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oaded exosomes demonstrate
enhanced therapeutic efficacy against lung
adenocarcinoma by inhibiting the metabolic
enzyme ATP citrate lyase†

Kanika Phutela,a Amanjit Bal,b Navneet Singhc and Sadhna Sharma *d

Cancer cells display the Warburg effect resulting in the production of excess pyruvate that is converted to

acetyl-CoA in the mitochondria. Acetyl-CoA is further converted to citrate in the mitochondria. Meanwhile,

in the cytosol, citrate is cleaved by ATP citrate lyase (ACLY) that regenerates acetyl-CoA and oxaloacetate.

Recently, ACLY has been recognized as a potential target owing to its overexpression in several cancers,

including non-small cell lung cancer. The aim of this study was to develop an ACLY-targeting

exoformulation, where bovine milk-derived exosomes were surface-conjugated with folate and loaded

with the natural ACLY inhibitor potassium hydroxycitrate. The therapeutic efficacy of potassium

hydroxycitrate was enhanced by encapsulating it in bovine milk exosomes, and the anti-cancer potential

of this exoformulation was evaluated in urethane-induced lung adenocarcinoma murine model.

Potassium hydroxycitrate-loaded exosomes, which were surface-conjugated with folate (Exo-KH),

exhibited a particle size of ∼183 nm and a practical loading efficiency of ∼16.8%. The exoformulation

was found to be spherical in shape as characterized by scanning electron microscopy. Pharmacokinetic

studies confirmed the continuous release of hydroxycitrate from the exoformulation, and Exo-KH

administered mice showed inhibition of lung tumor growth. The mRNA expression levels of ACLY and

other metabolic enzymes, such as FASN, HMGCR, SERBP1c, were also reduced in the exoformulation-

treated group as compared with its free form-treated group. ACLY activity was also observed to be

decreased in serum and tumor lysates of exoformulation-treated mice. This study demonstrates the

potential of using bovine milk exosomes encapsulating potassium hydroxycitrate as a new

chemotherapeutic option for non-small cell lung cancer.
Introduction

Lung cancer is one of the deadliest diseases worldwide with
highest mortality rates among both men and women.1 Majority
of the people are diagnosed with lung cancer at an advanced
stage (II or IV), which makes it difficult to cure, and radiation
therapy and chemotherapy are the only treatment options
available in such cases.2 Adenocarcinoma accounts for 40% of
lung cancer cases, and these tumours tend to grow on the lung
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periphery and can metastasize to other body tissues.3 Cancer
cells commonly use glycolysis as their only method for energy
production.4 Excess pyruvate produced because of enhanced
aerobic glycolysis is excreted out of the cell as lactate; however,
pyruvate also undergoes conversion to acetyl-CoA in mito-
chondria. Owing to the increase in citrate levels, it is exported to
cytosol, where it gets converted to acetyl-CoA and oxaloacetate
by ATP citrate lyase (ACLY).5 Acetyl-CoA contributes to fatty
acids synthesis, cholesterol biosynthesis and histone acetyla-
tion. Currently, ACLY is being explored for treatment of path-
ological conditions such as cancer. It has been reported that
ACLY expression is constantly increased in several cancers
including bladder, stomach, lung, breast, and liver tumors.6–9

