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Novel curcumin nanocarrier

for targeting drug delivery of
mitochondria proves efficacy in in
vivo experiments on hepatocellular
carcinoma mice models

Shahla Kianamiri®%2>{, Ehsan Shokri?, Parichehr Maleki?, Sara Soudi*,
Hossein Soltaninejad® & Majid Sadeghizadeh®6>*

Hepatocellular carcinoma (HCC) remains difficult to treat due to systemic toxicity of non-selective
therapies. To address this, we hypothesized that targeting the highly active mitochondria of cancer
cells, which have considerably increased membrane potential compared with normal cells, could be

a promising approach to induce a stronger anticancer effect. Here, we report a curcumin nanocarrier
(TDC) synthesized by modifying PAMAM G4 dendrimers with triphenylphosphonium (TPP). This
design enables mitochondrial targeting, leveraging the elevated membrane potential of cancer cells
to enhance curcumin’s anticancer activity. According to the results, the TDC influences the secreted
levels of INF-y and IL-4 on tumor lysis-stimulated splenocytes. In tumor-positive groups, TDC also
increased cell population (sub G1 phase) 3.5 times, which was remarkable compared to healthy groups.
Consistent with this, in tumor-positive mice, the amount of ROS and the overall rate of TDC-induced
apoptosis were increased by approximately 40-50%. In addition, TDC upregulates pro-apoptotic
genes (bax, p53) and downregulates oncogenic genes (bcl2, p21, xiap) in the cancerous liver tissues,
reflecting the anti-cancer effect of TDC as a mitochondria-targeted delivery system. Investigations
conducted ex vivo on mitochondria isolated from liver and brain tissues revealed elevated levels of
ATP, malonaldehyde (MDA), and reactive oxygen species (ROS), along with reduced glutathione
(GSH) levels, all of which were linked to the process of apoptosis. Finally, the biodistribution findings
indicate that the accumulation of TDC in the tumor and liver was considerably greater than that of free
curcumin (FC), likely due to the rapid elimination of FC at the concentration tested.

Keywords Curcumin nano carrier (TDC), Cytotoxicity, Hepatocellular carcinoma (HCC), Mitochondria
targeting, Polyamidoamine dendrimer

The incidence of Liver cancer as a global health challenge is growing worldwide!2. The most prevalent form of
liver cancer is hepatocellular carcinoma (HCC), which includes almost 90% of cases. Unfortunately, the current
management of HCC is not adequate. Chemotherapy, surgery, and radiofrequency ablation are usually directed
toward shrinking the tumor bulk, while in most cases, the tumor relapses until the completion of the therapy.
Available chemotherapy reagents have been demonstrated to show severe toxicity and side effects. These side
effects are mostly due to the non-targeting function of the utilized drugs directly against tumor cells.

In this regard, the design and synthesis of targeting drugs employing natural phytocompounds with anti-
cancer effects by considering minor physiological differences between cancer and normal cells would be helpful
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in diminishing the adverse side effects of chemical treatments. Using natural phytocompounds with anti-tumor
effects could have more significant clinical benefits as they do not influence the physiology and survival of
normal cells®*. Curcumin comprises 2 to 8% of turmeric composition® and it is highly noticed as an anti-cancer
reagent because of its anti-oxidant, anti-inflammatory, and anti-cancer features®. Curcumin as a flavonoid has
minimum side effects compared with other chemotherapeutics. Co-administration of curcumin, besides other
drugs, is a good approach improving the anti-cancer treatment responses’®. The molecular mechanism of
curcumin on cancer cells is through interaction with several cellular signaling pathways, which causes apoptosis
induction, inhibition of proliferation, metastasis, and angiogenesis”!®. Therefore, it is worthwhile to design a
targeted curcumin-based drug to enhance its efficiency against cancerous cells.

Mitochondria are the cellular powerhouse with the central role in providing energy, processing cell
metabolisms, and controlling the redox homeostasis and apoptotic pathways. Therefore, they could be a
valuable target in cancer therapy. Tumor cells have an exceptional ability to reprogram their cellular activities to
accommodate cellular energy demands owing to the rapid proliferation and migration during cancer progression.
Subsequently, mitochondria of cancer cells are more active and they have considerably increased membrane
potential compared with mitochondria of normal cells'!, so it comes as no surprise that cancer predominantly
has been considered a mitochondrial disease by several studies'?!%. Based on this knowledge, targeting
mitochondria and increasing their permeability by a curcumin carrier could be a promising approach to induce
a stronger anticancer effect!>!. However, the hydrophobic structure of free curcumin hinders its permeability
from the highly negatively charged membrane of mitochondria'”"!8. We previously synthesized mitochondria-
targeted dendrimeric curcumin carrierss (curcumin nano-carrier; TDC) that efficiently conquered limiting
factors of free curcumin. Polyamidoamine (PAMAM) dendrimer at generation 4 was chemically conjugated
on curcumin, then triphenylphosphonium (TPP) was added to the system to formulate a mitochondria-
targeted carrier'>. PAMAM G4 not only causes more stability and solubility of curcumin but also improves its
accumulation in the mitochondria.

The spherical, Nano sized, and well-defined hyperbranched polymer structure of dendrimer gives that
fundamental features for physicochemical and biological applications?’. The dendritic polymer configuration
provides internal empty spaces to proficiently conjugate with the drug. These created cavities are appropriate
for maintaining the hydrophobic compounds, which helps increase their stability and solubility. Therefore,
dendrimers are an excellent tool for encapsulating hydrophobic drugs and improve their pharmacokinetics""*2.

TPP is expected to have high lipophilicity owing to its stable positive charge and having three phenyl groups,
which cause electrostatic affinity to the immensely negatively charged membrane of mitochondria and facilitate
its penetration and accumulation in the mitochondrial matrix?***. In this manner, the conjugated cargo with
TPP could be specifically delivered into the mitochondria and accumulate in the matrix.

In the present study, we studied the anti-tumor effect of TDC in Hepatocellular carcinoma-bearing BALB/c
mice models (HCC-bearing mice). We observed that TDC is an efficient way of curcumin delivery, affecting
mitochondria of liver in tumor-bearing mice rather than healthy ones.

