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Abstract
Background  The global demographic shift towards an aging population is generating a rise in neurodegenerative 
conditions, with Alzheimer’s disease (AD) as the most prominent problem. In this landscape, the use of natural 
supplements has garnered attention for their potential in dementia prevention. Curcumin (Cur), derived from 
Curcuma longa, has demonstrated promising pharmacological effects against AD by reducing the levels of 
inflammatory mediators. However, its clinical efficacy is hindered by poor solubility and bioavailability. Our study 
introduces the use of H-Ferritin nanocages (HFn) as a nanoformulation vehicle for Cur, aiming to enhance its 
therapeutic potential for AD. In this work, we characterized a nanoformulation of Cur in HFn (HFn-CUR) by evaluating 
its safety, stability, and its transport across the blood-brain barrier (BBB) in vitro. Moreover, we evaluated the efficacy 
of HFn-CUR by transcriptomic analysis of peripheral blood mononuclear cells (PBMCs) from both AD patients and 
healthy controls (HC), and by using the well-established 5xFAD mouse model of AD.

Results  Our data show that HFn-CUR exhibits improved water dispersibility, is non-toxic, and can traverse the BBB. 
Regarding its activity on PBMCs from AD patients, HFn-CUR enhances cellular responses to inflammation and reduces 
RAGE-mediated stress. Studies on an AD mouse model demonstrate that HFn-CUR exhibits mild beneficial effects on 
cognitive performance. Moreover, it effectively reduces microgliosis and astrogliosis and in vivo in mouse, suggesting 
potential neuroprotective benefits.

Conclusions  Our data suggest that HFn-CUR is safe and effective in reducing inflammation in both in vitro and in 
vivo models of AD, supporting the need for further experiments to define its optimal use.
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Background
The world’s population is currently undergoing a rapid 
shift towards an increasingly aged population, a phenom-
enon that is contributing to a widespread decline in cog-
nitive abilities. Alzheimer’s disease (AD) stands as one of 
the preeminent causes of this deterioration. Despite the 
advent of new immune-based therapies, current treat-
ment are not curative and their relevance to the millions 
of AD patients worldwide remain unclear [1].

The principal characteristic of AD is the cerebral accu-
mulation of beta-amyloid (Aβ) plaques and tau fibrils. 
However, research consistently reveals that 20 to 30% 
of healthy elderly individuals also exhibit a significant 
presence of amyloid (Aβ) deposits with a reported rela-
tionship between Aβ deposition and measures of cogni-
tive decline [2, 3]. With the anticipated increase in AD 
prevalence, the burden on national healthcare systems 
is expected to intensify. Consequently, the development 
of new therapies, particularly those targeting the initial 
stages of the disease process or aiming to prevent the dis-
ease, is urgent.

To address this clinical necessity, the utilization of nat-
ural supplements may represent a promising strategy for 
the prevention of dementia. This approach is associated 
with a growing awareness of the significance of nutrition 
in maintaining health [4, 5]. Among the various natu-
ral products investigated, several research groups have 
observed that Curcuma longa exhibits beneficial pharma-
cological effects on AD, both in vitro and animal models 
[6, 7]. In particular, curcumin (Cur) was shown to reduce 
the natural tendency of Aβ to aggregate in vitro, facilitat-
ing its removal by the immune system [8]. Evidence also 
indicates that Cur is effective in diminishing the levels 
of inflammatory mediators, and its anti-inflammatory 
properties may exert a positive impact on various dis-
eases, including AD [9]. Indeed, central inflammatory 
microglia and astrocytes are widely recognized for their 
association with AD plaques [10], though their contribu-
tions to plaque clearance and maturation may differ [11]. 
Astrocyte polygenic risk scores correlate with amyloid 
fibril load [11], and research into AD risk genes has iden-
tified multiple genes expressed in microglia. For instance, 
a loss-of-function mutation in the Trem2 gene within 
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microglia is known to elevate the risk of AD and seems 
to amplify the amyloid-mediated aggregation of tau [12]. 
The anti-inflammatory effects of Cur in the periphery 
have been well-documented in the literature, particu-
larly regarding the regulation of cytokines and transcrip-
tion factors, such as NF-κB [13]. Furthermore, studies in 
cellular and animal models reported that Cur not only 
attenuates the formation of Aβ plaques but also promotes 
their decomposition and reduces the phosphorylation of 
tau [8, 14].

Clinical trials on humans, however, did not provide 
such clear evidence of Cur’s protective effects. The chal-
lenge lies in the fact that Cur is entirely insoluble in water 
at pH levels below 7 and rapidly deteriorates in alka-
line conditions. Furthermore, the bioavailability of Cur 
is notably low [15]. Therefore, it is improbable that Cur 
alone can offer substantial benefits. In all clinical trials 
where some benefits were observed, Cur was adminis-
tered as a nanoformulation [5].

In this context, we present the application of H-Ferri-
tin nanocages (HFn) as a nanoformulation of curcumin 
(HFn-CUR) for potential therapeutic use in AD.

Composed of 24 self-assembled H-ferritin monomers, 
HFn nanocages have a hollow structure with several 
clinically appealing features: (i) uniform architecture, (ii) 
minimal immunogenicity, and (iii) stability in physiologi-
cal conditions [16]. Moreover, HFn naturally targets the 
transferrin receptor 1 (TfR1) [17], enabling it to traverse 
the Blood-Brain Barrier (BBB) and deliver drugs directly 
to the central nervous system (CNS) [18, 19]. Previous 
research has established a protocol for efficiently encap-
sulating Cur within HFn, significantly increasing its sol-
ubility and chemical stability [20]. Herein, we present a 
preliminary study that supports the application of HFn-
CUR for the early treatment of AD.

To improve the translational potential of our novel 
formulation, we conducted an exhaustive characteriza-
tion of the nanoformulation, assessing its toxicology 
and stability. Subsequently, we evaluated its transport 
across the BBB in vitro. Our efficacy assessment was two-
fold: first, through transcriptomic analysis of peripheral 
blood mononuclear cells (PBMCs) from AD patients and 
healthy controls (HC); second, by utilizing the well-estab-
lished 5xFAD mouse model of AD [21], which harbors 
five mutations known to cause familial AD in humans. 
This model shows very early plaque accumulation and 
astrocyte and microglial activation [21] and does not 
show severe cognitive deficits until mid-life [22–24]. To 
further increase the translational relevance of our data, 
our in vivo work was based upon a thorough prior analy-
sis of sample sizes and power analyses [24, 25]. Overall, 
our data suggest that HFn-CUR is safe and efficacious in 
reducing inflammation in vitro and in vivo models of AD.

