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Introduction
Accumulating metabolic dysfunction in the ageing brain creates 
chronic stress, which disrupts homeostasis and results in a wide 
spectrum of pathologies that risk the occurrence of dementia, such 
as Alzheimer’s disease (AD) (1, 2). Considerable efforts to address 
this have been aimed at the integrated stress response (ISR) path-
way (3), which allows neurons to react to metabolic perturbations 
and restore homeostasis. Targeting the ISR also reverses cognitive 
deficits in rodent models (4, 5), and is therefore a prime subject 
of drug development (2). However, an age-related metabolic risk 
factor called quinone reductase 2 (QR2 or NQO2) was recently 
found to act in the brain (6) as part of a previously unknown path-
way involved in memory formation, possibly contributing both to 
metabolic stress and memory decline (7, 8, 9). In this QR2 pathway, 

salient experiences induce dopamine (DA) or acetylcholine (ACh) 
release, depending on the type of information and brain structure 
involved (6, 7), which drive an increase in micro-RNA-182 (miR-
182) levels, which, in turn, transiently reduce QR2 expression (6, 
7). The result of this QR2 pathway activation is enhanced memory 
formation for first time (10, 11) experiences, allowing important 
events to stand out from continuously perceived familiar or trivial 
information (7). Critically, elements within this pathway that are 
upstream to QR2 removal, among other things, are lost or dysreg-
ulated with age, including DA, ACh, and miR-182 (12, 13). This is 
also true for melatonin, an endogenous and nonspecific inhibitor 
of QR2, a function that is thought to convey some of the antiox-
idant properties of melatonin (14). Loss of these QR2-controlling 
elements is injurious two-fold — first, the removal of QR2 from 
interneurons is critical for novel memory formation and this pro-
cess is lost (7); and, second, chronically elevated levels of QR2 
cause oxidative/metabolic stress (6, 8, 15). Importantly, in a rodent 
model of scopolamine-induced amnesia this pathway is blocked 
and QR2 levels remain high (16). By directly inhibiting QR2 in this 
model, memory deficits are reversed (6). Due to these findings, 
the fact that QR2 KO–model mice are viable (17), and the limited 
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dence of QR2-mediated metabolic stress in human cells (6, 8, 15). 
However, it is unknown how QR2 activity may affect the proteome 
in response to the chronic stress it generates. We therefore used 
CRISPR-mediated QR2 KO in HCT116 cells (QR2Δ cells; available 
in Supplemental Methods; supplemental material available online 
with this article; https://doi.org/10.1172/JCI162120DS1). Pro-
teomic analysis (Supplemental Methods) showed that the QR2Δ 
cell lines C3 and C5 produced highly similar results when com-
pared with the isogenic control cell line, C1 (Figure 1A and Sup-
plemental Data File 1A). The comparison provided several func-
tional groups of proteins that differed significantly following QR2 
KO (Supplemental Data File 1B). QR2 KO affected the expression 
of mitochondrial proteins (Supplemental Figure 1A), including 
increased expression of mitochondrial mRNA translation and oxi-
dative phosphorylation proteins. Contrastingly, proteins involved 
in glycolysis and the pentose phosphate pathway had decreased 
expression in QR2Δ cells. Other proteins with increased expres-
sion in QR2Δ cells were related to mRNA transcription and trans-
lation. Many other QR2Δ-downregulated proteins were involved 
in cell-cell junction and cell-matrix interactions (Supplemental 
Figure 1B). Since impairment of oxidative phosphorylation and 
cell-cell interactions are among the leading processes involved 
in AD, we sought to compare the changes found in the proteome 
of QR2Δ versus control to the changes found in AD versus con-
trol(20). A distinct antagonistic profile is seen between QR2Δ and 
AD (Figure 1B and Supplemental Data File 1C), with oxidative 
phosphorylation–related proteins being the dominant group with 
contrasting effects between QR2Δ and AD. Therefore, the gene-
set enrichment information found here points to a possible contri-
bution of QR2 to the AD phenotype. In agreement with previous 
QR2 interference studies, a significant reduction in cellular ROS 
levels is seen in the QR2Δ cells compared with the isogenic con-
trols (Figure 1C), and QR2 was not detected by immunoblot in the 
expected band in the QR2Δ cells (Figure 1D). In order to validate 
the results found in the proteomic analysis, 2 targets correspond-
ing to some of the functional groups identified were chosen based 
on the availability of reliable antibodies, including NDUFA9 and 
CD73. We found that, in agreement with the liquid chromatogra-
phy/mass spectrometry (LC-MS) results obtained, both NDUFA9 
(Figure 1E) and CD73 (Figure 1F) were significantly increased in 
QR2Δ cells (Figure 1G). Since genetic deletion of QR2 provides 
a proteomic profile antagonistic to AD and causes a reduction in 
metabolic stress, and since QR2 has been previously linked with 
AD and cognitive functions (6, 16, 17, 29, 30), it follows that QR2 
inhibition is an attractive and, to our knowledge, novel candidate 
for neurodegenerative disease treatment in general and for AD 
drug development specifically.

HTS-identified sulfonamide compounds further developed by SAR 
provide highly potent, selective, and soluble QR2 inhibitors. A drug 
discovery campaign strategy was initiated to screen compounds 
for QR2-specific, cell-free inhibition and in vitro activity, followed 
by SAR optimization (Figure 2A) to achieve highly specific and 
potent QR2 inhibitor synthesis. In order to establish a varied and 
chemically amenable starting point, we developed a high-through-
put QR2 assay (Supplemental Methods) that we screened against 
a library with approximately 200,000 compounds. Compounds 
with at least 30% inhibition in the primary assay were then vali-

knowledge about downstream QR2 effects, we screened for chang-
es that occur on the proteome level in human cells in which QR2 
was selectively removed. In order to compare the chronic effects of 
high-level versus low-level QR2 expression, we used HCT116 cells 
that express high levels of QR2 (18), in which we carried out QR2 
CRISPRi (19). We found that QR2 removal caused a shift in protein 
expression, including increases in mitochondrial mRNA transla-
tion and oxidative phosphorylation proteins, mRNA transcription 
and translation machinery, and reduction in cell-cell junction and 
cell-matrix interaction proteins and pyruvate kinase M1/2 (PKM), 
among others. Since these results are remarkably opposed to 
changes found in AD brains (20) and taking into account that QR2 
is a removable memory constraint in rodents, we hypothesized 
that by selectively inhibiting QR2, age-related metabolic stress and 
cognitive decline may simultaneously be tackled, in parallel and in 
addition to ISR- and other existing therapeutic targets (2, 3, 21).

QR2 inhibitors (QR2is) have previously been made, in efforts 
to develop anti-malarial drugs, research melatonin, cancer, and 
basic biochemistry (22–24). However, even though QR2 has only 
one other closely related enzyme, QR1 (NQO1) (25), making it a 
comparatively simpler target to inhibit specifically, the existing 
inhibitors for QR2 remain either nonspecific, insoluble/nonbio-
available, or toxic, thus limiting even the current gold-standard 
inhibitor, S29434 (26), which we have previously used (6, 16). 
S29434 was originally made in efforts to create melatonin recep-
tor ligands, requires problematic formulation (16), and concentra-
tions required in systemic administration can inhibit QR1 and bind 
melatonin receptors (26).