Materials and methods

Materials

Curcumin (purity of 95%), Thiobarbituric acid (TBA), Dimethyl sulfoxide (DMSO), carboxybutyl
triphenylphosphonium bromide (Carboxy TPP) (purity of 96%), Trichloroacetic acid (TCA), bovine serum
albumin (BSA), Ethylene glycol-bis (2-aminoethyl ether)-N, N,N’, N'-tetra acetic acid (EGTA), Chlorhydric
Acid, Sodium phosphate dibasic dehydrate (NazHPO 4~2H20), Magnesium Chloride, Hexahydrate, Potassium
dihydrogen phosphate, Potassium chloride were provided from Merk (Merck KGaA, Darmstadt, Germany).
Mannitol, Rhodamine 123, HEPES, EGTA, 2.7-Dichlorodihydrofluoresceindiacetate (H,DCFDA), 5,
5’-Dithiobis (2-nitrobenzoic acid) (DTNB), Glutathione, 4-nitrophenyl chloroformate (NPC), Tris-HCI,
Coomassie blue G250, Thiazolyl Blue Tetrazolium Blue (MTT) were purchased from Sigma-Aldrich (Millipore-
Sigma, Germany).

Curcumin nanocarrier synthesis

PAMAM dendrimers up to the fourth generation (PAMAM G4, with a nominal molecular weight of 14,215 Da)
were generously provided by Dr. Shokri. Subsequently, TPP was attached to the surface amines of the dendrimer
to create a dendrimeric system targeted towards mitochondria. To achieve this, TPP was first activated using
DCC and NHS. Specifically, 14 mg of TPP was dissolved in 2 mL of methanol, followed by the addition of a
mixture containing 1.3 mg of DCC and 0.7 mg of NHS in 2 mL of methanol to the TPP solution. The resulting
mixture was stirred for 3 days at room temperature (RT) in the absence of light and under a nitrogen atmosphere,
then dried using a rotary evaporator. Subsequently, the activated TPP was linked to the PAMAM G4 through
the dendrimer’s surface amines. Following this, to attach curcumin to the surface of TPP-PAMAM, the hydroxyl
group of curcumin was partially activated using NPC. In this synthesis, we have considered the amount of
curcumin to dendrimer at 50%. Specifically, curcumin (35 mg, 40 mM, in dichloromethane) was mixed with
NPC (15.4 mg, 0.7 M, in dichloromethane) and 30 pL of triethylamine, and stirred for 3 days at RT, in the
dark, and under a nitrogen atmosphere. Subsequently, the activated curcumin was linked to TPP-PAMAM by
slowly adding 35 mg of the activated curcumin (40 mM in 1 mL of dimethyl sulfoxide) to a solution of 40 mg of
TPP-PAMAM (2 mM in 1 mL DMSO). The resulting mixture was stirred for 5 days at RT in the dark. The final
product was diluted 10 times with Milli-Q water and dialyzed (MWCO 3 kDa).

Cell culture
Hepal-6 and mouse fibroblasts was obtained from the Pasture Institute, Iran National cell bank. The media
(DMEM, Gibco, Germany) were supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/

Scientific Reports |

(2025) 15:35114 | https://doi.org/10.1038/s41598-025-19147-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

streptomycin (Gibco, Germany). The cells were incubated at 37 °C, 5% CO,, 98% humidified incubator, and
were kept sub-confluent by sub-culturing using trypsin.

Isolation of mitochondria

Mitochondria were extracted from hepatocytes following instructions identified by Shaki et al.?®. Processes
of isolation for mitochondria of hepatocytes are explained in our previous work!®. The mice were euthanized
under 5% isoflurane inhalation anesthesia (Isoflurin’, VetPharma, Barcelona, Spain) and cervical dislocation. All
animals from the same cage were sacrificed on the same day. The brain was removed, and the cortex was isolated
and then frozen in liquid nitrogen. The brain and plasma samples were stored at -80 °C for further analysis.
For isolation of brain cell’s mitochondria, brains were removed after sacrificing the animals immediately. They
were washed in an ice-cold isolation buffer (10 mM HEPES, 68 mM sucrose, 220 mM D-Mannitol, and 0.1%
BSA, pH 7.4) and homogenized in a Potter-Elvehjem tissue grinder in an ice-cold buffer (10% v/w). Then, two-
step centrifugation was performed to isolate mitochondria from tissue homogenates: at first, centrifugation was
conducted at 3000 x g for 10 min. Next, the supernatant of the previous step was centrifuged at 11,500 x g for
15 min. Then, the obtained pellet was dispersed in 2 mL of PBS (pH 7.4). Protein concentrations were calculated
by Peterson’s modification of the procedure suggested by Lowry and coworkers?’.

Cells and mitochondrial viability assay

The effect of the prepared dendrimeric constructs on the viability of rat hepatocytes and isolated mitochondria
was evaluated using the MTT assay (30). In our experiments, we utilized the MTT assay to assess both cell and
mitochondrial viability. To conduct the cell viability assay, various cell types including Hepal-6 and mouse
fibroblasts were seeded on a 96-well plate at a density of 1x 10 cells/well, one day prior to each experiment.
These cells were then treated with different concentrations of free curcumin (FC) (dissolved in 20% methanol),
free dendrimer (FD), DC, and TDC (all dissolved in Milli-Q water). Subsequently, the MTT assay was performed
on isolated mitochondria from hepatocytes and brain cells. For each sample in the study groups, 500 pg/mL of
mitochondria (determined using the Bradford assay) were incubated with 100 pul MTT reagent (0.5 mg/mL,
40 min, 20-30 °C). Following this, 100 ul DMSO was added to dissolve the formazan crystals, and the mixture
was further incubated for 15 min. The absorbance of each well was measured at a wavelength of 570 nm using a
microplate photometer.

In vivo study groups and experimental overview

The BALB/c mouse model is used to evaluate the anti-cancer effect of mitochondria-targeted curcumin
on hepatocellular carcinoma in this study. For this, we had two main study groups categorized into healthy
and Hepatocellular carcinoma (HCC) BALB/c mice models, in which HCC mice models were created by
subcutaneous injection of Hepal-6 cells. Each main group (healthy and tumorized) was divided into four
subgroups for treatments with free curcumin (FC), non-targeted dendrimeric curcumin (DC), mitochondria-
targeted dendrimer without curcumin (TD), mitochondria-targeted dendrimer with curcumin (TDC), and PBS
as the control group. Then, five animals per subgroup were allocated for immunological assays, and five other
mice were used for toxicity tests. For immunological assays, secretion of IL-4 and INF-y were investigated from
isolated splenocytes in response to tumor antigens. For toxicity evaluations, MTT, Glutathione, ROS, MDA,
ATP, and MMP assays were performed on extracted mitochondria from hepatocytes and brain cells. In addition,
cell cycle, apoptosis, and ROS assays were conducted on hepatocytes using flow cytometry (Fig. 1).

