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Abstract
Misfolded peptide amyloid beta (Aβ42), neuro�brillary tangles of hyper-phosphorylated tau, oxidative
damage to the brain, neuroin�ammation are distinguished determinants of Alzheimer’s disease (AD)
responsible for disease progression. This multifaceted neurodegenerative disease is challenging to cure
under a single treatment regime until the key disease-determinants are traced for their sequential
occurrence in disease progression. In an early report, a novel side-chain tripeptide containing PEGylated
block copolymer has been tested thoroughly in vitro and in silico for the early inhibition of Aβ42-
aggregation as well as degradation of preformed Aβ42-�bril deposits. The present study demonstrates a
preclinical assessment of the PEGylated block copolymer in colchicine-induced AD mimicking murine
model. The colchicine induced Wistar rats receiving an intranasal delivery of the block copolymer at a
daily dosage of 100 µg/kg and 200 µg/kg body weights respectively for 14 days manifested a notable
attenuation of behavioral de�cit pattern, oxidative stress, and neurotransmitters’ de�ciency as compared
to the untreated ones. The current study also reports the ameliorative property of the PEGylated
compound for progressive neuroin�ammation and decreased mitochondrial bioenergetics in astrocytoma
cell line viz. U87. A closer look into the drug mechanism of action of a compact three-dimensional
PEGylated block copolymer con�rmed its disintegrative interaction with Aβ42 �bril via an in silico
simulation. The results obtained herein this study signify the potential of the novel PEGylated block
copolymer to ameliorate the cognitive decline and progressive oxidative insults in AD, and may envision a
successful clinical phase trial.

1 Introduction
Alzheimer’s disease (AD) is the most common form of dementia prevalent in an elderly population. AD is
explained as a multidimensional pathophysiologic condition, which includes the amyloidosis, intra-
neuronal deposit of hyper-phosphorylated tau-aggregates, and several changes in a mitochondrial
cascade [1–3]. The latter is in focus, being relevant to the occurrence of neuroin�ammation in the central
nervous system (CNS) [4]. Though there is still debate on the neuroprotective or neurotoxic role of
neuroin�ammation at very initial stage of neurodegeneration, several studies, including some genetic
data, proved the neuroin�ammation-dependent AD progression and cerebral deposition of serum amyloid
[5]. Even several reports eminently discussed the increased rate of β-amyloid deposition in in�ammatory
conditions driven by the activated astrocytes and microglia [6]. Interestingly, amyloid-beta (Aβ42) exhibits
an indirect role in neuroin�ammation stimulating reactive oxygen species (ROS) besides its intervention
in direct neuronal damage [7]. The constant ROS-mediated activation of NFκβ signaling, along with a
high degree of astrogliosis and pro-in�ammatory cytokines, leads to systemic in�ammation [8].
Eventually, this acute systemic in�ammation is proven to be associated with the cognition decline in AD
patients not only in postmortem reports but also in animal experiments [8, 9]. Surprisingly, the
neuroin�ammatory condition can speed up tau-hyperphosphorylation, another causative factor in AD
pathogenesis [10]. In�uencing the situation, the tau-aggregates released by the dead neurons activate the
microglial cells [11]. This clears that the therapeutic measure against AD would not be feasible following
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any one-dimensional way of amyloidosis, tauopathy or neuroin�ammation rather the combination of
these three [12]. Due to these intertwined elements of the etiology of AD, the potent drug candidates
ranging from peptidomimetics to small molecules and peptide-based biopolymers targeting the inhibition
of pathogenic Aβ42-aggregation ultimately fail in the human clinical phase trials [13]. Also, to have a
potential therapeutic measure against AD, the missing link between the amyloid cascade hypothesis and
the mitochondrial cascade hypothesis is to be found out. The major bioenergetic decline in between the
asymptomatic metabolically compensated brain-aging phase, and the symptomatic metabolically
uncompensated brain-aging phase; as posited by the mitochondrial cascade hypothesis, may enlighten
with a clue in this regard [3]. Although, irrespective of the sequential occurrence, both the hypotheses
consider almost the same phenomena associated with AD viz. the increased oxidative stress,
mitochondrial dysfunction, in�ammation, neuronal apoptosis, and so on [3, 14]. Therefore, to have a
holistic therapeutic approach is of great importance in the premise where symptomatic drugs against AD
are the only option to date.

Also, one of the main challenges for a successful preclinical assessment of AD drugs is their delivery
crossing the blood-brain barrier (BBB) [15, 16]. Here lies the importance of the transmucosal nasal
pathway-based drug delivery, circumventing the BBB [17]. Being in the vicinity of the cerebrospinal �uid
(CSF) and the direct nervous interface to the brain, the highly vascularized olfactory region offers direct
access to drugs from nose to brain [18]. This intra-nasal pathway provides a non-invasive mode of drug
delivery as well as the stability to the peptide-based drugs of AD from degradation by plasma-trypsin,
chymotrypsin, and other plasmatic enzymes [19, 20]. This nose to brain delivery is also advantageous in
terms of high adsorption of large molecules avoiding gastrointestinal degradation and �rst-pass effect in
the liver [18, 20].

