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ABSTRACT 

 Recent evidences showed that amylin deposition are not only found in pancreas in type 2 diabetes 

mellitus (T2DM) patients, but also in other peripheral organs, such as kidneys, heart and brain. Circling 

amylin oligomers that cross the blood-brain barrier and accumulate in the brain may be an important 

contributor to diabetic cerebral injury and neurodegeneration. Moreover, increasing epidemiological 

studies indicate that there is significant association between T2DM and Alzheimer’s disease (AD). 

Amylin and β-amyloid (Aβ) may share common pathophysiology and show strikingly similar 

neurotoxicity profiles in the brain. To explore the potential effects of rutin on AD, we here investigated 

the effect of rutin on amylin aggregation by Thioflavin T dyeing, evaluated the effect of rutin on amylin-

induced neurocytotoxicity by MTT assay, and assessed oxidative stress, as well as the generation of nitric 

oxide (NO) and pro-inflammatory cytokines in neuronal cells. Our results showed that flavonoid 

antioxidant rutin inhibited amylin-induced neurocytotoxicity, decreased the production of reactive oxygen 

species (ROS), NO, glutathione disulfide (GSSG), malondialdehyde (MDA) and pro-inflammatory 

cytokines TNF-α and IL-1β, attenuated mitochondrial damage and increased the GSH/GSSG ratio. These 

protective effects of rutin may have resulted from its ability to inhibit amylin aggregation, enhance the 

antioxidant enzyme activity of superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase 

(GPx) and reduce inducible nitric oxide synthase (iNOS) activity. These in vitro results indicate that rutin 

is a promising natural product to protect neuronal cells from amylin-induced neurotoxicity and oxidative 

stress, and rutin administration could be a feasible therapeutic strategy to prevent AD development and 

protect the aging brain or slow neurodegenerative processes. 

 

Keywords: 

rutin, amylin, cytotoxicity, oxidative stress, Type 2 diabetes mellitus, Alzheimer’s disease 
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Introduction 

Amyloid deposition is a pathophysiological hallmark of some severe degenerative disorders, including 

Alzheimer’s disease (AD), Parkinson’s disease, Huntington’s disease, and type 2 diabetes mellitus 

(T2DM)
1-4

. In T2DM, the aggregation of the human islet amyloid polypeptide (IAPP, amylin) forms islet 

amyloid deposits that are toxic to insulin-producing β-cells and can cause cell death
5, 6

. Human amylin is a 

37-residue peptide hormone co-secreted with insulin by pancreatic β-cells
7-9

. In physiological state, 

human amylin in soluble monomer facilitates the effects of insulin by participating in carbohydrate 

metabolism and satiety
10

. However, in disease state amylin undergoes a multistep misfolding process in 

which the monomers are self-assembled into β-sheet-rich oligomers that ultimately form fibrils. It is 

believed that small, dynamic, transient, and heterogeneous amylin oligomers cause β-cell dysfunction and 

death by disrupting cell membrane integrity and other cell signal transduction pathways 
11

, whereas 

monomers and mature fibrils may be less toxic to β-cells 
12, 13

.  

Amylin deposition have been detected in pancreas islets of over 95% of patients with T2DM
14, 15

. 

Besides pancreas, recent evidences revealed that amylin accumulation are also found in other peripheral 

organs, including brain 
16

.  Numerous epidemiological studies have shown positive correlation between 

T2DM and AD 
17

. Patients with T2DM are at 2- to 5-times higher risk of developing AD 
18, 19

. In the brain 

of AD patients, amylin is found to form independent amyloid plaques or co-precipitating with β-amyloid 

(Aβ) to form complex amylin/Aβ plaques, which inducing failure of elimination of Aβ from the brain 
16

. 

These findings suggest that amylin may be a second form of amyloid involved in AD pathophysiology. 

Similar to Aβ, circling amylin can aggregate to membrane-permeant toxic oligomers, diffuse into brain 

via blood-brain barrier (BBB) and accumulate to induce deleterious effects to brain involving 

inflammation, oxidative stress and neuronal dysregulation 
20

. In addition, although amylin and Aβ have 

little similarities in their primary sequence, they share common secondary structures and biochemical 

features, such as commonalities as to deregulate the cellular proteome, impair mitochondrial functions 
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and neurocytotoxicity 
21, 22

. Therefore, hyperamylinemia and amylin accumulation may be an important 

pathological mechanism linking diabetes with AD. 