Hydroxycitrate is a competitive inhibitor of the metabolic
enzyme ACLY. It is an active ingredient of the plant Garcinia
cambogia, which are grown in parts of the Indian sub-continent,
and it is also present in various dietary supplements.10 It has
been reported that hydroxycitrate is not only useful for the
treatment of metabolic diseases but also has antitumor
activity.11,12 Notably, ACLY activity declined to 86.6% in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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colonocytes aer treatment with 7 mM HCA.13 Calcium hydrox-
ycitrate also inhibited the invasion and enhanced the activity of
HMG-CoA reductase in HepG2 cells.14 However, it was found that
the bioavailability of hydroxycitrate is low, and a specialized
delivery system is required for its efficient application for lung
cancer treatment. In this regard, nanomaterials (1–100 nm) are
frequently utilized at different stages of nanomedicine15–17 due to
their ability to circulate in the body for longer duration, thereby
reducing toxicity and the need for frequent medications.18 Bovine
milk exosomes possess some unique characteristic features such
as biocompatibility, endogenous origin, and targeted drug
delivery which together make them potential drug delivery vehi-
cles. Moreover, bovine milk is easily available, economical, and
has important nutritional benets.19 Bovine milk exosomes have
been used to deliver different types of therapeutic compounds
(paclitaxel, doxorubicin, warfarin, and curcumin) to the recipient
cells without exerting any toxicity and immunogenicity.20–22 Cur-
cumin and other unstable molecules such as paclitaxel can
exhibit improved therapeutic effects aer being loaded in bovine
milk exosomes. Different curcumin delivery vehicles (ferritin and
liposomes) have been previously employed to improve curcu-
min's solubility but synthetic delivery vehicles have specic
drawbacks such as activation of a complement system and
circulating antibodies that can decrease the efficiency of synthetic
carriers.23 On the other hand, curcumin loaded in bovine milk
exosomes was found to resist gastrointestinal digestion and these
exosomes could easily transfer their contents across the intestinal
barrier into the blood circulation.24 Another widely used anti-
cancer drug with low bioavailability is paclitaxel, and its
nanoparticle-based formulation (Abraxane®, albumin-bound
nano-formulation) is being used clinically; however, a signi-
cant decrease in white and red blood cells, and allergic reactions
have been observed upon its intravenous administration.25 These
adverse immunological effects were overcome through the oral
administration of bovine milk exosomes loaded with paclitaxel
(EXO-PAC) and signicant tumor growth inhibitionwas observed,
thereby reducing the complications associated with intravenous
usage of this drug.26

The targeting ability of these exosomal formulations can be
further enhanced using ligands such as folate. Folate conju-
gates can enter cancer cells via receptor-mediated endocytosis.
Therefore, folate receptor is a popular ligand that is commonly
used in various drug delivery systems targeting FR-positive
tumors.27 The development of novel drug delivery systems tar-
geting FRs can potentially decrease the nonspecic distribution
of chemotherapeutic drugs. Therefore, the present work is
focused at determining the therapeutic efficacy of bovine milk
exosomes encapsulating the potassium hydroxycitrate surface-
conjugated with folate for lung adenocarcinoma treatment.

Materials and methods
Animals

Inbred Balb/c male mice (20–25 g body weight, 8–10 weeks old)
were obtained from the Institutional Advanced Animal Facility
of PGIMER, Chandigarh. All animal experiments were con-
ducted by strictly adhering to the guidelines of the Committee
© 2025 The Author(s). Published by the Royal Society of Chemistry
for the Purpose of Control and Supervision of Experiments on
Animals (CPCSEA). The study was ethically approved by the
Institutional Animal Ethics Committee (ref no: 100/IAEC/702) of
PGIMER, Chandigarh. The animals were kept in ethically
approved conditions (12-hour day/night cycle) and food and
water were given ad libitum.

Isolation of exosomes

Milk was procured from a local farm and exosome isolation was
done by differential centrifugation as described previously.28 In
brief, milk was centrifuged at 10 000×g for 30 min to remove the
fat layer followed by centrifugation at 100 000×g for 60 min and
the supernatant was then centrifuged at 135 000×g for 90min to
pellet the exosomes. The exosome pellet was subjected to PBS
washing and ltered through 0.22 mm lter to remove any
residual large particles. The exosome protein concentration was
adjusted to 3–4 mg mL−1 and aliquots were kept at −80 °C for
further use.

Preparation of potassium hydroxycitrate-loaded exosomes

The exosome suspension (5 mg) was mixed with potassium
hydroxycitrate (10 mg) in the proportion of 1 : 2, and this mixture
was subjected to six cycles of sonication (30 s each, 20% ampli-
tude) and then the Exo-KHmixture was kept at 37 °C for 60min.21

For folate conjugation, 1 mg of activated folate was added to the
exosome drug mixture and incubated at 22 °C for 30 min. The
folate-NHS conjugate was prepared as previously described.29 The
Exo-KH solution was centrifuged at 10 000×g for 15 min and
supernatant was centrifuged at 150 000×g for 90 min. The Exo-
KH pellet obtained was dissolved in 1× PBS and stored at
−80 °C.