Methods
Nanoformulation and characterization of HFn-CUR
The preparation of HFn-CUR nanoparticles followed a 
protocol previously described [20] based on the alkaline 
disassembly/reassembly strategy [26]. In brief, a solu-
tion of HFn (1  mg/mL, NaCl 150 mM) was adjusted to 
pH 12.5 by adding 1  M NaOH and stirring for 15  min. 
Purified Cur (see suppl. info.) was dissolved in 0.1  M 
NaOH at a concentration of 300 µM, and immediately 
introduced to the disassembled HFn. Afterwards the pH 
was promptly re-neutralized with 1  M HCl. The result-
ing solution was stirred for 2 h at room temperature to 
facilitate the reassembly of drug-loaded protein. Subse-
quently, the solution underwent centrifugation through 
a 100-KDa Amicon filter, followed by multiple washes 
with 20 mM phosphate buffer at pH 7.2. Final purifica-
tion was achieved using Zeba Spin Desalting Columns to 
eliminate excess free Cur and adsorbed molecules. TEM 
electron microscopy was employed to confirm the cor-
rect formation of the HFn-CUR complexes.

The quantity of loaded Cur was determined spectro-
scopically by measuring the absorbance at 423  nm, fol-
lowing the method outlined by Pandolfi et al. [20]. To 
determine Cur loading, a calibration curve was initially 
constructed using various concentrations of the drug 
dissolved in acetic acid. An aliquot of the obtained HFn-
CUR was diluted in acetic acid, and the pH was adjusted 
to 2, releasing the encapsulated Cur from the nanopar-
ticles, the absorbance of which was subsequently mea-
sured spectroscopically.

In vitro blood-brain barrier study
To investigate the capability of HFn-CUR to cross the 
BBB, we conducted an in vitro transmigration assay, 
adapted from a previously published protocol [19]. Pri-
mary rat-brain microvascular endothelial cells (RBMEC) 
and rat cortical astrocytes (RCA), purchased from Inno-
prot (Derio, Spain), were co-cultured on polyethylene 
terephthalate transwell membranes (pore size 0.4 μm, 4.2 
cm2 area, Corning) coated on the upper side with F/C, 
while the underside was coated with poly-L-lysine, as 
described above. RCA (1 × 10^5 cells) were seeded onto 
the bottom side of the filter previously coated with poly-
L-lysine (100  µg/mL, P1274, Sigma-Aldrich) for 1  h at 
room temperature and allowed to adhere for 4 h. Inserts 
were then placed into a 6-well plate containing 2 mL of 
Endothelial Cell Medium, supplemented with 5% fetal 
bovine serum, 1% endothelial cell growth supplement, 
1% penicillin/streptomycin (sECM, Innoprot) and main-
tained at 37 °C and 5% CO2 in a humidified atmosphere. 
The following day, RBMEC (3 × 10^5 cells) were seeded 
onto the upper side of the filter coated with a solution of 
fibronectin (50  µg/mL, F1141, Sigma-Aldrich) and col-
lagen IV (100  µg/mL, C5533, Sigma Aldrich) (F/C) in 
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1 mL of sECM supplemented with 1.4 µM hydrocorti-
sone. Three inserts were left with RCA only to be used 
as control. From day 4 after co-culture, the transepithelial 
electrical resistance (TEER) was measured with an elec-
trode device (EVOM2, World Precision Instruments). 
For each transwell, the mean TEER value of the inserts 
with RCA only was subtracted from the TEER value of 
the BBB, and the results were expressed as Ω × cm2. The 
measurements were repeated every day until the TEER 
stopped increasing. To prove the integrity of the BBB 
model, the trans-permeability of the fluorescent tracer 
FITC-Dextran (FD40, molecular weight 40,000, Sigma-
Aldrich) was measured on three BBB inserts. FD40 
(1 mg/mL) was diluted in sECM and added in the upper 
chamber. At 1 and 2 hours, 200 µL were withdrawn from 
the lower chamber and analyzed by spectrofluorometry 
(λex = 488  nm, λem = 515  nm). A calibration curve was 
performed using 7-point concentrations of FD40 diluted 
in sECM.

To perform the trans-BBB study, 14 inserts were used 
for RBMEC and RCA co-culture. At day 12, when the 
BBB was established, HFn-CUR (100 µg/mL) or an equal 
concentration of free Cur was diluted in 1 mL of cul-
ture medium and incubated in the upper chamber. The 
medium in the lower chamber was replaced with 2 mL of 
fresh sECM. Two BBB inserts were incubated with sECM 
without HFn-CUR or Cur and used as blank controls. 
At 3 and 7 h, all media in the upper and lower chambers 
were collected and stored at – 80  °C for UPLC/MS-MS 
measurement. After wash with phosphate buffer saline 
with calcium and magnesium (PBS Ca/Mg), RBMEC 
were detached from the insert with 300 µL of trypsin/
EDTA, collected in 1.5 mL tubes, and centrifuged for 
5 min at 500 ×g. Cell pellets were washed twice with PBS 
Ca/Mg and stored at -80 °C for analysis by UPLC/MS-MS 
(see Suppl. Info: Determination of Curcumin).

Libraries preparation for RNA-Seq and bioinformatic data 
analysis
Sequencing libraries of the treated and untreated PBMCs 
from AD patients and matched controls (see Suppl. 
Info: PBMCs Isolation, Treatment, and RNA Extraction) 
were prepared with the Illumina TruSeq Stranded RNA 
Library Prep kit, version 2, Protocol D, using 500 ng total 
RNA. The quality of the sequencing libraries was assessed 
by the 2100 Bioanalyzer with a DNA1000 assay and 
DNA High-Sensitivity assay. RNA processing was car-
ried out using Illumina NextSeq 500 Sequencing. FastQ 
files were generated via Illumina bcl2fastq2 starting from 
raw sequencing reads produced by an Illumina NextSeq 
sequencer. Gene and transcript intensities were com-
puted using STAR/RSEM software (1.3.3), Madison, WI, 
USA [27] using Gencode Release 19 (GRCh37.p13) as a 
reference and using the “stranded” option. A differential 

expression analysis for mRNA was performed using R 
package EBSeq [28]. This tool was selected because of 
its superior performance in identifying isoform differen-
tial expressions [29]. Differential expression analysis for 
long noncoding RNAs was performed with the R package 
DESeq.2 [30]. Coding and noncoding genes were con-
sidered differentially expressed and retained for further 
analysis with |log2(disease sample/healthy control) | ≥ 1 
and an FDR ≤ 0.1. A gene enrichment analysis was per-
formed on coding genes. We performed a gene ontology 
(GO) analysis for the biological processes, cellular com-
ponents, and molecular function and a KEGG pathway 
analysis [31] via the enrichR web tool [32]. Gene enrich-
ment analysis was performed on coding genes with Kegg 
pathway analysis [31] and enrichR web tool [32].

