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Abstract 

Multi-infarct dementia (MID) is described as a chronic progressive decline in cortical cognitive function due to the 
occurrence of multiple infarcts in the cerebral vascularization throughout the gray and white matter. Current thera-
pies of MID mostly focus only on slowing down MID progression and symptomatic medications. A novel therapy 
which is able to provide both preventive and curative properties for MID is of high interest. The purpose of this review 
is to identify the potential of Compound 21 (C21) gelatin nanoparticle through the nose-to-brain route as therapy for 
MID. C21, an angiotensin II type 2 receptor (AT2R) agonist, has shown to reduce the size of cerebral infarct in rodent 
models, resulting in the preservation and improvement of overall cognitive function and prevention of secondary 
neurodegenerative effects. It is also shown that C21 decreases neuronal apoptosis, improves damaged axons, and 
encourage synapse development. The challenge remains in preventing systemic AT2R activation and increasing its 
low oral bioavailability which can be overcome through nose-to-brain administration of C21. Nose-to-brain drug 
delivery of C21 significantly increases drug efficiency and limits C21 exposure in order to specifically target the multi-
ple infarcts located in the cerebral cortex. Adhering C21 onto gelatin nanoparticles may enable longer contact time 
with the olfactory and the trigeminal nerve endings, increasing the potency of C21. In summary, treatment of C21 
gelatin nanoparticle through nose-to-brain delivery shows high potential as therapy for vascular dementia. However, 
clinical trials must be further studied in order to test the safety and efficacy of C21.
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Introduction
The multitude of neurological disorders with consider-
able cognitive deterioration in one or more cognitive 
domains (executive, memory, language, and visuospatial) 

falls under the general term major neurocognitive disor-
der, often known as dementia. The DSM-5 diagnosis of 
major neurocognitive disorder requires independence 
impairment in daily tasks and is not better described by 
another mental illness [1]. The four common types of 
dementias are Alzheimer’s disease, vascular dementia, 
Lewy body dementia and frontotemporal dementia [2]. 
Vascular dementia is caused by neuronal oxygen depri-
vation that restrict blood supply to the brain. As a result 
of ischemic tissue damage in a specific area of the brain, 
infractions cause substantial cognitive impairment such 
as confusion, disorientation, trouble speaking, compre-
hending speech, and visual loss [3, 4]. Vascular dementia 
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causes an estimation of 17.9% of dementia cases and is 
the second most prevalent type of dementia after Alz-
heimer’s disease [5]. Globally, estimates of vascular 
dementia prevalence range from 0.9 to 3.3 percent [6]. In 
underdeveloped nations, these estimates range from 0.7 
to 2.1 percent of individuals over the age of 55 [7]. Several 
subtypes of vascular dementia include small vessels dis-
ease (subcortical infarct), multi-infarct dementia (corti-
cal infarct), strategic dementia, hypoperfusion dementia, 
mixed dementia, hemorrhagic dementia and hereditary 
vascular dementia [8]. The spectrum of clinical vascular 
cognitive impairment corresponds with the specific area 
and extent of deterioration [9]. The heterogeneity in ana-
tomic and neurological alterations in vascular cognitive 
impairments is important in pathogenic processes that 
affect neurocognitive performance, emotional range, and 
physiological functionality.

The most prevalent subtype  of vascular dementia is 
estimated to be multi-infarct dementia (MID) or also 
known as cortical infarct dementia [10]. MID involves 
the cortical cognitive impairment brought on by numer-
ous infarcts across both white and gray matter in the 
cerebral arterioles post-occlusions [11]. As MID is most 
associated with cortical infarct, executive functioning 
is most affected, which is then followed by memory dif-
ficulties, and emotional integrity problems, compared to 
other subtypes of vascular dementia [12]. MID is linked 
to cortical cerebrovascular disorders such as stroke, lacu-
nar infarcts, atherosclerotic conditions, such as diabetes, 
hypertension and coronary heart disease [13]. Demo-
graphic factors such as sex, age, low education, fam-
ily medical history of dementia, prior cognitive decline, 
premorbid diseases  such as diabetes, atrial fibrillation, 
stroke, hypertension  and  dyslipidemia are among the 
predictors of MID [14].