Tumor models

Female inbred BALB/c mice (4-5 weeks old) were purchased from the Pasteur Institute of Iran and kept in an
air-conditioned room with free access to food and water. The room had a controlled temperature of 25+2 °C
with a light-dark cycle condition. All animal experiments adhered to the UK. Animals (Scientific Procedures)
Act, 1986, and associated guidelines, as well as the EU Directive 2010/63/EU for animal experiments. Procedures
were approved by Tarbiat Modares University, Tehran, Iran Committee of Ethics in Research (code: 1243302).
Every effort was made to minimize animal suffering and to use the minimum number of animals necessary to
obtain reliable results. The work was performed in accordance with the ARRIVE guidelines. All efforts were
put into minimizing the number of used animals and their suffering. 5x 106 Hepal-6 cells were suspended
in 100 puL of D-PBS, then mixed with 100 pL of matrigel, and subcutaneously injected into the flank of the
mice to prepare the flank xenograft tumors in BALB/c mice. Once tumor mass became established, mice were
randomly allocated into four groups (n=10 animals per group). In each group, five mice were assigned to the
immunological studies, five mice were allotted to the toxicity tests. The tumor sizes were monitored by caliper for
three consecutive weeks. When the tumor size extended over 100 mm, treatments were conducted by diluting
0.5 mg of each drug in 500 pl PBS. Group 1 to group 4 were all tumor models, who respectively receiving TDC,
DG, FC, TD, and only PBS as a control group. The same treatments in four groups were executed for healthy
BALB/c mice. Injections were performed once a day for the first week, and then similar doses were injected every
other day for the next eight days. All injections were performed intraperitoneally.

Preparation of tumor antigens

Tumor tissue was taken out via surgery and, after removing excess parts, smashed completely by a homogenizer,
then crossed through a mesh and centrifuged (4500 g, 5 min, and 4 °C). The precipitate was resolved in an
appropriate amount of PBS, and 10 ul PMSF (1mM) to inactivate serine proteases. Then, the obtained solutions
were freeze-thawed using liquid nitrogen and a 37 °C water bath, for five times repeatedly and followed by
sonication (30 s, 4-watt power, with 20-second intervals for five repetitions). The cell lysis was centrifuged
(1000 g, 10 min, 4 °C), and the supernatant was harvested and dialyzed for 24 h. After dialysis, the collected
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Fig. 1. Overview of experimental design and analysis.

tumor antigens were sterilized by a 0.22 um syringe filter and stored at — 70 °C immediately. Bradford method
was utilized to determine the protein concentration.

Cytokine measurements in the splenocytes

Spleens were removed aseptically and homogenized via a tissue grinder in an isotonic environment. Erythrocytes
were lysed with lysing buffer (NH,Cl, KHCO,, Na,EDTA). Splenocytes were washed and suspended in DMEM
media supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine 2, 1% penicillin-streptomycin (Gibco,
Grand Island, NY, USA). 10° number of cells suspended in 1 ml DMEM and seeded per each well of the four
well plates, and 20 pl tumor antigen (1 mg/mL) was added as a stimulator in each well. Two wells without tumor
antigen and one well treated with phytohemaglutinin, (PHA) were considered negative and positive controls,
respectively. After 72 h of incubation at standard cell culture conditions, the cell culture supernatants were
collected for cytokine examinations. Concentrations of IL-4 and INF-y were obtained utilizing a Cytokine assay
kit (PeproTech, USA) according to the manufacturer’s instructions. Light absorptions were recorded in 450 nm
wavelength by ELISA Microplate Readers.

Cell cycle, apoptosis and ROS assays of hepatocytes
Hepatocytes of BALB/c mice were isolated according to the method of Charni-Natan et al. [25] and were detailed
in our previous study'. Then, the cell cycle and apoptosis were examined on mice hepatocytes, followed by
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curcumin treatments. For this purpose, hepatocytes were treated with propidium iodide (PI) and Annexin V/
FLOUS-PI buffer to study cell cycle and apoptosis, respectively. These experiments were conducted immediately
after the isolation of hepatocytes and just before performing the flow cytometry. All tests were performed in
triplicates. The ROS content of isolated hepatocytes was also measured. In this regard, isolated hepatocytes
of the healthy and tumor model mice were treated with 500 ul of 10 mM of H,DCFDA for 45 min at 37 °C.
Then, the ROS content was determined using flow cytometry (FACS Calibur, Germany) device at excitation/
emission of 495/520 nm. The H,0,-treated sample (250 uM) was used as the positive control. The treatments
were performed in triplicates and reported as the means + standard error of the mean (SEM).

Mitochondrial ROS assay

ROS analysis was performed on the isolated mitochondria from the liver and brain tissues of the treated study
mice groups. For this purpose, 500 pg of mitochondria from each sample was suspended in 1 mL Tris buffer and
mixed with 1 mL of 2’, 7'-Dichlorofluorescin diacetate (0.16 um) and maintained for 20 min at 37 °C. Finally,
the absorbance of the produced ROS was determined by spectrofluorimetry at the excitation of 490 and emission
wavelengths of 520 nm. H,O,-treated samples (250 uM) were considered positive controls. The experiments
were executed in triplicates and presented as the means+ SEM.

Glutathione assay of mitochondria

Ellman’s reagent (ThermoFisher Scientific) was used for measuring the mitochondrial Glutathione on the liver
and brain of two groups of normal and tumorized mice. The experiment process is available with details in our
previously published paper®.

Mitochondrial lipid peroxidation (MDA) evaluation

500 pg of isolated mitochondria were suspended in 1 mL Tris buffer. Then, 250 uL TCA (20%) was added to each
sample and followed by centrifugation at 3000 g, 4 °C, for 15 min. 200 pL of the supernatant was mixed with 1
mL TBA (3%) and incubated in a boiling water bath for 30 min. Then, the resulting MDA-thiobarbiturate was
measured by the absorbance intensity at 540 nm using a UV-Visible spectrophotometer, which compared to the
standard curve prepared by tetramethoxypropane.

Assay of mitochondrial membrane potential (MMP)

Mitochondrial membrane potential is another parameter associated with apoptosis, which collapses during
apoptosis. The influence of the curcumin carriers on the MMP status of each sample was investigated using
Rhodaminel23 fluorescent dye. In this prospect, an equal 500 pg of the mitochondria samples in 1 ml suspension
was mixed with 100 pL of Rhodaminel23 solution (10 uM) and kept for 15 min at 37 °C. Then, the mitochondrial
membrane potential of each sample was quantified at the excitation/emission wavelengths of 490 nm/522 nm
utilizing a Tecan ELISA reader.

