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ABSTRACT 31 

Converging evidence indicates that neurotoxicity and memory impairment in Alzheimer's disease 32 

(AD) are induced by brain accumulation of soluble amyloid-β oligomers (AβOs). Physiological metals 33 

are poorly distributed and concentrated in the senile plaques typical of AD, where they may be coordinated 34 

to the amyloid-β peptide (Aβ). Indeed, zinc and copper increase Aβ oligomerization and toxicity. Metal-35 

Protein Attenuating Compounds (MPACs) represent a class of agents proposed for AD treatment, as they 36 

reduce abnormal interactions of metal ions with Aβ, inhibit Aβ oligomerization and prevent deleterious 37 

redox reactions in the brain. The present work investigates the protective action of an isoniazid-derived 38 

aroylhydrazone, INHHQ, on AβO-induced memory impairment. Systemic administration of a single dose 39 

of INHHQ (1 mg kg-1) prevented both short- and long-term memory impairment caused by AβOs in mice. 40 

In vitro studies showed that INHHQ prevents Cu(Aβ)-catalyzed production of reactive oxygen species. 41 

Although the mechanism of protection by INHHQ is not yet fully understood at a molecular level, the 42 

results reported herein certainly point to the value of aroylhydrazones as promising neuroprotective agents 43 

in AD and related disorders. 44 

Keywords 45 

Alzheimer’s disease, Aβ oligomers, memory impairment, hydrazones, MPACs, ROS. 46 

Abbreviations 47 

Aβ, amyloid-β peptide; AβOs, Aβ1-42 oligomers; HMW-AOs, high molecular weight AβOs; INHHQ, 8-48 

hydroxyquinoline-2-carboxaldehyde isonicotinoyl hydrazone; i.p., intraperitoneal(ly); LMW-AOs, low 49 

molecular weight AβOs; LTM, long-term memory; MPAC, metal-protein attenuating compound; NOR, 50 

novel object recognition; OF, open field; ROS, reactive oxygen species; STM, short-term memory.  51 
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INTRODUCTION 52 

Alzheimer’s disease (AD) is the most prevalent form of dementia in the elderly. Recent reports 53 

indicate that 35 million people are currently affected by AD, with a predicted increase to 50 million cases 54 

by 2030 (Alzheimer’s Association, 2018). Presence of extracellular senile plaques formed by fibrillar 55 

aggregates of the amyloid-β peptide (Aβ) is a major pathological feature of AD (Mayeux and Stern, 2012). 56 

In addition to insoluble fibrils, Aβ forms soluble oligomers ranging from dimers to 24-mers and even 57 

larger species. Robust evidence accumulated in the past two decades supports the hypothesis that Aβ 58 

oligomers (AβOs) are largely responsible for synaptic toxicity and memory impairment in AD (Ferreira 59 

and Klein, 2011,Mucke and Selkoe, 2012,Ferreira et al., 2015,Selkoe and Hardy, 2016). Previous studies 60 

have shown that endogenous metal ions mediate Aβ oligomerization and potentiate its toxicity (Bush et 61 

al., 1994,Lovell et al., 1998,Miura et al., 2000). It has been proposed that deregulation of metal 62 

homeostasis in AD promotes Aβ aggregation and leads to the accumulation of redox-active biometals 63 

within or in the vicinity of neurons, producing reactive oxygen species (ROS) and causing oxidative 64 

damage and neurodegeneration (Bush, 2013). 65 

Metal-Protein Attenuating Compounds (MPACs) could represent an interesting therapeutic 66 

approach to inhibit metal-induced Aβ oligomerization and to decrease metal-mediated toxicity (Scott and 67 