MID has no known definitive treatment since the 
brain damage is irreversible [15]. Current therapeutic 
approaches in MID are similar to that of other subtypes 
of vascular dementia. Treatment aiming to slow down 
MID progression and symptomatic medications such as 
cholinesterase inhibitors (donepezil, rivastigmine, gal-
antamine) and memantine are currently used [16]. In a 
recent meta-analysis study, donepezil and galantamine 
showed improved Alzheimer’s Disease Assessment Scale-
Cognitive Subscale (ADAS-cog) in vascular demen-
tia, but not rivastigmine [17]. The use of cholinesterase 
inhibitors was linked to a twofold increase in the likeli-
hood of cessation due to side-effects such as gastroin-
testinal disorders, symptomatic bradycardia, agitation, 
anorexia, insomnia, leg cramps, nausea, nervous system 
impairments and vomiting [17, 18]. Alongside, although 
memantine has a slight positive impact in patients with 
severe vascular dementia, it is likely no better than 

placebo in persons with mild vascular dementia [19]. 
Elderly frequently have concurrent renal impairment, 
which is an important precaution factor in the use of 
memantine [20]. Moreover, studies showed that an 
imbalance between inflammatory mediators was nota-
bly apparent in MID patients when compared to controls 
and other subtypes of  dementias, with an elevation in 
TNF and a decline in IL-10 production [21, 22]. This sug-
gests the idea of modulating pro and anti-inflammatory 
cytokine as a potential therapeutic method. Future neu-
roprotective medicines are predicted to be effective in 
the treatment of MID until further research is done.

A recent finding shows that direct angiotensin II type 
2 receptor (AT2R) activation reduces inflammation and 
mitigates ischemic vascular dementia caused by hypop-
erfusion [23, 24]. Correlating to previous findings, an 
AT2R agonist namely Compound 21 (C21) is reported to 
prevent cognitive decline, preserved reference memory, 
improved cognitive flexibility and neurovascular advan-
tages without the risk of unexpected severe side-effects 
by means of cytokine modulation [23, 25]. The challenge 
in preventing AT2R activation across the body and low 
oral bioavailability of C21 can be overcome by limiting 
the exposure through nose-to-brain administration [26]. 
Nose-to-brain administration of C21 is found to not 
affect blood pressure and heart rate [27]. Furthermore, 
the use of mucoadhesive agent gelatin enables longer 
contact time of the compound to deliver the effects 
through olfactory bulb and trigeminal nerves passageway 
[28, 29]. Additionally, research on mucoadhesive agent 
found that neural drugs can be successfully transported 
into the brain to display neuro-recovery function due to 
the properties of mucoadhesive agent gelatin nanoparti-
cle through the nose-to-brain route [30]. Thus, the use of 
C21 and gelatin nanoparticle with nose-to-brain admin-
istration route could be a promising and feasible way to 
treating MID.

Following the success in recent discoveries, the authors 
are interested in investigating further regarding this 
modality so that it can provide better prospects in the 
management of MID.

Multi‑infarct dementia pathophysiology
The central involvement of cerebral blood vessels in the 
wide range of cognitive impairment diseases empha-
sizes the significance of vascular structure and function 
[31].  The brain demands a constant and well-regulated 
flow of blood due to its high energy consumption and 
lack of fuel reserves [31, 32]. Given the critical necessity 
of the cerebral blood supply for the anatomical and func-
tional integrity of the brain, changes in cerebral blood 
arteries have a significant influence on cognitive perfor-
mance [11]. Microangiopathy and macroangiopathy of 
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the cerebral arteries have similar risk factors and patho-
logical characteristics in the development of vascular 
dementia [33, 34]. Microangiopathy is predominantly 
caused by lipohyalinosis and microatheroma that cause 
thromboembolism which leads to vessel stenosis as well 
as cerebral ischemia [35]. Correspondingly, macroangi-
opathy is caused mostly by atherosclerosis, which mani-
fests itself as a series of ischemia episodes that damage 
brain networks over time [36]. Both pathways of vessel 
damage eventually lead to vascular dementia [11, 13]. 
Furthermore, high blood pressure, cholesterol and smok-
ing all raise the risk of vascular dementia [37].