Another key factor for the preclinical evaluation of AD drug candidates is to choose the animal model
judiciously. Besides the transgenic mice (e.g., TG2576 AD mice) models used extensively in the in vivo
studies, different chemically induced murine models also set a standard for several decades [21].
Streptozotocin, scopolamine, colchicine are some of the examples to induce cognitive impairments
mimicking the condition in AD [22]. The colchicine-induced AD rat model is a well-established animal
model to monitor the behavioral impairments over AD progression as well as an improvement in
cognition upon treatment with a test drug [23]. Colchicine-induced AD mimicking model shows
resemblance to AD pathophysiology through the loss of cholinergic neurons and neuro�bers, signi�cant
change in acetylcholine transferase, glutathione, and acetylcholine level [24, 25]. Moreover, colchicine-
induced lipid peroxidation causes oxidative damage to the rat brain leading to impairment of learning
and memory [24]. In addition, the proven increase in amyloid beta-load in colchicine-induced AD murine
model is helpful in evaluating the Aβ42-aggregation targeting drug candidates [26].

In a previous report, we have shown the e�cacy of a tripeptide side-chain-based PEGylated block
copolymer [27]. Here we report the preclinical murine model-based studies for testing the e�ciency of the
previously reported compound as a competent drug candidate for AD. The major objectives were to
correlate the expected cognitive improvement in colchicine-induced AD rats with surmounting of other
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pathophysiological phenomena of AD, including mitochondrial dysfunction and neuroin�ammation. In
addition to bridge the in vitro and in vivo assessments of the drug candidate with future clinical trials, this
study provides an in silico illustration of the drug mechanism of action.

2 Results

2.1 FITC-tagging and presence of inhibitor (I) in rat brain
In a previous report, we evaluated a PEGylated block copolymer with side-chain tripeptide-‘LVF’ for its
e�cacy to inhibit the early aggregation of misfolded Aβ42 peptide and oligomers as well as its capability
to degrade the preformed �brils of Aβ42 in in vitro and in silico models [27]. In this current study, the block
copolymer has been reconstructed with a tag, namely �uorescein isothiocyanate (FITC), to trace its
presence in rat brain while studying the inhibitor as a potent drug candidate for AD in vivo. The
successful tagging with the FITC was con�rmed through 1H NMR, UV-Visible spectroscopy, and
�uorescence measurement (Supporting Information). Further, the penetration of the FITC functionalized
PEGylated block copolymer (Inhibitor, I) inside the rat brain following an intranasal drug delivery was
detected through �uorescence spectra, and upon quanti�cation, it was found that 24 nmole, 35 nmole,
18.26 nmole, and 12.78 nmole of I were present at 1 h, 6 h, 12 h, and 24 h respectively after the
administration of �nal dose (Supporting Information, Figure S5, S6). Moreover, the slow rate of
�uorescence decline may relate to the persistent e�cacy of I. Further, the choice of intranasal drug
delivery was worthy in comparison to the intravenous route, as indicated by the insigni�cant presence of I
in rat brain following an intravenous delivery of I (Figure S6c).

2.2 Selecting the therapeutic dose based on acute toxicity
Two effective therapeutic intranasal doses of I were chosen for rats, based on the acute toxicity study.
The intranasal LD50 dose of ‘I’ was determined 73 µg mouse dose, equivalent to 3650 µg/kg body weight
for a mouse. Based on the LD50 dose, the therapeutic safe doses for rats were selected to 10 µg/10 µl
and 20 µg/10 µl for their each nostril (Supporting Information, Table S3 & Figure S7). For this reason,
everyday each rat received either 20 µg or 40 µg I, which were nearly 100 µg/kg and 200 µg/kg body
weight, respectively.

2.3 Amelioration of cognitive decline and oxidative stress
markers in AD rat model
The effect of I on colchicine-induced impairment of learning and memory were assessed by different
behavioral studies like open-�eld and closed-�eld activity, Y-Maze test, elevated plus maze test (EPM),
Step-down latency passive avoidance test, and Morris water maze test.