Orvig, 2009,Sampson et al., 2012,Savelieff et al., 2018). The current MPACs repertoire is mainly based 68 

on the well-known 8-hydroxyquinoline (8-HQ) scaffold, being Clioquinol (CQ) the first example 69 

proposed (Mancino et al., 2009). Unfortunately, different studies report a correlation between treatment 70 

with CQ and the occurrence of subacute myelo-optic neuropathy, which encouraged the search for less 71 

toxic analogues (Sampson et al., 2012). PBT2, a CQ derivative, demonstrated promising therapeutic 72 

potential for management of AD, decreasing both soluble and insoluble Aβ levels, and improving 73 

cognitive performance in a transgenic mouse model of the disease (Adlard et al., 2008). However, despite 74 

positive phase II trial results (Lannfelt et al., 2008), a recent 12-month double-blinded study reported a 75 

lack of significant difference between placebo and 250 mg day-1 PBT2 treatment in biochemical and 76 

cognitive analyses (Villemagne et al., 2017). 77 

Several other 8-HQ derivatives have been studied in recent years, showing chelating capacity 78 

towards biometals and inhibition of Cu2+/Zn2+-induced Aβ aggregation. Most of these agents presented 79 

low cytotoxicity and protective effects against oxidative stress (Gomes et al., 2014,Ryan et al., 2015,Yang 80 

et al., 2018). Multitargeted and hybrid compounds have also attracted attention regarding their potential 81 

suitability for the treatment of neurological disorders (Unzeta et al., 2016,Savelieff et al., 2018). Many of 82 

them, yet, still rely on the 8-HQ pharmacophore (Kupershmidt et al., 2012,Salkovic-Petrisic et al., 83 

2015,Wang et al., 2015,Fu et al., 2016,Prati et al., 2016,Su et al., 2016). 84 
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Aroylhydrazones present both a recognized metal chelating ability and a broad spectrum of 85 

pharmacological applications (Savini et al., 2004,Silva et al., 2005,Vicini et al., 2006,Kajal et al., 2014). 86 

This prompted us to synthesize and characterize a hybrid compound combining the 8-HQ scaffold with 87 

an aroylhydrazone moiety, 8-hydroxyquinoline-2-carboxaldehyde isonicotinoyl hydrazone (INHHQ; 88 

Figure 1), as an MPAC for the treatment of AD (de Freitas et al., 2013). INHHQ blocks the interactions 89 

of Zn2+ and Cu2+ with Aβ in vitro (Hauser-Davis et al., 2015). The compound crosses the blood-brain 90 

barrier, as suggested initially by in silico studies and proved subsequently by detection of INHHQ in the 91 

brains of intraperitoneally (i.p.) injected Wistar rats (Cukierman et al., 2017). Moreover, in vivo acute 92 

toxicity assays indicated that INHHQ was nontoxic up to 200 mg kg-1 (Hauser-Davis et al., 93 

2015,Cukierman et al., 2017). Herein, the ability of INHHQ to prevent memory impairment in an AD 94 

mouse model was investigated using the Novel Object Recognition (NOR) task, which represents, to the 95 

best of our knowledge, the first study of this type performed for an aroylhydrazone. Additionally, 96 

INHHQ’s activity on Cu(Aβ)-mediated ROS production was evaluated as one of the possible mechanisms 97 

underlying its protective action. 98 

 99 

MATERIALS AND METHODS 100 

Animals 101 

Three-month-old male Swiss mice, weighing 35 ± 4 g, were used. Animals were housed in groups 102 

of five per cage with ad libitum access to food and water under a 12 h light/dark cycle with controlled 103 

temperature and humidity. Independent groups of animals were used for each behavioral test, unless 104 

otherwise specified. All procedures were approved by the Institutional Animal Care and Use Committee 105 

of the Federal University of Rio de Janeiro (protocol 001/2019). 106 

INHHQ 107 

INHHQ was synthesized as reported by De Freitas et al. (2013). 108 

Preparation of AβOs 109 

Aβ oligomers consisting of a mixture of High Molecular Weight (HMW) and Low Molecular 110 

Weight (LMW) species were prepared weekly from synthetic Aβ1–42 (American Peptide; Sunnyvale, CA) 111 

as previously described (Lambert et al., 1998). All preparations were routinely characterized by size-112 

exclusion chromatography as already reported (Jürgensen et al., 2011,Sebollela et al., 2012, Figueiredo et 113 

al., 2013), and, occasionally, by western immunoblots (De Felice et al., 2007,De Felice et al., 114 

2008,Jürgensen et al., 2011,Sebollela et al., 2012). AβOs were kept at the temperature of 4 °C and used 115 

within 48 h of preparation. 116 
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Treatment with INHHQ 117 