Increasing evidences show that amylin accumulation may induce oxidative stress by causing 

mitochondrial dysfunction 
23

. Hyperamylinemia and amylin oligomerization increases the production of 

reactive oxygen species (ROS), decreases the level of endogenous antioxidant glutathione (GSH), and 

upregulates nitric oxide (NO) generation by reducing the activity of antioxidant enzymes, including 

superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx) 
24-26

, and by inducing the 

expression of nitric oxide synthase (iNOS) 
27

. Amylin aggregates may be also a risk factor for cerebral 

inflammation, possibly by promoting the production of pro-inflammatory cytokines. These cytokines, 

specifically TNF-α and IL-1β, contribute to the feed-forward cycle by inducing further neuronal cell 

dysfunction and by forming more amylin and Aβ deposits
17, 28

. Hence, inhibiting amylin aggregation and 

cytotoxicity, reducing oxidative stress, and decreasing the production of NO and pro-inflammatory 

cytokines are rational therapeutics for treatment of diabetic brain injury and AD. 

Flavonoids are a family of phenolic compounds with remarkable biochemical and pharmacological 

activities, such as antibacterial, antiviral, anti-inflammatory, anti-allergic, antithrombotic, antimutagenic, 

anti-neoplastic, and neuroprotective properties 
29

. Rutin is a flavonoid found in various plants and foods 

that exhibits numerous pharmacological activities, such as free-radical scavenging, immune and 

inflammatory cell regulation, antioxidant and anti-inflammatory properties, and cytoprotective actions 

against aging and cancer 
30

. Rutin prevents oxidative stress, mitochondrial dysfunction, and cell death in 

Caco-2 cells and has neuroprotective benefits in AD and Parkinson’s diseases by mitigating cellular 

damage induced by ROS
31, 32

. Rutin may also decrease oxidative stress and the production of NO and pro-

inflammatory cytokines induced by Aβ 
33

. Moreover, our previous reports showed that rutin improved 

spatial memory in AD transgenic mice by reducing Aβ oligomer level and attenuating oxidative stress and 

neuroinflammation
34

. In addition, rutin has an anti-hyperglycemic and antioxidant effect on 

streptozotocin-induced diabetic Wistar rats 
35

. Rutin analogs, such as quercetin, myricetin, morin hydrate, 

Page 4 of 36Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



5 

 

oleuropeinaglycon, and silibinin, prevent amylin aggregation and disaggregate the formed amylin fibrils
36-

40
. However, the effect of rutin on amylin-induced neurocytotoxicity and oxidative stress remains unclear. 

In this study, we will investigate the effect of rutin on amylin-induced neurotoxicity, oxidative stress, 

inflammatory reaction and nitric oxide (NO) generation in neuronal cells.  

Results 

Rutin attenuates amylin-mediated neurocytotoxicity and mitochondrial dysfunction 

Similar to Aβ aggregation-induced AD pathology, amylin accumulation in the brain can injure the 

neuronal cells by forming membrane-permeant oligomers 
24

. To test the effect of rutin on amylin-induced 

neurocytotoxicity, SH-SY5Y cells were incubated with amylin in the presence or absence of rutin and the 

cell viability was determined by MTT assay. Our results showed that the viability of cells treated with 

amylin (2 µM) alone remarkably decreased by 35.8%, whereas rutin improved cell viability in a 

concentration-dependent manner. Compared with amylin alone, 4 µM rutin) significantly inhibited 

amylin-induced cytotoxicity by approximately 54.5% (P < 0.05), and 4 µM rutin showed significant 

protective effects on neuronal cell viability than1 and 2 µM (P < 0.05) (Fig. 1A). 

It is believed that amylin accumulation in the brain can lead to mitochondrial dysfunction 
41

, thus 

increasing cytotoxicity and inducing cell death. Hence we investigated the effect of rutin on amylin-

induced mitochondrial dysfunction by mitochondrial membrane potential (MMP) assay. The fluorescent 

intensity ratio (red/green) of JC-1 in SH-SY5Y cells was decreased with the addition of amylin by 50%. 

However, 4 µM rutin  drastically increased the ratio by 36%, and showed higher inhibitory effect than 2 

and 1 µM (Fig. 1B). Our findings indicated that rutin can ameliorate amylin-induced mitochondrial 

dysfunction concentration-dependently.  

 Regulatory effect of rutin on MDA and SOD 

MDA is an indicator of free radical-induced lipid peroxidation and serves as an oxidative stress 

marker
42

. To evaluate the effect of rutin on MDA production, the MDA level was determined in BV-2 

cells pre-incubated with amylin in the presence or absence of rutin. The results showed that amylin 

Page 5 of 36 Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



6 

 

significantly increased MDA generation, whereas 0.8 and 8 µM rutin treatment markedly reduced amylin-

induced MDA production by 49.7% and 56.7%, respectively (P < 0.01, Fig. 2A), which suggest rutin can 

protect neuronal cells from amylin-induced lipid peroxidation. 