Characterization of exosomal formulation

The exosomes and Exo-KH were characterized for their particle
size by dynamic light scattering (DLS) and their surface
morphology analysis was performed by scanning electron
microscopy (SEM) at 20 kV. The presence of the vital exosomal
surface protein Alix was analysed by western blotting (Cell-
Signaling, Danvers, MA). Folate conjugation on the exosome
surface was estimated by measuring the absorption at 370 nm.
The amount of potassium hydroxycitrate was quantied in
exosomes using UHPLC (Thermo Fisher, USA). Potassium
hydroxycitrate was estimated using double distilled ltered
water as the mobile phase in a C18 column at ow rate of 1
mmin−1 at 30 °C, and the absorbance was measured at 210 nm.
Drug loading capacity was quantied as the amount of drug
(mg) entrapped per mg of the formulation developed. The
percentage drug entrapment efficiency was calculated as:
[amount of drug (mg) encapsulated in exosomes]/[amount of
drug (mg) initially taken] × 100.

In vitro release study

For determining the drug release prole, 0.1% Tween 80 was
added to PBS (pH 7.4) containing the exoformulation and this
medium was kept at 37 °C with continuous stirring at 100 rpm.
Nanoscale Adv., 2025, 7, 3846–3858 | 3847
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Aliquots of 1 mL were withdrawn at different time intervals (0.5,
1, 2, 4, 8, 16, 24, 36, and 48 h) and replaced with an equal
volume of PBS aer each sampling. The concentration of
potassium hydroxycitrate was determined by HPLC as
mentioned above.

Pharmacokinetic studies

Male Balb/c mice (25–30 g) were maintained in the institutional
animal facility and kept on a 12 h day per night cycle. Potassium
hydroxycitrate was administered at a dose of 250 mg kg−1 and
mice were randomly categorized into different groups with 12
mice in each group: Group I mice were administered free potas-
sium hydroxycitrate orally, Group II animals were administered
free potassium hydroxycitrate intraperitoneally and Group III
mice were administered exosome loaded potassium hydroxyci-
trate intraperitoneally. Blood withdrawal was performed from the
jugular vein at 0.5, 1, 2, 4, 8, 16, 24, 48 and 72 h from 4–5 animals/
time point. The blood was centrifuged at 3000 rpm for 10 min to
separate the serum. Potassium hydroxycitrate levels were esti-
mated in various tissues such as liver, lung, kidney, spleen, and
heart. The tissue homogenates were prepared by homogenizing
the tissue samples in PBS using a homogenizer and then centri-
fuged at 20 000×g for 20 min at 4 °C. The clear supernatant was
used to determine the concentration of potassium hydroxycitrate
as mentioned in the ESI.† Pharmacokinetic parameters were
estimated using R and WinNonlin soware.

Urethane-induced lung cancer murine model development

Inbred male balb/c mice (8–10 weeks, 25–30 kg body wt) were
used for the development of lung adenocarcinoma model. Mice
were administered intraperitoneally with three doses of urethane
(1 g kg−1) in saline with a gap of 15 days.30 The development of the
tumor lesions was tracked by sacricing the urethane treated
mice at 8, 16, 24 and 40 weeks by histopathological analysis. The
tumors were conrmed to be adenocarcinoma by immunohisto-
chemistry for the lung adenocarcinoma marker TTF-1 as
mentioned in the ESI† (Cell Marque, USA).
Table 1 Primer sequences

Gene Fo

Beta-actin (ACTB) CA
Epidermal growth factor receptor (EGFR) CA
Folate receptor alpha (FR a) TG
ATP citrate lyase (ACLY) TG
Fatty acid synthase (FASN) CC
Acetyl CoA carboxylase (ACC) TC
HMG CoA reductase (HMGCR) GA
Citrate synthase (CS) GT
Isocitrate dehydrogenase I (ICD1) TG
B-cell lymphoma 2 (Bcl-2) AG
Bcl-2 associated X-protein (Bax) GG
Caspase 3 CG
Autophagy related 5 (Atg5) GA
Beclin-1 AG
Microtubule-associated protein 1A/1B-light chain 3 (LC3B) CC
Sterol regulatory element-binding protein-1C (SREBP-1C) GT

3848 | Nanoscale Adv., 2025, 7, 3846–3858
Therapeutic efficacy studies

Male balb/c mice which were treated with urethane were used
for evaluating the therapeutic efficacy of free and exosome
loaded potassium hydroxycitrate aer a 40 weeks latency
period. Free and exoformulated potassium hydroxycitrate was
administered intraperitoneally 250 mg per kg b. wt once a day
for 2 weeks continuously and the control group was adminis-
tered saline every day (six mice/group). Another group of mice
was administered exosomes alone intraperitoneally. The weight
of the animals was monitored on alternate days and the mice
were sacriced aer the completion of 30 days, with the lungs
and other tissues removed. The tumor volume was calculated by
measuring the tumor size using a Vernier calliper.31
Gene expression analysis