We therefore created small molecule QR2is that enable safe 
and effective evaluation of chronic QR2 inhibition in vitro and 
in vivo as a way to reduce biological age–related metabolic stress 
and cognitive decline. We carried out a high throughput screen 
(HTS) to assay approximately 200,000 compounds against QR2 
activity. Following concentration-response hit validation using 
standard and orthogonal assays against QR2 and QR1, a series of 
diverse sulfonamides were identified and selected as a lead series. 
Structure-activity-relationship (SAR) studies of the sulfonamide 
series’ effective chemical domains resulted in a family of specif-
ic QR2is, with potential for further expansion. These inhibitors 
possess high selectivity and potency against QR2, while showing 
extremely low toxicity. A water-soluble version of the most potent 
QR2i was used to obtain a crystal structure, providing insight into 
the unique interactions these inhibitors make with QR2. By using 
these QR2is, we hypothesize that (a) cells expressing QR2, such 
as neural or HCT116 cells, will display lowered metabolic stress, 
(b) rodents will demonstrate better cognitive abilities and (c) a 
profound AD mouse model (5XFAD) (27), at an advanced age, will 
show a marked improvement in cognition and reduction in brain 
pathology, as afforded by the reduction in QR2-mediated meta-
bolic stress. Failure to reject these hypotheses will, in our opinion, 
place QR2 as a genuine first-in-class drug target to tackle age- 
related metabolic stress in the brain (1) and other organs (28), and 
help delay onset of AD symptoms.

Results
QR2 KO in a human cell line induces functional proteomic changes 
antagonistic to that of the cortex of patients with AD. There is evi-
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Table 2). Analysis of the SAR data revealed that the imidazo[1,2-a]
pyridine heterocycles gave high activity of the sulfonamide and 
proved to be more potent compared with other heterocycles that 
were evaluated (Figure 2D), forming crucial Pi-Pi interactions with 
the protein, attributing to its potency, as was later found in the 
resolved crystal structure. Thus, several highly selective and potent 
QR2is were made, allowing breadth and scope for future modifica-
tions and further improvement.

QR2is bind target in vitro and reproduce QR2-KO results in 
isogenic controls. To establish direct target engagement and cell 

dated using a concentration response in both the standard assay — 
using dihydro-benzylnicotinamide (BNAH) cofactor fluorescence 
decay as a readout — as well as an orthogonal assay — in which 
BNAH absorption was measured instead (Supplemental Methods). 
Compounds that replicated the initial hit result were then assayed 
similarly against QR1 to evaluate compound specificity (Figure 2B). 
From the HTS, a chemically tractable and attractive series of com-
pounds containing a sulfone flanked by an amine and a heterocy-
cle were identified and selected for SAR development (Figure 2C, 
Supplemental Methods, Supplemental Table 1, and Supplemental 

Figure 1. QR2 KO in a human cell line induces functional proteomic changes antagonistic to that of the cortex of patients with Alzheimer’s disease. 
(A) Two independent QR2Δ HCT cell lines (C3 and C5) show similar patterns of changes in protein expression compared with control cell lines (NS) with 
significant correlation (Pearson r = 0.83, P < 0.0001). (B) Overlap between differentially expressed proteins from the current study and from DLPFC tissues 
of patients with AD compared with controls, reported in Johnson et al., (20). Left: Venn diagram presenting numbers of overlapping proteins. Middle: Sig-
nificance of enrichment of 4 functional categories representing contrasting effects of QR2 KO and AD. Right: z-score and enrichment significance for the 
same 4 functional categories within each of the QR2Δ cell lines and AD sets separately. Enrichment was considered significant for FDR adjusted P value 
<0.05. (C) QR2 KO in HCT116 cells significantly lowers baseline ROS levels (n = 5 per group; unpaired t test, P = 0.0078). (D) Ablation of QR2 in QR2Δ HCT116 
confirm QR2 KO (n = 6 per group; unpaired t test, P = 0.0019). (E) QR2 KO significantly increases NDUFA9 levels (n = 6 per group; unpaired t test,  
P = 0.0055). (F) QR2 KO significantly increases CD73 levels (n = 6 per group; unpaired t test, P = 0.0012). (G) Immunoblot images of QR2, NDUFA9, CD73, 
and tubulin from QR2Δ HCT116 cells and isogenic controls. Unless stated otherwise, data are shown as mean ± SEM; **P < 0.01; ***P < 0.001.
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were measured in increasing temperatures. All QR2is increased 
QR2 thermal stability compared with vehicle (Supplemental Fig-
ure 2A). Based on the Tagg curves we selected 73°C for isothermal 
dose-response fingerprint (IDTRF) experiments (Supplemental 

membrane permeability, a cellular thermal shift assay (CETSA) 
was carried out, using leading QR2is YB’s-537, 800, and 808. Fol-
lowing a 1 hour preincubation with 5 μM of the QR2is or vehicle, 
thermal aggregation curves (Taggs) of QR2 expressed in HEK293T 

Figure 2. HTS-identified sulfonamide compounds further developed by SAR provide highly potent, selective, and soluble QR2i. (A) Procedural overview 
of compound screening and inhibitor development. (B) A QR2 activity assay based HTS against approximately 200,000 compounds was carried out, 
followed by concentration-response validation of hits (≥ 30% inhibition), using both primary and orthogonal assays. This was also carried out with the 
closely related QR1. Blue circles, inhibitor control; green circles, neutral control; black circles, compounds; red circles, sulfonamide series; red dotted line, 
30% inhibition threshold. (C) A series of promising hits characterized by a sulfonamide (top, black) were identified, having active heterocycle (left, blue) 
and amine (right, green) groups that were amenable to SAR. (D) Comparative SAR evaluation of the new sulfonamide inhibitors using different analogues 
and structural combinations.
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Specific QR2is enhance cortical and hippocampal learning in mice 
and rats. QR2 elimination or inhibition has been shown to improve 
rodent memory in several tasks (7, 16, 17), while high levels of 
QR2 have been correlated with memory impairment (31). In order 
to evaluate the efficacy of some of the leading QR2is in vivo, we 
carried out double-blind experiments using 2 different modalities 
(Supplemental Methods), measuring memory that is dependent 
on different brain areas. First, cortical memory was tested using 
incidental novel taste learning (see Methods), in which an unfamil-
iar, but palatable and safe, taste is given for the first time, and the 
memory for this newly learned taste is then assessed 2 days later. 
This is done by measuring the volume of the taste consumed upon 
subsequent exposure to it (32) (Figure 4A). Rats microinjected with 
YB-808 (1 μL of 20 μM) via cannula to the anterior insular cortex 
(aIC; the primary gustatory cortex) drank significantly more NaCl 
than the control group, therefore displaying a stronger memory of 
the safe taste (Figure 4, B and C). Next, hippocampal-dependent 
learning was evaluated using delay fear conditioning (DFC; see 
Methods) (33). Mice were cannulated to the CA1 region of the hip-
pocampus and were microinjected with YB-537 (1 μL of 5 μM, Fig-
ure 4, D and H) or vehicle. Mice displayed normal learning during 
conditioning (Figure 4E), with mice microinjected with YB-537 to 
CA1 showing significantly increased freezing in response to the 
conditioned context upon reexposure the following day, indicat-
ing enhanced hippocampal-dependent memory (Figure 4F). No 
significant difference in freezing levels in response to the cue was 
seen between groups (Figure 4G), indicating no change to amygda-
la-dependent memory. In order to evaluate any possible effect of 
acute QR2i microinjection on metabolic stress in the mouse brain, 
ISR activation was measured by quantifying total and phosphor-
ylated eukaryotic initiation factor 2 α (eIF2α) levels (Supplemen-
tal Figure 3A) and lipid peroxidation product, 4-hydroxynonenal 
(4-HNE; Supplemental Figure 3B), by immunoblot 3 hours after the 
injection. No significant reduction in these metabolic markers was 
detected. These experiments demonstrated the ability of the QR2is 
to replicate behavioral results previously obtained using genetical-
ly induced QR2 elimination or inhibition (6, 7).