Evaluation of mitochondrial ATP content

The mitochondria ATP content is a valuable parameter for indicating the induced cell death pathway (apoptosis
or necrosis) as a consequence of any treatment®®. Suspension of 500 pg mitochondria was centrifuged at 155 g
for 5 min. Then the pellets were lysed by a lysis buffer. Next, ATP amounts were measured by the luciferase
assay in a luminometer (Berthold Detection Systems, GmbH). The data were obtained from three independent
experiments and calculated as mean + SEM.

Cancer-related genes expression analysis

Expression changes of multiple cancer-related genes, including bcl2, bax, xiap, p53, p21, and rb1, were examined
by qPCR on the liver tissues. Briefly, the total cellular RNA was obtained from each sample by TRIzol™ reagent
(Invitrogen). Then, the equivalent cDNAs were synthesized using the PrimeScript™ RT reagent kit (Takara Bio)
according to the manufacturer’s standard protocol. Next, qPCR was implemented using an equivalent amount of
each sample’s cDNA as the specific scheduled program for primer pair apiece. The utilized primers and the size
of their PCR products are listed in Table S1.

Biodistribution analysis
To evaluate the in vivo biodistribution pattern of free curcumin (FC) compared with the TDC nanocarrier, drug
solutions were intravenously administered to tumor-bearing mice and images were captured 2.5 h after injection
with a natural fluorescence excitation/emission at 405/420 nm. For the biodistribution study, three animals
(n=5) were used per group.

Statistical analysis
We performed Student’s ¢-test in GraphPad Prism 8.0.2 to compare two means and determine the statistically
significant differences between the two groups. The P values < 0.05 were considered significant.

Results

Curcumin nano carrier synthesis and characterization

In this study, a curcumin nanocarrier was synthesized using G4 of PAMAM dendrimer. Briefly, TPP a
mitochondria-targeting moiety, and curcumin were bound to the surface of synthesized dendrimer G4 to
produce TDC carrier for targeted curcumin delivery to the mitochondria. The comparison between the non-
targeted curcumin carrier without TPP (DC: dendrimer + curcumin) and the targeted carrier without curcumin
(TD: TPP +dendrimer) was conducted by synthesizing both types of carriers. The size, charge, and shape of
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the curcumin constructs were then evaluated using Nanosizer, AFM, and TEM methods (Table S2 and Fig. 2A-
C). The TEM and AFM images provided visual evidence of nanosized particles with a spherical morphology,
which was further confirmed by DLS analysis. The average hydrodynamic sizes of DC (PDI=0.3) and TDC
(PDI=0.25) were measured to be 113.5+5.5 and 61.2+7.2 nm, respectively, showing moderately polydisperse
nanoparticles (Fig. 2.). Additionally, since TPP carries a positive charge, we observed a significant shift in the zeta
potential of the nanocarrier from 2.9 (unmodified, DC) to positive (TPP-conjugated, TDC), further supporting
surface modification, and the successful binding of TPP on the surface of the dendrimer (Table S2, Fig S1). This
enhanced charge of TDC can be attributed to the conjugation of TPP ligands on the surface of the dendrimer.
In this regard, the successful conjugation of TPP to the nanocarrier surface was also verified using 1 H NMR
spectroscopy. The TPP-PAMAM spectrum revealed new aromatic proton signals (7-8 ppm), confirming TPP
linkage to the dendrimer (Fig S2).

H & E staining and tumor size measurement

For, in vivo and ex vivo assays and biodistribution analysis tumor-bearing mice were treated with all kinds of
nano carriers DC, TD, TDC to understand better our drug delivery system behavior and efficacy in an animal
model. In order to achieve this objective, tumors were established locally by injecting Hepal-6 cells into BALB/c
mice subcutaneously. Drug injections were administered once subcutaneous tumors exceeded 100 mm?®. The
results depicted in Fig. 3. demonstrate that the administration of curcumin injections led to a more noticeable
reduction in the size of hepatocellular model mice tumors with TDC, DC, and FC (Fig. 3, Fig S3). Furthermore,
apart from the development of subcutaneous tumors, metastasis to the liver, brain, and lung was observed
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Fig. 2. Nanocarriers subjected to characterization using TEM and DLS analysis. TEM image and DLS results
of TDC (A, B). DLS results of DC (C).
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Fig. 3. In vivo study of the nanocarriers in tumor-bearing mice. Dosing days (A). The formation of
subcutaneous tumors after injection of Hepal-6 cells in BALB/c mice (B). Tumor size variation in response
to different treatments (C). Con = control, TD =targeted dendrimer without curcumin, FC=free curcumin,
DC =non-targeted dendrimeric curcumin, TDC=mitochondria-targeted dendrimeric curcumin.

(Fig. 4A-]). The confirmation of metastasis in these organs was accomplished by examining tissue samples using
hematoxylin and eosin (H&E) staining, which revealed the presence of cancer cells in these tissues, as illustrated
in Fig. 4A-]. Additionally, Fig. 4k, provides evidence of tumors in the liver. To further investigate the anticancer
effects of curcumin carriers, the mitochondria of liver and brain tissues from both hepatocellular carcinoma and
healthy BALB/c models were studied, as shown in Fig. 1.

Effect of the curcumin nano carrier on the viability of the cells and the isolated mitochondria
The impact of the prepared delivery system on cell viability was assessed using the MTT assay on various
normal and cancerous cell lines mouse origins. The toxicity results of the evaluated constructs are summarized
in Fig. 5. The findings revealed that the FD and TPP-conjugated dendrimer exhibited minimal toxicity towards
both cancerous and normal cell lines at the concentrations tested. However, FC, DC, and TDC displayed a
selective toxic effect on cancer cells Hepal-6 and normal cells mouse fibroblasts. Notably, TDC demonstrated
significantly higher toxicity in cancer cells, particularly at concentrations exceeding 25 uM of curcumin, unlike
FC and the untargeted construct (DC). Furthermore, the impact of TDC and DC on the viability of isolated
mitochondria from rat hepatocytes is depicted in Fig. 5. The data indicated that concentrations above 35 uM of
curcumin significantly affected the viability of isolated mitochondria. In this respect, the selectivity index (SI),
calculated as the ratio of IC50 for normal cells to that of cancer cells, demonstrated that TDC possesses the
highest selectivity for cancer cells. At a concentration of 35 uM, the SI for TDC was approximately 2.1, while
for DC and FC, the values were 1.5 and 1.2, respectively. This demonstrates the superior selective toxicity of the
TDC nanocarrier. The time-dependent nature of the cytotoxicity was also evident, with all formulations showing
increased effects at 48 h compared to 24 h. Notably, TDC demonstrated the most signifi-cant increase in toxicity
over this period, highlighting its sustained and potent effect. The enhanced impact of dendrimeric-curcumin
constructs on isolated mitochondria suggests a potential improvement in mitochondrial uptake and overall
drug efficacy.