Oxidative stress has been strongly implicated in the pathophysiology of AD, which is closely related 

to the accumulation of Aβ and amylin in the brain 
20

. SOD is a free radical scavenging enzyme and its 

activity is considered as another oxidative stress marker. To measure the effect of rutin on SOD activity， 

BV-2 cells were pre-incubated with amylin in the presence or absence rutin, and the SOD levels, 

including Total-SOD, Mn-SOD, and Cu/Zn-SOD levels were determined respectively. Our data 

demonstrated that all SOD levels markedly decreased with the addition of amylin, however, rutin restored 

these levels concentration dependently. Compared with amylin alone, both 0.8 µM and 8 µM rutin 

enhanced SOD levels, 8 µM rutin significantly increased Total-SOD, Mn-SOD, and Cu/Zn-SOD levels 

by 112% (P < 0.01), 133% (P < 0.01), and 96.8% (P < 0.05), respectively (Fig. 2B–D), while 0.8 µM 

rutin showed less beneficial effect than 8 µM. Moreover, the MDA/SOD ratio, an index of oxidative 

stress, was enhanced by amylin and reduced by rutin, which indicates that rutin attenuated amylin-

induced lipid peroxidation and oxidative stress in neuronal cells (Fig. 2E). 

 

 Rutin reduces ROS production and increases CAT and GPx activity 

ROS significantly affects many cellular pathological processes. Excessive ROS generation is a vital 

factor contribute to oxidative stress in AD development
42

. To determine the effect of rutin on amylin-

induced ROS generation, SH-SY5Y cells were treated with 4 µM amylin in the absence or presence of 

rutin. The ROS levels were detected by using 2’,7’-dichlorofluorescein diacetate (DCFH-DA). Our results 

showed that amylin significantly increased ROS production in SH-SY5Y cell cultures, while 0.8 µM and 

8 µM rutin treatment noticeably inhibited amylin-induced ROS generation in a dose-dependent manner (P 

< 0.05, Fig. 3A). 
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Increased ROS can damage protein, lipid, and nucleic acids, reduce the activities of various 

antioxidant enzymes, such as CAT and GPx. Hence, we determined the activities of CAT and GPx in BV-

2 cells treated with 4 µM amylin in the absence or presence of rutin. Our results showed that the activities 

of these antioxidant enzymes were decreased by amylin and restored by rutin. Relative to amylin alone, 

rutin (0.8 and 8 µM) increased CAT activity by approximately 23.3% and 43.6% (P < 0.05), and GPx 

activity by 64.7% and 115.2% (P < 0.01), respectively (Fig. 3B and C). Compared with 0.8 µM rutin, 8 

µM rutin significantly enhanced the levels of CAT and GPx in BV-2 cells. 

 

Regulatory effect of rutin on GSH and GSSG levels 

GSH is a vital extracellular and intracellular protective antioxidant against oxidative stress. It 

reduces hydrogen peroxides and hydroperoxides by redox and detoxification reactions as well as protects 

protein thiol groups from oxidation. During detoxification and redox cycling, GPx converts GSH to 

GSSG in H2O2 catalysis to H2O. GSSG can be converted back to GSH by glutathione reductase. Hence, 

GSH/GSSG ratio is an ideal indicator for oxidative stress level 
43, 44

. The results demonstrated that amylin 

alone significantly decreased GSH levels and increased GSSG levels in BV-2 cells (Fig. 4A and B), while 

rutin addition markedly increased GSH (Fig. 4A) and decreased GSSG levels (Fig. 4B) in a 

concentration-dependent manner. Compared with 0.8 µM rutin, 8 µM rutin treatment significantly 

increased GSH levels and decreased GSSG levels. Consequently, the GSH/GSSG ratio was reduced by 

amylin and dose-dependently reinstated by rutin addition (P < 0.01, Fig. 4C).  

Rutin reduces amylin-induced production of NO and iNOS 

NO generated from iNOS is a key mediator of tissue damage after injury. Numerous evidences 

indicate that NO plays a pivotal role in the cascade of events leading to neuronal death. Moreover, Aβ can 

induce NO generation by upregulating the expression of iNOS 
45

. Since amylin and Aβ share similar 

pathophysiology in AD development, we test the effect of rutin on amylin-induced NO and iNOS 

generation in SH-SY5Y cells by using 3-amino,4-aminomethyl-20,70-difluorescein diacetate (DAF-FM 
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DA). Our finding indicated that rutin (0.8 and 8 µM) significantly inhibited amylin-induced NO and 

iNOS generation (P < 0.01, Fig. 5A and B). Compared with 0.8 µM rutin, 8 µM rutin treatment 

significantly inhibited amylin-induced NO and iNOS generation.  