YB-537 bound to human QR2 shows conserved ligand-target inter-
actions that are absent in the closely related QR1. To make QR2-ligand 

Figure 2B). The ITDRF allowed the relative quantification of the 
binding of each of the QR2is to QR2, measured as the EC50 (Figure 
3A). This shows that the inhibitors can penetrate the cell membrane 
and directly bind the target QR2 protein within. We evaluated the 
safety of the QR2is using cell toxicity and viability assays. Toxicity 
was assessed in an ATP depletion assay using THLE-2 cells follow-
ing a 72 hour exposure to a dose-response of QR2is. Only 1 of the 
QR2is exhibited an IC50 under 10 μM (PCM-0212354; Supplemen-
tal Table 1), while the leading QR2is displayed much higher values 
(Figure 3B), exemplified by YB-537. Cell viability was assessed by 
XTT assay in HEK239T cells, using a dose response, with 3- or 
24-hour incubations of the leading QR2is. No sign of toxicity was 
seen (Figure 3C). Next, we wanted to assess if, similar to QR2 KO, 
QR2is can reduce cellular ROS in HCT116 cells and see whether 
any observable effect is occluded in QR2Δ cells. We used YB-800, 
which showed an EC50 between YB-808 and YB-537 (Figure 3A). 
ROS levels were significantly reduced 3 hours after treatment with 
20 μM YB-800 in the WT but not QR2Δ HCT116 cells (Figure 3D), 
indicating a QR2-specific effect of the inhibitor. We then assessed 
WT HCT116 cells by immunoblot (Supplemental Figure 2, C and 
D), after being treated with YB-800 (2 μM) for 4 consecutive 
days. QR2 expression was unaltered (Figure 3E); however, CD73 
showed a significant increase (Figure 3F), similar to QR2Δ. Thus, 
the QR2is can bind native QR2 in human cells and replicate the 
effects seen using genetic QR2 removal.

Figure 3. QR2is bind target in vitro and reproduce QR2-KO results in 
isogenic controls. (A) Isothermal dose−response of QR2 stabilization by 
ligand-target binding of different inhibitors tested (at 73°C) using CETSA 
(n = 3 per group; EC50; YB-808 = 13 nM; YB-800 = 34 nM; YB-537 = 129 
nM). (B) Cell viability measured with Cell-Titer-Glo assays in response to 
72 hour incubations with increasing doses of 3 different inhibitors, using 
THLE2 cells (LD50; YB-808 = 59.704 μM, n = 2; YB-800 = 78.401 μM, n = 2; 
YB-537 >100 μM, n = 3). (C) Repeat validation of toxicity assays, using XTT 
in HEK293 cells at physiologically relevant concentrations of 3 inhibi-
tors, shows no toxicity following either 3- or 24 hour periods of inhibitor 
treatment (n = 3). (D) A 3 hour incubation with 20 μM YB-800 reduces 
induced ROS levels in HCT116 (n = 5 per group; unpaired t test, P = 0.0338) 
while no change is seen in HCT116 QR2Δ cells following the treatment (n = 
5 per group; unpaired t test, P = 0.8464). (E) QR2 expression is unchanged 
in HCT116 cells treated for 4 days with 2 μM YB-800 (n = 6 per group; 
unpaired t test, P = 0.2851). (F) CD73 expression is significantly increased 
in HCT116 cells following 4-day incubation with 2 μM YB-800 (n = 6 per 
group; Mann-Whitney test, P = 0.0022). Data are shown as mean ± SEM; 
*P < 0.05; **P < 0.01.
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crystallization amenable, enable oral administration of the inhib-
itors, and eliminate undesirable formulations, HCl was conjugat-
ed to YB-537 (Supplemental Methods). This resulted in complete 
solution of YB-537 in water. Purified human QR2 (hQR2) was then 
cocrystalized in the presence of the water-soluble inhibitor (Sup-
plemental Methods; Figure 5A). The resolved crystal structure of 
hQR2 in complex with YB-537 revealed that the protein exists as 
a homodimer, consistent with previous reports (25). YB-537 was 
found to bind to each monomer of the hQR2 homodimer, form-
ing interactions with amino acids from both monomers as well as 
with the Flavin-adenine dinucleotide (FAD) cofactor. The plane 
of YB-537 stacks up parallel to the isoalloxazine ring of the FAD 
cofactor with an average distance of 3.5 Å between the planes of 
the two. Each FAD moiety forms 17 contacts within 3.5 Å to atoms 
from YB-537 and 48 contacts to 17 amino acids from one monomer, 
namely H12, S17, F18, N19, S21, P103, L104, Y105, W106, F107, 
T148, T149, G150, G151, Y156, E194, and R201. YB-537 binds to the 
catalytic site through a series of hydrophobic and hydrogen bonds 
with both FAD and amino acids from both QR2 monomers (Figure 

5B). Specifically, YB-537 forms 6 contacts with G150, G151, and 
M155 and a hydrogen bond with N162 from one monomer (A-blue) 
and 8 contacts to F127, I129, F132, and F179 from the other mono-
mer (B-red). These amino acid residues may be important for the 
binding and selectivity of YB-537 toward hQR2.

To estimate the evolutionary conservation of amino acids 
in hQR2 and related proteins, we used the ConSurf server (34). 
The server generated multiple sequence alignments with 150 
homologous proteins and predicted the conservation of amino 
acids based on their evolutionary history. This clearly showed 
high conservation among the amino acids interacting with FAD 
(Figure 5C), while showing far less conservation with those inter-
acting with YB-537 (Figure 5C). Superposition of the catalytic site 
of QR2, in complex with YB-537, with QR1 (PDB-ID code 2F1O, 
Figure 5B) revealed that,while some catalytic site amino acids 
were strictly conserved, others such as I129, F132, and N162 in 
QR2 are Tyr, Met, and His, respectively, in QR1. This, the addi-
tional 43-residues of the C-terminus of QR1 (Figure 5D), and oth-
er contrasting features (Supplemental Figure 4) may explain the 

Figure 4. Specific QR2is enhance cortical and hippocampal learning in mice and rats. (A) Outline of novel taste learning in rats. (B) Rats that were 
microinjected with 20 μM YB-808 to the aIC (n = 18) drank significantly more NaCl than the vehicle control (n = 17) group (unpaired t test, P = 0.0498). (C) 
Cannula placement in the rat aIC.(D) Outline of DFC in mice. (E) Mice microinjected with 5 μM YB-537 (n = 6) or vehicle (n = 7) both show normal inter-trial 
learning (2-Way RM ANOVA, trial: P < 0.0001, Groups: P = 0.0723). (F) Mice that were microinjected with 5 μM YB-537 (n = 6) freeze significantly more 
than vehicle (n = 7) control in response to the context (unpaired t test, P = 0.0056). (G) Mice that were microinjected with 5 μM YB-537 (n = 6) showed no 
difference in freezing compared with vehicle (n = 7) control in response to the cue (unpaired t test, P = 0.1904). (H) Cannula placement in the mouse CA1 
formation. Data are shown as mean ± SEM; *P < 0.05; **P < 0.005.
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observed more than 6,000-times higher specificity of YB-537 to 
QR2 compared with QR1.