Cytokine assays in spleen cell culture

IFN-y, a key cytokine in the T-helper 1 (Th1) immune response, is known for its role in anti-tumor immunity
by activating cytotoxic T lymphocytes and natural killer cells. Conversely, IL-4 promotes a T-helper 2 (Th2)
response, which can often be associated with tumor progression and immune evasion. In this regards, IFN-y and
IL-4, as key cytokines in regulating immune responses, were measured in splenocytes to examine the immune
responses influenced by drug treatments in tumorized mice. Isolated splenocytes were cultured and stimulated
with tumor antigens for 72 h in a standard cell culture environment. Then, the amounts of IFN-y and IL-4 in the
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Fig. 4. Representative images of different virtually H & E stained tissue types. Primary tumor (A) and
cancerous cells formation after injection of Hepa 1-6 cell line to BALB/c mice. H & E staining indicated the
distant metastasis of cancer cells to the liver (C, D), cancer cells to the Lung(F, G) and brain (I, J). Targeted
delivery of curcumin via TDC to liver (D) and brain (J). Metastatic tumors in liver, red dashed circles indicate
tumors position (K).

supernatants of the spleen cell culture were measured using a sandwich ELISA method. The results indicated
the elevated secretion of IFN-y in tumorized mice treated with TDC, DC, and FC compared to the untreated
tumorized group in a clear upward trend (TDC >DC> FC). The elevation of IFN-y was significantly higher in
the TDC -treated group. Otherwise, IL-4 had lower levels in TDC <DC<FC treated mice, respectively. IL-4
was secreted distinctly lower in TDC treated group related to the control. The variation in secreted levels of
IL-4 and IFN-y followed the same pattern in the opposite direction among TDC, DC, and FC-treated groups.
As expected, the TDC is the most effective curcumin carrier, influencing the INF-y and IL-4 secretion (Fig. 6).

Effect of TDC on the hepatocytes cell cycle and apoptosis

The cell cycle status was studied using propidium iodide (PI) staining and flow cytometry (Fig S4). All the
curcumin carriers induced increased rates of cell population in the sub G1 phase (P-value <0.0001) compared
with untreated groups either in positive or negative tumor mice. However, as data are shown in Fig. 7a, these
rates of elevation in the tumor-positive groups are remarkably higher than in the healthy groups. The most
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Fig. 5. Cell viability assay. The mitochondria-TDC and untargeted-DC were evaluated on cancer cells Hepal-6
and normal cells mouse fibroblasts at different curcumin concentrations from 5 to 45 uM. The cells viabilities
were measured by the MTT assay. The rate of increased MTT assay by TDC is higher than other treatments,
especially in the HCC tumorized mice (P value <0.0001). The results are presented as the means + standard
deviations of at least three independent repeats.

important finding of this experiment is the remarkably higher induction of the sub-G1 population by TDC
treatment compared with DC and FC (TDC>DC>FC). TDC, as mitochondria-targeted curcumin carrier,
acted more efficiently than DC and FC to increase tumor cell population in sub-G1 and probably induce
cancerous cells death in a targeted manner, which is desirable for an anti-cancer drug. In addition, the incidence
of apoptosis was investigated by AnnexinV-PI staining and flow cytometry (Fig S5). Obtained data indicated
that all curcumin carriers induced apoptosis in all healthy and cancerous mice but remarkably higher in
tumorous samples (P-value <0.0001). As we expected, TDC caused more incidence of apoptosis compared with
free curcumin or DC. The overall rate of apoptosis induced by curcumin carriers in tumor-positive mice was
approximately 30-50%, while this rate for tumor-negative samples was 14-27% (Fig. 7b). To further quantify the
selectivity, we calculated the ratio of control-corrected apoptosis rates in tumor-positive mice to that in healthy
mice. The ratio for the TDC group was approximately 3.1, while for FC and DC, the ratios were 2.4 and 2.6,
respectively. This comparative analysis demonstrates the superior in vivo selectivity of TDC for tumor cells, a
highly desirable characteristic for an anti-cancer drug. These results imply that all applied curcumin carriers can
cause a considerable rate of apoptosis in the tumor cells, which is more than in normal. However, the effect of
TDC is significantly higher on the tumor tissues.

ROS flow cytometry analysis in the isolated hepatocytes

We evaluated the alteration of ROS in the isolated hepatocytes. The increased amount of ROS followed by an
anti-cancer drug treatment designates the better efficiency of the drug since it can induce apoptosis and lead to
the eradication of the cancer cells. Our observations from this assay revealed that the elevation of ROS by all
curcumin treatments in tumorized samples was higher than in healthy groups. The rate of ROS elevation in both
tumorized and healthy groups had an upward trend. The most elevated rates of ROS belonged to the TDC and
then DC and FC, respectively. In positive tumors, all curcumin carriers significantly (P-value <0.0001) raised
ROS amounts in hepatocytes compared with the untreated tumorized mice. Also, in the healthy groups, all
curcumin-induced ROS elevation. The rates of significance obtained from t-test analysis for TDC, DC, and FC
treated groups compared with untreated healthy controls were P-value <0.0001, P-value <0.001, P-value<0.01,
respectively (Fig. 8).
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Fig. 6. Cytokine assays in spleen cell culture.IFN-y (A) and IL-4 (B) production by splenocytes of treated
hepatocellular cancer model BALB/c mice. There are significant elevated IFN-y and reduced IL-4 secretion by
curcumin treatments, TDC had the most significant (P value <0.0001) effect compared with FC and DC. The
graphs are presented as Mean + SEM, n =3 mice per group. Different lowercase letters above the bars indicate
significant differences between treatments.