 

Rutin reduces amylin-induced production of TNF-α and IL-β 

Recently studies showed that amylin oligomers may promote cerebral inflammation, thus 

exacerbating BBB damage and further toxic brain amylin accumulation 
20

. To assess the effect of rutin on 

the production of pro-inflammatory cytokines, TNF-α and IL-β levels was detected in the supernatants of 

BV-2 cells treated with amylin in the presence or absence of rutin. The results showed that both TNF-α 

and IL-β levels were increased by amylin addition while significantly decreased by rutin in a 

concentration-dependent manner (Fig. 6A and B). Compared with amylin alone, 8 µM rutin significantly 

decreased TNF-α and IL-β levels by 17.3% (P < 0.05) and 67.3% (P < 0.01), respectively. These findings 

suggested that rutin may exert anti-inflammatory effect by reducing pro-inflammatory cytokine 

generation. 

 

Rutin inhibits amylin fibrillization  

To investigate the mechanism by which rutin affects neuronal cells, the effect of rutin on amylin 

aggregation was determined. Similar to Aβ, amylin fibril generally forms via nucleation-dependent 

aggregation 
46

. The kinetics of amylin fibril growth can be monitored by the specific binding of 

fluorescent molecule Thioflavin T (ThT) to amylin aggregates
47, 48

. Data demonstrated that up to 10 µM 

of amylin alone exhibited expected nucleation-dependent polymerization with a typical lag phase after 

incubation. Co-incubation with rutin significantly reduced the intensity of amylin fibril fluorescence, 

more than 50% and 95% fibril formation was inhibited by 100 and 300 µM of rutin, respectively (Fig. 

7B). In addition, the morphology of the amylin fibrils was detected by transmission electron microscopy 

(TEM). Consistent with the ThT fluorescence results, 10 µM amylin alone formed and accumulated 
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abundant long fibers. The fibril formation was notably decreased with the addition of 100 µM rutin, and 

only a few short fibers were observed with 300 µM rutin (Fig. 7C–E). 

 

Discussion 

Amyloid proteins accumulation in tissues plays a critical role in the pathogenesis of various 

amyloidosis 
4
. Currently increasing epidemiological studies establish a close association between T2DM 

and AD 
21

. Recent research identified that extensive amylin accumulation and deposition were observed 

in the cerebral vasculature and brain parenchyma of patients with late onset AD. In the brain, amylin and 

Aβ may share common amyloidogenic features and similar pathogenic mechanisms. Amylin oligomers 

are believed to be the main toxic species and possibly form ion-permeable pores in lipid bilayer 

membranes, which disrupt ionic homeostasis across the cell membrane leading to neuronal cells damage 

and death 
49

. Therefore, amylin oligomer may be a possible predictor of brain injury and dementia.  

In our study, amylin exhibited significant cytotoxicity by markedly inhibiting SH-SY5Y cells 

viability in MTT assay, while flavonoid antioxidant rutin could remarkably attenuate this effect, which is 

consistent with our previous results of rutin’s effect on Aβ-induced cytotoxicity 
33

. The possible 

mechanism is small compound rutin may interact with amylin and modify the structure of amylin 

oligomers to inhibit cytotoxicity. Mitochondria are essential for ATP synthesis, Ca
2+ 

homeostasis 

maintenance, redox signaling and antioxidant defence 
50

. Due to the limited glycolytic capacity in 

neuronal cells, neurons rely heavily on ATP synthesis by mitochondria, and therefore, are particularly 

susceptible to disturbance in mitochondrial function 
51

. Similar to Aβ, amylin oligomerization and 

deposition in the brain also leads to mitochondria dysfunction, our results indicated that rutin can protect 

SH-SY5Y cells from amylin-induced mitochondrial damage. 

Oxidative stress is a potential contributor to the development of AD and T2DM, which occurs when 

free radical production exceeds antioxidant capacity. Overproduction of free radicals may cause an 

imbalance in the cell redox environment, induce lipid peroxidation, or attack proteins and nucleic acids to 
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cause metabolic dysfunction, ultimately leading to cell death 
52

. Both amylin and Aβ accumulation in the 

brain are reported to induce brain injury by leading to oxidative stress and ROS formation, neuronal 

dysregulation and thus increasing neurocytotoxity 
20

. The predominant source of ROS is mitochondrial 

oxidative phosphorylation. SOD combats ROS toxicity by catalytically reducing superoxide radical 

anions to hydrogen peroxide. CAT and GPx catalyze the transformation of hydrogen peroxide within the 

cell to harmless products, thereby curtailing the number of cells destroyed 
53

. Therefore, scavenging free 

radicals and preventing lipid peroxidation can directly suppress oxidative damage. In current study, we 

revealed that amylin increased the ROS levels by inhibiting the anti-oxidative activity of SOD, CAT and 

GPx, while rutin, a flavonoid antioxidant abundant in daily food, enhances the status of endogenous 

antioxidant systems and protects neuronal cells from oxidative damage by inhibiting ROS production and 

increasing SOD, CAT and GPx activity 
54

.  

