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ABSTRACT

Pancreatic islgt-cells secrete the hormones insulin and amylin,defdctivep-cell function plays a central
role in the pathogenesis of type-2 diabetes (TRBD)man amylin (hA, also termed hlAPP) misfolds aoidrfs
amyloid aggregates whereas orthologous mouse auhyéa neither. Furthermore, hA elicits apoptosis in
culturedp-cells and3-cell death irex-vivo islets. In addition, hA-transgenic mice that selety express hA in
their B-cells, manifesp-cell apoptosis and progressive islet damage #aals to diabetes closely resembling
that in patients with T2D. Aggregation of hA is ghiinked to the causation of diabetes.

We employed time-dependent thioflavin-T spectroganpd ion-mobility mass spectrometry to screen
potential suppressors of hA misfolding for antitmic activity. We identified the dietary flavoruitin as an
inhibitor of hA-misfolding and measured its antabetic efficacy in hA-transgenic mide vitro, rutin bound
hA, suppressed misfolding, disaggregated oligorardsreverted hA-conformation towards the physiaabi
In hA-transgenic mice, measurements of glucosal-fhiake, and body-weight showed that rutin-trezin
slowed diabetes-progression by lowering of ratesl@fation in blood glucos®£0.030),retarding
deterioration from symptomatic diabetes to deBt0(014) and stabilizing body-weigh?<0.0001).

In conclusion, rutin treatment suppressed hA-aggregin vitro and doubled the lifespan of diabetic

mice (P=0.011) by a median of 69 days compared with veHidated control-diabetic hA-transgenic mice.

KEYWORDS: amylin, rutin, ion-mobility mass-spectrometry,nsgenic mice, type-2 diabetes



1. Introduction

Diabetes exerts an enormous toll on patients:; famiilies and caregivers, and health-care systems
globally [1], and T2D accounts for >90% of all ca$k, 2]. Available therapies have not stemmedatheming
increase in numbers affected and there is agresdi floe more effective approaches that can suppress
pathogenic mechanisms (disease-modifying treatmggtd].

Human amylin is the main component of islet amylaid2DM patients [5, 6]. It is a small protein tha
can spontaneously misfold and aggregate to formetsires that elicit death by apoptosis in igleells, as well
asp-cell/islet degeneration and failure of insulinrsdion in animal models [7, 8]. Amylin-mediated
cytotoxicity is identified as a potential target fteveloping new anti-diabetic molecules that gcsigppressing
B-cell death. One example, tetracycline shows aatiatic activity linked to its ability to supprelsé.-
misfolding and aggregation [9]. However, tetraayes have side-effect profiles that are incompatibti
chronic use for the treatment of diabetes, andysaative molecules suitable for clinical investiga that

suppress hA-aggregation have hitherto been lacking.

2. Materials and methods

2.1 Materials

General laboratory chemicals were of analyticatigritom Gibco/BRL (Grand Island, NY) or Sigma-Alcti
(St Louis, MO).

2.2 Thioflavin-T (ThT) Assay

Actions of quercetin and rutin on amylin aggregaticere measured by fluorescence spectroscopy with T
according to our established methods [10]. Eaclerx@nt was performed in triplicate and repeatddagt
twice on separate occasions.

2.3 lon-mobility mass spectrometry

Human amylin (Bachem; H7905): 10 mg was dissolvesldOpul hexafluoroisopropanol (HFIP) by vortex-
mixing as necessary to fully solubilize, and indelleovernight at room temperature in the dark to
disaggregate. Samples were then divided intpl Bliquots and vacuum-dried (Savant RVT4104;
ThermoScientific, Waltham, MA) to yield 1 mg monameehA/tube: samples were stored at’Qaintil

analysis.



For ion-mobility experiments, amylin (1 mg) wasstibred in 5Qul HFIP, and 15 aliquots were
further diluted to 25@l in HFIP; samples were then incubated for 1 loabhr temperature, and 2- opb-
aliquots (according to required final concentratimere re-dried, and stored (°£Y) until analysis.