In vivo drug treatment
The mice were recruited in a staggered manner, from 
successive litters. Allocation to treatment groups was 
pseudorandomized to ensure littermate controls. Drug 
administration was not blinded; however, all behavioral 
testing and neuropathological analyses were conducted 
blinded.

Experimental mice were housed together in mixed 
genotype and treatment groups of 3–10. Cage positions 
remained constant throughout treatment. Mice were 
weighed and then treated twice weekly from 2 months 
of age until 4 months of age with 1 mg/kg HFn-CUR via 
intraperitoneal injections at a dose volume of 0.1 mg/ml. 
As our goal was to examine whether our nanoformulated 
version was of benefit in early AD, and as previous papers 
have studied the effects of unformulated curcumin in 
mouse models of AD [5], a curcumin-only group was not 
included. Control-treated WT and TG mice were housed 
together with HFn-CUR -treated TG mice; thus, the 
experimental unit was a mouse. Stock solutions of HFn-
CUR were stored in the dark at -80  °C and then diluted 
in sterile saline for administration. Control mice received 
saline only. The side of injection (right lower abdomen, 
left lower abdomen) was alternated for each successive 
injection and the order of injections varied. Mice exhibit-
ing stereotypy (continuously doing backflips or jumping) 
were excluded from the preclinical trial. Additional mice 
that were excluded included one WT and one TG saline-
treated mouse that lost weight during treatment and that 
were euthanised early, N = 4 mice that did not demon-
strate sufficient visual acuity during the visual learning 
protocol of Morris water maze testing and N = 1 mouse 
where the genotype did not match the original. The 
final group sizes were N = 16 saline-treated WT, N = 10 
saline-treated TG, N = 11 HFn-CUR -treated TG, which 
provided excellent power to detect treatment effects on 
neuropathology [24], our primary outcome measure.
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Morris water maze
Morris water maze testing was used to uncover treatment 
effects on subtle learning deficits in mice at 4 months of 
age. Cognitive performance was tested during the final 3 
weeks of treatment, as previously described [24]. Briefly, 
mice were brought through visual-spatial learning (4 
trials per day, over a period of 5 days, starting and plat-
form positions varied with trial) [33]. Training for sub-
sequent spatial learning took place over 4 trials per day 
for 6 days. On the 7th day, the platform was removed to 
test memory in a single trial (spatial probe trial). Train-
ing for reversal learning then took place over 4 trials per 
day for 6 days followed on the 7th day by a single reversal 
probe trial. During spatial learning, the platform was in 
the southwest quadrant. For reversal learning, the plat-
form was in the northeast quadrant. Ethovision XT V8 
(Noldus, Wageningen, Netherlands) was used to monitor 
learning and swimming patterns.

Inflammation examination
Inflammation was examined based upon anti-GFAP and 
anti-IBA1 immunohistochemistry on two cryosections 
(approx. 3.1 mm lateral of bregma) per mouse.

Anti-IBA1: sections were processed as previously 
described [24]. Sections from 2 × WT mice were lost 
during processing. Control sections were run in parallel 

that were not exposed to primary antibody, and no spe-
cific staining was observed in these sections.

Anti-GFAP: sections were processed as described pre-
viously [24]. Sections from 1 × WT mouse were lost dur-
ing processing. Hoechst staining was used to confirm 
anatomical position of RoIs. For imaging, Z-stacks were 
taken of regions of interest (RoIs) at 20× using an LSM 
780 confocal microscope (through the entire depth of the 
region of interest, using the 561 nm laser only (ex 561 nm, 
em 578–696 nm). The percent area covered by anti-GFAP 
signal was used as the outcome measure. For morpho-
logical analysis of astrocytes in subiculum, high-resolu-
tion Z-stacks were taken at 40×, and Maximum intensity 
projections were limited to 20× Z-steps due to the den-
sity of astrocytes in this RoI. These maximum intensity 
projections were then batch-processed in ImageJ (FIJI) 
using macros. Following the isolation of individual astro-
cytes from the processed images, Sholl analysis (from the 
image) was conducted using the ImageJ (FIJI) Neuroanat-
omy plugin, using 5 μm step sizes for the radii. The mean 
number of intersections per shell per mouse was used to 
generate group means for comparison (see Suppl. Info: 
Statistical analysis).

Results
Characterization of HFn-CUR
To address the issue of the limited water solubility of 
Cur, we employed a nanoformulation made of previously 
described H-ferritin nanocages [20]. Employing a gentle 
method of pH-guided disassembly/reassembly of ferritin 
monomers, we successfully loaded Cur into the nanopar-
ticle core, resulting in a clear HFn-CUR aqueous sus-
pension (Fig.  1A). TEM analysis affirmed the structural 
integrity of the HFn-CUR (Fig.  1B) particles, and DLS 
was used to confirm the absence of aggregates in the dis-
persion [20].

A spectroscopic method was utilized to assess the effi-
ciency of Cur loading within HFn nanocages and the for-
mulation’s stability over time. Notably, examination of 
the percentage of encapsulated Cur retained within the 
nanocage core at physiological pH (pH = 7.2) revealed 
the presence of a minor fraction of the drug (approxi-
mately 15–20%) that was adsorbed onto the surface of 
HFn nanocages. This fraction was rapidly released within 
approximately 2  h. In contrast, most Cur remained 
securely encapsulated within the nanocage core and was 
only released in slightly acidic conditions (Fig. 1C) [34].

Micronucleus assay in mouse bone marrow
To evaluate the toxicological profile of HFn-CUR, three 
distinct batches were prepared and tested for their 
impact on erythropoiesis in the bone marrow of CD-1 
mice, compared with free Cur. The results, summa-
rized in Table 1, revealed that the ratio of polychromatic 

Fig. 1  A) Comparison of curcumin dispersion: On the left, water-dis-
persed Cur settles at the bottom of the flask, on the right, well-dispersed 
HFn-CUR. B) TEM images depict HFn-CUR, affirming the structural integrity 
of the HFn. C) Time-release profile of Cur from HFn-CUR: Black squares rep-
resent release at neutral pH, while white squares denote release in slightly 
acidic conditions
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erythrocytes (PCEs) to the sum of PCEs and normochro-
matic erythrocytes (NCEs) together was not statistically 
different between control and exposed groups.