Local intersecting  thrombotic processes connected 
with hypertensive intracranial hemorrhage are examples 
of pathophysiological  primary central nervous system 
(CNS) vascular impairment. Vascular  bleeding  caused 
by the rupture of an intracranial aneurysms or an arte-
riovenous malformation may occur. Atypical cerebrovas-
cular pathologies including inflammation and vascular 
dissection may also be present [38]. Connective tissue 
disorders, viral causes, oncogenic causes, prothrombotic 
diseases, clotting disorders and electrolyte imbalance 
are examples of systemic factors. Typically, atheroscle-
rosis progresses with age as well as potential risks such 
smoking, genetic predisposition, hypertension, diabetes 
mellitus and dyslipidemia. The eventual outcome is vas-
cular occlusion. Microvascular damage, including lacu-
nar infarction and other SVD elements, is most often 
linked to chronic hypertension on intracranial vascula-
ture which culminate in a gradual occlusive illness with 
fibrotic necrosis and lipohyalinosis [8, 39–41]. Hypoper-
fusion and thromboembolic disorders cause hypoxic con-
ditions, oxidative stress and inflammatory reactions in 

addition to lowering cerebral blood flow (CBF). Disrup-
tion to vascular epithelium, microglial and neurons leads 
to neurovascular separation and additional reductions in 
CBF. Oxidative stress also disrupts the balance of antioxi-
dants to reactive oxygen species (ROS). Cerebral hypoxia 
may cause apoptosis, vasculature malfunction, blood–
brain barrier (BBB) leakage, endothelial dysfunction, and 
neuro-inflammatory reaction [42].

The formation of vascular-mediated cognitive decline 
represents distinct regions of complex cognitive interac-
tion from a neurobiological viewpoint (Fig. 1).

Compared to other subtypes of vascular dementia, an 
increase of pro-inflammatory cytokines (TNF) and a 
decrease of anti-inflammatory cytokines (IL-10) in cases 
of MID are observed [43]. The neurological presentations 
of MID may be caused by cumulative effects of both large 
vessel occlusions such as atherothrombosis and cardi-
oembolism or accumulated cerebral small vessel disease 
(SVD) such as lipohyalinosis [8, 43, 44].

Consequently, large vessel occlusions and accumu-
lated SVD result in the decrease of CBF which leads to 
cerebral hypoxia and eventually impairment of cognitive 
function, specifically the executive function. The sever-
ity of the cognitive impairments varies depending on the 
degree of neurological effects caused by MID [12]. Mani-
festations of MID also vary based on the methodology of 
the cerebrovascular blockage, the extent of neuronal loss, 
the influence on neurological signal transduction inter-
operability, the implications on specific  brain regions, 
as well as distant effects [8, 41]. Intracranial arteries and 
the middle cerebral artery are the most common blood 
vessels associated with MID. Atherosclerosis is the most 
commonly found vascular disease in cases of MID [45].

Fig. 1 Pathophysiology of vascular dementia
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Compound 21 overview
Compound 21 is an orally active AT2 receptor ago-
nist which is non-peptidergic and highly selective. C21 
allows selective stimulation of AT2 receptors under any 
experimental conditions. Through pharmacological 
approaches, the agonist concentrations can be increased 
at the receptor site exceeding the natural ligand, angio-
tensin II. It could be done without compromising selec-
tivity. AT2 receptor-mediated actions can be exposed 
in a given tissue even under conditions of low receptor 
expression [46]. The anti-inflammatory effects of C21 
provide a therapeutic tool to intercede the processes 
of diseases such as myocardial infarction, stroke and 
reduce inflammatory reaction is dermatological disease. 
Moreover, C21 possess neuroprotective and regenera-
tive characteristics that are beneficial to treat the seque-
lae of damage in the nervous system [46]. Another 
research found that oral administration of C21 has ben-
eficial effects on delaying brain damage and protective 
impacts towards neuronal tissue from ischemic damage 
[47]. Independent of its initial neuroprotective benefits, 
C21 treatment can prevent gradual post-stroke cognitive 
deterioration in young, aged and diabetic male rats. C21 
shows anti-inflammatory effects on Parkinson’s disease 
and impressive blood–brain barrier penetration in mice 
model [48].