Viability assay of the mitochondria following curcumin treatments

MTT assay was performed to evaluate the alteration of viability by treatments on the isolated mitochondria from
the liver and brain cells of normal and tumorized mice. Results indicated that viability was more affected in tumor
positives than in healthy mice. We observed that viability declined nearly 50% in the examined mitochondria
from liver tissues of tumorized mice in all treated groups. Viability in healthy samples by FC reached 90% and
decreased to 72% by TDC treatment. So, TDC showed the most potent toxicity. However, as we expected, healthy
samples were less affected than tumor model mice. As graphs are shown in Fig. 9a, curcumin carriers had no
significant effect on viability in brain tissues. Although, the same slightly downward trend of susceptibility was
observed by FC, DC, and TDC, respectively. The observed minimal effect on brain tissue viability in healthy
mice, despite the presence of the TPP targeting moiety, can be attributed to the intact blood-brain barrier (BBB),
which effectively restricts the passage of these nanocarriers. Conversely, the BBB in the tumorized mice is likely
compromised due to the presence of metastatic cells, enabling TDC to cross this barrier and exert its therapeutic
effect, as confirmed by our biodistribution and ex vivo assays. This explains the more pronounced effect of TDC
on brain tissues in tumor-positive mice.

Effect of TDC on the mitochondrial ROS

We conducted a ROS assay on the isolated mitochondria from the liver and brain tissues of treated healthy
and tumorized mice to understand more about the molecular effect of prepared TDC. Produced levels of ROS
in tumor tissues in response to a drug treatment indicate the efficiency of the treatment since it can trigger
programmed cell death and consequently eliminate the cancer cells?®. We observed that TDC and DC-treated
tumorized mice had remarkably increased amounts of ROS in both the liver and brain tissues compared
with untreated tumorous mouse models (P-value <0.0001). The efficiency of TDC and DC for inducing ROS
production is evident from the graphs shown in Fig. 9b. TDC effect in elevating ROS production was higher than
DC in all study groups. Also, this effect by curcumin carriers was distinctive in mitochondria of liver and brain
tissues of tumorous mice rather than healthies.

Reduction of mitochondrial glutathione (GSH) by TDC

The oxidative stress induction with curcumin treatments was examined by measuring the mitochondrial
glutathione content. The decline of mitochondrial glutathione of tumor cells is a desirable event followed by
anti-cancer reagent treatments. Our data showed that DC and TDC significantly (P-value <0.05, P-value <0.001,
respectively) reduced the glutathione content of liver and brain tissues in tumorized mice. Notably, this rate of
glutathione depletion was more efficient in the TDC treated samples compared with DC, which again indicates
the effectiveness of TDC as a mitochondria-targeted curcumin drug. As plots are shown in Fig. 9¢c, we did not
have significantly reduced GSH amount in healthy BALB/c mice by TDC. However, we observed elevated rates
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Fig. 7. Flow cytometric analysis of cell cycle and Apoptosis assay. (A) Flow cytometric analysis of cell cycle. In
the HCC samples, all curcumin treatments induced remarkably elevated cells population in the sub-G1 phase
(P-value <0.0001), meanwhile TDC had the most impact on the increased cells population in the sub-GI.
N=3 mice per group. (B) Apoptosis assay. Induction of apoptosis by all curcumin carriers were significantly
higher compared with their untreated controls. The rate of increased apoptosis by TDC is higher than other
treatments, especially in the HCC tumorized mice (P value <0.0001), graphs are shown as Mean + SEM (C).
N=3 mice per group. Different lowercase letters above the bars indicate significant differences between
treatments.

of GSH by FC and DC in these samples, which could be due to the well-known protective effect of curcumin in
normal cells.

Elevation of the mitochondrial lipid peroxidation (MDA) by TDC

ROS induction leads to lipid peroxidation in cancer cells. Stimulation of excessive stress oxidative in tumor
cells and consequently increasing the rate of ROS and MDA by anti-cancer reagents are appropriate approaches
to eradicate tumor cells selectively. Therefore, we evaluated the MDA rates in the mitochondria of brain and
liver tissues of treated healthy and tumorized mice. Our obtained results indicated that the TDC was able to
significantly raise the MDA in all study groups (P-value<0.0001). However, by comparing graphs between
tumor positive and tumor negative groups, we can propose that efficacy of TDC in the induction of MDA
in tumor positives, especially in the brain, is higher (>50%) than the brain (14%) or liver (>30%) tissues of
tumor negatives. Probably, the nature of the brain tissue could influence the observed rate of MDA induction
in this tissue. Elevated rates of mitochondrial MDA cause further disruption in the electron transfer chain and
subsequently leads to the more release of cytochrome ¢, which mechanistically can be in favor of apoptosis
incidence (Fig. 10a).

Elevation of the mitochondrial membrane potential (MMP)

The efficacy of the prepared curcumin carriers on the targeting of mitochondria also was examined by MMP
(Mitochondrial membrane potential) assay, a precious method to measure the mitochondrial health by monitoring
changes in the mitochondrial membranes. We used Rhodamin 123 as a cationic fluorescent dye for measuring
the potential variation of mitochondrial inner membrane. Rhodamin123 seeps through and remains inside
the healthy mitochondrial membranes, whereas in the damaged mitochondria, it is the contrary. Disruption of
MMP due to the MDA elevation influenced by curcumin treatments has been established previously. We also
observed the same effect of curcumin in the liver and brain tissues, either in HCC or healthy mice. All treated
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Fig. 8. ROS flow cytometry analysis. ROS levels in the isolated hepatocytes from the treated healthy (A) and
HCC model BALB/c mice (B) were examined by H,DCFDA in a flow cytometry instrument. Obtained data
from the flow cytometry were analyzed by Flowing software (Version 2.4.1). H,0O, were applied as a positive
control. Graphs are presented as Mean + SEM (C) separately for healthy (negative tumor) and HCC model
BALB/c mice (positive tumor). In the healthy study group TDC, DC, and FC treated samples were significantly
(P value<0.0001, < 0.001, 0.01, respectively) elevated. The increased rate of ROS influenced by curcumin
treatments is higher in HCC models compared with the healthy samples. Hepatocytes of all treated HCC mice
compared with its untreated control had significantly (P value <0.0001) raised amount of ROS, which TDC
among others had the most significant effect. Different lowercase letters above the bars indicate significant
differences between treatments.

samples showed higher disrupted MMP than their control group (P-value <0.0001). However, this experiment
either confirmed the most efficiency of TDC compared with DC and FC, which caused more disturbance in the
inner membrane of mitochondria (TDC>DC >FC). As data are shown in Fig. 10b, we can conclude that TDC is
the most efficient curcumin drug to damage mitochondria. TDC probably affects the mitochondrial capacity to
retain Rhodamin123 by changing the charges of the mitochondrial internal membrane. This effect of the TDC
could be explained by its highly positive charge, which causes its better accumulation inside the inner membrane
of mitochondria, then disrupts the membrane integrity and potential. In our opinion, TDC uses the benefit
of positively charged TPP in its structure to cause the better accumulation of curcumin in the mitochondria.
Probably, this feature is responsible for the most significant effect of TDC compared with DC and FC.