Open-�eld activity scores were noted as counts/5 min on day zero before intracerebroventricular (ICV)
injection and day 28 after the treatment. The score was decreased to 31.6 from 64.0, to 11.1 from 24.6,
and to 5.5 from 13.6 for AD rats as compared to sham on ambulation, rearing, and grooming,
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respectively. The treated group which received 0.2% (2 mg/ml) of I showed signi�cant improvement by
scoring 51.6 (** p<0.01), 18.5 (** p<0.01), and 10.3 (*** p<0.001) as compared to AD on 28 day after
treatment in ambulation, rearing and grooming respectively (Figure 1a). Similarly, the gross behavioral
activity of the rats was tested through a closed-�eld study. In this test, the AD group scored 144.6 with
respect to the 241.1 of sham on 28 day of the study whereas, the 0.1% and 0.2% treated groups scored
189.5 (** p<0.01) and 206.6 (*** p<0.001) respectively (Figure 1b). Proving a decline in the learning
process, the AD rats scored 14.6% (*** p<0.001) spontaneous alteration in the Y-Maze test compared to
the 63.1% spontaneous alteration scoring sham group on the 28th day. Interestingly, the 0.1% and 0.2%
treated groups scored 27.6% (** p<0.01) and 34.5% (*** p<0.001) alteration showing an improvement in
willingness to explore new environment. On testing the memory acquisition on 20th day of colchicine
administration through EPM, the colchicine-induced AD rats lost the learning ability signi�cantly, and it
took 75 s initial transfer latency (ITL) to enter the closed arm compared to the sham rats, which has taken
40.3 s. The 0.1% and 0.2% treated groups showed ITL of 60 s and 53.16 s, respectively. When retention of
the memory was tested on the 21st and 28th day, AD rat has taken 80.5 s for 1st retention transfer
latency (1st RTL), and 78.3 s (2nd RTL) with respect to 18.1 s and 15.1 s RTL of the sham rats,
respectively. Compared to this, 0.1% and 0.2% treated rats possessed 31.8 s, 28.5 s, 28.3 s, and 24.5 s of
1st and 2nd RTL, respectively. All the EPM data showed a signi�cant difference level with p<0.001 in
paired t-test. The passive avoidance paradigm projected the changes in the learning and memory
patterns of the rats throughout the experimental period. A probable reason for this may be the inability of
the drug candidate to pass the BBB.

During the acquisition trial on the 19th day after ICV injection of colchicine, the sham group has taken
189.3 s of step-down latency (SDL), where they received an electric shock of 20 V on stepping down the
platform. The next day this group took more time (226.6 s) of SDL, and �nally, their SDL increased to
260.6 s on the 27th day. This signi�ed the spontaneous response of the control group whereas, the AD
rats did not show any memory response and stepped down from the platform with decreasing SDL
(Figure 1e). Interestingly, the treated groups showed improvement in memory response by consistently
taking a long time to step down from the platform with a signi�cance level p<0.001. Lastly, in the Morris
water maze test, the spatial navigation ability of the experimental animals was tested, and it was found
that the colchicine-induced AD rats showed higher acquisition latency (AL) and retention latency (RL)
time than the control group indicating the impaired learning and memory. Also, the improvement of the
treated groups in �nding the platform within the cut-off time of 3 min imposed the reversal of memory
and learning capability as compared to the AD group (Figure 1f).

There are pieces of evidence that acetylcholine-containing neurons contribute signi�cantly to cognitive
decline as observed in AD [28]. Acetylcholinesterase (AchE) plays a pivotal role in the metabolism of
acetylcholine which acts as a neurotransmitter. Colchicine being responsible for increasing AchE and
thereby degenerating cholinergic neurons in AD mimicking experimental animals provides a platform to
evaluate the potential AD drugs (Kumar et al., 2007). In this current report, the level of AchE in colchicine-
induced rats was signi�cantly high compared to the control group, which got lowered upon treatment
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with I (Figure 2a). Even higher the dose of I lower was AchE level (31.8%, p<0.001), which was correlated
with overall improvement in cognition.

There are reports showing evidence for the correlation between cognitive declines and decreasing
oxidative stress markers [30]. Besides evaluating the cognitive functions of experimental animals herein,
we have tested the oxidative stress markers viz. lipid peroxidation (LPO), reduced glutathione (GSH),
superoxide dismutase (SOD), and catalase activity. Measuring lipid peroxidation marker is the best tool to
measure cellular oxidative damage due to oxidative degradation of membrane lipid. In colchicine-induced
AD rats, the lipid peroxidation increased by 120% (p<0.001) in the hippocampus compared to the sham
group, which upon treatment with 0.1% and 0.2% I got reduced by 23% and 31.5% (p<0.001) (Figure 2b).
Similar results were obtained on analyzing the tissue from the cortex (Figure 2b). The cellular antioxidant,
namely glutathione in its reduced form (GSH), scavenges free radicals and protects proteins from
oxidative damage [31]. Colchicine prompted oxidative stress in Wistar rats by lowering down 65% and
68% total GSH in cortex and hippocampus, respectively, compared to the control rats. Treatment with I
improved both cortex and hippocampus’s condition by increasing GSH level 57%, 88%, 49%, and 69% in
0.1% and 0.2% treated rats, respectively (Figure 2c). In addition, GSH, SOD maintains redox balance by
channelizing the superoxide radicals into a continuous oxidation/reduction pool [32]. Herein the results
implied that colchicine driven reduction (74% and 77% in cortex and hippocampus respectively) in SOD
was increased by 84% and 120% in cortex and 94% and 136% in the hippocampus in 0.1% and 0.2%
treated rats, respectively (Figure 2d). It has already been proven that catalase functions as the �nal
checkpoint to cellular oxidative damages by converting H2O2 into H2O and O2 [33]. ICV injection of
colchicine led to a depletion of catalase by 51% and 56% in cortex and hippocampal area of the brain,
respectively, in Wistar rats compared to the control ones. Upon treatment with 0.1% and 0.2% I, these rats
exhibited an increase in catalase enzyme both in cortex and hippocampus by 29%, 41%, 37%, and 52%,
respectively (Figure 2e). These results indicated the capability of I to improve overall redox balance and
oxidative damage induced in Wistar rats by colchicine which mimics the oxidative damage in AD
pathology. Importantly, the I-treated control group did not any signi�cant effect in the behavioral and
oxidative marker changes, indicating the neutral property of a drug candidate.