Previous studies have shown that C21 has positive 
impacts in patients diagnosed with vascular dementia 
[49]. MID is caused by a decrease in CBF and is charac-
terized by changes in white matter. An experiment dem-
onstrated that direct AT2 receptor stimulation by C21 
enhanced cognitive decline in Bilateral Common Carotid 
Artery Stenosis (BCAS) mouse model. It is caused by 
the reduction of CBF and a decrease in inflammatory 
cytokine expression [23]. Another study reported that 
treatment with C21, enhanced cognitive decline in a 
mouse with Alzheimer’s disease model by increasing CBF 
and the outgrowth of neurite. It was also reported that 
C21 promotes neurite elongation in primary cultured 
hippocampal neurons [50]. C21 can be expected to pro-
tect against nerve damage and promotes neuronal devel-
opment. Treatment with C21 has also been reported to 
increase vascular density after stroke. With this ability to 
increase CBF and reduce inflammation, direct AT2 stim-
ulation by C21 could prevent ischemic MID. Direct AT2 
receptor stimulation is expected to be a new therapeutic 
strategy for the prevention and treatment of MID.

Gelatin nanoparticles
Due to the submicron size, nanoparticles have a poten-
tial in improving the efficacy and potency of drugs. NPs 
have surfaces that are able to modify specific ligands, 

functional groups and polymers of different sizes in order 
to increase the specificity towards target sites. Gelatin is 
a kind of protein obtained from the hydrolysis of collagen 
[51]. It is derived from natural sources such as collagen 
by acid or alkaline hydrolysis [52]. Gelatin has also been 
used as hemostatic agent for years [53]. There are two 
types of gelatin, which are type A and type B. The differ-
ence of type A and B is on the iso-electric points (IEPs). 
Type A has IEP 7–9 and type B has IEP 4–5. In addition, 
different types of gelatin also have different drug release 
potential. Type B gelatin nanoparticles (GNP) have been 
shown to have better drug delivery potential than type A. 
GNP is very promising in drug delivery as it is nontoxic, 
low cost, easy availability, biodegradable and bioactive. 
The nanoparticles have been used in many applications 
for therapy, such as cancer therapy, tissue engineer-
ing devices and diagnostics. GNPs are very suitable on 
reducing toxicity that is associated with most drugs. 
Nanoparticles also have the ability to penetrate the blood 
brain barrier. The BBB has a strong and complex physi-
ological structure, but with GNPs’ small sizes and perfect 
surface functionalization they can easily penetrate their 
walls to reach site of action [51].

Therapeutic biological particles smaller than 300  nm 
in size have the capability to bypass the BBB and directly 
enter the brain via the cribriform plate to perform their 
therapeutic functions. This particles can gain access to 
the CNS through an intranasal administration [54]. Intra-
nasal administration of CNS-acting drugs may improve 
their pharmacokinetic and pharmacodynamic profiles. 
[55]. The particles enter the brain in two ways: olfactory 
and trigeminal pathways. [55]. The residence time at the 
delivery site is limited due to the mucociliary clearance 
mechanism, which may reduce the concentration level 
in the CNS. Since gelatin nanoparticles have a higher 
negative charge, they may reduce mucociliary clearance, 
increase residence time at the site of administration and 
enhance therapeutic effects when administered intrana-
sally [54].

Pharmacodynamic of Compound 21
C21 affects blood vessel endothelium dilatation, inflam-
matory reaction inhibition, and neuronal repair and 
regeneration. In addition, treatment with C21 has proven 
to increase the number of synapses, improve impaired 
axons, and synapse development [56]. In a study, it was 
found from the measurements of MRI, that chronic treat-
ment with C21 may delay the onset of brain abnormali-
ties. Other than that, anti-inflammation effects of C21, 
such as IL-6 and TNFα downregulation appear to be an 
important mechanism of action for C21 in providing 
neuroprotection [57].
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C21 treatment results in an increase of CBF as assessed 
by laser speckle flow cytometry and hippocampal field-
excitatory postsynaptic potential. Activation of AT2 
receptors stimulates nitric oxide (NO)/cyclic guano-
sine monophosphate (cGMP) release and may indirectly 
mediate vascular relaxation and blood flow through the 
regulation of bradykinin release. CBF collectively func-
tions as part of the neurovascular unit in maintaining 
homeostasis of the cerebral microenvironment. C21 also 
may induce cognitive enhancement, which is attenuated 
by the co-administration of icatibant, a bradykinin B2 
receptor antagonist. As a result, direct activation of AT2 
receptors enhances spatial learning due to an increase in 
microcirculation, partly through the regulation of brady-
kinin [58].