Amylin was dissolved in 0.1% (w/v) formic acid teeld a final concentration of 5¢M. It was then
injected into a Synapt G2 mass spectrometer (Watds using in-house-fabricated nanospray glasgtemi
tips containing an internal-Pt wire to yield sulgalnization conditions using the manufacturer’s
recommended settings. The capillary voltage, cafiage and source temperature were typically sedlates
of 1.9 kV, 40 V and 60°C respectively. The ion-niitpiIM) wave was operated at 1300 m/s with a ¢ans
wave-height of 40 V; data were acquired over aeasfdb00-4000 m/z. For ligand-binding experimentsin
or raffinose were dissolved in water and addedrglia solutions at 1:1 ratios prior to mass spécralysis,
with no prior incubation period.

2.4 Human-amylin transgenic mice

Study protocols were approved by the UniversitAoEkland Animal Ethics Committee and performed in
accordance with the NZ Animal Welfare Act (1999 UK Animals (Scientific Procedures) Act 1986, and
associated guidelines. All animal studies compliit the ARRIVE guidelines [11]. Male FVB/N
transgenic/control mice were housed from weanirdgdgys old) in environmentally-controlled condisonith
a 12-h light/day cycle. Animals were fed standardient chow (Teklad TB 2018; Harlan, Madison, Wil an
waterad libitum.

The construction, characterisation, husbandry asasorement of glucose concentrations in tail-vein
blood of hA-transgenic mice in such studies wemtgomed as previously described [8, 9, 12].

2.5 Rutin treatment
Rutin (0.5 mg/ml, pH 7.6-8.0 in 18 Mcm water) was administered to hemizygous hA-tranggmice and
non-transgenic littermate-controls, orally via thinking water from weaning. Control groups comeds

hemizygous male mice and their non-transgenic iitdemates treated with pure water only (182km).



3. Results and discussion

Rutin (Suppl. Fig. 1A) and quercetin (Suppl. i) are closely-related flavonols, and rutin
comprises quercetin 3-O-rutinoside. Their molecatasctures are shown with that of raffinose (Supj.
1C), which was here used asiasvitro control carbohydrate treatment for rutin, whosdchydrate moiety
it resembles.

The primary structures of hA and its correspondiog-aggregating orthologue, mouse amylin (mA)
are shown (Suppl. Fig. 1D) [6]. The sequence diffees residues underlined in bold, Suppl. Fig. 1D)
between hA and mA in the segment correspondingNB®IAILSS (@dashed line) in large part generate the
amyloidogenic nucleus in hA that is largely resolesfor its propensity to misfold, aggregate, ieleath by
apoptosis of islef-cells, and cause islet degeneration and diab&BsThe intramolecular disulphide bond
and carboxyl-terminal amide group are requiredpfoysiological hormonal activity of hA [6, 14].

We asked whether rutin or quercetin might inHil#itmediated aggregation by measuring their
interactions with hA in solution by applying a THliorescence assay (Fig. 1). When ThT bound to
aggregating hA, there was a marked increase imghgence that was both time- and aggregation-state-
dependent: both flavonols, at 10-fold molar excess)pletely inhibited ThT-dependent fluorescence,
providing evidence for the ability of each to suexg® aggregation (Fig. 1A). Subsequently, we shdhetd
rutin inhibits hA-mediated aggregation in a dospatelent manner, at molar ratios of 1:1 and 1:0.Zuti&
(Suppl. Fig. 2).

Addition of rutin to hA at two different molar ras, showed that it causes concentration-dependent
disaggregation of hA that had previously been adldwo aggregate for 1440 min (Fig. 1B). Thus raéin
elicit two separate but related effects to suppmeiséolding and aggregation of hA: these agiori
prevention of aggregate formation amgdosteriori disaggregation of pre-formed aggregates. Eith¢énexe
effects could contribute to the-vivo anti-diabetic response to rutin treatment in h#nfigenic mice.

We analysed misfolding of hA by ion-mobility magsectrometry in formic acid (0.1% w/v) in the
presence or absence of rutin or raffinose (Figdc2prding to established methods [15, 16]. Sewéraige-
states of hA were observed in rutin’s absence laeid pattern was altered immediately following ditai of

rutin (at an hA-to-rutin ratio of 1:10 mol/mol; FigA middle panel), whereas the charge-state pattern was
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not modified by an equivalent concentration ofirefée employed as a negative control (Fig.l@&er
panel): for example, the [M+5HT charge state of hA disappeared following rutimtmeent but was not
modified by raffinose treatment at the same comation ratio.