Except for the antioxidant enzymes, decreased levels of non-enzymatic antioxidants such as GSH 

may induce oxidative stress. GSH homeostasis is maintained by GSH synthesis and redox cycling. During 

detoxification, oxy-radicals are reduced by GPx to form GSSG, while GSH is regenerated by redox 

recycling, whereby GSSG is reduced to GSH by glutathione reductase with the consumption of NADPH. 

In addition, free radicals attack polyunsaturated fatty acids inducing lipid peroxidation and lead to 

membrane damage and the production of MDA. Therefore, the oxidative stress level can also be 

evaluated by MDA, which is a key indicator for free radical-induced lipid peroxidation 
54, 55

. In the 

present study, amylin induced oxidative stress by decreasing GSH levels and the GSH/GSSG ratio and 

raising MDA levels, whereas rutin exhibited antioxidant ability by increasing the GSH/GSSG ratio and 

downregulating the MDA levels. It has been reported that both the C-4 carbonyl group and the C-3 or C-5 

hydroxyl group in the rutin structure may contribute to the antioxidant property by preventing the 

formation of free radicals in the Fenton system 
56

, indicating that rutin is a promising agent to block or 

delay AD and T2DM pathological progression.  
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Cerebral inflammation is considered a disruptor of normal synaptic function in AD development. NO 

production resulting from iNOS enzyme activation is a primary contributor to the inflammatory response. 

Although NO significantly affected host defense against various pathogens, the overproduction of NO can 

be harmful and result in various diseases
43, 54

. Therefore, therapeutic agents that inhibit iNOS activity may 

be useful in relieving inflammatory reactions. Our study showed that rutin reduced amylin-mediated NO 

production by decreasing iNOS activity. Similar to Aβ,  amylin oligomer in AD brain may promote 

cerebral inflammation, probably by activating microglia cells to produce pro-inflammatory cytokines, 

such as TNF-α and IL-1β, which may trigger intracellular death-related signaling pathways to induce cell 

death thus leading to further toxic brain amylin accumulation in a feed-forward cycle 
31

. In the present 

study, rutin effectively inhibited amylin-induced generation of TNF-α and IL-1β concentration 

dependently, which suggests that rutin may protect neuronal cells from amylin-induced deleterious effects 

by preventing pro-inflammatory cytokines production.  

Amyloid aggregates significantly affect pathologic processes in various amyloidoses. Various of 

polyphenol compounds with an aromatic structure, such as quercetin and myricetin, have been reported to 

exhibit inhibitory effects on amylin aggregation and cytotoxicity 
36, 37

. Thus we monitored amylin 

aggregation via ThT dyeing to test whether the benign effects of rutin are related to the inhibition of 

amylin assembly. Similar with Aβ, amylin typically aggregates via nucleation-dependent aggregation 
12

, 

but rutin inhibited amylin fibrillization (Fig. 7A–E). The mechanism underlying polyphenol compounds 

inhibit Aβ aggregation is that their aromatic structure can bind to Aβ hydrophobic β-sheet secondary 

structure and simultaneously disturb Aβ hydrogen bond formation through the action of hydroxyls as 

electron donors. Rutin, composed of an aromatic core with polyhydroxyl groups, may also exert the 

inhibitory effect on amylin aggregation through above mechanism.  

Greater understanding of the mechanisms underlying the amylin oligomer-induced deleterious 

effects in the brain will potentially lead to new treatments. Reversing amylin-mediated brain injury by 

curbing cerebral amylin oligomer accumulation, inhibiting amylin oligomer-induced neurocytotoxity and 
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oxidative stress may be therapeutic strategies to interfere AD development. In present study, rutin 

attenuates amylin cytotoxicity and prevents mitochondrial damage by inhibiting the generation of ROS, 

MDA, GSSG, NO, iNOS, and pro-inflammatory cytokines, and by increasing SOD, CAT and GPx 

activities, as well as GSH levels. These protective effects of rutin may partly result from the inhibition of 

amylin aggregation, which indicates that rutin has potential application in AD treatment. 