Pharmacokinetics of Compound 21 nose‑to‑brain
In order to bypass the blood–brain barrier and avoid 
hepatic first-pass metabolism, C21 is administered 
through the nose-to-brain route [59, 60]. The C21 is 
specifically administered into the upper nasal cavity. 
It will then be absorbed and travel towards the brain 
through either three of the following pathways–the olfac-
tory nerve, the trigeminal nerve, or the vascular path-
way, where the compound will be distributed, entering 
the cortex of the brain and the brainstem. In a study on 
ischemic stroke rats, C21 reaches the affected cerebral 
cortex and striatum 30 min after administration through 
the nose-to-brain route [27].

There are two general transportation mechanisms of 
drugs and peptides into the brain from the upper nasal 
cavities. The first one is intraneuronal transport, where 
the drug or peptide is taken up into the olfactory neuron 
terminals by endocytic and receptor-mediated mecha-
nisms. This transport mechanism requires hours to days 
to reach the targeted site of therapy. The second mecha-
nism is extra neuronal transport, where the agent pen-
etrates the brain through intercellular clefts and travels 
along a diffusion gradient along the outside of the axons. 
This mechanism allows the agent to reach the brain up to 
within a minute [27].

Construction and administration of gelatin 
nanoparticles
There are various methods to prepare gelatin nanopar-
ticles that has been developed over the years. Some of 
these methods are two-step desolvation, simple coacer-
vation or ionic gelation, oil-in-water emulsion, reverse 
phase preparation, microemulsion, inverse microemul-
sion, nanoprecipitation, modified desolvation technique, 
and self-assembly through chemical processes and mix-
ing [61–63].

Two‑step desolvation
Two-step desolvation method is the most commonly 
used method to prepare GNPs. The essence of the pro-
cedure is to add a desolvating agent such as ethanol, alco-
hols, or acetonitrile to an aqueous gelatin solution under 
certain controlled conditions [63]. The solution is then 
heated and steadily stirred at 40 °C [64]. The dehydrated 
solution will then be separated between particles with 
low (< 65kDA) and high molecular weight [51, 61]. The 
low molecular weight particles will be discarded through 
decantation to increase the stability and the homogenous 
size of the particles [51]. While the higher weight par-
ticles are dissolved into distilled water. The pH is then 
lowered to minimize the size of particles formed [65]. 
Then a desolvating agent is slowly added before Glutar-
aldehyde (GA) is immediately added as well [51, 61, 63, 
65, 66]. The advantage of this method is that it produces 
homogenous-sized GNPs. The disadvantages are that it 
has low yield and reproducibility from the first step and it 
requires specific conditions such as pH, temperature, and 
molecular weight of the particles for maximized yield, 
making the procedure relatively complex [63, 67].

Simple coacervation
This method of preparation relies on the ability of poly-
electrolytes to undergo cross-linkage when oppositely 
charged ions are introduced [61, 66]. A coacervating 
agent is added into the gelatin solution which separates 
it into two layers [61, 63]. GA is then added as a cross-
linking agent to form GNPs. The disadvantages of this 
method are that the particles tend to aggregate, high 
polydispersity index (PDI), and relatively large GNPs [63].

Water‑in‑oil emulsion method
The gelatin solution, loaded with the drug, in this case 
C21, is emulsified to form a water-in-oil emulsion. Then, 
a cross-linking agent, GA, is added and then added to 
ethyl acetate to form stable GNPs [61, 66]. The GNPs 
are then washed using centrifugation method and are 
resuspended in acetone and buffer [68]. The advantage of 
this method is that the procedure is straightforward and 
simple to execute. However, the resulting GNPs tend to 
aggregate and have rough surfaces [66].