Furthermore, as illustrated in Table  2, upon examina-
tion of micronucleus frequencies (MN) in each experi-
mental group, no statistically significant differences were 
discerned in MN among the exposure groups (p > 0.05) 
when compared to the control group. These outcomes 
prove the lack of genotoxic effects associated with HFn-
CUR exposure.

Micronucleus assay in human blood lymphocytes
The analysis of the micronucleus (MN) assay in periph-
eral blood lymphocyte cultures is detailed in Table  3, 
which provides essential metrics such as the average fre-
quency of binucleated cells with micronuclei (BNMN), 
the mean frequency of micronuclei with standard devia-
tion, and the p-value reflecting the comparison between 
the experimental and control groups. Additionally, the 
table presents the Cytokinesis Block Proliferation Index 
(CBPI) along with its associated standard deviation.

These data show that no statistically significant dif-
ferences in frequency of micronuclei and binucleated 
cells with micronuclei (BNMN) were discerned across 

all tested concentrations when compared to the control 
group (p > 0.05). Furthermore, the evaluation of CBPI 
revealed no statistically significant difference between the 
control and exposed groups. This observation suggests 
that there are no observable cytotoxic effects induced by 
the tested batches of HFn-CUR.

Curcumin transport across an in vitro blood brain barrier 
(BBB) model
It was previously described that HFn nanocages can 
be used for the delivery of molecules and also antibod-
ies to the central nervous system [35, 36]. To investigate 
whether HFn encapsulation allowed the active delivery of 
Cur across the BBB, we conducted a transmigration assay 
in vitro. The assay consisted of a two-compartment in 
vitro BBB system with a transwell insert. The insert was 
coated with primary RBMEC on the upper side and with 
RCA on the underside, to form a tight endothelial mono-
layer supported by astrocytes that model the physiologi-
cal fidelity of the BBB. The integrity of the BBB model 
and its ability to block high molecular weight molecules 
were assessed by TEER and apparent permeability mea-
surements (Figure S1). HFn-CUR or free Cur were added 
to the upper chamber diluted in the culture medium 
and, after 3–7 h of incubation, the medium was collected 
from the lower chamber to measure the amount of Cur 
that permeated across the BBB system. Following treat-
ment with free Cur, only small traces were found in the 
lower chamber at both 3 and 7 h. By contrast, HFn-CUR 
significantly enhanced permeation across the BBB: Cur 
concentration measured in the lower chamber at 3 h was 
significantly increased in HFn-CUR as compared to free 
Cur, and this effect intensified after 7  h of incubation 
(Fig. 2A).

Moreover, we examined the uptake of Cur by the endo-
thelial cells of the BBB system upon HFn-CUR or free 
Cur exposure. An extremely low fraction of free Cur was 
internalized by RBMEC after 3 and 7 h of incubation. In 
contrast, the nanoformulation triggered a significant cell 
uptake of Cur thanks to the recognition of HFn by the 
TfR1 receptor on the surface of endothelial cells (Fig. 2B). 
This observation indicated that HFn facilitated the entry 

Table 1  Effects of three different batches of HFn-CUR or free 
curcumin on erythropoiesis in the bone marrow of CD-1 mice

PCEs/(PCEs + NCEs) % ± SD P (t-test)
Control 0.55 ± 0.03
HFn-CUR 01 0.52 ± 0.02 0.240
HFn-CUR 02 0.54 ± 0.04 0.773
HFn-CUR 03 0.51 ± 0.05 0.329
Cur 0.51 ± 0.06 0.372

Table 2  Micronuclei (MN) frequencies with the corresponding 
standard deviation (sd) and p values (t test) for all experimental 
groups compared with the control

MN PCEs ± sd P (t-test)
Control 7.33 ± 1.53
HFn-CUR 01 11.33 ± 1.53 0.201
HFn-CUR 02 9.33 ± 1.53 0.494
HFn-CUR 03 12.33 ± 1.53 0.121
Cur 7.00 ± 0.00 0.901

Table 3  Statistical assessment of the MN assay in peripheral blood lymphocyte cultures includes the mean frequency of BNMN, the 
mean frequency of MN, the CBPI, and the corresponding standard deviation

BNMN ± sd P (t-test) MN ± sd P (t-test) CBPI
Control 7.0 ± 0.5 8.0 ± 1.0 1.86 ± 0.02
HFn-CUR 01 5 µg/ml 6.0 ± 0.5 0.697 9.0 ± 1.5 0.728 1.85 ± 0.03
HFn-CUR 01 10 µg/ml 7.0 ± 1.0 1.000 9.0 ± 0.5 0.728 1.84 ± 0.02
HFn-CUR 02 5 µg/ml 9.0 ± 1.5 0.468 11.0 ± 1.0 0.314 1.85 ± 0.02
HFn-CUR 02 10 µg/ml 10.0 ± 0.5 0.285 12.0 ± 1.5 0.186 1.84 ± 0.02
HFn-CUR 03 5 µg/ml 6.0 ± 1.0 0.697 8.0 ± 1.0 1.000 1.85 ± 0.04
HFn-CUR 03 10 µg/ml 8.0 ± 0.5 0.711 10.0 ± 1.5 0.494 1.86 ± 0.03
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of Cur into the endothelial cells of the BBB, confirming 
an active trans-cellular delivery of HFn-CUR.

RNAseq analysis of differentially expressed mRNAs and 
lncRNAs in HFn-treated PBMCs
We investigated the effects of HFn-CUR treatment on the 
differential expression of RNAs by looking at four distinct 
conditions: untreated PBMCs, from Alzheimer’s dis-
ease patients (ntAD), PBMCs from Alzheimer’s patients 
treated in vitro with HFn-CUR (HFnCurAD), untreated 

PBMCs from healthy controls (ntHC), and PBMCs from 
healthy controls treated in vitro with HFn-CUR (HFn-
CurHC) (Fig. 3A, B).

Multiple differently expressed genes (DE) were found 
in the different comparisons, as summarized in Table 4. 
As previously reported [6], we identified 630 deregulated 
mRNAs when comparing ntAD and ntHC. When we 
compared HFnCurHC with ntHC, we observed varia-
tions in the expression levels of 771 genes, with 181 up-
regulated and 590 down-regulated compared with ntHC. 