2.4 The reversal in neurotransmitters level
Brief pro�ling of neurotransmitters, mainly dopamine (DA), norepinephrine (NE), and 5-hydroxytriptamine
(5-HT) in treated and untreated AD rats, revealed a decrease in AchE, and a signi�cant increase in DA, NE,
and 5-HT level in AD versus treated rats was made feasible with the treatment with I. In previous reports,
down-regulated dopaminergic neurotransmitters were linked with the pathophysiology of AD [34]. As
similar to the previous reports, the dopamine expression was higher in the cortex than the hippocampus
in sham rats (Figure 2f) [34]. On exposure to colchicine, the dopamine level in the cortex got decreased in
AD mimicking rats (57%) as compared to the sham, which upon treatment with the 0.1% and 0.2% I has
been improved by (53% and 70%, Figure 2f). Besides DA, NE level got subsided notably in the
hippocampus of AD rats compared to the control ones (Figure 2g). A dose-dependent treatment with I
exhibited a 66% and 102% increase in hippocampal-NE level in treated rats, respectively, with respect to
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the AD ones (Figure 2g). Also, the reduction in 5-HT was modulated 36% and 61% after a dose-dependent
treatment of AD rats with 0.1% and 0.2% I, respectively (Figure 2h). Here also, the I-treated control group
did not any signi�cant effect in altering the neurotransmitter levels itself. These quantitative progressions
in neurotransmitters in the cortex and hippocampus of treated rats were correlated with the cognition
improvements throughout the experiment.

2.5 Quantitative amelioration of Aβ42 load in brain tissues
Through immunohistochemical analyses and Congo red staining of the cortex (frontal) and hippocampal
brain tissues, it was found that Aβ42 load in the brain, speci�cally in cortex and hippocampus, was
decreased (Figure S8-S11). The decrease in relative �uorescence intensity in immunohistochemistry was
68%, 81%, 71%, and 87% in frontal and hippocampal brain tissues on treating with 0.1% and 0.2% I
compared to the AD brain tissue. This signi�ed the lowering of the Aβ42 load indirectly but precisely.
Similarly, the Congo red staining of the 0.1% and 0.2% treated frontal and hippocampal rat brain sections
showed a 63%, 74%, 63%, and 67% decrease in relative �uorescence intensity, respectively, compared to
the AD brain sections.

Also, the brain tissue histochemistry complemented this �nding qualitatively (Figure S12).
Disorganization, loss, and shrinkage of pyramidal cells and increased vacuolations of the granular cells
were prominent in colchicine-treated rat brains (Figure S12b, S12f). Whereas 0.1% and 0.2% treated rat
cortex and hippocampal sections were observed with a restoration, preservation, and reduction in
apoptosis of small pyramidal cells as well as reduced vacuolations of granular cells. The clumping of
pyramidal cells was proof of damage repair (Figure S12d, S12g).

2.6 In vitro analyses of the inhibitor for mitochondrial
response in oxidative stressors and neuroin�ammation
Encouraged the results obtained in vivo, the in vitro analyses of cellular mitochondrial responses in
oxidative stress conditions were appraised. The cellular oxidative damage and its reversal were also
observed in astrocytoma U87 cells, which were in complete agreement with the in vivo data. An 81%
reduction in ROS generation by I at 1:3 ratio was signi�cant (*** p<0.001) as compared to the Aβ42-
treated cells (Figure 3a). Notably, the inhibitor lowered the ROS generation in a dose-dependent manner
as compared to the Aβ42 peptide-treated U87 cells (Figure 3a). Also, when tested with the aid of
�uorescence activated cell sorter (FACS), the inhibitor-treated cells showed a reduction in ROS generation
compared to the Aβ42-treated cells (Figure 3b). These results were in complete agreement with the
changes in pro and anti-in�ammatory markers, namely TNF-α, IL-6, TGF-β, and IL-10. The ROS generation-
induced increase in pro-in�ammatory marker TNF-α was signi�cantly high (P<0.001) as compared to the
control, which was reduced to 72% when treated with I at 1:1 ratio (P<0.001) (Figure 3c). Similarly, the
increased level of IL-6 in Aβ42-treated cells was dropped by 54% when treated with the inhibitor (Figure
3d). Interestingly, the Aβ42-treated U87 cells were coping with the damage repair by increasing the anti-
in�ammatory markers, viz. TGF-β and IL-10 as compared to the control (Figure 3e, 3f). The treatment with
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I even enhanced this damage control by increasing the TGF-β and IL-10 levels by 108% and 458%,
respectively compared to the Aβ42-treated U87 cells.