Mice were treated with INHHQ (or vehicle) via i.p. injection of 10 mL kg-1 saline solution 118 

containing 10% DMSO (Sigma-Aldrich; Germany) and the desired doses of INHHQ. 119 

Intracerebroventricular injections 120 

Intracerebroventricular (i.c.v.) infusion of AβOs was performed as described (Figueiredo et al., 121 

2013,Ledo et al., 2013,Lourenco et al., 2013,Ledo et al., 2016). Animals were anesthetized with 2.5% 122 

isoflurane (Cristalia; Brazil) using a vaporizer system and were gently restrained only during the injection 123 

(total time ~ 7 min). For administration of a final volume of 3 μL vehicle or AβOs (10 pmol Aexpressed 124 

as monomers), a 2.5 mm length needle was inserted unilaterally 1 mm to the right of the midline point 125 

equidistant from both eyes and 1 mm posterior to a line drawn through the anterior base of the eyes, as 126 

previously reported (Laursen and Belknap, 1986,Figueiredo et al., 2013). Mice showing any signs of 127 

misplaced injections or brain hemorrhage were excluded from further analysis. 128 

Elevated plus-maze 129 

The apparatus used consists of four wooden arms with black flooring arranged in a cross shape. 130 

Two arms are enclosed by black walls (30 x 5 x 15 cm) opposite to two open arms (30 x 5 cm), and the 131 

apparatus is set up 50 cm above the room floor. The test lasted 5 min and was performed in a room with 132 

fluorescent lighting, with intensity set at 44 lux. Independent groups of animals were tested 1 or 4 h after 133 

administration of different doses of INHHQ. The animals were placed on the central platform of the raised 134 

cross maze with the head facing one of the closed arms and the behavioral parameters recorded were: 135 

frequency of entry into the open arms and closed arms of the labyrinth, and length of permanence of the 136 

animals in the open arms and in the closed arms of the labyrinth. These data were used to calculate the 137 

percentage of open arms entries (OAE) and the percentage of time spent in open arms (OAT) using the 138 

following equations (Eq.1 and Eq.2): 139 

 140 

 %𝑂𝐴𝐸 =
𝑜𝑝𝑒𝑛 𝑒𝑛𝑡𝑟𝑖𝑒𝑠

𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑡𝑟𝑖𝑒𝑠
× 100, (Eq.1) 

 %𝑂𝐴𝑇 =
𝑜𝑝𝑒𝑛 𝑡𝑖𝑚𝑒

𝑇𝑜𝑡𝑎𝑙 𝑡𝑖𝑚𝑒
× 100. (Eq.2) 

General exploratory behavior was represented by the frequency of enclosed arm entries (EAE). 141 

After each test session, the maze was cleaned with a 10% solution of alcohol in water (Lister, 1990, 142 

Rodgers and Dalvi, 1997). 143 
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Open field 144 

The animals were placed at the center of an OF, where their spontaneous activity was recorded 145 

during 5 min. Tests were performed in independent groups of animals 1 or 4 h after administration of three 146 

different doses of INHHQ (namely, 1, 10 or 25 mg kg-1) or vehicle. The apparatus consists of a wooden 147 

arena with black floor (30 x 30 cm) and 40 cm high walls. The luminous intensity at the center of the OF 148 

was 50 lux. The total distance travelled and total time spent on a virtual center square (10 x 10 cm) were 149 

automatically quantified using Any-maze® video-tracking system (Stoelting Inc.; Kiel, WI). As before, 150 

the arena was cleaned with 10% ethanol between trials. 151 

Novel Object Recognition test 152 

Mice were first habituated for 5 min in an open field arena as the one described in the previous 153 

section. The novel object recognition (NOR) test was performed by first allowing mice to freely explore 154 

the OF containing two identical objects for 5 min (training phase). The exploration times for each object 155 

were measured by an observer and expressed as the total exploration time, and percentage of exploration 156 

time for novel and familiar object were calculated. 157 

Test sessions were performed 1, 4 or 24 h after administration of three different doses of INHHQ 158 