Fig. 3  Expression profiles of differently expressed genes in AD and healthy controls. In panel A), differentially expressed (DE) mRNAs between HFnCurAD 
vs. ntAD are shown, while in panel B) DE HFnCurAD vs. HFnCurHC are shown by Heatmap. All comparisons are given between the disease state and the 
control samples. We considered as differentially expressed only genes showing |log2(disease sample/healthy donor) | ≥1 and a False Discovery Rate ≤ 0.1

 

Fig. 2  A) Concentration of Cur measured in the lower compartment of BBB transwells after 3- and 7-hours incubation with HFn-CUR or free Cur equally 
dosed at 0.1 mg/mL. B) Percent uptake of HFn-CUR or free Cur by RBMEC cells. Reported values are the mean or at least 3 replicates. Statistical analysis 
was done by unpaired t-test: * p < 0.05; ** p < 0.01; ***p < 0.0005 HFn-CUR vs. free CUR; §§ p < 0.01 3 vs. 7 h
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In stark contrast, when we compared HFnCurAD with 
ntAD, only 31 genes exhibited altered mRNA counts (23 
up-regulated and 17 down-regulated) (Table 4, Table S4). 
This discrepancy underscores a marked difference in the 
treatment’s effectiveness in PBMCs isolated from AD 
subjects compared to those from HC. To further empha-
size this disparity, we compared the differential gene 
expression between HFnCurAD and HFnCurHC, reveal-
ing alterations in 1140 RNAs.

Pathway analysis of RNAseq data from HFn-treated PBMCs
We thus extended our inquiry into the underlying path-
ways associated with these gene expression changes. 
Pathway analysis revealed specific influences on 
immune-related processes in the comparison of ntAD 
with HFnCurAD. Specifically, we observed the activation 
of cytokines and chemokines, as well as RAGE recep-
tor binding (Fig. 4A). Within these pathways, alterations 
were observed in CXCL1 and CXCL5, EGF factors, and 
chemokine receptors. Additionally, interleukin-mediated 
signalling pathways were found to be altered. Pertain-
ing to biological processes, pathways related to cytokine 
secretion and the migration of granulocytes and leuko-
cytes were also implicated (Fig. 4B).

The pathway analysis investigation of the differentially 
expressed (DE) genes obtained by comparing HFnCurAD 
and HFnCurHC revealed an involvement of lipid activity 
and integrin binding, while inflammatory pathways were 
not significantly deregulated (Fig.  4C). Regarding bio-
logical processes, the data of particular interest showed 
an involvement of leukocyte and lymphocyte activa-
tion. Additionally, pathways related to lipid metabolism 
(such as localization, transportation, and metabolic pro-
cesses) were also identified (Fig.  4D). The comparison 
between ntHC and HFnCurHC revealed differences in 
terms of tyrosine kinase activity, splice site binding, and 
lipid binding. However, GO enrichment did not reveal 

Table 4  Statistically significant differentially expressed mRNAs 
and lncRNAs number in PBMCs from AD patients, in terms of 
up-regulated transcripts, down-regulated transcripts and total. 
Counts are reported for AD not treated (ntAD) versus controls 
not treated (ntHC), ntAD versus AD treated with Hfn-CUR 
(HFnCurAD), AD and HD treated with HFn-CUR (HFnCurAD 
vs. HFnCurHC) and ntHC versus HfnCurHC. Transcripts were 
considered as differentially expressed when |log2(disease 
sample/healthy control)|≥1 and a FDR ≤ 0.1

Up-regulated Down-regu-
lated

total RNAs

mRNA lncRNA mRNA lncRNA
ntAD vs. ntHC 333 11 234 52 630
ntAD vs. HFnCurAD 21 2 8 9 31
HFnCurAD vs. HFnCurHC 550 13 496 81 1140
ntHC vs. HFnCurHC 151 30 566 24 771

Fig. 4  GO Pathway analysis. Molecular Function and Biological process analysis of deregulated genes for HFnCurAD vs. ntAD (A, B) and HFnCurAD vs. 
HFnCurHC (C, D)
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alterations in pathways that may be directly linked to AD 
pathology or immune response (Figure S2).

Effects of HFn on general health and behaviour in an in 
vivo model of AD
Mice were treated twice weekly with 1  mg/kg of HFn-
CUR via intraperitoneal injections for 2 months, from 
2 to 4 months of age. In line with toxicological data, 
body weight analysis indicated that the treatment was 
well-tolerated. Saline treated WT mice, saline-treated 
TG and HFn-CUR-treated TG mice exhibited similar 
body weights throughout the 2-month treatment period 
(Suppl Fig. 3A). This observation reaffirmed the absence 
of treatment-related toxicity, as indicated by the 2-way 
ANOVA showing a lack of effect of treatment in TG mice 
(Effect of treatment F (1, 19) = 0.07, ns). Saline-treated 
TG mice were similar to saline-treated WT mice (effect 
of genotype, F (1, 24) = 1.1, ns). Open-field activity assess-
ments showed no significant differences in activity levels 
between saline-treated TG and WT mice saline (Suppl 
Fig. 3B, 2-way ANOVA effect of genotype F (1, 24) = 0.3 
ns; C, 2-way ANOVA effect of genotype F (1, 24) = 0.06). 
These findings were in line with previous studies by our 
group and by others [22, 24], which demonstrated that 
the activity of 5xFAD TG mice remained normal between 
2 and 4 months of age (Suppl. Fig S3 B, C). Open-field 
activity was normal also in HFn-CUR-treated TG mice 
(Suppl. Fig S3 B, 2-way ANOVA effect of treatment F (1, 
19) = 0.8 ns; C, 2-way ANOVA effect of treatment F (1, 
19) = 0.8, ns). This result reinforced the absence of any 
adverse effects attributed to HFn-CUR treatment (Suppl. 
Fig. S3 B, C). We have previously conducted thorough 
testing of cognition in 5xFAD TG mice. Cognitive defi-
cits are quite mild at this age, and only become severe by 
approximately 1 year of age [24]. By treating mice of this 
age it was thus possible to obtain information on the pos-
sible protective effects of HFn-CUR at very early stages 
of disease. Importantly, there were no genotype or treat-
ment effects detected during visual-spatial (Suppl. Fig S3 
D), spatial (Suppl. Fig S3 E) or reversal (Suppl. Fig S3 F) 
learning assessment in the Morris water maze test. How-
ever, we observed mild deficits in our saline-treated TG 
mice because their quadrant occupancies (Fig. 5B) were 
less efficient than in saline-treated WT mice (Fig. 5A). A 
beneficial effect of HFn-CUR in TG mice was detected 
as the HFn-CUR-treated TG group learned to focus on 
the correct quadrant by day 5, while saline-treated TG 
mice reached this level of efficiency by day 6 (Fig. 5A-C). 
Memory for the platform positions was tested in probe 
trials demonstrating no overall differences between 
groups, yet saline-treated TG mice tended to focus less 
on the correct quadrant following spatial and reversal 
learning. However, following spatial learning (Fig.  5D) 
and reversal learning (Fig.  5E), HFn-CUR-treated TG 

mice showed superior performance in quadrant differ-
entiation compared to saline-treated TG mice. WT mice 
showed excellent differentiation of the correct quadrant 
(Fig.  5D). Importantly, no differences in swim speed 
were observed between groups. Overall, our data show 
very mild cognitive deficits in 5xFAD TG mice at these 
young ages. Nevertheless, in these secondary outcome 
measures, preference for the correct quadrant tended to 
be strongest in saline-treated WT mice and HFn-CUR-
treated TG mice, compared with saline-treated TG mice.