Elevation of the mitochondrial ATP by TDC

One of the primary functions of mitochondria is the production of ATP through the respiratory transport chain
system. Evaluating of ATP content of mitochondria gives us a clue to find out the mechanism of cell death
followed by drug treatment. Apoptosis is a highly regulated procedure that is ATP-dependent®’, and necrosis
is independent of energy. Depletion of cellular ATP causes necrosis®. In this study, in all treated groups, we
observed a significantly increased amount of ATP content in extracted mitochondria from liver and brain tissues
of hepatocellular model and healthy mice (P value <0.0001). However, according to the graphs in Fig. 10c, the
TDC effect on the elevation of ATP content in both examined tissues is remarkably higher than DC and FC,
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Fig. 9. Mitochondrial MTT, ROS and GSH analyses. (A) MTT assay. Ex vivo examination of curcumin
carriers treatments on cell viability using extracted mitochondria from liver and brain tissues of healthy and
tumorized BALB/c mice. All curcumins induced significant declined cell viability in both examined tissues,
however, this reduced cell viability is evidently higher in positive tumors rather than tumor negatives. (B) ROS
analysis. The effect of the curcumin treatments on the ROS levels of extracted mitochondria from liver and
brain tissues in positive tumor BALB/c mice and healthy BALB/c mice. TDC compared with untreated control
and FC treated groups significantly (P value <0.0001) increased the ROS amount in both examined tissues.
The amount of ROS was quantified based on the produced DCF fluorescence intensity, utilizing fluorometric
analysis. (C) GSH analysis The Glutathione levels of isolated mitochondria from examined tissues in positive
tumor and negative tumor samples treated with curcumin carriers. The GSH level only was significantly
reduced in mitochondria of liver tissue grafted from TDC treated tumorized mice (P value <0.001). All graphs
are indicate as Mean + SEM, N =3 mice per group. Different lowercase letters above the bars indicate significant
differences between treatments.

which is remarkably higher in tumor-positive samples. We observed 120% ATP content for liver tissues of TDC
treated tumor negatives. In comparison, this rate for TDC -treated tumor positives was 220%.

Expression changes of cancer-related genes by curcumin treatments

An optimized qPCR method was conducted for quantifying bcl2, bax, xiap, p53, p21, and rb1 genes, due to their
critical roles in cancer occurrence and progression. The obtained data revealed that treatment with curcumin
carriers leads to the elevated expression of bax, p53, two well-known pro-apoptotic genes, and decreased
expression of bcl2, p21, and xiap with anti-apoptotic roles in tumor tissues. TDC had the most significant impact
on the expression of these cancer-associated genes compared with FC and DC. Like the other tests, another
prominent finding of this experiment is the higher efficiency of curcumin treatments, especially TDC, on the
liver of tumor positives rather than healthy tissues for all studied genes. Overall, increased expression of pro-

Scientific Reports |

(2025) 15:35114

| https://doi.org/10.1038/s41598-025-19147-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Positive Tumor .
20 Negative Tumor

3 liver [ Liver
18 Bl Brain

200

1

10 . sesrzziieaciens . ..f..... -4

Mitochondrial MDA %
b4
T
Mitochondrial MDA %
o

0

Control D FC DC TDC Control TD FC DC TDC

Positive Tumor

Negative Tumor

2
J

0
o
8

= Liver
d Bl Brain

]

VR APR FPTR. PPPR

«a
=)
«a
—-
-
Fluorescent S| %

Fluorescent S1 %
=

0

T
Control ™ FC DC ™mC Control ™ ¥C DC ™c
Negative Tumor

250

I Liver
200 =1 Brain

100

ATP Content of Mitochondria %

ATP Content of Mitochondria %

Control ™ FC DC ™C Control ™ FC DC TDC

Fig. 10. Mitochondrial MDA, MMP and ATP analyses (A) Mitochondrial MDA assay. MDA assay was
performed by MDA-thiobarbiturate (MDA %) on extracted mitochondria from hepatocellular cancer model
BALB/c mice (positive tumor) and healthy BALB/c mice (negative tumor) treated with various curcumin
carriers. TDC was able to significantly raise MDA in both examined tissues either in positive and negative
tumor samples (P value <0.0001). The elevation of MDA in the brain of tumorized mice is even higher.

(B) MMP assay. The effect of the curcumin carriers on the mitochondrial membrane potential (MMP)

was analyzed by Rhodamine 123 assay on isolated mitochondria from hepatocellular cancer BALB/c mice
and normal BALB/c mice. All in liver brain positive P value <0.0001. MMP was elevated significantly (P
value <0.0001) almost by all curcumin treatments in all study groups compared with their untreated controls.
MMP in mitochondria of brain tissues grafted from tumorized mice were most elevated by curcumin
treatments, especially with TDC. (C) ATP assay. The luciferase assay was used to quantify the mitochondrial
ATP levels in the tumorized and healthy BALB/c mice treated with various curcumin carriers. The ATP

level was immensely increased in the mitochondria of liver and brain tissues of the TDC treated HCC mice
compared with untreated HCC mice (P value <0.0001) and TDC treated healthy mice. Graphs are presented
as Mean + SEM, N =3 mice per group. Different lowercase letters above the bars indicate significant differences
between treatments.

apoptotic genes (bax, p53) and reduction of oncogenic genes (bcl2, p21, xiap) influenced by curcumin treatments
perfectly reflects the anti-cancer effect of curcumin carriers, especially TDC as a mitochondria-targeted carrier.
The rbl expression was affected with an unusual pattern. It was reduced in both tumor positive and tumor
negative samples by DC and TDC treatments but increased in FC treated tumor positive samples (Fig. 11).
Therefore, we could not find a correlation between rbI expression and curcumin treatment in hepatocellular
cancer model mice. Prior studies claimed that rb1 role in apoptosis is controversial, which may play as an
inhibitor or inducer of apoptosis depending on the kind of cell and the treated reagents®>2.
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Fig. 11. Real time PCR analysis. RNA expression changes of bax, bcl2, p21, p53, xiaop, rb1 in the liver tissues
of normal BALB/c mice (A) and curcumin treated HCC model (B). TDC led to the dramatically increased
expression of p53, especially in positive tumor samples (P value <0.0001). The bcl2, xiaop, rb1, and p21 were
respectively the most declined genes (P value <0.0001) by TDC in HCC positives versus healthy samples. The
bax was significantly (P value <0.001) increased by TDC in both cancerous and healthy samples. Data are
indicated as Mean + SEM, N =3 mice per group. Different lowercase letters above the bars indicate significant
differences between treatments.