(1, 10 or 25 mg kg-1) or vehicle. For the sessions completed 1 and 24 h after INHHQ administration, the 159 

same set of animals was used. An independent group was employed in the NOR test performed 4 h after 160 

administration of INHHQ. Mice tested in the test sessions, animals were individually reintroduced in the 161 

same OF, and one of the objects presented during the training phase was replaced by a novel object. The 162 

exploration times for each object were measured by an observer and expressed both as the discrimination 163 

index and as percentages of the total exploration time. The discrimination index, or D index, is defined as 164 

the difference in exploration time between the novel and the familiar objects divided by the total time 165 

spent exploring the two objects in the discrimination phase (Eq. 3): 166 

  𝐷 𝑖𝑛𝑑𝑒𝑥 =
(𝑁𝑜𝑣𝑒𝑙 𝑜𝑏𝑗𝑒𝑐𝑡 𝑒𝑥𝑝𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 − 𝐹𝑎𝑚𝑖𝑙𝑖𝑎𝑟 𝑜𝑏𝑗𝑒𝑐𝑡 𝑒𝑥𝑝𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒)

𝑇𝑜𝑡𝑎𝑙 𝑒𝑥𝑝𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒
 (Eq.3) 

The arena was cleaned with 20% ethanol between trials in order to eliminate olfactory cues. All 167 

OF sessions were performed during the light phase of the cycle (7 am – 5 pm). Tests were performed, in 168 

a first stage, using four groups (N= 8-16 mice per group) of mice that received i.p. injections of saline 169 

containing 10% (V/V) DMSO with four different INHHQ doses, namely 0, 1, 10, and 25 mg kg-1. NOR 170 

was evaluated at the timepoints 1, 4 or 24 h after INHHQ injection. A similar experiment was performed 171 

using four additional groups (N= 9-10 mice per group) of mice that received an i.p. injection of saline 172 

containing 10% (V/V) DMSO with or without 1 mg kg-1 INHHQ. After 1 hour, these mice received i.c.v. 173 
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infusions of AβOs (10 pmol) or vehicle. NOR was assessed 24 or 48 h after AβOs infusion, first allowing 174 

the animals to freely explore an OF containing two identical objects for 5 min, followed by the retention 175 

tests: 1 h (for evaluation of short-term memory, STM) or 24 h (for evaluation of long-term memory, LTM) 176 

after training, as described above. Seven days after the first test, a second training was performed, and the 177 

NOR task was repeated with different objects from those used in the first two phases of the experiment. 178 

In this case, the same mice were tested at the three different times. 179 

Ascorbate consumption 180 

Consumption of ascorbate, which mirrors the production of hydrogen peroxide (Alies et al., 2013), 181 

was determined by measuring absorbance at 265 nm (ε = 14,500 M-1 cm-1) with a baseline correction at 182 

800 nm as a function of time. Aβ1-16 (aa sequence: DAEFRHDSGYEVHHQK, M = 1955.1 g mol-1, 183 

purchased from GeneCust – Dudelange, Luxembourg) was used as it constitutes a good model peptide for 184 

the redox activity of full-length Aβ (Lu et al., 2010,Hureau, 2012,Conte-Daban et al., 2018). Conditions 185 

in the cuvette were as follows: [Cu(II)] = 9 µM, [Zn(II)] = 0 or 10 µM, [Aβ1-16] = 0 or 10 µM, [INHHQ] 186 

= 0, 10 or 50 µM, [ascorbate] = 100 µM, HEPES = 50 mM, pH 7.4. The solutions were stirred at 800 rpm 187 

and kept at 25 ºC. The rate of ascorbate oxidation was calculated by considering the slope of the variation 188 

in ascorbate concentration during the first 60 s after INHHQ addition. Reference values in presence of 189 

Cu(Aβ) or Cu,Zn(Aβ) were measured at an equivalent ascorbate concentration (~ 65 µM), corresponding 190 

to A = 1.0. 191 

Statistics 192 

Mice that did not explore the objects used in the NOR test in either the training or test phases, 193 

animals showing any signs of sickness or stress, or, as already pointed out previously, mice showing 194 

misplaced i.c.v. injection or brain hemorrhage were excluded from further analysis. Additional details of 195 

mice exclusion are provided as Supplementary Digital Content. 196 

All values are expressed as mean ± SEM. Normal distribution of data was checked using the 197 