Ingestion of YB-537 in drinking water for 1 month improves cogni-
tive function in 9-month-old 5xFAD female mice. We next aimed to 
test the effect of QR2 inhibition in AD model mice using YB-537, 
taking advantage of its extremely high specificity, solubility, and 
lack of toxicity. First, we determined YB-537 pharmacokinetics 
(PK) and oral bioavailability and assessed any acute observable 
toxicity in mice. It was found that YB-537 was well tolerated at 50 
mg/kg per os (p.o.) or 10 mg/kg i.v. with no discernable adverse 
symptoms at any time up to 24 hours following administration 
(Supplemental Pharmacokinetic Study in the Supplemental Mate-
rials). YB-537 was 82% bioavailable p.o., and peak concentrations 
of 203 ng/g (equivalent to approximately 500 nM YB-537) were 
detected in the brain approximately one hour after oral adminis-
tration (Supplemental Figure 5, A and B). We therefore opted to 

chronically deliver YB-537 to AD-model mice via their drinking 
water, so they may freely ingest the inhibitor at 50 mg/kg, with 
minimal intervention or trauma, for 1 month. We chose 9-month-
old 5xFAD (27) male and female mice in double-blind experi-
ments, so that well-progressed symptoms and pathologies would 
be present, to mimic clinically relevant cases in human patients 
(35), as has been previously described in this mouse model. Other 
than an improvement in nest quality (36) over time seen in ani-
mals receiving YB-537 (starting at age 8 months and ending at age 
9 months), no changes to general physical parameters or wellbeing 
were observed over the 1 month of YB-537 ingestion (Supplemen-
tal Figure 6, A–J). Animals received the treatment for a week, and, 
on week 2, behavioral experiments commenced, including Morris 
water maze (MWM) and novel object recognition (NOR). These 
were carried out in parallel, with half of the animals (including 
both sexes and treatments) undergoing 1 of the paradigms in week 

Figure 5. YB-537 bound to hQR2 shows conserved ligand-target interactions that are absent in the closely related QR1. (A) Ribbon representation of the 
hQR2 homodimer (dimer A, red and dimer B, blue) with stick representation of FAD (yellow) and YB-537 (green). (B) Critical interactions with amino acids 
in hQR2 (blue and red) are absent in hQR1 (cyan and pink) due to differences in the amino acid sequence and structure of the 2 enzymes. Specifically, hQR2 
has I129, F132, and N162, the latter of which forms an important hydrogen bond with YB-537, that are replaced with Y129, M132, and H162, respectively, in 
hQR1. (C) Consurf analysis (https://consurf.tau.ac.il/) showed that the amino acids interacting with the FAD prosthetic group are highly conserved across 
hQR1 and hQR2, as indicated by the maroon color in the ConSurf representation. However, the amino acids interacting with YB-537 are less conserved, 
as indicated by the turquoise color in the ConSurf representation. (D) Ribbon representation of hQR1 dimer (red and blue) and the FAD molecule (yellow). 
Additionally, a 43 amino acid residue C-terminus is shown in white, which is absent in hQR2. This C-terminus structure may physically hinder YB-537, 
shown in green, from accessing the catalytic site. The figures were created using the program PyMOL (58).
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receiving YB-537 significantly preferred to investigate — and were 
able to discern the novel object — while females receiving vehicle 
did not (Figure 6F). Finally, during week 4, all the mice underwent 
DFC. Both control mice and those receiving YB-537 in drinking 
water showed similar learning curves during conditioning, regard-
less of sex (Supplemental Figure 7). Mice receiving YB-537 froze 
significantly more in response to the conditional context (Figure 
6G) compared with controls. While the male mice groups did not 
significantly differ in response to context (Figure 6H), female 
mice receiving YB-537 froze significantly more than controls in 

2, and the other in week 3. We found that in the MWM, the escape 
latency of the group receiving YB-537 trended to be faster than the 
control group (Figure 6A), and a similar pattern was seen both in 
male (Figure 6B) and female (Figure 6C) mice. Since learning in 
this paradigm was slow, and performance was poor even following 
6 days of training (using 4 learning trials a day), a test day was not 
carried out and instead only the learning rate was measured. In 
the NOR task, mice receiving YB-537 trended to discern the nov-
el object (Figure 6D), but no object discrimination was observed 
in any of the male mice (Figure 6E). Contrastingly, female mice 

Figure 6. Ingestion of YB-537 in drinking water significantly improves cognitive function in 9-month-old 5xFAD female mice. (A) Mice drinking YB-537 
trend toward faster spatial learning in MWM (2-way RM ANOVA, treatment: P = 0.0694). (B) Male mice drinking YB-537 show similar spatial learning in 
MWM to controls (2-way RM ANOVA, P = 0.1115). (C) Female mice drinking YB-537 show similar spatial learning in MWM to controls (2-way RM ANOVA,  
P = 0.4272). (D) Mice drinking YB-537 trend toward novel object discrimination (1 sample t test, P = 0.0603), and controls do not (1 sample t test, P = 
0.5004). (E) Male mice drinking YB-537 and controls do not show novel object discrimination (1 sample t test, YB-537 P = 0.6302; vehicle P = 0.5600). (F) 
Female mice drinking YB-537 show novel object discrimination (1 sample t test P = 0.0154), while controls do not (1 sample t test P = 0.7447). (G) Mice 
drinking YB-537 freeze significantly more than controls in response to the conditioned context (unpaired t test, P = 0.0131). (H) Male mice drinking YB-537 
freeze similarly to controls in response to the conditioned context (unpaired t test, P = 0.1168). (I) Female mice drinking YB-537 freeze significantly more 
than controls in response to the conditioned context (unpaired t test, P = 0.0207). (J) Mice drinking YB-537 freeze similarly to controls in response to the 
conditioned cue (Mann-Whitney test, P = 0.1000). (K) Male mice drinking YB-537 freeze insignificantly more than controls in response to the conditioned 
cue (Mann-Whitney test, P = 0.0939). (L) Female mice drinking YB-537 freeze similarly to controls in response to the conditioned cue (unpaired t test,  
P = 0.8243). n for all experiments: YB-537, 16 (9 males and 7 females); vehicle, 17 (9 males and 8 females). Data are shown as mean ± SEM; *P < 0.05.
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showed greater variability; Figure 7A). Males showed no difference 
between groups (Figure 7A). Females did not show any changes in 
mean 4-HNE levels, but had a significantly different distribution 
(F test, P = 0.0052), with all animals receiving YB-537 showing 
measurements centered around the mean (vehicle upper quartile 
0.0697, lower quartile 0.0308; YB-537 upper quartile 0.0514, lower 
quartile 0.0409), while controls showed far greater variability (Fig-
ure 7A). Amyloid β was measured, and a reduction trend was seen in 
mice receiving YB-537 compared with controls (Figure 7B), though 
no changes were seen in males (Figure 7B). In contrast, female mice 
treated with YB-537 showed significantly reduced amyloid β (Figure 
7B). When measuring p-tau (AT8) (37), no changes were seen in the 
total population (Figure 7C) or males (Figure 7C), but a significant 
reduction in p-tau was seen in females (Figure 7C). Next, microglia 
activation was evaluated in CA1 (Iba1), and no change in the total 
(Figure 7D, left histogram) or male (Figure 7D, middle histogram) 
populations was seen, but a significant reduction in females receiv-
ing YB-537 was measured (Figure 7D). Astrocyte activation (GFAP), 
did not significantly change in the total, male, or female populations 
(Figure 7E). Thus, 9-month-old 5xFAD mice showed a reduction in 
AD-related pathologies in CA1 following 1 month of YB-537 inges-
tion, with females (Supplemental Figure 9) showing far more sig-
nificant reduction in pathology than males (Supplemental Figure 
10). In the cortex, neither male nor female mice showed a signifi-
cant reduction in 4-HNE, p-tau, or amyloid β (Supplemental Figure 
8, A–C). However, a significant reduction was measured in Iba1 in 
both total and female populations, and a significant reduction in 
GFAP was measured in both total and male populations (Supple-
mental Figure 8, D and E, Supplemental Figure 11, and Supplemen-
tal Figure 12). Whole-brain soluble and insoluble amyloid β 42 levels 
were not significantly reduced in the total mice population, males 
or females (Supplemental Figure 13). Overall, following 1 month 
of chronic YB-537 ingestion, female 5xFAD mice showed a greater 
reduction in AD-associated brain pathologies compared with the 
more modest effect found in males, mirroring the behavioral results 
obtained from these mice.