The tumor lesions were used for RNA isolation and 1 mg of total
RNA was converted to single stranded cDNA. Briey, 1 mL of
Trizol reagent was added to lyse the cells, followed by the
addition of 0.2 mL of chloroform and centrifuged at 12 000×g
for 15min at 4 °C. Then, 0.5 mL of 100% isopropanol was added
to the aqueous phase and centrifuged at 12 000×g for 10 min at
4 °C to precipitate the RNA. The pellet was rst incubated at 55–
60 °C in a dry bath for 15 min and then resuspended in 20 ml of
RNase free water and stored at−80 °C for further analysis.32 The
gene expression of ATP citrate lyase and other lipogenic
enzymes, along with apoptosis and autophagy markers, was
analyzed in treated and untreated groups. Beta-actin was used
as the housekeeping gene.33 The primer sequences of different
genes are given in Table1.
ATP citrate lyase activity assay

Cell lysates were prepared from the lung tumor lesions of treated
and untreated mice in 200 ml of RIPA buffer with protease inhib-
itor cocktail. The sample (100 ml) was added at a 1 : 9 ratio to the
reaction mixture containing 100 mM Tris–HCl (pH 8.7), 20 mM
potassium citrate, 10 mMMgCl2, 10 mM DTT, 0.5 U mL−1 malate
rward primer Reverse primer

TTGCTGACAGGATGCAGAA TGCTGGAAGGTGGACAGTGAG
GCTTACGTACTGATACGC GTCCAATACGTAACCGGATG
GTCGTGTAAATTGTCCT GGACTGAACTTCTCAATGTC
AAGAAGGAGGGGAAGCTG AGTTCCTGAGCATGTCCACA
GTCGTCTATACCACTGCT GGCAAAGCTGGTGTCATCAA
TGGCCTCCACTTTTGCTA TACCATCACACTGCCCATGT
GATCATGTGCTGCTTCGG CTTTGGGTTACGGGGTTTGG
AGCTCTCTCCCTTCGGTC CCATGTTGCTGCTTGAAGGT
GCACCATCCGAAACATTC CTACTTTTCCAGGCCCAGGA
CCAAGCAGACGTAGAAGT AACTGTGGCTCTCATGGACA
ATGATTGCTGACGTGGAC ATGGTTCTGATCAGCTCGGG
CAAAGAAACAGATCCCGT TCGAAGTTGAGGTAGCTGCA
AGAGGAGCCAGGTGATGA GTGGTTCCATCTAGCGAGGA
CTGGAGTTGGATGACGAA CCCAGGCAGCATTGATTTCA
CATCTCCGAAGTGTACGA GGGTGCCTACGTTCTCATCT
CAAAACCAGCCTCCCAAG GTCCCCGTCCACAAAGAAAC

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dehydrogenase, 0.14 mMNADH, 0.33 mMCoA (added at last) and
5 mM ATP. Change in absorbance was measured at 340 nm and
absorbance per minute was calculated.6
Fig. 1 Characterization of bovine milk exosomes with respect to (a) size
using dynamic light scattering, (b) surface morphology using scanning el
(d) size distribution of potassium hydroxycitrate exosomes, (e) scanning e
of potassium hydroxycitrate (detailed conditions of HPLC conditions are g
evaluated from the exoformulation. Values are presented as mean ± SD

© 2025 The Author(s). Published by the Royal Society of Chemistry
Statistical analysis

Statistical tests, such as Mann–Whitney, Kruskal–Wallis and
one-way ANOVA tests, were performed using SPSS and
distribution of exosome suspension (diluted 10-fold in 1× PBS, pH 7.4)
ectron microscopy, (c) surface markers using western blotting analysis,
lectron microscopy image of exoformulation, (f) HPLC chromatogram
iven in the materials and methods section) and (g) release profile of KH
of three independent formulations.