Modified desolvation
The modified desolvation method utilizes the princi-
ples of thermodynamics to allow self-assembly of the 
GNPs [66]. This method is a relatively straightforward, 
fast, and inexpensive procedure. The main advantage 
of using this modified desolvation method compared to 
the conventional two-step desolvation method is that 
any bloom valued gelatin can be used to construct GNPs 



Page 6 of 11de Liyis et al. Egypt J Neurol Psychiatry Neurosurg           (2023) 59:13 

[67]. The GNPs produced through this method is also 
relatively homogenous in size and has a high yield (up 
to 95%) when isopropyl alcohol is used as the desolvat-
ing agent [63, 67]. Figure 2 shows the illustrated method 
which presents a simpler procedure to construct gelatin 
nanoparticles compared to the conventional desolvation 
method, as described by Khramtsov et al.

Isopropyl alcohol is used over methanol and ethanol 
since it produces a higher number of homogenous par-
ticles in the suspension with less volume [67]. A solution 
of gelatin B, 75 bloom (10 mg/mL, pH 11), is mixed with 
isopropyl alcohol. The suspension will then be put into 
water bath for 30 min at an optimal temperature of 40 °C 
and < 65  °C to avoid denaturation [61, 67]. GA is then 
added to stabilize the suspension before it is centrifu-
gated, combined to increase its concentration, and finally 
sonicated on ice. Higher yields and smaller-sized GNPs 
can be obtained through increasing the volume of isopro-
pyl alcohol added or lowering the pH [67].

Loading of C21 into GNPs
The next step is to load C21 into the GNPs through two 
methods depending on the affinity of the drug to the 
GNPs. The first method allows the GNPs to be soaked 
in a solution of C21 and the GNPs are loaded through 
adsorption [61]. To maximize its entrapment efficiency, 
the GNP has to be loaded near to its isoelectric point 

[62]. The second method is to incorporate C21 into the 
gelatin solution before the preparation of GNPs [61].

Sterilization of GNPs
The GNPs then undergo autoclave sterilization to elimi-
nate potentially harmful contamination from microor-
ganisms. This method done under mild conditions has 
been reported to increase the thermal resistance of the 
GNPs. Nonetheless, autoclave sterilization poses some 
disadvantages such as increased break down and aggre-
gation, lowered turbidity, decreased degree of cross-link-
age, and increased content of free amino group [67].

Administration of C21‑loaded GNPs
There are three main pathways in which GNPs can be 
administered through intranasal delivery, passing the 
BBB [69]. These pathways are the olfactory nerve, the 
trigeminal nerve, and the vascular pathway [70]. Nose-to-
brain delivery can be done by first depositing the GNPs 
into the posterior and upper nasal cavity using devices 
that enable effective deposition such as breath-actuated 
nasal sprays, electronic atomizer, colloidal formulations, 
and powder-based exhalation delivery system, or sim-
pler devices such as dropper or a needleless syringe [70–
72]. Nanoparticles of different sizes travel towards the 
CNS through different pathways. Nanoparticles around 
100  nm in size can be delivered through the trigeminal 

Fig. 2 Steps of GNP construction through modified desolvation
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or the olfactory nerve. Meanwhile, larger nanoparticles 
can only be delivered through the former pathway [69]. 
Studies have also shown that nanoparticles over the size 
of 900 nm are unable to pass the BBB [72].

Following this information, most pre-clinical studies 
on animals have used devices which can maximize deliv-
ery through these pathways. A rat intranasal catheter is 
inserted into the nostril in order to reach the upper nasal 
cavity, specifically the cribriform plate, and deliver the 
drug through the olfactory nerve pathway. After 60  s, 
the intranasal catheter is removed [27]. In another ani-
mal study, a plastic pipette was used to administer GNPs 
intranasally on mice [73]. Another study uses gel load-
ing pipette tips to administer nanoparticles suspended in 
saline [74].