The successful monitoring on the levels of in�ammatory markers intrigued the survey on mitochondrial
membrane potential (MMP) and oxygen consumption rate (OCR) upon treatment with I. Mitochondrial
injury and subsequent reduction in MMP was observed in the case of Aβ42-treated U87 cells via the
spectral emission shift of JC-1 dye from red to green (Figure 4). Further, an 18% cell population of the
inhibitor-treated cells has shown a reversal of MMP compared to the Aβ42-treated U87 cells (Figure 4c,
4d). Moreover, the treatment of Aβ42-treated U87 cells with the inhibitor clearly re�ected the improvement
in maximal respiration, proton leak, and subsequent ATP production at a signi�cant level in a dose-
dependent manner (Figure 5c-5f).

2.7 In silico modeling of the block copolymer and an
illustration to drug-mechanism of action
In connection with our previous study, a complete structural dynamics of the PEGylated block copolymer
has been obtained in this current report [27]. Previously we reported the tendency of the block copolymer
to bind with the Aβ42 �bril, oligomer, and monomer with a hydrophobic competitive inhibition of the
‘KLVFFA’ core of Aβ42. Here a compact 3D structure of the whole block copolymer (with 113 moieties of
PEG and 10 units of side-chain tripeptides) has been deciphered running a reasonably long 1.5 µs
Molecular dynamics (MD) simulation (Figure S13). Post simulation, an energetically stable structure was
acquired (Figure S13b). In terms of the radius of gyration, the compactness of the simulated block
copolymer was high (Figure S13c). Moreover, in comparison to the pre-simulated structure, the volume,
geometrical diameter, radius, and geometrical shape coe�cient of the post-simulated one was relatively
low, indicating a better spatial arrangement of all the moieties in the latter one (Table S4). The surface
charge distribution was another parameter to judge the stability of a 3D structure. Here the surface
charge distribution of the post-simulated block copolymer also proved its stability in this current form
(Figure S13d).

To portray the binding interaction of the PEGylated compound with the �bril structure of Aβ42, the
compact PEGylated compound was placed randomly within interacting distances (<=5 Å) at various
faces of the Aβ42 �bril structure (PDB ID: 5KK3). During each complex (�bril + molecule) MD simulation
run for 100 ns, the structural disintegration of the participating unit chain assemblies (Chain A- Chain I
and Chain J- Chain R) was observed, and a change in root mean square deviation (RMSD) and inter-unit
distance was calculated (Figure 6, S14). The complete disintegration of 9 monomer units (chain A-I and
chain J-R) was occurred only when PEGylated compounds were placed on the A and J chain face of the
�bril. Thus, a probable mode of interaction of the PEGylated compound that could disintegrate the 9
monomer units (chain A-I and chain J-R) of �bril structure of Aβ42 peptide (PDB ID: 5KK3) was identi�ed
in this exercise. This disintegration of the 9 monomer units (chain A-I and chain J-R) of �bril structure of
Aβ42 peptide was in complete agreement with the energy utilization by the system and the occurrence of
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endothermic reaction taken place in isothermal calorimetric (ITC) experimentation in our previously
published report [27].