Nanoscale Adv., 2025, 7, 3846–3858 | 3849
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GraphPad soware. Pharmacokinetic analysis was done by non-
compartmental analysis using R package (version 0.9.4). The R
analysis was veried by WinNonlin Soware.
Results
Preparation and characterization of potassium hydroxycitrate
encapsulating exosomes

Bovine milk was used for exosome isolation by ultracentrifu-
gation. The average yield of the exosomes was 153.4± 16mg per
litre of milk. The size of the exosomes and hydroxycitrate exo-
formulation was 96.23 ± 16.82 nm and 183 ± 21.3 nm respec-
tively as measured by the dynamic light scattering (DLS)
technique (Fig. 1a and d). The polydispersity index and zeta
potential of the exoformulation was 0.28 ± 0.03 and −14.35 ±

1.78 mV calculated at 37 °C using a zetasizer. The exosome and
exoformulation were spherical in morphology and their size was
conrmed to be <200 nm by scanning electron microscopy
(SEM) (Fig. 1b and e). The exosome protein lysates showed
positivity for the vital exosomal membrane marker ALIX
(Fig. 1c). ALIX (ALG-2-interacting protein X) is a cytoplasmic
protein ubiquitously expressed in exosomes. It is associated
with the endosomal sorting complex required for transport
(ESCRT) and sorting of cargo into the exosomes; thus, it is
commonly used as a marker for exosomes.29 The amount of
folate conjugated to exosomes was in the range of 40.10% ±

4.86%. The encapsulation efficiency of hydroxycitrate was found
to be 16.87% ± 2.78% and drug loading capacity was 10.23% ±

1.28% as estimated aer solvent extraction of the drug followed
by UHPLC analysis (Fig. 1f). Also, the in vitro release prole of
KH from the exosomes under physiological conditions showed
a sustained drug release pattern over a period of 48 h (Fig. 1g).
Pharmacokinetic studies of free and exoformulation of
potassium hydroxycitrate

The pharmacokinetic prole of free and potassium hydroxyci-
trate encapsulating exosomes was studied in male Balb/c mice.
The pharmacokinetic prole of free KH when administered
orally or intraperitoneally revealed its presence in the serum for
a comparatively shorter duration than its exoformulation (EKH)
as observed from the early T1

2
and ke values (Table 2). Free

hydroxycitrate was detected in the liver and lung tissue for up to
Table 2 Pharmacokinetic parameters based on serum levels of free p
exoformulated potassium hydroxycitrate administered intraperitoneallya

Drug

Pharmacokinetic parameters for serum

Maximum serum drug
concentration Cmax

(mg mL−1) Half-life T1/2 (h)

Time of peak d
concentration
Tmax (h)

Free KH oral 239.63 � 28.43 6.00 � 0.163 1.5
Free KH IP 360.38 � 57.25 7.98 � 0.258 8
EXO-KH IP 2087.70 � 680.80 153.55 � 37.32 24

a Values are represented as means ± SD of 4–5 animals at each time poin

3850 | Nanoscale Adv., 2025, 7, 3846–3858
48 h (Fig. 2a and b) and Exo-KH also showed similar tissue
distribution pattern when administered intraperitoneally
(Fig. 2c).

Exo-KH had a higher area under curve in the plasma drug
concentration versus time curve compared with free KH
(Fig. S1†). The plasma area under the curve (AUC) value for the
exoformulation (Exo-KH) was approximately 5-fold higher than
that for free potassium hydroxycitrate. The pharmacokinetic
study depicted the extended retention and continuous release
of hydroxycitrate from the exoformulation in the systemic
circulation.
Therapeutic efficacy of free and exosome loaded
hydroxycitrate against lung adenocarcinoma

The urethane treated mice were able to develop lung tumor
lesions aer 2 months of treatment and were observed until 10
months for the development of fully formed lung tumors
(Fig. 3a–d) that represented the advanced disease stage and
were further conrmed by TTF-1 nuclear positivity (Fig. 3e–g).
Based on these results, the anti-tumor efficacy study was con-
ducted in the 10-month latency period. The therapeutic efficacy
of free and exoformulated potassium hydroxycitrate was tested
in lung tumor bearing mice. The dose frequency was based on
the pharmacokinetic parameters.
Survival analysis and tumor burden estimation