D'Agostino & Pearson omnibus normality test. All data were evaluated using Grubbs' outlier test. Data 198 

were analyzed by one- or two-way ANOVA followed by the Bonferroni post hoc test. Data from the NOR 199 

task were additionally analyzed using a one-sample t-test comparing the percentage of exploration of the 200 

novel object against the chance value of 50%, as previously described (Figueiredo et al., 2013,Ledo et al., 201 

2013,Lourenco et al., 2013,Ledo et al., 2016,Lourenco et al., 2019). The significance level in all analyses 202 

was p <0.05. All tests were performed using the GraphPad Software (version 5.00 for Windows). 203 

 204 
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RESULTS 205 

Statistical analyses showed that INHHQ doses up to 25 mg kg-1 did not cause fear or anxiety as 206 

assessed by the elevated plus-maze test and by the open field test either 1 or 4 h after administration of 207 

the compound (Figure 2 a-h). There was a trend of decreased locomotor activity and increased percentage 208 

of time spent at the center of the arena 4 h after treatment with 25 mg kg-1 INHHQ (Figure 2 g and h, 209 

respectively). However, the decrease in locomotor activity was statistically significant (Bonferroni’s 210 

multiple comparison test with P=0.0101) only when the 25 mg kg-1 INHHQ group was compared to the 211 

other dose groups, 1 and 10 mg kg-1 (t=2.914, and t=3.088, respectively). The difference was not 212 

statistically significant when the comparison was performed with the group treated only with vehicle 213 

(t=1.535). The complete statistical analysis is provided as Supplementary Digital Content (Table SDC1). 214 

Results from the NOR test (Figure 2 i-q) showed that INHHQ, at doses of 10 and 25 mg kg-1, but 215 

not at 1 mg kg-1, caused acute memory impairment detected when the test was done 1 hour after i.p. 216 

administration (Figure 2 i) [no INHHQ: t=3.582; 1 mg kg-1 INHHQ: t=3.229; 10 mg kg-1 INHHQ: 217 

t=0.1085; 25 mg kg-1 INHHQ: t=0.4865]. Nonetheless, performance in the NOR test was normal 4 or 24 218 

h after administration of up to 25 mg kg-1 INHHQ (Figure 2 j and k), indicating that memory impairment 219 

induced by the highest drug doses was transient, as confirmed through the D index analysis (Figure 2 m 220 

and n). Although there was a trend of decrease in D index 1 h after treatment with 10 and 25 mg kg-1 221 

INHHQ doses (Figure 2 l) [F(3,33)=3.213, P=0.0354], this difference was not statistically significant 222 

when the comparison was made with the group treated only with vehicle [t=0.2737 and t=0.2448, 223 

respectively]. A statistically significant difference was detected in total exploration time 4 h after INHHQ 224 

injection (Figure 2 p) (Bonferroni’s multiple comparison test with P=0.0073) only when the 25 mg kg-1 225 

INHHQ group was compared to the other dose-receiving groups, 1 and 10 mg kg-1 (t=3.100 and t=2.937, 226 

respectively). On the other hand, total exploration time showed no statistical differences amongst tested 227 

doses and the control group at 1, 4 or 24 h after INHHQ injection (Figure 2 o-q). The complete statistical 228 

analysis can be found in supplementary Tables SDC1 and SDC2. 229 

Figure 3 illustrates the outcomes of the NOR test performed 24 h, 48 h or 7 days after i.c.v. 230 

infusion of AβOs. Systemic treatment with a single dose of 1 mg kg-1 INHHQ prevented both STM and 231 

LTM impairment induced by AOs, and memory protection was maintained for up to one week. Although 232 

in LTM analysis the differences between exploration times for novel and familiar objects did not yield 233 

statistically significant differences in the discrimination index (Figure 3 b) [F(1,35) interaction = 11.74, 234 

F(1,35) INHHQ factor = 3.161 and F(1,35) AβOs factor = 3.659], in all NOR tests mice treated with 235 

INHHQ showed a clear preference for the novel object, expressed by percentages of exploration higher 236 

than the chance value of 50% (Figure 3 d-f) [24 h test: t(9)=6.301, P=0.0001; 48 h test: t(8)=2.882, 237 