Ingestion of YB-537 in drinking water for 4 months improves cog-
nitive function in 9-month-old 5xFAD male mice. Since 1 month of 
chronic YB-537 ingestion rescued cognitive and pathological phe-
notypes more efficiently in female compared with male 5xFAD 
mice, we hypothesized that males may require a longer dosing reg-
imen than females in order achieve a similar therapeutic effect. We 
therefore ran an additional experiment where we treated 5-month-
old male 5xFAD mice with 50 mg/kg of YB-537 in drinking water 
for 4 months (starting at the age of 5 months, and ending at the 
age of 9 months, similar to the experiment described above), and 
compared cognitive performance to male 5xFAD and WT control 
mice of the same age not being treated with YB-537, using DFC in 
double-blind experiments. We found that, while all male mouse 
groups showed similar learning curves during conditioning (Figure 
8A), 5xFAD mice receiving YB-537 for 4 months froze similar to 
WT mice, who froze significantly more than control 5xFAD mice, 
in response to the conditioned context in the DFC test (Figure 8B). 
Upon reexposure to the cue, 5xFAD mice receiving YB-537 and WT 
mice both froze more than control 5xFAD mice, but not to a signif-
icant extent (Figure 8C). These results indicate that male 5xFAD 
mice tend to show improved hippocampal dependent cognitive 

response to the conditioned context (Figure 6I). Mice receiv-
ing YB-537 did not show any difference in freezing in response 
to the conditioned cue (Figure 6J), and neither did the male and 
female groups (Figure 6, K and L). Overall, throughout a month-
long experiment during which 8-to-9-month-old 5xFAD mice of 
both sexes received 50 mg/kg of YB-537 in their drinking water, 
no adverse effects were seen, and an improvement in nest quality 
and cognitive function was measured, the latter mainly in females.

Drinking YB-537 for 1 month significantly reduces brain pathologies 
associated with dementia in 9-month-old 5xFAD mice. Following the 
behavioral experiments, we assessed brain pathologies associated 
with AD present in the 5xFAD mice (37). Therefore, 5 days following 
the last behavioral experiment, and 1 month after the start of YB-537 
consumption, mice were sacrificed, and coronal brain sections were 
used for IHC. Since the CA1 region of the hippocampus is affected 
during AD pathogenesis (37), and this brain region is involved in the 
behavioral paradigms used here, we acquired images of CA1. This 
was done with an Olympus IX83 confocal microscope using the 
same settings, antibodies, and exposures in all mice. Images were 
analyzed using Imaris (Bitplane; see methods). For each mouse, 3 
coronal sections were used per antibody. In each section, the same 
region of CA1 was acquired, using the same image frame size and 
resolution, at all possible depths of the section — using a Z-stack of 
the whole section — to allow measurement of the fluorescent anti-
body marker volume, which was normalized to the brain volume 
from which it was taken. First, we measured oxidative stress, as 
indicated by 4-HNE (38) (Abcam, ab48506). No difference in aver-
age 4-HNE measurement was seen between mice receiving YB-537 
or controls, though YB-537 reduced high- and low-percentile mea-
surements (vehicle upper quartile 0.0719, lower quartile 0.0370; 
YB-537 upper quartile 0.0541, lower quartile 0.0418), tending to 
alter distribution (F test, P = 0.0516), which was much more tightly 
centered around the mean compared with controls (i.e. the controls 

Figure 7. Drinking YB-537 for 1 month significantly reduces brain pathol-
ogies associated with dementia in the dorsal CA1 hippocampal formation 
of 9-month-old 5xFAD female mice. (A) Oxidative stress, as indicated by 
4-HNE, is not significantly altered in 5xFAD mice CA1 following 1 month 
of drinking YB-537 (both sexes, Mann-Whitney test, P = 0.8965; males, 
Mann-Whitney test, P = 0.6730; females, unpaired t test, P = 0.8155), but 
tends to alter distribution in the total population (F test, P = 0.0516), and 
significantly changes distribution in females (F test, P = 0.0052). (B) Amy-
loid β shows a trend of reduction following 1 month of drinking YB-537 in 
the CA1 of the total 5xFAD mouse population (unpaired t test, P = 0.0526),  
is unchanged in the male population (unpaired t test, P = 0.5643), and 
is significantly reduced in the female population (unpaired t test, P = 
0.0237). (C) p-tau is unchanged following 1 month of drinking YB-537 in the 
CA1 of total 5xFAD mouse (unpaired t test, P = 0.4678) and male (unpaired 
t test, P = 0.3432) populations, but is significantly reduced in the females 
(unpaired t test, P = 0.0337). (D) Iba1 is insignificantly reduced in 5xFAD 
mouse CA1 following 1 month of drinking YB-537 in the total popula-
tion (unpaired t test, P = 0.0738), is unchanged in the male population 
(unpaired t test, P = 0.5625), but is significantly reduced in the female 
population (unpaired t test, P = 0.0380). (E) GFAP is unchanged in 5xFAD 
mouse CA1 following 1 month of drinking YB-537 in the total population 
(Mann-Whitney test, P = 0.6567), is unchanged in the male population 
(Mann-Whitney test, P = 0.6048), and is unchanged in the female popula-
tion (unpaired t test, P = 0.2654). n for all experiments: YB-537, 16 (9 males 
and 7 females); vehicle, 17 (9 males and 8 females). Data are shown as 
mean ± SEM. *P < 0.05. Scale bars: 50 μm.
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era (39). A central approach toward dealing with 
mild cognitive impairment and dementia lies in 
tackling dysfunctional metabolism and incurred 
inflammation in the brain (1, 40). Recently, QR2 
was proposed to be a novel contributor to the met-
abolic aging of the brain (6, 7, 16). QR2 normally 
operates within a pathway that enacts oxidative 
eustress (41), as QR2 generates physiological levels 
of ROS that modulates neuronal activity (7, 10). In 
health, this QR2 pathway is activated hours after a 
novel experience, causing the transient removal of 
QR2 from neurons and reducing ROS and inhibito-
ry interneuron excitability (7, 10). As a result, QR2 
removal resets neuronal population excitation/
inhibition dynamics, enhancing long-term mem-
ory formation for new, salient information. This 
critical mechanism allows rodents to differentiate 
between salient and unimportant information and 
appropriately adapt behavior throughout life, as 
subsequently to QR2 removal the newly learned 
information stabilizes for very long periods of 
time. With age, factors that dynamically govern 
and control QR2 levels deteriorate, while baseline 
QR2 levels increase (20). These include diminish-

ing levels of melatonin, DA, ACh, and miR-182 (12, 13, 14), which 
either drive QR2 removal or inhibit QR2 activity. With control of 
QR2 expression and redox modulation levels lost, newly learned 
information is more poorly remembered, as ever increasing QR2 
expression turns oxidative eustress to oxidative stress (7, 15).