Aer completion of the treatment regimen, the animals were
monitored for 30 days, and survival outcomes were drawn
(Fig. 4A(a)). The tumor volume decreased in both FKH and EKH
treated groups (Fig. 4A(b)). In the exosome alone and untreated
groups, seven-eight tumors were seen (Fig. 4A(c) and B(a and d))
whereas in the free and EKH groups, the average tumor number
was reduced to three and two, respectively (Fig. 4A(c) and B(b
and c)). The tumor cells present in the tumor nodules were
organized in a glandular pattern, representing ideal character-
istic features of adenocarcinoma (Fig. 4C(a and b)). The tumor
nodules had few apoptotic areas along with lymphocytic inl-
tration in both the treated groups (Fig. 4C(c and d)). In addition
to the lung tissue, other vital organs such as the liver and kidney
were examined for histological changes (Fig. S2†).
otassium hydroxycitrate administered orally and intraperitoneally and

rug
Clearance
(mg L−1)

Area under the curve
AUC (mg h mL−1)

Drug elimination rate
constant Ke (mL h−1)

1.03 � 0.32 812.05 � 142.48 0.115 � 0.003
2.67 � 0.41 10 040.16 � 1655.87 0.087 � 0.003

0.133 � 0.07 47 839.33 � 11 973.38 0.032 � 0.001

t.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Drug levels in various organs after administration of a single dose of (a) free potassium hydroxycitrate administered orally (b) free
potassium hydroxycitrate administered intraperitoneally and (c) exoformulated potassium hydroxycitrate administered intraperitoneally. Values
are presented as mean ± SD of 4–5 animals at each time point.
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Gene expression analysis of the tumor lesions

Both free potassium hydroxycitrate and exoformulation-treated
groups showed decreases in EGFR and folate receptor
a expression compared with the untreated group (Fig. 5a and b).
The changes occurring at the gene level were determined to
assess the therapeutic efficacy of this treatment regimen and
establish a correlation with tumor load and survival rate. The
EKH group showed a signicant decrease in ACLY expression
compared with its free form treated group (Fig. 5c). The
expression of FASN was decreased in the exoformulation group
while the free drug group showed upregulation of FASN
expression (Fig. 5d). The expression of acetyl CoA carboxylase
and HMG-CoA reductase signicantly decreased in free and
exoformulation of potassium hydroxycitrate groups compared
© 2025 The Author(s). Published by the Royal Society of Chemistry
with the untreated group (Fig. 5e and f). Free and exoformulated
potassium hydroxycitrate groups showed upregulation of citrate
synthase expression (Fig. 5g) while the expression of isocitrate
dehydrogenase 1 was decreased in both the free and exo-
formulation groups (Fig. 5h). Sterol element regulatory binding
protein, a major transcription factor that controls fatty acid
synthesis and lipogenesis decreased in the exoformulation
group (Fig. 5i). The expression of Protein kinase B (also known
as AKT, which directly activates ACLY by phosphorylating it) was
decreased in both free and exoformulated potassium hydrox-
ycitrate groups (Fig. 5j). The gene expression of apoptosis and
autophagy related markers was evaluated to determine the
cytotoxic effects of this treatment regimen. Bcl-2, an apoptosis
suppressor gene, decreased in both free potassium hydroxyci-
trate and exoformulated groups (Fig. 6Aa). The expression of
Nanoscale Adv., 2025, 7, 3846–3858 | 3851
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Fig. 3 Lung adenocarcinoma model development. Illustrative lung images of (a) control, (b) H&E tumor images at 2 months, (c) 4 months, (d) 6
months and (f) 10 months. (e) Gross tumor lesion at 10 months. (g) TTF-1+ tumor lesion at 10 months of latency. Black circles highlight the lung
tumor lesions.
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Bax (an apoptosis activator gene) decreased in the EKH treated
group while there was no change in the free potassium
hydroxycitrate group (Fig. 6A(b)). Caspase-3 is involved in the
nal steps of apoptosis. Its expression increased in the EKH
group compared with its free form treated and untreated groups
(Fig. 6A(c)). LC3B is an important marker of autophagy, and its
expression was observed to be downregulated in both the free
form and EKH group compared with the untreated group
(Fig. 6A(d)). Likewise, ATG5 expression decreased in both the
free and EKH groups whereas Beclin-1 expression was upregu-
lated in both groups (Fig. 6A(e and f)).
Estimation of ACLY activity in tumor lesions

Aer the completion of the therapy period, blood samples were
withdrawn, and the lung tumor nodules were excised from all
the study groups. In the exoformulation group and its free form
group, a signicant decrease in ACLY activity was observed in
serum samples (Fig. 6B(a)). A similar trend was observed in
3852 | Nanoscale Adv., 2025, 7, 3846–3858
tumor tissue samples where ACLY activity was substantially
downregulated in both free and exoformulation-treated groups
(Fig. 6B(b)).