P=0.0181; 7 days test: t(9)=8.428, P<0.0001]. Full statistical analysis results of these data are available 238 
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as Tables SDC2 and SDC3. A difference in exploration time was detected during the training phase in the 239 

NOR tests when 25 mg kg-1 INHHQ were administrated 4 h before the assay (see Supplementary Digital 240 

Content, Tables SDC4 and SDC5, as well as Figure SDC1), indicating that this higher dose may affect 241 

animal behavior. 242 

Additionally, we have verified that INHHQ possesses the in vitro ability to decrease ascorbate 243 

consumption induced by Cu(Aβ): in the presence of 1 equivalent of this compound, the rate of ascorbate 244 

consumption was reduced by ~ 30% (Figure 4 a and b). A further increase in INHHQ concentration up to 245 

5 equivalents led to an even larger (~ 50%) reduction. The presence of Zn2+ ions slightly increased 246 

Cu(Aβ)-induced ROS production (Figure 4 a and c), but did not alter the effectiveness of INHHQ. 247 

 248 

DISCUSSION 249 

In 2013, we implemented i.c.v. infusion of A oligomers in Swiss mice as a model to directly 250 

investigate AβOs’ deleterious impact in vivo (Figueiredo et al., 2013). This model has been shown to 251 

recapitulate key neuropathological features and memory deficits of Alzheimer’s disease. In the present 252 

work, three different doses of the potentially neuroprotective hydrazone INHHQ, namely 1, 10 and 25 mg 253 

kg-1, which are well below the nontoxic dosage of 200 mg kg-1 previously reported in rats (Hauser-Davis 254 

et al., 2015,Cukierman et al., 2017), were administered i.p. to some of the Swiss mice groups studied. 255 

INHHQ doses of 10 or 25 mg kg-1 induced transient memory impairment. This effect may be due 256 

to temporary brain dyshomeostasis of metals that play relevant roles in synaptic functions in response to 257 

the mild chelation therapy with INHHQ. We note, however, that memory performance returned to normal 258 

4 hours after administration of the compound, suggesting self-equilibration of brain metal homeostasis. 259 

We further note that no lethality or sign of toxicity was observed at any INHHQ dose tested. 260 

Based on the results obtained, we chose the safe working dose of 1 mg kg-1 INHHQ to assess the 261 

protective effect of this compound against memory impairment induced by AβOs. Thus, INHHQ was 262 

administered i.p. 1 h before (i.e., focusing on a preventative approach) the i.c.v. infusion of AβOs. As 263 

previously reported (Figueiredo et al., 2013,Ledo et al., 2013,Lourenco et al., 2013,Brito-Moreira et al., 264 

2017,Lourenco et al., 2019), AβO-infused mice presented memory impairment detectable as early as 24 265 

h post-infusion of AOs and this deleterious effect persists for at least 7 days. 266 

Given its good acute toxicity profile (Hauser-Davis et al., 2015,Cukierman et al., 2017), our 267 

results suggest that INHHQ holds potential to combat memory impairment in AD, warranting further in 268 

vivo investigations of its efficacy in additional AD models, e.g., investigating its beneficial actions after 269 

onset of memory deficits. It is worth noting that Adlard et al. reported that two other MPACs, namely 270 

PBT2 and CQ, improved learning and memory in APPswePS1ΔE9 (APP/PS1) mice, a transgenic model 271 
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of familial AD (Adlard et al., 2008). Tests with PBT2 or CQ were performed with 30 or 10 mg kg-1 per 272 

day doses administered during 11 or 35 days, respectively (Adlard et al., 2008). In more recent studies, 273 

Kupershmidt et al. (2012) reported that the multifunctional chelator M30 attenuated anxiety and memory 274 

deficits in APP/PS1 mice. M30 (1 or 5 mg kg-1) was administered by gavage four times a week beginning 275 

at 3 months of age and continued for 9 months (Kupershmidt et al., 2012). We found that treatment with 276 

a single dose of 1 mg kg-1 INHHQ prevents both short- and long-term memory impairments in an 277 

experimental model of sporadic AD. 278 

The efficacy of INHHQ in preventing memory impairment can further be compared to that of 279 

memantine, a well-known NMDA receptor blocker and the only drug introduced in clinical practice for 280 