Here, we found that removing such chronically high levels of 
QR2 results in a proteome that is functionally opposed to that seen in 
AD brains (20), where high QR2 expression levels are found (16, 30), 
and in which QR2 polymorphisms adversely affect pathology (29), 
strengthening the case for QR2 inhibition as a therapeutic avenue.

To date, a number of QR2is have been developed (22), provid-
ing valuable insight into a number of subjects involving QR2. Some 
were originally created to investigate melatonin and its receptors 
(22), while others are inhibitors for Abl1 and other cancer-related  
kinases (23, 42). Notably, of the latter, Imatinib (Gleevec) is an 
FDA-approved drug, with multiple other non-Abl1 off-targets 
apart from QR2 (43). Despite severe side effects and poor brain 
bioavailability (44), there was initial promise for Imatinib/Gleevec 
as an AD drug, by inhibiting γ-secretase activating protein (45). 
However, Gleevec treatment in patients with AD has yet to suc-
ceed, though efforts in this direction have been recently pur-
sued (44). Ultimately, all of the existing QR2is are either derived 
from small molecules with other known targets (46); are intend-
ed to investigate non-QR2 related function (24, 43); have toxic 
properties (24); or lack solubility/bioavailability (16). In order to 
therapeutically address this recently described contributor to 
age-related metabolic stress and anterograde amnesia expressly, 
specifically, and directly, we set out to develop a highly selective 
and safe QR2i to meet the standards required to enable first-in-
class AD drug development.

SAR studies of QR2-inhibiting molecules discovered by HTS 
demonstrated that, at either end of a central sulfonamide linker, 
several amines and heterocycles strongly inhibited QR2 and could 

performance following a more prolonged, 4-month treatment with 
YB-537, starting at an earlier age.

Drinking YB-537 for 4 months significantly reduces brain pathol-
ogies associated with dementia in 9-month-old 5xFAD male mice. 
Following the behavioral results obtained with 4-month YB-537 
treatment in the male 5xFAD mice, we evaluated AD-related brain 
pathologies using IHC, similar to the 1-month treatment experi-
ment (Supplemental Figures 14–17). The marker for oxidative 
stress, 4-HNE, did not show any changes in the hippocampus, and 
no differences were seen in result distribution (Figure 9A, left), 
similar to males following 1 month of treatment. However, a signif-
icant reduction in 4-HNE was measured in the cortex following 4 
months of YB-537 treatment, bringing oxidative stress levels down 
to those seen in WT control mice (Figure 9A, right). In contrast 
with results from the 1 month treatment, following 4 months of 
YB-537 ingestion, male 5xFAD mice showed a significant reduc-
tion in amyloid β in the cortex (Figure 9B, right), and tended to 
show less amyloid β in the hippocampus (Figure 9B, left). Levels of 
p-tau remained unchanged across all 3 groups, both in the hippo-
campus (Figure 9C, left) and cortex (Figure 9C, right). Microglia 
activation levels tended to be reduced in the hippocampus (Fig-
ure 9D, left), and were significantly reduced in the cortex (Fig-
ure 9D, right) following 4 months of YB-537 consumption in the 
male 5xFAD mice. This was also seen with astrocyte activation, in 
which a reduction trend was found in the hippocampus (Figure 9E, 
left), and a significant reduction was measured in the cortex (Fig-
ure 9E, right). Overall, a significant reduction in brain pathologies 
was seen across the cortex and hippocampus of 9-month-old male 
5xFAD mice, following 4 months of chronic YB-537 ingestion.

Discussion
Age-related cognitive decline and prolonged metabolic stress 
in the brain represent major medical challenges in the modern 

Figure 8. Ingestion of YB-537 in drinking water for 4 months improves cognitive function 
in 9-month-old 5xFAD male mice. (A) Male 5xFAD mice with or without YB-537 in drink-
ing water and WT mice all show normal learning during delay-fear conditioning, with no 
difference observed across groups (2-Way RM ANOVA, trial: P < 0.0001, groups: P = 0.3303). 
(B) Male 5xFAD mice that received vehicle freeze less (P = 0.05) than WT mice in response to 
the conditioned context, and 5xFAD mice that received YB-537 for 4 months in their drinking 
water freeze similarly to WT mice (1-way ANOVA, P = 0.0239; Tukey’s multiple comparison, 
YB-537 versus vehicle, P = 0.0504; YB-537 versus WT, P = 0.8108; vehicle versus WT, P = 
0.0420). (C) Male 5xFAD mice that received vehicle tend to freeze less in response to the con-
ditioned cue in comparison to 5xFAD mice that received YB-537 for 4 months in their drinking 
water, and WT mice (1-way ANOVA, P = 0.0835). n for all experiments: YB-537, 9; Vehicle, 7; 
WT, 4. Data are shown as mean ± SEM. *P < 0.05.
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dard QR2 inhibitor, S29434, which we used as a positive control. 
Critically, water-soluble YB-537 is 82% bioavailable p.o. and can 
enter the mouse brain at relevant concentrations with a clearance 
half life of approximately 1 hour upon acute oral dosing and is non-
toxic and well tolerated, enabling long-term oral dosing studies.

Taking advantage of this, we found that by providing YB-537 
in the drinking water of 5xFAD mice for 1 month, a significant 
reduction in brain pathologies and improvement in memory was 
observed, though this was unexpectedly mainly seen in females. 
While male and female 5xFAD mice tended to show quicker learn-
ing in the MWM, only females demonstrated significant improve-
ment in NOR and DFC paradigms compared with controls. The 
more potent effect of QR2i in female mice following 1 month of 
treatment was also noted when measuring brain pathologies. In 
the hippocampus, both p-tau and amyloid β were significantly 
diminished following QR2i in the female mouse hippocampus, 
and microglia activation was also significantly reduced in female 
mice only. Microglia also showed reduced activation in the female 
cortex. Interestingly, average 4-HNE levels remained unchanged, 
but, in females, the number of animals with higher or lower levels 
of 4-HNE was significantly reduced. This revealed higher homo-
geneity in 4-HNE levels within the QR2i-group females, compared 
with much higher heterogeneity in oxidative stress in the control 
females. Males, in comparison, showed a reduction in astrocyte 
activation in the cortex, with no other significant changes in any 
of the other markers, either in the hippocampus or cortex. When 
assessing amyloid β42 in the whole brain, an insignificant reduc-
tion was seen in the soluble but not insoluble fraction in both 
males and females. Since males showed a slower, more muted 
response to QR2i than females, we carried out an additional 4 
month treatment regimen with male mice and compared them to 
5xFAD controls and WT mice, to test whether a longer treatment 
period would show increased effect in the male population. The 
longer QR2i treatment did result in much more significant effect, 
as male 5xFAD mice ingesting YB-537 for 4 months showed simi-
lar contextual memory to WT mice, and brain pathologies showed 
far greater reduction across brain areas. This included significantly 
reduced 4-HNE in the cortex, with 4 months of QR2i lowering the 
oxidative stress marker in the 5xFAD mice to levels measured in 
WT mice. Amyloid β tended to show a reduction in the hippocam-
pus and showed significant reduction in the cortex, while astroglia 
activation markers GFAP and Iba1 were both similarly reduced in 
the 5xFAD mice, following the 4 month treatment period. YB-537 
therefore reduces brain pathologies and reverses cognitive deficits 
in the 5xFAD mouse model at an advanced age, with sex-depen-
dent variation in results and a more rapid effect in females. Why 
females respond to QR2is so much faster than males will be the 
subject of future studies and may be related to estrogen metabo-
lism (47, 48), though this does not exclude other possibilities, such 
as those pertaining mitochondrial function and NAD/H homeosta-
sis (8, 15, 49). Our limited knowledge of QR2 function does not yet 
allow us to portray how QR2 and QR2is may differentially affect 
certain subpopulations, mitochondrial function (e.g., health and 
turnover and mitochondrial cofactor metabolism) and inflamma-
tion (e.g., ROS, CD73, and adenosine). These open questions and 
what we believe to be the exciting new research proposing that QR2 
regulates specific posttranslational histone modifications and epi-