3 Discussion
In this study, the PEGylated block copolymer re�ected a holistic approach of AD therapeutics impeding
cognition decline, oxidative neuronal damage, and improving neuroin�ammation and mitochondrial
bioenergetics. Importantly, the experimental murine model selected for this study rationally provided the
actual disease condition of AD. Colchicine-induced AD mimicking model combined the learning and
memory de�cit in rats with oxidative stress and declination in neurotransmitters. It was evidenced that
colchicine can induce oxidative stress and cause neuronal damage by altering GABA/glutamate ratio and
thereby increasing NOS production in the brain [35]. Also, ICV injection of colchicine in rats brings down
the irreversible cytoskeletal disruption imitating the neuronal and synaptic loss in neurodegeneration [36].
In fact, colchicine was found to cause severe damage in the brain’s hippocampal area, resembling the
pathogenicity in AD [37]. A 14 days long treatment with the PEGylated block copolymer has shown a dual
action in confronting both these pathophysiologies profound in sporadic AD. In this study, the selected
cognition monitoring markers, viz. the open �eld, closed-�eld test, Y-Maze, EPM, and Morris water maze
tests altogether re�ected a notable improvement in learning and memory in the block copolymer treated
rats as compared to the colchicine induced AD rats. Even the treated rats showed a signi�cant
improvement in retention pattern for spatial navigation tasks in a dose-dependent manner as tested in the
Morris water maze study. Earlier, Grundman and Delaney reported that the neuronal changes mediated by
the free radicals are most likely one of the causes for the behavioral de�cit in AD patients [38]. Herein this
study, the central redox sink-markers, namely GSH, SOD, catalase, and the rate of lipid peroxidation, were
assessed to evaluate the degree of CNS-oxidative damage. To our surprise, each of these oxidative stress
markers was improved at a signi�cant level (p<0.001). This re�ected the therapeutic coverage of the
PEGylated block copolymer. AD is diagnosed with a usual reduction in neurotransmitters, namely
acetylcholine, and overexpression of the enzyme acetylcholinesterase, which hydrolyzes the
acetylcholine. In this study, we found that the treatment with the block copolymer lowered the
acetylcholinesterase enzyme activity. Besides, the others neurotransmitter related to emotion and
cognition, viz. DA, NE, serotonin were improved at a commendable level. Not only colchicine-induced
oxidative stress in CNS but also the synthetic Aβ42 induced ROS generation in astrocytoma cell line U87
and its impairment by the PEGylated compound was assessed in the current study. The advantage of
using U87 astrocytoma cell line was that these cells mimic the oxidative insult taken place during the AD
progression. Moreover, Aβ42 mediated discrepancy in mitochondrial respiration (OXPHOS) and
mitochondrial membrane potential and their respective reversals following the treatment with PEGylated
compound were evidenced here. Though there are debates over the protective role of pro-in�ammatory
cytokines, pieces of evidence also posited the chronic neuroin�ammatory effects of astrogliosis and pro-
in�ammatory cytokines in turn. A balance restored between the pro and anti-in�ammatory cytokines in
astrocytoma cells preceding the treatment with the PEGylated compound showed a promising result in
this regard. Importantly, the colchicine-induced increase in Aβ42 load in rat-brain cortex and hippocampus,
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and subsequent decrease in Aβ42 aggregates upon treatment with the PEGylated compound was
observed via the immunohistochemical studies. This piece of proof has evidenced the Aβ42 aggregation-
inhibition property of the PEGylated inhibitor which is in complete agreement with the observed drug
mechanism of action by the in silico studies. In our earlier report, the binding tendency of the ‘LVF’ side
chains of PEGylated compound with the exposed chains of Aβ42 �bril was projected [27]. Now we were
keen to obtain a 3D model of the compact PEGylated compound. This current study reports a complete
disintegration of 9 monomer units (chain A-I and chain J-R) of duplex Aβ42 �bril (PDB ID: 5KK3) by a
compact in silico modeled PEGylated compound. It is worth noting that the inhibitor itself did not show
any signi�cant effect on the locomotor behavior, oxidative changes, neurotransmitter levels, and other
parameters of the experimental rats, and was equivalent to the sham group. Thus, the drug likeliness of I
was proven through the experiments done in this report.

4 Conclusion
The current study with earlier reported PEGylated block copolymer with side-chain tripeptide ‘LVF’ evinced
a successful preclinical assessment in a colchicine-induced murine model of AD. The nose to brain drug
delivery technique adapted here ascertained a reliable drug delivery bypassing the BBB for comparatively
larger molecules. Though the drug mechanism of action suggested the a�rmation against inhibition of
amyloid cascade, the comprehensive therapeutic capability of the block copolymer encourages
unwinding the tangled common factorials of mitochondrial cascade hypothesis, amyloidosis, and
tauopathy.

5 Experimental Procedures

5.1 Synthesis and characterization of �uorescein
isothiocyanate (FITC) functionalized block copolymer PEG-
b-P(LVF-HEMA)
The FITC functionalized block copolymer (I) was synthesized with the aid of a reversible addition-
fragmentation chain transfer (RAFT) polymerization reaction. Further, the block copolymer has been
characterized for the structure, spectroscopic measures, phase transition pH, and toxicity (Supporting
Information).

5.2 Cell lines
Human neuroblastoma namely SHSY5Y and astrocytoma cell line viz. U87 were purchased from the
National Centre for Cell Science (NCCS), Pune, India. The cells were retrieved according to the supplier’s
protocol. The cells were further cultured in Dulbecco’s modi�ed eagle’s media (DMEM) containing 10%
fetal bovine serum, 100 µg/ml streptomycin, 100 IU/ml penicillin, and keeping in an incubator at 37 ºC in
5% CO2.
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5.3 Experimental animals
Adult female Swiss albino mice and Wistar rats of both sexes were used for acute toxicity studies and
pharmacological studies, respectively. In toxicity studies, nulliparous and non-pregnant female animals
were only used due to their higher sensitivity to toxic effects than the males. All animals were procured
from the CPCSEA registered vendor (M/s Chakraborty Enterprise, R/N: 1443/PO/b/11/CPCSEA) and were
kept and maintained in CPCSEA registered institutional animal house (R/N 959/c/06/CPSEA) following
NIH animal welfare guidelines [39, 40]. The details of animal maintenance have been stated in supporting
information.

5.4 Acute toxicity study and selection of therapeutic dose
The acute intranasal toxicity and the sub-chronic level dosage regimen of the inhibitor were determined in
nulliparous and non-pregnant 10 week aged female Swiss albino mice (5 groups, N=3) with bodyweight
between 20-25 g (Supporting Information). Based on the acute toxicity study, the lethal dose (LD50) of the
inhibitor was calculated, and two effective therapeutic intranasal doses of 10 µg/10 µl and 20 µg/10 µl
for each nostril were chosen for rats accordingly. Therefore, the therapeutic doses were 0.1% (1 mg/ml)
and 0.2% (2 mg/ml), respectively. The test drug was prepared freshly for every pharmacological
experiment solubilizing it in PBS at pH 5.5.