Neurovascular regeneration of angiotensin II type 
2 receptor activation
Some clinical researchers have found the beneficial 
effects of C21 in vivo as an angiotensin II type 2 receptor 
agonist in regard to neural rejuvenation shown in Table 1. 
The activation of angiotensin II type 2 receptors appears 
to be neuroprotective, as it encourages vasodilation, 

enhances cerebral microcirculation, lessen oxidative 
stress, reduces inflammation (both by decreasing the 
expression of pro-inflammatory cytokines and increasing 
the expression of anti-inflammatory mediators) and pro-
vides protection against brain damage [79]. In a neuro-
vascular study, angiotensin II promotes cerebrovascular 
remodeling, increases vascular inflammation and oxi-
dative stress, and affects CBF [80]. In regard to its anti-
inflammatory, antiproliferative and tissue-regenerating 
characteristics, AT2R activation has emerged as a new 
treatment approach in vascular and central nervous sys-
tem disorders [50, 81–83].

AT2Rs are G protein-coupled receptors that are found 
on neurons, astrocytes, and microglia in the cortex, hip-
pocampus, locus coeruleus, basal ganglia, and blood 
vessels [84]. AT2R activation increases the synthesis of 
cGMP, NO, and bradykinin, which helps to mediate vas-
odilation [85, 86]. The rapid generated temporary vaso-
dilation mediated by neuronal NO guarantees that CBF 
changes are adequate to fulfill metabolic expenditure 
needs [87]. Activation of AT2Rs by the selective AT2R 
agonist increased CBF and showed anti-inflammatory 
as well as antioxidant properties, likely by minimizing 

Table 1 In vivo neurovascular studies of C21

IP intraperitoneal, VCI vascular cognitive impairment

Subject Route Dosage of C21 Time Results Citation

41 adult male Wistar rats (4 months old) IP 0.03 mg/kg/day of 
C21 and 0.3 mg/kg/d 
candesartan

3 days Effectively prevented the development of cognitive 
impairment (7th day), preserved short-term working 
memory (21st day), and better associative learning 
and reference memory (28th day)

[75]

30 adult male Wistar rats (4 months old) Oral 0.12 mg/kg/day of C21 30 days C21 lowered weight loss and improved regenera-
tion, retained non-spatial and short-term memory 
skills, maintained reference memory and aided asso-
ciative learning, enhance brain flexibility and avoided 
cortical buildup of /

[25]

Adult male C57BL/6 mice (10 weeks old) IP 10 μg/kg/day of C21 
or 0.1 mg/kg/day of 
azilsartan

1 week In an Alzheimer’s disease mice model, C21 increased 
cognitive performance, decreased cognitive decline, 
stimulated hippocampal neurite elongation, stimu-
lated neuron formation and decreased inflammation

[23]

Adult male Wistar rats IP 0.03 mg/kg of C21 1 week C21 is neurovascularly protective and improves 
cerebrovascular defects prognosis through enhancing 
neurotrophic functioning, reducing brain inflamma-
tion, and encouraging antioxidant and pro-angiogenic 
effects

[76]

Adult male Wistar rats Oral 0.12 mg/kg/day of C21 8 weeks Delaying C21 treatment for three days after a stroke 
lowered mortality and repaired somatosensory and 
cognitive impairments. Inflammation and demyelina-
tion were also decreased. C21 also influence later 
neurodegenerative processes in addition to acute 
neuroprotection

[77]

28 adult male Wistar rats (14 months old) Oral 0.12 mg/kg/day of C21 8 weeks Candesartan and C21 both efficiently maintained cog-
nitive function and slowed the advancement of vascu-
lar cognitive impairment, however only candesartan 
halted brain volume decline in elderly hypertensive 
mice. Delayed delivery of RAS modulators successfully 
preserved cognitive performance and prevented the 
development of VCI

[78]
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inflammation and lowering ROS production [50, 88, 89]. 
Furthermore, activation of the AT2R is found to increase 
the expression of MMS2, a DNA repair factor, as well 
as the activity of Src homology 2 domain-containing 
protein-tyrosine phosphatase 1 (SHP-1) [90]. MMS2 
binding to ubiquitin-conjugating enzyme 13 (Ubc13) is 
required to activate DNA repair pathway in DNA dam-
age response [91]. Ubc13 activation has been shown to be 
required for pre-synaptic synapse formation, subsequent 
synaptic growth and development, long-term memory, 
and neural development (Fig. 3) [92].