be added in various combinations and modules and allow poten-
tial development of hundreds of inhibitor variants. The medicinal 
chemistry carried out initially, based on this approach, resulted 
in a family of highly effective, QR2 selective, nontoxic inhibi-
tors, shown to directly bind QR2 in human cells. Of these, some 
of the most promising were tested for water solubility and in vivo 
efficacy, the latter by way of measuring the known and previous-
ly demonstrated memory-enhancing effect of QR2 inhibition 
in rodent models (6, 7, 16, 17). Though displaying limited water 
solubility, the QR2is showed promising results in double-blind 
behavioral experiments, enhancing cortical memory in rats and 
hippocampal memory in mice. Both 4-HNE and eIF2α phosphor-
ylation levels showed insignificant reduction 3 hours after YB-537 
microinjection in the mouse hippocampus. Subsequently, further 
medicinal chemistry provided 2 water soluble QR2is (YB-537 and 
YB-540). Using water-soluble YB-537, the most promising of the 
QR2is, a crystal structure was resolved, showing the unique fea-
tures through which YB-537 exhibits its distinct QR2/QR1 inhibi-
tion profile. Specifically, while Asn162 in QR2, which is His162 in 
QR1, provides a hydrogen bond to plant YB-537 within the catalyt-
ic site and over the FAD prosthetic group, several other residues 
found only in QR2 also favorably interact electrostatically with the 
inhibitor. Further selectivity is likely caused by the 43aa C-termi-
nus structure missing in QR2, which, in QR1, may physically hin-
der YB-537 inclusion to the catalytic site, as would residues within 
the QR1 catalytic site itself, such as Y127 and Y129. Ultimately, 
YB-537 displays more than 6,000-fold higher binding affinity to 
QR2 than to QR1, which is far greater than the present gold-stan-

Figure 9. Drinking YB-537 for 4 months significantly reduces brain 
pathologies associated with dementia in the brains of 9-month-old 
5xFAD male mice. (A) 4-HNE is unchanged in the hippocampus (1-way 
ANOVA, P = 0.1926), but is significantly reduced in the cortex (1-way  
ANOVA, P = 0.0009; Tukey’s multiple comparison, YB-537 versus vehicle,  
P = 0.0070; YB-537 versus WT, P = 0.3029; vehicle versus WT, P = 0.0013) of 
9-month-old male 5xFAD mice following 4-months of YB-537 consumption 
in drinking water. (B) Amyloid β is reduced in the hippocampus (Kruskal- 
Wallis test, P < 0.0001; Dunn’s multiple comparison, vehicle versus WT,  
P = 0.0013; vehicle versus YB-537, P = 0.0535; WT versus YB-537, P = 0.2789), 
and significantly reduced in the cortex (Kruskal-Wallis test, P = 0.0003; 
Dunn’s multiple comparison, vehicle versus WT, P = 0.0563; vehicle versus 
YB-537, P = 0.0026; WT versus YB-537, P > 0.9999) of 9-month-old male 
5xFAD mice, following 4-months of YB-537 consumption in drinking water. 
(C) p-tau is unchanged in the hippocampus (1-way ANOVA, P = 0.4520) 
and the cortex (1-way ANOVA, P = 0.9557) of 9-month-old male 5xFAD 
mice, following 4-months of YB-537 consumption in drinking water. (D) 
Iba1 is reduced in the hippocampus (Kruskal-Wallis test, P = 0.0011; Dunn’s 
multiple comparison, vehicle versus WT, P = 0.0058; vehicle versus YB-537, 
P = 0.0512; WT versus YB-537, P = 0.6510), and significantly reduced in 
the cortex (Kruskal-Wallis test, P < 0.0001; Dunn’s multiple comparison, 
vehicle versus WT, P = 0.6638; vehicle versus YB-537, P = 0.0008; WT 
versus YB-537, P = 0.2284) of 9-month-old male 5xFAD mice, following 
4 months of YB-537 consumption in drinking water. (E) GFAP is insig-
nificantly reduced in the hippocampus (1-way ANOVA, P = 0.0589), and 
significantly reduced in the cortex (Kruskal-Wallis test, P = 0.0116; Dunn’s 
multiple comparison, vehicle versus WT, P = 0.1450; vehicle versus YB-537, 
P = 0.0215; WT versus YB-537, P > 0.9999) of 9-month-old male 5xFAD 
mice, following 4 months of YB-537 consumption in drinking water. n for 
all experiments: YB-537, 9; vehicle, 7; WT, 4. Data are shown as mean ± 
SEM. *P < 0.05; **P < 0.005; ***P < 0.0005. Scale bars: 50 μm.
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formed as previously described (53) with some modifications, using 
QR2 (Santa Cruz, sc-271665) and SOD1 (Santa Cruz, sc-17767) anti-
bodies. SDS-PAGE and immunoblot imaging were carried out as pre-
viously described (55), using Tubulin (Sigma-Aldrich, SAB4500087), 
QR2 (Santa Cruz, sc-271665), NDUFA9 (AbCam, ab14713) and CD73 
(Cell Signaling Technology, D7F9A) antibodies.

Behavior
Incidental taste learning. Rats were taught to drink from 2 pipettes each 
filled with 10 mL of water during a 20 minute period, over 3 days. On 
the fourth day, they were given a novel, palatable taste (2 pipettes each 
filled with 10 mL of 0.3% NaCl), 30 minutes after a local microinfu-
sion of YB-808 or vehicle. On the fifth day, rats were once again given 
water in the pipettes. On the sixth day, the rats were presented with a 
choice test, in which they were given 2 pipettes of water and 2 pipettes 
of NaCl (10 mL in each pipette). The memory for the novel taste was 
then assessed after 20 minutes of liquid consumption by calculating a 
preference index as follows: (novel taste consumed/[novel taste con-
sumed+water consumed]) × 100 (32, 56).

DFC. DFC was done as previously described (7). Briefly, mice 
were given 2 minutes to explore the conditioning chambers, during 
which baseline freezing was measured. Then, a 20 second, 4 kHz, 80 
dB tone was given, coterminating with the start of a 2 second, 0.5 mA 
foot-shock. This was repeated twice more in 1 minute intervals. Follow-
ing the third and last bout, 1 minute was given before the animals were 
removed from the chambers. The next day, the animals were returned 
to the room under the same conditions and were placed back into the 
chambers, and freezing to the context was measured over the course 
of 5 minutes. The next day, the mice were brought to unfamiliar con-
ditioning rooms and chambers. In this unfamiliar context, the protocol 
from the first day was repeated, except without the foot shocks. Freez-
ing for the cue was recorded, starting from the sounding of the first 
tone. All measurements were taken with a Sentec stc-tb33usb-at cam-
era, and analysis was done with Freeze Frame software (Actimetrics).