Neuropathological outcomes were the primary outcome of 
the study performed on mice
There is no evidence of neuronal loss in 5xFAD trans-
genic mice until approximately 9 months of age, and then, 
only in cortical layer [5]. Volume loss tends to occur in 
thalamus and hypothalamus, in particular in 14-month-
old transgenic mice, with no change in hippocam-
pus [37]. Some synaptic loss has been reported in medial 
prefrontal cortex of 6-month-old male transgenic 5xFAD 
mice with concomitant loss of mitochondria [38]. Simi-
larly, a very mild reduction in functional mitochondria in 
hippocampus was noted in 6-month-old transgenic mice 
(sex unknown) [39]. An imaging surrogate for oxidative 
stress only became consistently different from normal 
mice by 8 months of age, with HNE immunocytochemis-
try not increased until approximately 12 months [40]. We 
therefore examined inflammation and plaques, to adhere 
to current known translationally relevant biomarkers.

Analysis of amyloid deposition, performed using anti-
body-based staining (MOAB2), Thioflavin S, and Congo 
Red, did not reveal any significant effects of HFn-CUR 
treatment (Suppl Fig S4 A, B, C). (MOAB2: effect of 
treatment F (1, 19) = 0.7. ns; ThioS: effect of treatment F 
(1, 19) = 0.4, ns; Congo red: F (1, 18) = 0.07, ns).

Amyloid-induced microglia activation in AD leads to 
the development of disease-associated microglial (DAM) 
[41, 42]. Cur is well known as an anti-oxidant agent [5]. 
We thus tested the possible effect of HFn-CUR treatment 
on microgliosis and astrogliosis on the 5xFAD TG mice 
as they develop robust microgliosis and astrogliosis start-
ing from approximately 2 months of age [21].

To evaluate the impact of HFn-CUR treatment on 
microglia, particle analysis was employed, consider-
ing the larger and more activated morphology of TG 
microglia (2-way ANOVA, WT saline vs. TG saline, F (1, 
22) = 49.4, p < 0.0001). Comparing TG groups, HFn-CUR 
reduced microglial particle size in frontal somatosen-
sory cortex, with an effect size of 1.2, but not in subicu-
lum (Fig. 6A). Concerning inflammation, GFAP-positive 
astrocytes were absent in WT somatosensory cortex, but 
as expected, were abundant in the cortex of saline-treated 
TG mice [21]. In contrast, GFAP-positive astrocytes were 
detected in subiculum of WT mice at this age, but again, 
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we detected far more, activated, astrocytes in subiculum 
of saline-treated TG mice. The complete statistical analy-
sis is reported in table S3.

HFn-CUR treatment did not specifically affect fron-
tal cortex astrogliosis but significantly reduced it in the 
subiculum with an effect size of 1 (Fig. 6B; saline-treated 
TG 95% CI 7.5–11.5, HFn-CUR-treated TG 95% CI 4.6–
8.5). Moreover, there was an overall effect of treatment, 
with HFn-CUR-treated TG mice showing reduced astro-
cytic load in general (TG saline versus TG HFn-CUR, 
2-way ANOVA overall effect of treatment F (1, 19) = 5.8, 
p < 0.03). Astrocyte individual morphology was also ana-
lysed in subiculum. As expected, astrocytes in TG mice 
treated with saline were larger than those in WT mice, 
indicating activation (radius x genotype interaction, F 
(6, 132) = 21.6, p < 0.0001). HFn-CUR reduced astro-
cyte size in TG mice, suggesting partial normalisation 
Fig. 6C (radius x treatment interaction, F (6, 110) = 3.025 
p < 0.01). Critically, these specific areas (frontal cortex for 

microglia, subiculum for astrocytes) had been selected 
previously as having the highest power to detect treat-
ment effects [24].

Discussion
The potential therapeutic application of Cur as an anti-
inflammatory agent, which may be advantageous in treat-
ing cognitive decline and neurodegeneration, has been 
extensively debated within the scientific community. 
While numerous studies suggest the efficacy of this com-
pound in in vitro models [8, 43], the data from clinical 
trials in humans, particularly in patients with Alzheimer’s 
disease, have not yielded positive results [44, 45]. This 
lack of clear beneficial outcomes in clinical settings has 
led some researchers to doubt the overall pharmaco-
logical effectiveness of Cur and the debate on the pos-
sibility to use Cur as therapeutic agent is still ongoing 
[46, 47]. To address this issue, the development of Cur 
nanoformulations has been proposed to enhance the 