Analysis of the peak-cluster afz = 1301.61 identified two overlapping species ia #fosence of rutin,
corresponding to an hA-monomer with three charijés3H]*" and a dimeric-hA species (hA-dimer) with 6
charges, [2M+6H] (Fig. 2Bupper pand). This hA-dimer was not detected following additiof rutin (Fig.
2B middle panel) but persisted with raffinose (Fig. 28wer panel). Arrival-time distributions in thisn/z
window confirmed the presence of these two disttictctures (Fig. 2Qpper panel), the hA-dimeric
species [2M+6H] and the hA-monomer, [M+3E{] with suppression of dimeric-hA following additiof
rutin (Fig. 2Cmiddle panel), but not raffinose (Fig. 2@wer pandl).

Analysis of the region spannimgyz = 1450-1600 showed there was no monomeric-hA irabsence of
rutin (Fig. 2Dupper pandl), but instead dimeric-, [2M+5F] and trimeric-hA, [3M+8H]" species were
observed. While some of the dimeric-hA species meathin the rutin-treated sample (Fig. giddle
panel), its levels were much reduced, whereas trimehioas undetectable (Fig. 2iddle pandl). Instead,

a species corresponding to monomeric-hA boundtto was observed, [M+Rutin+3&] Although
raffinose bound to hA [M+raffinose+3H] it did not alter the hA-species profile shownh#ywithout
addition (Fig. 2Dlower panel).

The presence of the peaksvdt = 1505 (Fig. 2Dmiddle panel) indicates the existence of direct binding
between rutin and monomeric-hA species, whosetsireics modified by rutin-binding: thus, rutin aets a
suppressor of hA-misfolding and stabilises hA m@homeric form. Moreover, the dimeric- and triméris
species which represent hA-oligomers, are modifgdutin such that they are partially or entirely
suppressed.

To detect potentidah-vivo effects of rutin on hA-induced diabetes, we trddtemizygous hA-
transgenic mice with oral rutin or water, and deieed their individual dates of glucose deviatioomi
baseline (diabetes-onset), rates of subsequerdggiuncrease (see Fig. 1A in Ref [17]), and rates o
symptomatic deterioration as determined by thesratencrease in fluid consumption (see Fig. 1BRef [17]);
we also measured time-dependent changes in body{8appl. Fig. 4A). The rutin dose employed repéida

that we employed in a prior study of tetracycliwbgere we showed that this antibiotic can effecyivel



ameliorate severity of diabetes in the line of h@asgenic mice [9] used for the current study: thim
concentration was also consistent with concentrattbat modified hA-aggregation in threvitro studies.

The time of diabetes-onset was first determined byethod validated for, and widely used in animal
studies, which also reflects diagnostic criterigpryed for diagnosis of the human disease: namely
demonstration of consecutive twice-weekly measungsnef blood glucose > 11 mM [9]. Following our
previous study of tetracycline treatment of diabetehA-transgenic mice [9], we postulated thainratight
modify the rate of diabetes progression rather tisknof deattper se: therefore, for survival analyses (Fig. 3)
we employed the Wilcoxon test (which allows foragmtial acceleration of failure time) rather thhea log-
rank test (which assumes proportional hazards).

The null hypothesis of ‘no difference in time fraliabetes-onset to death’ (where 20% weight-loss was
used as a surrogate for death) was reje€e@.044; see Table 1 in Ref [17]); rather, the rit@ated mice
survived a median of 91% longer (69 days) tharptheebo-treated diabetic mice. Moreover, from tlie f
glucose time-course data, it became evident tieatdhventionah priori method of diabetes diagnosis
inaccurately estimates the precise time-point atkivthe blood-glucose trajectory changes from tlee o post-
diabetic state (Fig. 1A [17]). Hence the null hypegtis of ‘no difference in time from inferred bleghlicose
change-point to death’ was rejected more strorigly 0.011; see Table 1 in Ref [17]). In future, @1istep
process comprising the existiagriori method followed by the describagosteriori method [17], applied

once complete data are available, should be emglimyenaking optimized between-treatment compagson