AD treatment during the past two decades. We previously showed that administration of memantine (10 281 

mg kg-1) by gavage for 7 days prevents memory impairment induced by HMW-AOs, but not by LMW-282 

AOs (Figueiredo et al., 2013). Our current findings demonstrate that a single i.p. administration of a 10-283 

fold lower dose of INHHQ prevents memory impairment induced by AO preparations containing both 284 

HMW and LMW A oligomers. Therefore, the results presented herein suggest that INHHQ is much more 285 

effective than memantine in preventing memory impairment induced by AD-related A oligomers. 286 

In order to investigate a possible, albeit probably not the only one, mechanism of protection by 287 

INHHQ, we evaluated the compound’s activity on Cu(Aβ)-mediated ROS production. Oxidative stress 288 

constitutes a hallmark of several amyloidogenic diseases, including AD, but its link to disease progression 289 

is only partly understood (Atrián-Blasco et al., 2018b,Cheignon et al., 2018). AβOs have been shown to 290 

induce marked neuronal oxidative stress (De Felice et al., 2007,Decker et al., 2010,Saraiva et al., 2010). 291 

The production of reactive oxygen species (ROS) by Cu(Aβ) complexes, together with brain metal ion 292 

imbalance, may be one of the mechanisms underlying oxidative stress and neuroinflammation in AD. 293 

Thus, targeting Cu(Aβ)-mediated ROS production appears as an important goal in metal-based therapy of 294 

AD. Investigation of the effect of INHHQ on Cu(Aβ1-16)-induced ROS production was performed using 295 

a well-validated ascorbate consumption assay (Jiang et al., 2010,Cheignon et al., 2016,Atrián-Blasco et 296 

al., 2018a). The high affinity metal binding site of Aβ1-42 is entirely comprised between amino acid 297 

residues 1 and 16. Therefore, Aβ1-16 is frequently used as a model for the metal coordination properties 298 

and ROS generation ability of the full-length peptide (Conte-Daban et al., 2018). Ascorbate consumption 299 

mirrors the production of ROS: a faster consumption rate corresponds to an increased ROS generation 300 

(Alies et al., 2013). While the rate of ascorbate consumption is lower when copper is coordinated to Aβ 301 

in comparison to the free metal, contribution to ROS production by the Cu(Aβ) complex is not negligible 302 

(Atrián-Blasco et al., 2018a). 303 
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The results obtained agree with previous data which determined that up to 5 equivalents of 304 

INHHQ are needed to effectively compete with Aβ1-40 for binding of Cu2+ (Hauser-Davis et al., 2015). 305 

Moreover, zinc is not an obstacle to the inhibition of ROS production by INHHQ, in contrast to previously 306 

reported metal chelators (Conte-Daban et al., 2016,Conte-Daban et al., 2018). This constitutes an 307 

important feature of INHHQ, considering the ubiquitous presence of zinc in the synaptic cleft (Atrián-308 

Blasco et al., 2017). 309 

Although the mechanisms of pathogenesis in AD are still incompletely known, a large body of 310 

evidence implicates Aβ in cellular toxicity. The hypothesis that Aβ neurotoxicity is explained by the 311 

neuronal impact of soluble Aβ oligomers has gained considerable support in the past two decades (Ferreira 312 

and Klein, 2011,Cline et al., 2018). Converging evidence also supports a link between biometals, Aβ 313 

oligomerization and toxicity. In this scenario, MPACs could be a promising avenue in the search for new 314 

anti-AD drug candidates. While other concurrent modes of action, such as those involving suppression of 315 

metal-mediated aggregation, as well as the inherent antioxidant potential of phenol-containing compounds 316 

cannot be ruled out, our results suggest that the mechanism of protection by INHHQ may involve a 317 

reduction in Cu(Aβ)-induced ROS production, even in the presence of competing Zn2+ ions. 318 