Fig. 5  Morris water maze. Although saline-treated WT mice showed excellent location to the correct quadrant (A), saline-treated TG mice only learned 
the correct quadrant by day 6 (B) whereas HFn-CUR-treated TG mice learned this by day 5 (C). When testing memory during probe trials, again, the 
ability to focus upon the correct quadrant was consistently best in saline-treated WT mice and HFn-CUR-treated TG mice, followed by saline-treated TG 
mice during probe testing of spatial memory (D) with a similar pattern observed during reversal memory testing (E). A: 2-way ANOVA, day x quadrant 
interaction: WT saline F (2.3, 34.0) = 7.6, p < 0.002; B: 2-way ANOVA, day x quadrant interaction: TG saline F (3.7, 33.6) = 5.4, p < 0.003; C: 2-way ANOVA, day 
× quadrant interaction: HFn-Cur TG F (2.2, 21.5) = 9.3, p < 0.002); D: 2-way ANOVA effect of quadrant WT saline versus TG saline F (1.7, 39.9) = 10.6; 2-way 
ANOVA effect of quadrant TG saline versus TG HFn-Cur F (2.1, 39.7) = 11.5, p < 0.0001; E: reversal probe test, 2-way ANOVA effect of quadrant WT saline 
versus TG saline F (2.3, 54.1) = 20.1 p < 0.0001; 2-way ANOVA effect of quadrant TG saline versus TG HFn-Cur F (2.2, 42.7) = 21.7 p < 0.0001). Symbols are of 
group mean ± sem. A, B, C: * p < 0.05, **p < 0.01, ***p < 0.001 only when correct quadrant occupation (NE, denoted by box) was significantly different to 
all three other quadrants. G, H: *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001 compared with same-group, correct quadrant. Correct quadrant denoted 
by box (E: SW; E: NE)
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Fig. 6  Inflammation. Microgliosis (A): Treatment with HFn-CUR reduced microglial size in frontal somatosensory cortex but not in subiculum. Photomi-
crographs depict somatosensory cortex of a saline-treated WT (top), saline-treated TG (lower left) and HFn-CUR-treated TG (lower right) mouse. Scale-
bar = 100 μm. Frontal cortex: TG saline 95% CI: 112–142, TG HFn-Cur 95% CI: 93–116. * p < 0.05, **p < 0.01, ***p < 0.001. Astrocytosis (B): HFn-CUR treatment 
resulted in an overall reduction in GFAP-positive astrocytes compared with saline-treated TG mice, with post-hoc testing revealing a specific effect in 
subiculum (B). Saline-treated TG 95% CI 7.5–11.5, HFn-CUR-treated TG 95% CI 4.6–8.5. ** p < 0.01, *** p < 0.0001. Morphological analysis of astrocytes in 
subiculum revealed a partial normalisation of astrocyte morphology in HFn-CUR-treated TG mice (C). Black and white images show representative astro-
cytes used for morphological analysis (saline-treated WT: left column, saline-treated TG: middle column; HFn-CUR-treated TG: right column). Each image 
is 80 μm x 80 μm. Symbols in graphs are of individual mice together with group mean ± sem (A,B) or of group mean ± sem (C, where there are no error 
bars, they are obscured behind symbols). ** p < 0.01, *** p < 0.001 compared with WT saline
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compound’s stability and water solubility. Notably, Pan-
dolfi et al. previously developed a Cur nanoformulation 
utilizing ferritin nanoparticles, which they evaluated in 
the context of triple-negative breast cancer [20]. In our 
study, we explore the potential effects of Cur encapsu-
lated within ferritin nanoparticles (HFn-CUR) in both in 
vitro and in vivo models related to Alzheimer’s dementia 
and cognitive impairment. Given ferritin’s ability to cross 
the blood-brain barrier (BBB), we anticipated that this 
nanoformulation could be particularly beneficial for the 
treatment of neurological diseases. The prepared Hfn-
CUR was examined to check its characteristics, to ensure 
its lack of toxicity and to investigate its pharmacologi-
cal properties and its role in regulating gene and protein 
expression both in vivo and in vitro.

HFn-CUR exhibited remarkable water dispersibility, in 
stark contrast to the inherent hydrophobicity of free Cur. 
This dispersibility is attributed to the molecule’s encap-
sulation within the central cavity of the nanoformulation, 
with only approximately 10% of the drug being adsorbed 
on the outer surface and promptly released. HFn-Cur 
selectively releases its Cur payload within a mildly acidic 
environment, aligning with the pH of astrocytes [34] and 
the lysosomal compartment of e.g., immune cells [48].

The obtained results proved that HFn-CUR does not 
exhibit cytotoxic effects on erythropoiesis in the bone 
marrow of CD-1 mice. The ratio of polychromatic eryth-
rocytes (PCEs) to the sum of PCEs and normochromatic 
erythrocytes (NCEs), as well as the frequencies of micro-
nuclei and binucleated cells with micronuclei (BNMN), 
showed no statistically significant differences between 
the control and exposed groups. This aligns with the 
findings of previous studies on Cur-loaded nanoparticles 
[49, 50]. For instance, a study on Cur-loaded amphiphi-
lic poly-N-vinylpyrrolidone nanoparticles demonstrated 
that these nanoparticles were safe for healthy cells and 
showed high cytotoxicity for glioblastoma cells [49]. The 
micronucleus (MN) assay is a well-established method 
for evaluating genotoxic effects and it has been used 
widely for the evaluation of different compounds [51, 52].

Once we had confirmed the lack of toxicity of HFn-
CUR, we investigated its ability to traverse the blood-
brain barrier (BBB). The BBB, composed of tightly packed 
endothelial and supportive cells, regulates the passage of 
molecules into the brain, protecting it from potentially 
harmful substances. However, this barrier also poses 
a challenge for drug delivery to the brain, limiting the 
effectiveness of many therapeutic agents [53]. Overcom-
ing this barrier is therefore essential for developing suc-
cessful treatments for neurological disorders such as AD 
[54].

By using primary brain-derived cells, we established a 
BBB in vitro and tested the ability of HFn-CUR to tra-
verse it in comparison to free Cur. HFn-CUR promoted 

the trans-BBB delivery of Cur, a significant advantage 
compared with free Cur, as demonstrated by the amount 
of drug that overcame the BBB in vitro. Importantly, HFn 
nanoparticles retain their natural ability to bind trans-
ferrin receptors, which are abundantly expressed on the 
surface of brain endothelial cells, and thus facilitate their 
active transport across the BBB [36, 54]. Indeed, in our 
study we found HFn-Cur in the endothelial BBB cells 
whereas cellular uptake of free Cur was not observed at 
the same dose and incubation time. This result indicated 
a specific mechanism of cell uptake and transcytosis that 
was driven by HFn nanoformulation. Leveraging their 
ability to navigate biological barriers, HFn nanoparticles 
promote Cur penetration into the BBB endothelium and 
guided its transcellular passage into brain. This “Trojan 
horse” approach enables efficient and targeted delivery of 
Cur across the BBB, enhancing its potential therapeutic 
efficacy in AD.

Peripheral cell have become important for the inves-
tigation of pathological mechanisms of neurodegenera-
tive diseases and peripheral blood has been indicated as 
a potential source of biomarkers in AD [55, 56]. As we 
have already described [6], PBMCs are a very consistent 
and representative model for gene expression regulation 
in AD pathology. Here, we present a whole transcriptome 
profile in PBMCs from AD patients and matched controls 
that were treated in vitro with HFn-CUR to investigate 
gene regulation and identify altered pathways after treat-
ment. In all groups analysed, we detected an important 
deregulation in mRNA expression, in particular when 
AD and matched controls, both treated, were compared.