MWM. MWM was carried out as previously described (57). Mice 
were trained 4 times a day, using 60 second trials every 30 minutes 
during which they were placed into the pool, each time from a differ-
ent quadrant, and allowed to swim to find the escape platform. All tri-
als were filmed with a video tracking system using EthoVision 14 (Nol-
dus Information Technology), and escape latency, or time to find the 
submerged escape platform, was determined by video analysis.

NOR. Following a 10 minute exploration of a 50 × 50 cm open-
field arena, mice were returned to the arena the next day, which con-
tained 2 identical objects. Mice were allowed to explore the objects 
and the arena 3 times for 10 minutes, with an inter-trial interval of 
10 minutes. The following day, one of the objects was replaced with 
a novel object and the mice were returned to the arena and allowed 
to explore for 10 minutes. Mouse movement, exploration, and nuz-
zling was automatically recorded with an Ikegami ICD-49E camera 
with EthoVision 14 (Noldus Information Technology). Discrimination 
of the novel object was assessed by calculating (time exploring novel 
object – time exploring familiar object)/(time exploring novel object + 
time exploring familiar object).

IHC and image analysis
Perfused and fixed brain slices were blocked with 10% normal don-
key serum (DNS) and 0.2% triton (Sigma-Aldrich) in PBS. Antibodies, 

genetics via protein-protein interaction (50), warrants future stud-
ies in both animal models and patient-derived induced pluripotent 
stem cells (iPSCs). The latter may be particularly well suited, since a 
recent study found that interpersonal QR2 variable expression was 
reliably correlated between brain samples and iPSC-derived neu-
rons (51). An important outcome of prolonged QR2i in 9-month-old 
5xFAD mice was the initial homogenization of 4-HNE levels in the 
brain after 1 month of QR2i and eventual significant reduction in 
4-HNE after 4 months, in females and males, respectively. QR2 is 
a metabolic buffer, which becomes a metabolic stressor with age 
(7) or when given certain substrates (15, 52, 53). The removal of 
extreme 4-HNE values from the brains of mice treated with QR2i 
after 1 month, and a reduction in 4-HNE values after 4 months, may 
point to a redox-stabilizing effect, perhaps indicative of reemerging 
metabolic homeostasis. Currently, major efforts are being made to 
find new ways to slow metabolic aging (51), particularly in the post-
mitotic neurons of the brain. Therefore, it is of key importance to 
find new ways to help correct age-related deficits in brain metabolic 
homeostasis, while enhancing cognition. Here, we show that QR2is 
answer both demands and cause no adverse side effects.

With the recent description of the QR2 pathway in the brain 
and its association with cognitive dysfunction and metabolic 
pathologies with age, we believe that an exceptional opportunity 
to tackle neurodegenerative diseases like AD has been found. The 
approach of QR2 inhibition for AD treatment may provide direct or 
combinatory therapeutic efficacy, along with other disease modi-
fying drugs, such as ISRIB (54), PKR (4), and PERK (55) inhibitors, 
for which discovery and development are ongoing. The QR2is 
described here further enable the development of this strategy.

Methods

Study design
In this study we created orally available QR2is with the aim to replicate 
genetic QR2 removal phenotypes, such as reduction of metabolic stress 
and memory enhancement. Inhibitor specificity for QR2 against QR1 
was measured using standardized fluorescent- and orthogonal-absorp-
tion activity assays. QR2is were evaluated for in vitro activity and toxic-
ity in QR2-expressing HEK293FT (Thermo Fisher Scientific, R70007) 
and THLE-2 (ATCC, CRL-2706) cells, and occlusion experiments in 
QR2-KO cells (Supplemental Methods). QR2i-target interaction was 
evaluated by crystal structure. In vivo experiments were done blind 
(Supplemental Methods), using randomly allocated male Sprague Daw-
ley rats (Envigo), male C57BL/6 mice (Envigo), and male and female 
5xFAD mice (The Jackson Laboratory stock no. 034840-JAX), in which 
PK, learning behavior, and brain pathologies were measured (see Meth-
ods Behavior, and Supplemental Methods). Group size was based on 
previously published data for similar experiments and the use of a pow-
er calculator (https://www.stat.ubc.ca/~rollin/stats/ssize/n2.html).

Biochemistry
H2DCFDA ROS assay was carried out according to established proto-
cols, with some adjustment (Supplemental Methods) (6). Cell toxicity 
was measured via ATP depletion (CellTiter Glo, Promega) in THLE-2  
cells (ATCC, CRL-2706), following 72 hours of exposure to the test 
compounds, and cell viability was assessed using XTT assay (Biologi-
cal Industries) according to manufacturers protocols. CETSA was per-
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Data availability
Data presented is available in the Supporting Data Values file. See com-
plete unedited blots in the supplemental material. Full sized images can 
be found at https://neurosenblum.haifa.ac.il/. hQR2 crystal structure 
is available at https://www.rcsb.org/structure/7O4D. The proteomic 
data set is available upon request from the corresponding author.
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including 4-HNE (AbCam, ab48506), Iba1 (AbCam, ab5076), AT-8 
(Thermo, MN1020), Amyloid β (AbCam, ab201060), diluted in PBS 
with 10% DNS, were incubated at 4°C overnight. Secondary antibod-
ies including donkey-anti-goat Alexa Fluor 568 (AbCam, ab175704), 
donkey-anti-mouse Cy 5 (Jackson Immuno Research, 715-175-151), 
and donkey-anti-rabbit DyLight 488 (AbCam, ab98488) all dilut-
ed 1:500 in PBS with 1% BSA, were applied to the slices at RT for 2 
hours the next day. Slices were mounted onto glass slides using DAPI 
containing Vectashield (H-1200). Images were taken using a confo-
cal microscope (Olympus IX83). Three slices were used per mouse 
per antibody. Tiling images of the dorsal CA1 and cortex (Bregma: 
–1.58mm to –2.30mm) were taken using ×20 objective, acquiring a 
Z-stack of the whole section. Analysis of the images was done blind 
by an experimenter unaware of the experimental conditions or details, 
using Imaris (Bitplane) software. A surface reconstruction module was 
used to extract the data as volumes of the used markers (4-HNE, phos-
pho-tau, amyloid β, GFAP, and Iba1). Marker volume and intensity 
were normalized to the corresponding brain volume. The normalized 
value was averaged for each triplicate and presented here.

Statistics
Detailed statistics for the manuscript are available in the Supplemen-
tal Materials in Supplemental Table 3. Shapiro-Wilk normality tests 
were done for the collected data. Analysis of normally distributed 
data was done using parametric tests (i.e., unpaired 2-tailed Stu-
dent’s t tests, 1-way ANOVA followed by Tukey’s or Šidák’s posthoc 
analysis) and for data not normally distributed, nonparametric tests 
(i.e., Mann-Whitney test or Kruskal-Wallis test followed by Dunn’s 
multiple comparisons tests). Data are presented as means ± SEM. 
All statistical analysis were done using GraphPad Prism 7 software, 
unless stated otherwise. P values less than 0.05 were considered  
statistically significant.

Study approval
All animal experiments were approved by the University of Haifa Animal 
Care and Use Committee committee (license numbers 437, 488, 631, 
635, 642 to Dr. Nathaniel Gould) and in compliance with the National 
Institutes of Health guidelines for the ethical treatment of animals.
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