5.5 Induction of AD in Wistar rats and study design
Three months old male and female Wistar rats with an average bodyweight 170-180 g were acclimatized
in laboratory condition and divided into �ve following groups containing six animals (three male and
three female) in each group (Table 1). All animals except the sham group and control group (i.e., normal
control and the ‘I’-treated group) were induced to develop AD by ICV administration of a single dose
colchicine (15 µg/5 µl solution of arti�cial cerebrospinal �uid, ACSF/site/rat) through the Stereotaxic
apparatus (Harvard Apparatus, USA) following the well-established protocol to draw chemically induced
AD animal model [35] (Supporting Information).

Table 1
Different groups of experimental animals

Group
I

Normal Control Sham operated No treatment

Group
II

Control (Test-drug, I-
treated)

0.1% inhibitor without colchicine
induction

Treatment with ‘I’ (day
14-28)

Group
III

Untreated AD Colchicine induced No treatment

Group
IV

AD + Treated 0.1% Inhibitor Treatment (day 14-28)

Group
V

AD + Treated 0.2% Inhibitor Treatment (day 14-28)
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The animals were maintained and left for the progression of AD for 2 weeks. The treated groups viz.
Group IV and V have received test drugs, i.e., the inhibitor at the pre�xed daily doses after 2 weeks of
colchicine administration and continued for another 2 weeks. Group II was administered with the 0.1% I
daily for 2 weeks without colchicine induction to �nd out whether the test drug has any effect of its own
on experimental parameters including locomotor behaviors, oxidative stress, level of neurotransmitters,
histopathology, and so on. Behavioral, cognitive, biochemical, neurochemical, histopathological, and
immunohistochemical assessments were conducted in scheduled time (Supporting Information, Table
S6).

5.6 Transmucosal nasal drug delivery and drug absorption
in the brain
The transmucosal nasal drug delivery was chosen as the mode of drug administration due to the higher
molecular weight of the test drug, ‘I’. Also, the intravenous (IV) administration of I was assessed to
compare the e�ciency of transmucosal nasal route, and as a proof of intranasal delivery concept
(Supporting Information). Further, the FITC-tagged inhibitor (I) was traced for its presence in rat brains
after the transmucosal nasal delivery (Supporting Information).

5.7 Behavioral studies, biochemical assays, and brain
neurotransmitters’ pro�ling
The gross behavioral activities of the experimental animals were tested through open-�eld and closed-
�eld studies (Supporting Information). The willingness of the experimental animals to explore a new
environment was observed via Y-maze test and the acquisition and retention of memory was judged
through elevated plus maze and step-down latency passive avoidance test (Supporting Information). Also
the spatial navigation capability of the AD rats and the I-treated rats was compared with the aid of Morris
water maze test (Supporting Information).

After completing the study, on day 29, succeeding the colchicine injection, all animals were sacri�ced by
cervical dislocation. Subsequently, the biochemical estimations of AchE, LPO, GSH, SOD, and catalase in
protein from cerebral complex and hippocampus, respectively were determined spectrophotometrically
(Bio-Rad iMark microplate reader) (Supporting Information). Also, the pivotal neurotransmitters viz. DA,
NE, and 5-HT from brain homogenates of cerebral complex, and hippocampus were quanti�ed using
enzyme-linked immunosorbent assay (ELISA) kits (CK bio-14551, CK bio-15079 and CK bio-13330). The
optical densities were measured at 45 nm using an ELISA plate reader (Bio-Rad). The sensitivity of DA,
NE, and 5-HT was 2.36 ng/L, 2.24 pg/ml, and 0.23 ng/ml, respectively.

5.8 Histopathology, immunohistochemistry, and Congo red
staining of brain sections
The brain tissue samples from the frontal and hippocampus were taken and studied for the
histopathology, immunohistochemistry, and Congo red staining to detect amyloid load, following the
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protocols described in supporting information.

5.9 Determination of reactive oxygen species (ROS) level and pro and anti-in�ammatory cytokines in U87
cell line

The level of ROS was measured via a �uorimeter and a FACS with the aid of 2 ,7 -Dichloro�uorescein
diacetate (DCF-DA). Also, the quantitative assessment of pro and anti-in�ammatory cytokines viz. TNF-α,
TGF-β, IL-6, and IL-10 were done through ELISA using separate kits (RAB0476, RAB0460, RAB0306, and
RAB0244 from Sigma Aldrich) and following manufacturer’s protocol (Supporting Information).

5.10 Measurement of mitochondrial membrane potential
and cellular mitochondrial bioenergetics
Mitochondrial membrane potentials of U87 cells were determined exploiting the red to green �uorescence
shift in the emission of a cationic �uorescence dye, namely JC-1 (Invitrogen) upon the mitochondrial
membrane damage (Supporting Information). Also, the cellular mitochondrial bioenergetics viz. mito-
stress was analyzed by calculating the OCR in the U87 cell line via the Seahorse XFe24 extracellular �ux
analyzer (Seahorse Bioscience, USA) (Supporting Information).