 

Experimental  

Materials 

Amylin was purchased from the American Peptide Company (Sunnyvale, CA, USA). Rutin was 

provided by Dr. Dongling Niu of Ningxia University. The purity of rutin was analyzed by high-

performance liquid chromatography (>95%). Rutin was dissolved in 100% dimethyl sulfoxide (DMSO) to 

32 mM stock concentration and diluted with phosphate buffer saline (PBS, pH 7.4) to the indicated 

concentration. TNF-α and IL-1β ELISA kits were obtained from R&D Systems (Minneapolis, MN, 

USA). The assay kits for ROS, JC-1, MDA, GSH, GSSG, SOD, GPx, CAT, NO, and iNOS were 

purchased from Beyotime Company (Jiangsu, China).  

 

MTT assay 

Cell activity was measured by MTT assay as previously described
33

. SH-SY5Y neuroblastoma cells 

were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Hyclone) with 10% fetal bovine 

serum (FBS) and 1% penicillin/streptomycin at 37 °C in 5% CO2 atmosphere. The cells were seeded in 

96-well plates with approximately 10,000 cells per 100 µL of medium per well. The plates were 

incubated for 24 h to allow the cells to attach at 37 °C.  Then amylin was added with or without different 

concentrations of rutin. The final concentration of amylin was 2 µM. The plates were then incubated at 37 

°C for another 48 h. Afterward, 10 µL of 5 mg/mL MTT was added to each well, the medium was gently 

removed after additional 3 h incubation, and 100 µL DMSO was added to each well. The plates were 
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shaken at 37 °C for 6 h to dissolve the crystals before the absorbance at 560 nm was measured by using a 

Tecan Safire 5 microplate reader (Switzerland). The averages from six replicate wells were used for each 

sample and the control. Each experiment was conducted three times. 

 

MMP assay 

JC-1(5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarbocyanine iodide) was used as a 

fluorescent probe to test MMP in SH-SY5Y cells. In normal cells, JC-1 exists as a monomer (green) in 

the cytosol and accumulates as aggregates (red) in the mitochondria through the induction of higher 

MMP. In apoptotic and necrotic cells, JC-1 remains in monomeric form and stains the cytosol green. SH-

SY5Y cells cultured in 96-well plates were treated with amylin and rutin as above and then incubated 

with JC-1 staining solution (5 µg/mL) at 37 °C for 20 min. The fluorescence intensity of both 

mitochondrial JC-1 monomers (λex 514 nm and λem 529 nm) and aggregates (λex 585 nm and λem 590 

nm) were detected by using the Tecan Safire 5 microplate reader. The ∆Ψm of the cells was calculated as 

the fluorescence ratio of red to green. 

 

ROS assay 

ROS production was fluorometrically monitored by using DCFH-DA in SH-SY5Y cell cultures
57

. The 

cells were treated with 4 µM amylin or a mixture of 4 µM amylin with 0.8 or 8.0 µM rutin and incubated 

at 37 °C overnight in 96-well plates. After the cells were washed three times with PBS, DCFH-DA was 

diluted in fresh phenol red-free DMEM to a final concentration of 5 µM and incubated with the cells at 37 

°C for 20 min. The chemicals were then removed and the cells were washed three times. Relative ROS 

units were determined by using the Tecan Safire 5 microplate reader (λex 485 nm and λem 530 nm). ROS 

production was expressed as a percentage of the control.  

 

Measurement of MDA, GSH, and GSSG 
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MDA concentration was determined by the thiobarbituric acid (TBA) test as previously described 
58

. 

MDA reacts with TBA to form MDA-(TBA)2, a red adduct with maximum absorbance at 532 nm. Total 

GSH (T-GSH) was assayed by 5,5-dithio-bis (2-nitrobenzoic) acid (DTNB)–GSSG reductase recycling. 

GSSG was obtained by measuring the absorbance of 5-thio-2-nitrobenzoic acid (TNB) which was 

produced from the reaction of reduced GSH with DTNB according to the kit protocols.  

 BV-2 microglial cells were maintained in DMEM with 10% FBS and 1% penicillin/streptomycin at 

37 °C in 5% CO2. The cells were treated with or without 0.8 or 8.0 µM rutin for 30 min before the 

addition of 4 µM amylin, and then incubated at 37 °C overnight. Then the cells were collected and cell 

lysates were obtained by centrifuging at 10,000×g for 15 min at 4 °C. For the MDA measurement, the cell 

lysates were added to the detection solution of MDA, boiled for 15 min and followed by centrifugation at 

1000×g for 10 min. Then the supernatant was used to test the relative MDA units through the Tecan 

Safire 5 microplate reader (532 nm). GSH and GSSG in the supernatant were also determined by using 

the Tecan Safire 5 microplate reader (412 nm) after incubation with the detection solution for 25 min at 

room temperature.  