Discussion

Cancer cells display tremendous increase in their proliferation
potential due to the alterations in metabolic pathways. They
exhibit increased de novo lipid synthesis by elevation in fatty
acid synthesis and mevalonate pathway, providing the neces-
sary macromolecules to meet the increased energy demands. A
few years ago, ATP citrate lyase (ACLY) emerged as an attractive
target for cancer treatment. In the cytosol, ACLY converts citrate
into acetyl-CoA and oxaloacetate. Hydroxycitrate is one of the
natural inhibitors of ACLY and has been used in a few studies
along with some already approved anticancer agents where it
showed potential anticancer effects.12 However, potent drug
delivery vehicles are required for its efficient transport to cancer
cells because of its low bioavailability.11
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 In vivo antitumor evaluation. (A) Survival analysis and lung tumor burden estimation: (a) survival chart, (b) tumor volume, and (c) tumor
number. (B) Representative tumor lesions of (a) untreated group, (b) free potassium hydroxycitrate-treated group, (c) exoformulated potassium
hydroxycitrate-treated group, and (d) empty exosome-treated group. (C) Histological images of tumor tissues: (a) TTF-1+ lung tumor lesions, (b)
untreated group, (c) free potassium hydroxycitrate-treated group, (d) exoformulated potassium hydroxycitrate-treated group, and (e) empty
exosome-treated group. UT-untreated, FKH-free potassium hydroxycitrate, EKH-exoformulated potassium hydroxycitrate. Black circles depict
the tumor lesions. Values are mean ± S.E.M of 4–5 animals; *P < 0.05; **P < 0.01, and ***P < 0.001.
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Fig. 5 mRNA levels of target genes in free potassium hydroxycitrate (FKH) and exoformulation-treated groups (EKH): (a) Epidermal growth factor
receptor (EGFR), (b) folate receptor a (FR a), (c) ATP citrate lyase (ACLY), (d) fatty acid synthase (FASN), (e) acetyl CoA carboxylase (ACC), (f) HMG-
CoA reductase (HMGCR), (g) citrate synthase (CS), (h) isocitrate dehydrogenase 1(ICD1), (i) sterol element regulatory binding protein 1c (SERBP1c)
and (j) protein kinase B (AKT). Values are represented as mean ± S.E.M. of 4–5 animals; *P < 0.05; **P < 0.01, and ***P < 0.001.

3854 | Nanoscale Adv., 2025, 7, 3846–3858 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) mRNA levels of apoptosis- and autophagy-related markers in free potassium hydroxycitrate (FKH)- and exoformulation-treated
groups (EKH): (a) B-cell lymphoma 2 (BCL-2), (b) Bcl-2 associated X-protein (BAX), (c) caspase-3, (d) microtubule-associated protein 1A/1B-light
chain 3 (LC3B), (e) autophagy-related gene 5 (ATG5) and (f) beclin-1. Values are represented as mean ± S.E.M. of 4–5 animals; *P < 0.05; **P <
0.01, and ***P < 0.001. (B) ACLY activity in free potassium hydroxycitrate (FKH)- and exoformulation-treated groups (EKH): (a) serum samples and
(b) tumor samples. Values are represented as mean ± S.E.M. of 4–5 animals; *P < 0.05; **P < 0.01, and ***P < 0.001.
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Exosomes are small vesicles 30–150 nm in size and are
secreted by various cell types such as natural killer cells,34 brain
neuronal U87 cells34 and macrophages.21 They are present in all
body uids such as blood, milk, saliva, and urine.35,36 Exosome
based drug delivery systems are preferred over other drug
carriers due to their biocompatibility, immunologically
© 2025 The Author(s). Published by the Royal Society of Chemistry
inertness and ability to reach the target efficiently. Human and
bovine milk contain various immune-regulatory miRNAs and
mRNAs that are involved in maintaining immune tolerance by
controlling regulatory T (Treg) cell development.37 Colostrum
also contains several miRNAs that regulate genes related to
mammary gland function and are responsible for its greater
Nanoscale Adv., 2025, 7, 3846–3858 | 3855
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immune-boosting effects compared with matured milk.38