To further investigate differences in time-coupsefiles between control- and rutin-treated groups,
we employed parametric change-point regressiorysisabee [17]) to extract, for each animal, baseline
levels of blood glucose and fluid-intake, the chepgint time at which blood glucose (diabetes-gresed
fluid-intake (onset of polydipsia) accelerated frbaseline, and the rate of this acceleration (HigsB and
Table 1in Ref [17]). From the inferred change-pomgtasurements, Kaplan-Meier curves were constructed
(Fig. 3): these demonstrate that rutin-treatmegriicantly increased not only the time from blogldcose
change-point (CP) to deatR € 0.011), but also from fluid-intake change-poi@P{ to death® = 0.014),
and from blood-glucose change-point to fluid-inteak@ange-point® = 0.036). Rutin-treatment thus

prolonged the time interval between onset of dedband acceleration of fluid-intake, a marker for



worsening of diabetic symptoms, and prevented heelight loss (Suppl. Fig. 4A) providing evidence for

amelioration of the severity of the diabetic symdeoin treated mice.

Furthermore, the acceleration of blood glucosmfbaseline levels was slower in the rutin-treated
group P=0.030, two-tailed-test after log-transformation to stabilise var@n@nd trending towards slower
for the acceleration of fluid-intake from baselleegels = 0.059). In other words, the rate of disease
progression was slowed by rutin treatment.

One objective of this study was to identify natw@mpounds which suppress human amylin
misfolding, and to test their efficaéy vivo in an hA-transgenic mouse line. We show here by Th
fluorescence and CD spectroscopy (Suppl. Fig. &)tteatment with rutin and quercetin suppressed
misfolding and aggregation of hA vitro. These data provide direct evidence for the fins¢ that rutin
binds to hA monomers and disaggregates hA oligonid¢mase findings indicate that the pharmacophore
responsible for these effects resides solely irgtrercetin structure. These data are consistehtaititin
interaction with soluble hA oligomers that preveatsestricts their conversion into cytotoxic stures and
thus shields islgt-cells from Fas-evoked destruction [8-10].

Oral treatment with rutin from the time of weaniiagymg/kg doses similar to those used in humans fo
dietary supplementation [18], delayed the onsetmogdression of diabetes in a transgenic modePeéVoked
diabetes wherein the phenotype closely resembé®tiT2D in patients. Oral rutin treatment ~dowabilee
long-term survival of affected individuals.

The parametric change-point regression approagledphere to determine the modal change-point
allows a much more accurate determination of tleetetime of diagnosis of diabetes than does thedatal
approach that we have used hitherto and is expeztehble more precise comparisons between asgfects
the efficacy of different treatments. This and @eve observations are pertinent to the ‘real-tifeatment
of diabetes, and support further investigatiorhef potential use of rutin or related flavonols vgimilar
biological activities, for the treatment of diabete

The ORAC assay (Suppl. Results) did not providevcing evidence that the observed effects of
rutin were mediated via an oxidative mechanism.séh#ata are insufficient to establish the existafice
such a mechanism as the cause of the anti-diadfédicts observed in rutin-treated hA-transgenicem@ral

rutin effectively increased glucose tolerance intheasgenic animals after 60 days’ treatment (Sufipl



4B). This improvement in glucose metabolism ikalii result of the rutin-hA interaction and probabl
contributes to its anti-diabetic effects.

Quercetin and quercetin-containing compounds cm@pihe most prevalent flavonoids in the diet of
many humans [19]. Dietary quercetin is plant-detisad comprises a mixture of free quercetin and
guercetin glycosides, including rutin (querceti®3utinoside) and quercetin-4’-O-glucoside. Ru§in i
probably the main glycosidic form of quercetin e thuman diet [19]. There is evidence that theaglige
moiety is a major determinant of the absorptiodiefary flavonoids in man [20] but ongoing uncertgi
persists concerning thie-vivo physiology in mammals of quercetin-containing @lagids including rutin
[21]. Rutin and quercetin are polycyclic compounalspse structures imply that they could interad¢hwie
amyloidogenic region in hA to supprdssheet formation: they evidently promote the foiiorabf a-helix
by hA, either by allowing its spontaneous formatowrby promoting its formation from random coil.
Alternatively, it has been suggested that the agiohe group of rutin might be cleaved during itsalge from
the gut, meaning that the polycyclic quercetin grand its metabolites could be the (potentiallpelotive
compounds: therefore, the possibility remains thatn-vivo effects observed in this study may have been
caused by interactions between quercetin and/anétsbolites and hA. However, a recent pharmactkine
study found no evidence of free quercetin in tlewbIfollowing dosing with rutin or quercetin-4’-O-
glucoside [21], so further investigation concernihngin-vivo active moiety is clearly called for. In addition,
the exact molecular interaction between rutin-datimetabolites and hA requires further investigatio