 

Measurement of SOD 

Total SOD (T-SOD) and Mn-SOD activities in BV-2 microglial cells were detected by using SOD 

assay kits according to the manufacturer’s protocols
59

. Briefly, the cells were treated as above. Then cell 

lysates were mixed with nitroblue tetrazolium (NBT) and enzyme working solutions and incubated at 37 

°C for 20 min, the absorbance was recorded at 560 nm by using the Tecan Safire 5 microplate reader. Cu 

and Zn-SOD activities were measured by subtracting Mn-SOD activity from T-SOD activity. 

 

 Measurement of GPx and CAT 

GPx activity in the supernatant of BV-2 microglial cell lysates was determined according to the kit 

protocol
60

. In brief, the samples were mixed with the GPx detection working solution (10 mM NADPH, 
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84 mM GSH, glutathione reductase, and 15 mM t-Bu-OOH), and the absorbance was measured 

immediately at 340 nm and monitored every 30 s for 3 min at 25 °C. One unit was defined as the amount 

of enzyme that oxidized 1 µM of NADPH to NADP
+
 per min at 25 °C. 

CAT activity was analyzed as previously described
61

. The samples were treated with excess hydrogen 

peroxide and incubated for 5 min. Then the hydrogen peroxide which was not decomposed by CAT was 

coupled with a substrate to produce N-4-antipyryl-3-chloro-5-sulfonate-p-benzoquinonemonoimine by 

peroxidase treatment, which has an absorption maximum of 520 nm. The CAT unit was defined as the 

amount of enzyme that catalyzed 1 µM of H2O2 to H2O and O2 per min at 25 °C. 

 

Measurement of NO and iNOS 

NO production in SH-SY5Y cells was fluorometrically monitored by using 3-amino,4-aminomethyl-

20,70-difluorescein, diacetate (DAF-FM DA) as previously described 
62

. The cells were pretreated with 

rutin for 30 min prior to the addition of 4 µM amylin and incubated at 37 °C for 12 h. Then DAF-FM DA 

(5 µM) was added to the cells and incubated at 37 °C for additional 20 min. The chemicals were then 

removed and the cells were washed three times with PBS. The fluorescence intensity was determined by 

using the Tecan Safire 5 microplate reader (λex 495 nm and λem 515 nm). NO production was expressed 

as a percentage of the control. 

Total NOS (T-NOS) and non-iNOS activities were detected according to the kit protocol. iNOS 

activity was calculated by subtracting non-iNOS activity from T-NOS activity. Briefly, SH-SY5Y cells 

were treated with amylin in the presence or absence rutin as above. The culture supernatant was removed 

and 100 µl of NOS assay buffer (1×) or iNOS inhibitor (1 mM L-canavanine sulfate salt) was added to 

the wells for NOS and non-iNOS detection, respectively. Then, 100 µl of NOS assay reaction solution 

(50% NOS assay buffer, 39.8% water, 5% L-arginine solution, 5% 0.1 mM nicotinamide adenine 

dinucleotide phosphate [NADPH], 0.2% DAF-FM DA) was added to each well and incubated for 30 min 
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at 37 °C. Fluorescence was measured by using the Tecan Safire 5 microplate reader (λex 495 nm and λem 

515 nm). 

 

Measurement of TNF-α and IL-β 

BV-2 microglial cells were incubated with 4 µM amylin with or without rutin for 12 h, then the cell 

supernatants were collected, and the levels of TNF-α and IL-1β released from activated BV-2 cells were 

determined by using the TNF-α and IL-1β ELISA kits according to the manufacturer’s protocols.  

 

Preparation of amylin aggregates 

Amylin was dissolved in 100% 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) to a concentration of 1 

mg/mL, sonicated in a water bath for 5 min, then aliquoted into Eppendorf tubes, dried in vacuum and 

stored at −20 °C. Immediately before use, the HFIP-treated amylin was dissolved in DMSO to 2 mg/mL, 

diluted to 10 µM in PBS (pH 7.4), and incubated at 37 °C without shaking to aggregate. 

 

ThT fluorescence assay 

To determine amyloid fibril formation, 10 µl of the incubated amylin with or without rutin was 

periodically added to 190 µl of 5 µM ThT in 50 mM PBS (pH 6.5) in a 96-well black plate. Fluorescence 

was measured by the Tecan Safire 5 microplate reader with excitation at 450 nm and emission at 482 nm. 

Each reading represented the average of three values determined by a time scan after subtracting the 

fluorescence contribution from the control solution. Each assay was performed in triplicate. 