Studies have evaluated the safety and potential side effects of
exosome loaded drugs to determine their therapeutic value in
the clinical setting and it has been observed that these exosome-
based formulations do not cause any toxicity.20–22 It was
observed that, when ExoPAC was administered orally, the rela-
tive size of spleen and proportions of cells, number of B cells
and neutrophils, in the bone marrow were not altered. These
studies suggest that ExoPAC does not have major toxic effects
on the immune system, while PAC slightly disturbs the immune
system.26 Similarly, celastrol-loaded exosomes administered to
wild-type C57BL6 mice did not cause any gross or systemic
toxicity. The exformulation enhances the efficacy of celastrol,
thereby reducing the dose related toxicity.39

In the present study, bovine milk was used because it is an
abundant, safe, and readily available source of exosomes.28,40

The conjugation of folate to the exosomes surface will make the
exosome formulation more targeted towards the cancer cells as
the folate receptor alpha is abundantly present on the cancer
cells. These vesicles have shown great potential in treatment of
severe disorders like cancer, Parkinson's disease, etc.41,42 We
loaded potassium hydroxycitrate into the exosomes to improve
its bioavailability and anti-cancer potential.

Exosomes isolated from the bovine milk loaded with potas-
sium hydroxycitrate were in the nanometre range and had
spherical morphology. The encapsulation efficiency of KH was
approximately 18% and folate conjugation was performed on
the exosome surface to improve the targeting ability of this
exoformulation. Pharmacokinetic studies revealed that the
exosomal formulation exhibited a sustained release prole as
evident from the low clearance value and high T1

2.
in healthy

balb/c mice (Table 2) and Exo KH showed higher drug levels in
the lung, spleen, and kidney, depicting the enhanced bioavail-
ability of this exoformulation. Moreover, the exoformulation
had improved therapeutic outcomes in terms of reduction in
tumor growth and ACLY expression. Thus, the exosomes
encapsulating potassium hydroxycitrate depicted signicantly
higher inhibition of the metabolic enzymes ACLY, FASN, ACC,
HMGCR, and ICD1 compared with its free form in a murine
model of lung adenocarcinoma.

Earlier studies depicted that hydroxycitrate inhibits ACLY,
thereby inducing autophagy.43,44 In this study, the expression of
LC3B and autophagy-related protein 5 was downregulated,
whereas beclin-1 expression was upregulated in both free and
exoformulation-treated groups compared with the untreated
group. Furthermore, ACLY activity decreased signicantly in
serum and tumor samples of both free and exoformulation-
treated groups compared with the untreated group. These
observations demonstrate comparable effects of free potassium
hydroxycitrate and its exoformulation on ATP citrate lyase
activity.

Although exosomes have been widely explored as natural
drug delivery vehicles, there are few challenges that need to be
addressed before their implementation in the clinical setting,
such as inefficient isolation and purication methods, large
scale production of exosomes and the identication of its
specic biomarkers.45 Exosome separation and purication
3856 | Nanoscale Adv., 2025, 7, 3846–3858
techniques need to be improved to investigate the cargo
contents and functions, which will provide insight into their
biogenesis. Moreover, this information will be helpful in
manipulating the composition of exosomes and study cell
interactions, thereby enhancing their therapeutic value. Milk
exosomes have clearly demonstrated their potential as drug
delivery vehicles. Thus, the development of efficient and robust
isolation protocols is required to further explore their trans-
lational potential.

Conclusions

In this study, we demonstrated that raw bovine milk serves as
an abundant source for isolating bulk amounts of exosomes
and these exosomes have great potential as drug delivery vehi-
cles for both hydrophilic and hydrophobic agents. These
natural nanoparticles are able to overcome the poor bioavail-
ability of chemotherapeutic drugs, thereby lowering the total
dose and reducing their toxicity. This study was focused on
developing an exosomal formulation of potassium hydroxyci-
trate (Exo-KH) and the anti-cancer potential of this formulation
was evaluated in vivo against the lung adenocarcinoma mouse
model. Cumulatively, the study ndings indicated that the
encapsulation of hydroxycitrate in folate conjugated exosomes
enhanced the anti-proliferative activity of this compound
thereby elevating its therapeutic efficacy. To the best of our
knowledge this is the rst study in which hydroxycitrate has
been encapsulated in folate conjugated exosomes, which indi-
cated the possibility of using this formulation against lung
cancer.
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