genetic screening in C. elegans for genes responsible for aging variability and regulating lifespan identified sod-3 as the best single longevity-promoting gene, as its increased expression resulted in a 22% longer lifespan than that in worms expressing less sod-3 [38]. Therefore, these results indicate that the butein-induced prolongation of lifespan is mediated the induction of longevity-promoting genes by DAF-16.



ROS have been implicated in many age-related diseases, including cancer, neurodegenerative diseases, and DM, while recent studies have demonstrated preventive or therapeutic effects on these diseases of dietary supplementation with antioxidant flavonoids [1,8]. Quercetin, a flavonoid found in red wine, has been shown to prevent the formation of Aβ fibrils, while the flavanone derivative silymarin delayed the paralysis caused by Aβ accumulation in AD animal models [15,39]. Fisetin, a plant-derived flavonoid, suppressed Aβ plaque formation and tau-mediated neurofibrillary tangles [40,41]. In another study, it reduced HGD-induced toxicity in a disease model of DM and blocked the degeneration of dopaminergic neurons in a PD model [9]. Dietary supplementation with phlorizin conferred protective effects on Aβ- and HGD-induced toxicities and inhibited 6-OHDA-induced neurodegeneration [10]. In the present study, butein decreased Aβ-induced paralysis through a pathway involving DAF-16 but not SKN-1. In other studies, the prevention of Aβ-induced toxicity for otophylloside B was likewise dependent on DAF-16 but not SKN-1, whereas the activity of rose essential oil involved SKN-1 but not DAF-16 and the activities of fisetin and phlorizin were mediated by both DAF-16 and SKN-1 [9,10,42,43]. Thus, the intracellular mediators involved in the effects of flavonoids on AD may be compound-specific. In the DM model in this study, butein partially counteracted HGD-induced mortality, and the effect was abolished when expression of daf-16 and skn-1 was repressed. Genetic screening has revealed that the decreased survival under HGD was mediated by stress-responsive transcription factors, including DAF-16, DKN-1, and HSF-1, while the preventive effects of fisetin and phlorizin required DAF-16 and SKN-1 [14,15]. Our results showed that butein inhibited dopaminergic neurodegeneration and the accumulation of α-synuclein in a disease model of PD. Further studies focusing on the effects of butein on aging and age-related diseases in higher organisms will lead to the development of clinical applications of butein.



The basic structure of butein is comprised two aromatic rings connected by a group of α, β-unsaturated carbonyl (chalcone) and two hydroxy substituents on each ring. X-Ray structure analysis and quantitative structure activity relationship (QSAR) approaches suggest that the hydroxy groups at the ortho position of the aromatic rings of butein can explain its strong antioxidant activity [44]. QSAR is a computer-aided analytical approach for predicting biological targets and the mode of interactions of molecules based on molecular structure. QSAR analyses for antitubercular, antiviral, and antimalarial activities have been reported with chalcone derivatives [45,46,47]. Because understanding the behavior and molecular targets of molecules is crucial for developing novel therapeutic compounds, detailed QSAR analysis for the anti-aging activity of butein is necessary in the near future.




5. Conclusions


Supplementation with butein shows increased survival under oxidative stress, but not under heat stress or UV irradiation. Butein confers a longevity phenotype that is accompanied by reduced fertility and requires BEC-1 and DAF-16. Nuclear localization of DAF-16 and expression of its downstream targets hsp-16.2 and sod-3 was observed in long-lived animals treated with butein. Aβ-induced toxicity was reduced by butein, which was dependent on SKN-1. Reduced survival due to HGD was restored by butein, which required DAF-16 and SKN-1. Butein inhibited dopaminergic neurodegeneration and α-synuclein accumulation in a PD model.
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Figure 1. Effect of butein on the response to environmental stressors. (A) The ROS scavenging activity of different concentrations of butein was measured with DPPH radical in vitro. Ascorbic acid (1 mg/mL) served as the positive control. (B) Survival under oxidative stress conditions induced by H2O2 was examined in vivo. Age-synchronized young adults (n = 30) were used for each group. Survival of worms (n = 60) after heat shock (C) or UV irradiation (D) in the untreated control and the group treated with 1 mM butein was compared. Error bar indicates the standard error. *, p < 0.05. 
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Figure 2. Anti-aging effect of butein supplementation. (A) Survival of worms was recorded daily until all worms were dead (with sixty age-synchronized worms). Butein significantly extended both the mean and the maximum lifespan. (B) The number of progeny produced by each worm (n = 12) was counted throughout a gravid period. Butein reduced the number of progeny produced during a gravid period. (C) Age-related changes in motility were analyzed qualitatively. Worms (n = 100) were classified according to their motility (phase 1, spontaneous movement in the absence of any stimulus; phase 2, motility only with in the presence of a mechanical stimulus; phase 3, movement only the head in response to a stimulus). (D) Quantitative analysis of motility was performed using a thrashing assay (n = 20). Age-related decline in motility was delayed by butein supplementation. The error bar indicates the standard error. *, p < 0.05. 
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Figure 3. Underlying mechanisms involved in butein-induced longevity. Lifespans of the long-lived mutants age-1 (A), clk-1 (B), and eat-2 (C) were compared in the untreated control and butein-treated group. There was no significant difference in lifespan with butein supplementation in any of the mutants. (D) Effect of genetic knockdown of daf-16 or bec-1 on the butein-induced lifespan extension examined using RNAi. The lifespan-extending effect of butein disappears when expression of daf-16 or bec-1 is inhibited. EV, empty vector. 
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Figure 4. Effect of butein on the localization of DAF-16 and the expression of its target genes. The intracellular distribution of DAF-16 was monitored by confocal microscopy (A) and compared in the untreated control and the butein-treated group (B). (C) The effect of butein on the expression of GFP under the hsp-16.2 or sod-3 promoter was monitored by fluorescence microscopy. (D) The expression level of GFP in the untreated control and butein-treated group was quantitatively compared using a fluorescence multi-reader. The expression of hsp-16.2 and sod-3 was induced by butein supplementation. The error bar indicates the standard error. *, p < 0.05. 
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Figure 5. Effect of butein on Aβ and HGD toxicity. (A) The number of paralyzed worms after Aβ induction was recorded in the untreated control and butein-treated group until all worms were paralyzed. (B) The effect of gene knockdown on butein-induced protection against Aβ-induced paralysis was examined in worms fed daf-16 or skn-1 RNAi. Butein prevented Aβ-induced toxicity, requiring SKN-1 for its effect but not DAF-16. (C) Lifespans of the untreated control, HGD-treated, and HGD + butein-treated worms were compared in a lifespan assay. (D) The effect of butein on HGD-induced toxicity was monitored in worms fed daf-16 or skn-1 RNAi. Butein reduced HGD-induced motility, requiring both DAF-16 and SKN-1. HGD, high-glucose diet. 
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Figure 6. Neuroprotective potential of butein in a genetic model of PD. (A) Representative images of the untreated control and experimental BZ555 worms. (B) The fluorescence intensities of dopaminergic neurons were analyzed quantitatively using Image-J software. Butein prevented degeneration of dopaminergic neuron. The accumulation of α-synuclein was observed under fluorescence microscopy (C) and compared in the untreated control and butein-treated group at 3, 7, and 10 days after hatching (D). The accumulation of α-synuclein was inhibited by butein supplementation. The error bar indicates the standard error. *, p < 0.05 vs. control; **, p < 0.05 vs. 6-OHDA-treated group. 
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