 

TEM imaging 

TEM was used to observe the effect of rutin on amylin fibril formation
63

. Amylin monomers were 

incubated at 37 °C with or without rutin for the indicated time, and then spotted onto a glow-discharged, 

formvar-coated copper grid (Electron Microscopy Sciences, Hatfield, PA, USA) for 20 min. The sample 
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was displaced with an equal volume of 2.5% (v/v) glutaraldehyde in water for 5 min. Finally, the grid was 

stained twice with 10 µL of 2% (v/v) filtered (0.2 mm) uranyl acetate in water for 30 s and allowed to dry 

at room temperature. The samples were examined by a Hitachi H7650 TEM at 80 kV (Hitachi, Japan) 

with a 5000× magnification. 

 

Statistical analysis 

The data were obtained from at least three separate experiments for each experimental condition and 

presented as mean ± standard deviation, and their statistical significance was analyzed by Student’s t test 

or one-way ANOVA followed by Tukey's multiple comparison test.  
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Fig. 1 Effect of rutin on amylin-induced cytotoxicity and mitochondrial membrane potential. (A) Amylin 

mixed with or without rutin was added to SH-SY5Y cells and incubated for 48h at 37 °C. Then the cell 

viability was detected by MTT assays. The absorbance was measured at 560 nm. Data was expressed as 

the percentage of control values from three independent experiments, with each experimental value being 

the average of six replicate wells. (B) Mitochondrial membrane potential was measured by using 

potential-sensing fluorescent probe (JC-1) in SH-SY5Y cells treated with 2 µM amylin in the presence or 

absence of rutin. The fluorescence intensity of both mitochondrial JC-1 monomers (λex 514 nm, λem 529 

nm) and aggregates (λex 585 nm, λem 590 nm) were measured. The ∆ψm of SH-SY5Y cells was 

calculated as the fluorescence ratio of red to green (compared with amylin alone, *, P < 0.05). 
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Fig. 2 Effect of rutin on MDA level and SOD activity. BV-2 cells were treated with 4 µM amylin in the 

presence or absence of 0.8 µM or 8 µM rutin and then incubated for 12 h. The level of MDA (A) was 

measured at 532 nm, and Total-SOD (B) and Mn-SOD (C) activities were measured at 560nm. Cu, Zn-

SOD (D) and MDA/SOD ratio (E) was calculated (compared with amylin alone, *, P < 0.05, **, P<0.01). 
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Fig. 3 Effect of rutin on amylin-induced ROS production and activities of CAT and GPx. (A) The ROS 

level was fluorometrically measured by using DCFH-DA dye in SH-SY5Y cells pre-treated with amylin 

in the presence or absence of rutin. The activities of CAT (B) and GPx (C) were determined in BV-2 cells 

incubated with 4 µM amylin with or without rutin (compared with amylin alone, *, P< 0.05, **, P<0.01). 
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Fig. 4 Effect of rutin on amylin-induced GSH and GSSG levels. BV-2 cells were treated with amylin in 

the presence or absence of 0.8 or 8 µM rutin for 12 h. The level of GSH (A) and GSSG (B) was 

determined using a DNTB method and the GSH/GSSG ratio (C) was calculated (compared with amylin 

alone, *, P < 0.05, **, P<0.01). 
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Fig. 5 Effect of rutin on amylin-induced NO production and iNOS activity. SH-SY5Y cells were 

pretreated with 0.8 or 8 µM of rutin for 30 min and then co-incubated with 4 µM amylin for 12 h. NO 

levels (A) and iNOS activity (B) were detected by measuring the fluorescence intensity of DAF-FM DA 

(λex 495 nm, λem 515 nm) using Tecan Safire 5 microplate reader (compared with amylin alone, *, P < 

0.05, **, P<0.01). 
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Fig. 6 Effect of rutin on the production of TNF-α and IL-1β. BV-2 cells were pretreated with 0.8 or 8 µM 

of rutin for 30 min and then co-incubated with 4 µM amylin for 12 h. The supernatants were collected and 

the levels of TNF-α (A) and IL-1β (B) were determined using ELISA kits (compared with amylin alone, 

*, P < 0.05, **, P<0.01). 
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Fig. 7 Effect of rutin on the aggregation of amylin. (A) The chemical structure of rutin. (B) Amylin (10 

µM) aggregation was monitored by ThT fluorescence in the presence or absence of 100 and 300 µM 

rutin. Fluorescence intensity was measured at an excitation wavelength of 450 nm and an emission 

wavelength of 482 nm (compared with amylin alone, **, P<0.01). The morphologies of amylin alone (C), 

and amylin incubated with 100 µM (D) and 300 µM rutin (E) were determined by a Hitachi H7650 TEM 

at 80 kV.  
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Rutin inhibited amylin aggregation, amylin-induced neurocytotoxicity, and decreased the 

production of ROS, NO, GSSG, malondialdehyde and pro-inflammatory cytokines 
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