 319 

CONCLUSIONS 320 

The “state-of-the-art” in Metal-Protein Attenuating Compounds research includes a variety of 321 

substances, with the most representative ones belonging to the 8-HQ derivatives type. Although the hybrid 322 

compound INHHQ contains the 8-HQ group as well, we have shown that the aroylhydrazone moiety is 323 

the actual metal-binding unit in it (Cukierman et al., 2018). Therefore, results presented here on the 324 

prevention of memory impairment induced by Aβ oligomers in mice suggest that aroylhydrazones warrant 325 

attention as a potential new class of MPACs. In fact, INHHQ displays more potent activity than 326 

memantine in the animal model of sporadic AD we have studied. In pursuing the molecular basis behind 327 

this interesting activity, we demonstrated that INHHQ is capable of inhibiting the production of reactive 328 

oxygen species catalyzed by Cu(Aβ). The investigation of other potential INHHQ mechanisms of action 329 

is underway. 330 

  331 
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Figures’ Captions 529 

 530 

Figure 1. Chemical structure of the aroylhydrazone INHHQ. 531 

 532 

Figure 2. INHHQ does not induce fear/anxiety behavior or affect locomotor activity or memory in mice. 533 

Fear/anxiety behavior assessed in the elevated plus-maze (a-d). Testing was performed 1 h (a, b) or 4 h (c, d) after 534 

administration of INHHQ (i.p.) at the indicated doses. Bars represent means  SEM (N= 8-10 mice per group). 535 

Locomotor activity (e, g) and anxiety behavior (f, h) assessed in the OF test. Testing was performed 1 h (e, f) or 4 536 

h (g, h) after administration of INHHQ. Bars represent means  SEM (N= 8-16 mice per group). Effect of INHHQ 537 

on novel object recognition (NOR) memory (i-q). INHHQ was administered i.p. at the indicated doses 1 h (i, l, and 538 

o), 4 h (j, m, and p) or 24 h (k, n, and q) before the NOR test. Data are reported as percentage of exploration time 539 

of familiar and novel objects (i-k), discrimination index (l-n), and total exploration time (o-q). White bars refer to 540 

novel object exploration, and gray bars refer to familiar object exploration, respectively, and correspond to means 541 

 SEM (N= 8-14 mice per group). Dashed lines indicate chance value (50%). *p < 0.05, one-sample Student’s t-542 

test comparing to the fixed value of 50%. 543 
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Figure 3. INHHQ prevents memory deficit induced by AβOs. AβOs (10 pmol) were infused i.c.v. in mice 1 h after 546 

i.p. treatment with INHHQ (1 mg kg-1). For assessment of STM, the retention test was performed 1 h after training, 547 

whereas for assessment of LTM the retention test was performed 24 h after training. Tests for STM were performed 548 

24 h (a, d, and g) or 7 days (c, f, and i) after infusion of AβOs. Tests for LTM were performed 48 h after infusion 549 

of AβOs (b, e, and h). Data are reported as discrimination index (a-c), as percentage of exploration time of familiar 550 

and novel objects (d-f) and as total exploration time (g-i). White bars refer to novel object exploration, and gray 551 

bars refer to familiar object exploration, respectively, and correspond to means  SEM (N= 9-10 mice per group). 552 

Dashed lines indicate the chance value (50%). A p < 0.05, two-way ANOVA followed by Bonferroni’s post-hoc 553 

test comparing with vehicle-vehicle group. B p < 0.05, two-way ANOVA followed by Bonferroni’s post-hoc test 554 

comparing with vehicle-AβOs group. Results are from one representative experiment from a total of three 555 

independent trials that yielded similar results. *p < 0.05, one-sample Student’s t-test comparing to the fixed value 556 

of 50%. 557 
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Figure 4. Cu(Aβ)-induced ascorbate consumption. (a) Plots showing ascorbate consumption rate for: (i) Cu(Aβ), 560 

(ii) Cu(Aβ) + 1 equivalent INHHQ, (iii) Cu,Zn(Aβ) + 1 equivalent INHHQ, (iv) Cu(Aβ) + 5 equivalents INHHQ. 561 

The sharp increase observed after INHHQ addition is due to the intrinsic absorbance of the resulting Cu(INHHQ) 562 

complex. Rates of ascorbate consumption induced by Cu(Aβ) were measured in the presence of increasing INHHQ 563 

concentrations (b). (c) Ascorbate consumption induced by Cu,Zn:Aβ with or without one equivalent of INHHQ. 564 

 565 