HFn-CUR treatment increases the difference between 
AD and HC. HFn-CUR treatment seems to improve 
cell response to inflammation. In fact, Cur has long 
been recognized for its anti-inflammatory properties. 
The compound has shown promise in inhibiting key 
inflammatory pathways and reducing the production of 
pro-inflammatory molecules. Moreover, HFn-CUR dem-
onstrates neuroprotective effects by decreasing Receptor 
for Advanced Glycation Endproducts (RAGE), a pro-
tein that usually increases in AD, and that interacts with 
Aβ leading to cell stress with the generation of reactive 
oxygen species [57]. Moreover, cytokines pathways are 
also involved in AD and our data showed a reduction in 
pro-inflammatory species. Biological processes showed 
involvement of inflammation with negative regulation 
of leukocyte and lymphocyte activation and this aspect 
aligns with the broad range of Cur action reported in 
the literature. Finally, our data showed that HFn-CUR 
showed a different effect on AD and HC cells after the 
same treatment, in fact, in samples from AD, the effect of 
HFn-CUR treatment compared to AD untreated was an 
alteration of only 31 genes, while in treated HC samples, 
we observed an important number of gene (771) changes. 
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This inconsistency highlights a notable variation in the 
efficacy of the treatment on PBMCs extracted from indi-
viduals with AD as opposed to those from HC. Several 
papers have been published on the relationship between 
Aβ and lipids, demonstrating that lipids, particularly cho-
lesterol, may influence the processing and accumulation 
of Aβ [58, 59]. Our RNA-seq results show an alteration in 
both mechanisms related to lipid metabolism and inflam-
mation, suggesting that treatment with HfN-CUR may 
help in restoring the pathological condition to a physi-
ological one.

In vivo, HFn-CUR was non-toxic, as HFn-CUR-treated 
5xFAD and TG mice gained weight in line with saline-
treated TG and WT littermates, which is in keeping with 
our toxicological data in human blood lymphocytes and 
our micronucleus assay. Moreover, spontaneous activity 
was normal in 5xFAD TG mice at this age, and no del-
eterious effect on activity was noted in TG mice treated 
with HFn-CUR. As we have shown previously, using 
several different cognitive tests, cognition is only very 
mildly impaired at this age in 5xFAD TG mice, indeed, 
only Morris water maze has the sensitivity to detect gen-
otype effects at these ages [24]. The Morris water maze is 
a very well-known test of cognitive function and several 
outcome measures are possible [33]. We provide Galla-
gher’s proximity data here for completion, but as we have 
previously shown, the dynamic range of these data are 
very large [24], precluding our ability to detect genotype 
or treatment effects and limiting the use of this outcome 
measure. Quadrant occupancy is far less variable, and we 
noted that of our three treatment groups, saline-treated 
TG mice showed the worst search strategy when search-
ing for the platform in the Morris water maze, with HFn-
CUR TG mice performing at an intermediate level and 
saline-treated WT mice showing the best search strat-
egy. Thus, we found a mild beneficial effect of HFn-CUR 
on cognitive performance, our secondary outcome. Our 
primary outcome was neuropathology. There is no evi-
dence of neuronal loss in 5xFAD transgenic mice until 
approximately 9 months of age, and then, only in corti-
cal layer [60]. Volume loss tends to occur in thalamus 
and hypothalamus, in particular in 14-month-old trans-
genic mice, with no change in hippocampus [37]. Thus, 
our data from 4-month-old transgenic mice are likely 
equivalent to FDA’s draft guidance preclinical AD stage 
2, where biomarkers are abnormal but individuals dis-
play subtle clinical signs ​(​​​h​t​​t​p​s​​:​/​/​w​​w​w​​.​f​d​​a​.​g​​o​v​/​d​​o​w​​n​l​o​​a​
d​s​​/​D​r​u​​g​s​​/​G​u​i​d​a​n​c​e​C​o​m​p​l​i​a​n​c​e​R​e​g​u​l​a​t​o​r​y​I​n​f​o​r​m​a​t​i​o​n​/​
G​u​i​d​a​n​c​e​s​/​U​C​M​5​9​6​7​​​​​)​. This draft guidance was created 
to facilitate therapeutic studies aimed at earlier stages of 
disease. We believe our trial was ideally placed to inter-
rogate this stage of disease. We did not note any effect 
of HFn-CUR on amyloid plaques; however, based upon 
studies of other nanoformulated formulations of Cur, it 

is possible that longer treatment times or higher concen-
trations are required [5] to disaggregate or prevent for-
mation of beta-pleated sheets, as we were well-powered 
to detect 30% reduction in, e.g., subiculum. However, 
our formulation did reduce microgliosis in frontal cor-
tex in 5xFAD TG mice and it also reduced astrogliosis in 
general, and had a specific effect in subiculum. Interest-
ingly, we had identified microgliosis in frontal cortex and 
astrocytosis in subiculum, a priori, as having the high-
est power to detect treatment effects [24], with much 
greater sensitivity to treatment effects than plaques. Beta 
amyloid clearly activates microglia in AD but over time, 
and continued release of pro-inflammatory factors and 
reactive species by microglia likely contributes to oxida-
tive stress [61]. Astrocytes upregulate their expression of 
GFAP and become activated in AD thereby contributing 
to the pro-oxidant environment [62]. Thus, although we 
treated for 2 months only, at a time likely to be equivalent 
to preclinical AD, our treatment effects are likely to be 
beneficial. Indeed, a small-molecule inhibitor of microg-
lia reduced microglia, improved motor neuron count 
and improved motor coordination in a mouse model of 
tauopathy (P301S) [63] and as shown above, HFn-CUR, 
in particular, affected genes associated with inflamma-
tion. Critically, at higher concentrations, Cur by itself 
or in lipidated form reduces astrocytes and microglia in 
mouse models of AD [64, 65].

Conclusions
In summary, we have developed a nanoformulation of 
Cur encapsulated within ferritin nanoparticles (HFn-
CUR) that holds promise for addressing the limitations 
of free Cur in treating Alzheimer’s disease (AD). HFn-
CUR exhibits improved water dispersibility, is non-toxic, 
and has the ability to traverse the blood-brain barrier. It 
enhances cellular responses to inflammation, reduces 
RAGE-mediated stress, and shows mild beneficial effects 
on cognitive performance. Although it does not directly 
impact amyloid plaques, it effectively reduces microglio-
sis and astrogliosis, suggesting potential neuroprotective 
benefits. Further investigations are warranted to optimize 
treatment duration and concentration for optimal out-
comes in AD therapy.
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