5.11 In silico molecular dynamics simulation

MD simulations were run to study the structural dynamics of the PEGylated compound as well as to
illustrate the potential impact of the interaction between Aβ42 �bril (PDB ID: 5KK3) and the simulated
structure of the compound. The 113 unit stretch of PEG along with 10 unit side-chain tripeptide viz. ‘LVF’
was simulated using the smile formula (Supporting Information, Figure S15) to obtain the 3D structure of
the compound. The structural stability and dynamics of this 3D structure were analyzed through 1.5 µs
long MD simulation. Next, the simulated compact structure of the compound was placed randomly within
an interacting distance of 5 Å at various faces of Aβ42 �bril and for each complex (�bril + molecule) a
100 ns MD simulation run was performed. Fibril structure without the molecule was also run for MD
simulation as a reference.

5.12 Statistical analyses

All the data were represented as mean ± SD of six rats in each group. For the in vitro experiments, data
were represented as mean ± SD of three experimental sets. Statistical signi�cant differences were
calculated by ANOVA (paired t-test) where ‘a’ represents Sham vs. AD, ‘b’ represents AD vs. treated group;
signi�cance levels were denoted by * p<0.05, ** p<0.01, *** p<0.001.
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Figure 1

Effect of I on colchicine-induced impairment of memory and learning in Wistar rats evaluated by different
behavioral parameters. a: Open-�eld study, b: Closed-�eld study, c: Y-Maze test, d: Elevated plus maze test
(EPM), e: Step-down latency passive avoidance test, and f: Morris water maze test. Data represented as
mean ± SD of six rats in each group. Statistical signi�cance differences were calculated by ANOVA
(paired t-test) where ‘a’ represents Sham vs. AD, ‘b’ represents AD vs. treated group; signi�cance levels
were denoted by * p<0.05, ** p<0.01, *** p<0.001
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Figure 2

Evaluation of acetylcholinesterase (AchE) enzyme, different oxidative stress markers, and
neurotransmitters’ pro�le upon treatment of AD Wistar rats with I. a: AchE level, b: Lipid peroxidation
(LPO), c: Reduced glutathione (GSH) level, d: Super oxide dismutase (SOD) level, e: Catalase activity, f:
Dopamine (DA), g: Norepinephrine (NE), and h: 5-hydroxytriptamine (5-HT) or Serotonin in cortex and
hippocampus of treated and untreated AD Wistar rats along with sham. Data represented as mean ± SD
of six rats in each group. Statistical signi�cance differences were calculated by ANOVA (paired t-test)
where ‘a’ represents Sham vs. AD, ‘b’ represents AD vs. treated group; signi�cance levels were denoted by
* p<0.05, ** p<0.01, *** p<0.001
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Figure 3

Quantitative measurement of reactive oxygen species (ROS) via a: �uorimeter and b: �uorescence
activated cell sorter (FACS) in Aβ42-treated U87 cells and cells treated with I in a dose dependent manner
at 1:1- 1:3 molar ratio and at a �xed ratio of 1:1 respectively. Quantitative measurement of pro and anti-
in�ammatory markers via enzyme linked immunosorbent assay (ELISA) kits. a, b: The levels of pro-
in�ammatory markers TNF-α and IL-6 respectively; c, d: The levels of anti-in�ammatory markers TGF-β
and IL-10 respectively. Signi�cance levels were denoted by * p<0.05, ** p<0.01, *** p<0.001, where ‘a’
represents control vs. AD, ‘b’ represents AD vs. treated group
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Figure 4

Fluorescence emission spectral shift by JC-1 dye signifying the intact mitochondrial membrane potential
in red emission zone and damaged mitochondrial membrane in green emission zone. a: Control U87 cells;
b: U87 cells treated with Aβ42; c: Cells treated with Aβ42 and I at 1:1 molar ratio; d: U87 cells treated with I;
e: Relative cell percentage for control, Aβ42-treated and I-treated cells respectively. Signi�cance levels were
denoted by * p<0.05, ** p<0.01



Page 23/24

Figure 5

Mitochondrial oxygen consumption rate (OCR) measurement via seahorse experiment. a: Mitochondrial
respiration (OXPHOS); b: Basal respiration; c: Maximal respiration; d: Proton leak; e: Spare respiratory
capacity; and f: ATP production for Aβ42-treated U87 cells, control cells, I-treated cells at 1:1-1:3 molar
ratio and the inhibitor itself respectively. The signi�cance levels were denoted by ** p<0.01
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Figure 6

Impact of binding of the PEGylated compound with the �bril structure of Aβ42 peptide. Compact structure
of the PEGylated compound was placed randomly within interacting distances (<=5 Å) at various faces of
the Aβ42 �bril structure. For each complex (�bril + molecule) MD simulation run for 100 ns was
performed. Panel (a) shows the initial and end structures of the Aβ42 �bril without any ligand (PEGylated
compound) bound where panels (b-g) show initial and end structures for simulation started with ligand
placed near chain A, chain R, chain J, chain I, upper side, lower side, respectively. Aβ42 �bril structure (PDB
ID: 5KK3) and the ligand (PEGylated compound) are shown in cartoon and stick representations,
respectively
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