Accruing evidence from other hA-transgenic mourses also points to a role for soluble hA oligomers
in the increased frequency [pfcell apoptosis in late-stage diabetes [22-24]r&liealso evidence that
cytotoxic effects of pre-fibrillar aggregates ofyaidogenic proteins such samyloid,a-synuclein and
transthyretin can elicit cell death via equivaler@chanisms [25-27]. Therefore, mechanistic studfiestin
may be indicated in suitable animal models of thatker syndromes.

Several studies with rutin or quercetin have shomprovement in aspects of glucose homeostasis in
diabetic rodent models, which has been attributezhtioxidant effects. Both rutin and quercetinarégdly
improved enzymatic markers of oxidative stressrekesed lipid peroxidation, and lowered plasma giecand
glycated haemoglobin and nitric oxide productiostireptozotocin-diabetic rats; they also increassdlin

secretion and ameliorat@ecell function [28]. It is uncertain how data fromts with streptozotocin-induced



diabetes, an animal model of severe, type-1 diabpttain to the mechanisms of T2D in patient$p dhe
results we report here from our studies in ruteated hA-transgenic mice.

In conclusion, these findings show that rutirdevitly acts to stabilize soluble, nascent preiféori
aggregates of hA and thereby delayitir&ivo progression of diabetes in hA-transgenic mice whibabetes
closely resembles T2D in patients. The observesteffof rutin support further investigation condegrits
mechanism of action. Identification of classesahpounds that suppress the misfolding and aggmeyati
processes whereby hA forms cytotoxic oligomersa@@ubvide a means for finding new anti-diabetic

treatments that act by preservipgell function.
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Figure Legends

Fig. 1. Rutin and quercetin inhibit fibril formation by ham amylinin vitro. (A) Shows thioflavin-T
fluorescence following incubation of hA (201) with thioflavin-T (10uM) in the absence or presence of
either rutin (20QuM) or quercetin (20@M). Results are meansS.E.M. fq = 3/point). (B) Rutin causes
concentration-dependent disaggregation of preformedggregates. Normalized time-dependent ThT
fluorescence following incubation with hA alorred lines), or following later addition of rutina t = 1440
min) at molar hA-to-rutin ratios indicated. Human amyP0 uM) was pre-incubated with thioflavin-T (10
uM) for 1440 mins at room temperature prior to addiof rutin. Each experiment was performed in

triplicate, and each line represents a replicapegment.

Fig. 2. Study of misfolding and aggregation of hA and tffeats of rutin-treatment by ion-mobility mass
spectrometry. (A) Effects of treatment with rutinraffinose on aggregation by hA. (B) Effects @ament
with rutin or raffinose on oligomerization of hACY lon-mobility analysis contrasting the effects of
treatment with rutin or raffinose on aggregatiorhidy (D) Higher-resolution analysis of the effeofgutin
or raffinose on aggregation and oligomerizatiohAf In each figure: upper panel shows hA with no
addition; middle panel shows hA in the presenceith and lower panel shows hA in the presence of

raffinose.

Fig. 3. Kaplan-Meier survival curves for controlefl) and rutin-treatedo{ue) groups of diabetic hemizygous
hA-transgenic mice constructed from the resultthefblood-glucose and fluid-intake parametric cleapgint

modelling described in [17] (shown in Fig. 1A, TBble 1[17]).
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Highlights

» Defectiveidlet beta-cell function is central to the causation of type 2 diabetes.
*  Human amylin aggregation is closely linked to the mechanism of 3-cell death.
»  Rutin bound to amylin suppressed misfolding, and disaggregated amylin oligomers.

« Rutin markedly delays diabetes progression with doubling of lifespan in mice.