Clinical effects of C21‑loaded GNPs
Although currently, clinical trials of the safety and effi-
cacy of the use C21 on human patients with vascular cog-
nitive impairment are still on phase 1 or 2, C21 has shown 
to be safe to use in humans with a dose of ≤ 100  mg 
[83]. Results on animal studies have also shown positive 
impacts in cognitive functions and memory after treat-
ment with C21 [25, 83]. A pre-clinical study has shown 
that when C21 is administered over a prolonged amount 
of time, it can maintain overall cognitive function [78]. 
The drug has also shown to provide vascular protection 
and BBB preservation by increasing the expression of 
occludin, claudin-5, and Zonula occludens-1 (ZO-1) [83].

Studies on the clinical effects of C21-loaded GNPs 
are still very limited. However, studies on animals 
have presented promising results for the use of C21 
in humans using other methods of drug delivery, such 

as oral, intraperitoneal, and injections. C21 has shown 
to mediate neuroprotection through AT2R stimula-
tion [27, 76]. C21 also promotes the endothelial NOS 
(eNOS) pathway thus activating eNOS enzymes which 
has been proven to increase levels of IL-10 as neuro-
protective cytokine and brain-derived neutrophic fac-
tor (BDNF) with no effect on the blood pressure. C21 
also decreases ischemia-induced nitrative stress and 
on the other hand, increases vascular density in the 
ischemic hemisphere [76, 93]. Another study on hyper-
tensive rats suggests that treatment with C21 improves 
motor deficit [47]. Other than that, C21 stimulates the 
AT2R, which in turn maintains or increases the CBF 
and stimulate increase in stem cell proliferation [27, 
94]. In another study, treatment with C21 has proven to 
significantly decrease neuronal apoptosis in the cortex, 
hippocampus, amygdala, and hypothalamus. The same 
study also suggests that C21 improves repair of dam-
aged axons and development of synapses in the brain 
[56]. These results support the potential use of C21 in 
treating MID in humans through its neuroprotective 
and restorative properties.

Another animal study investigates the ability of C21 
treatment to prevent decrease in spatial learning. Results 
show decrease in cognitive decline in rodent models after 
treatment with C21 [23]. Another study shows that AT2R 
expression is more prominent in female mice due to the 
presence of endogenous estrogen. Thus, selective treat-
ment of C21 throughout the estrous cycle provides a pos-
itive impact on the improvement of neurological function 
in female mice compared to male mice [95]. Interestingly, 
another study reports that treatment of C21 does not 
improve cognition in female rats [96]. Another study also 
supports the previously mentioned findings, which is that 
C21 treatment has proven to decrease size of cerebral 
infarct and neurological deficits in rodent models [97]. 
Chronic treatment of C21 has also proven to have anti-
inflammatory effects [89]. A recent animal study shows 
that delayed administration of C21 results in preserva-
tion of brain tissue volume and improvement in myelina-
tion after stroke, which shows that C21 is also beneficial 
in reducing or preventing secondary neurodegenerative 
processes [77]. Another study suggests that C21 may 
improve stroke recovery by decreasing the ratio of pro-/
anti-inflammatory microglia ratio [96]. Furthermore, one 
more study has proven that C21 has arteriogenic and 
angiogenic properties [49]. Negative side-effects of C21 
are still not well-studied yet. Overall, these studies lead 
towards promising results for the use of C21 on the pres-
ervation and improvement of cognition, although further 
clinical studies must be conducted to investigate its safety 
and effectiveness in patients.

Fig. 3 AT2R pathway in neural protection. AT2R: angiotensin II 
receptor type 2, MMS2: methyl methane sulfonate 2, NO: nitric 
oxide, SHP-1: anti-Src homology phosphatase-1, sensitive 2, Ubc13: 
ubiquitin-conjugating enzyme 13
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Conclusion
Based on the review of literature, C21 has been proven 
to provide neuroprotection, restoration of axons, and 
preservation of cognition post-stroke. Nose-to-brain 
drug delivery of C21 GNP significantly increases drug 
efficiency and contact time with nerve endings of the 
olfactory and trigeminal nerves by targeting adminis-
tration on the upper and posterior nasal cavity through 
intranasal administration. Treatment of C21 through 
nose-to-brain delivery shows high potential for use in 
the therapy for MID.
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