Biodistribution analysis& safety assessment of TDC

With a natural fluorescence excitation/emission at 405/420 nm, curcumin can be tracked by confocal microscopy.
The results, depicted in Fig. 12 and Fig. S8, revealed that the accumulation of TDC in the tumor site and liver
was significantly higher compared to FC and TD (Fig. S8). Additionally, fluorescent signals were observed in the
kidney and lung following TDC treatment. Conversely, FC exhibited limited distribution (with low fluorescent
intensity) in the liver, spleen, lung, and tumor, when compared to TDC. A significant fluorescence signal was
also detected in the bladder and stomach for FC and TDC (Fig. 12. & Fig. S8). Furthermore, we monitored
potential systemic toxicity by tracking body weight changes in BALB/c mice throughout the experiment. No
significant weight loss or overt toxicity was observed in the TDC-treated group, indicating good tolerability. A
transient, minor weight loss (~ 3.5%) was noted in the untargeted DC group on day 20, which later resolved. This
effect could be attributed to slight aggregation-induced transient inflammation, though no such issue occurred
with TDC (Fig. $6). Additionally, survival data further support TDC’s safety and efficacy, as TDC significantly
extended median survival to 40 days vs. 27 days (FC) and 35.5 days (DC) (*p=0.024%, log-rank test), and No
mortality or adverse clinical signs (e.g., lethargy, reduced activity) were linked to TDC administration (Fig. S7).
Thus, while our study did not include comprehensive long-term effects and immunogenicity analyses (which
will be addressed in future work) the absence of weight loss, coupled with enhanced survival, suggests favorable
in vivo safety of TDC (Fig. S6, Fig S7).

Discussion

The anti-cancer effect of curcumin is well-known in liver cancer due to its anti-proliferative, apoptotic, and anti-
angiogenic features. These promising features of curcumin, besides its safety and protective effect on healthy
cells, make it an attentive adjuvant remedy for cancer treatment?, but a hurdle to conquer for the pharmaceutical
application of curcumin is its insolubility in the physiological environment®*. To achieve the most desirable
treatment effects, we need to enhance the solubility of curcumin and its targeted delivery system. For this purpose,
we synthesized a TPP-dendrimeric carrier as a mitochondria-targeted delivery system. Recent researches suggest
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Fig. 12. The fluorescence imaging of TDC in tumor-bearing mouse in different light exposure times (5 and
30 s) within 2.5 h post injection.

that cancer is basically a mitochondrial metabolic disease!>!*%*, which could be a vulnerable target for cancer

therapy. Mitochondrial metabolism is essential rapid proliferation, metastasis, and survival of tumor cells'*. The
highly charged mitochondrial membrane is a barrier against mitochondria-targeted drugs, which thwarts the
crossing and accumulation of hydrophobic or anionic combinations. To conquer this hurdle, utilizing PAMAM
G4 is a desirable strategy to improve the mitochondrial accumulation of curcumin. PAMAM at generation 4 is
less toxic than its higher generation (>G4), and contrasting its lower generations (i.e., G0-G3), provides a three-
dimensional conformation with large internal cavities to entrap the guest molecules in it. These features render
increased solubility of hydrophobic molecules in an aquatic environment [34-37]. Furthermore, PAMAM G4
contains 64 accessible reactive groups like primary amines on its surface, which leads to efficient conjugation with
drug molecules®. Another advantage of PAMAM G4 beyond its higher generations is its appealing molecular
weight (14 kDa), which is lower than the threshold of elimination through the kidneys (40 kDa), causing less
body accumulation and toxicity. These reasons motivated us to employ PAMAM G4 for the curcumin delivery.
For active mitochondria targeting, we conjugated (Triphenylphosphonium) TPP on its surface. TPP is the most
desirable molecule for mitochondria targeting [39, 40]. TPP has an enormous ionic radius owing to resonance-
mediated diffusion of positive charge through three phenyl circles, which causes the unusual lipophilicity of TPP
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and transcendence from the membrane without a transporter*’. Then, TPP massively accumulates inside the
inner membrane of mitochondria by changing the potential of the inner membrane*!.

Curcumin exhibits appealing pharmacological activities that benefit cancer treatment by preventing
proliferation, growth, apoptosis, migration, invasion, and angiogenesis of cancer cells through various molecular
pathways. Several studies have reported that curcumin inhibits cancer progression through its anti-inflammatory
feature*!-45. We observed that TDC affects cell cycle and cellular viability probably by elevating ROS and MDA
rates and reducing GSH, which finally leads to the incidence of apoptosis. Our ex vivo investigations on extracted
mitochondria indicated the elevated rates of MDA, ROS, and reduction in GSH amount (Figs. 9 and 10.), which
are representative of induced oxidative stress after curcumin treatments. MDA elevation causes an interruption
in the mitochondrial electron transfer chain, which facilitates the release of cytochrome ¢ and finally renders
apoptosis in tumor cells. Disruption of MMP was another outcome of MDA elevation that occurred by curcumin
(Fig. 10.), especially by TDC. Elevation of MMP and occurrence of apoptosis associated with mitochondrial
membrane potential consequence of curcumin treatment has been reported in various cell lines such as HepG2%,
MCF7 BCSCs (breast cancer stem-like cells)*®, and A549 cells®’. We observed this phenomenon with the most
efficiency by TDC.

An excessive amount of ROS in cancer cells, besides a reduction in glutathione amount, leads to more
oxidative stress conditions and damage to the cell membrane and macromolecules. Glutathione has a dual role in
the progression of cancer. GSH, as an anti-oxidant, is critical to removing and detoxifying carcinogens, thereby
impacting cell survival profoundly. However, it is reported that increased levels of GSH in some cancers protect
tumor cells against chemotherapy and promote cancer progression. Also, in some cases, the elevated amount of
glutathione is related to an increased metastasis rate [51]. The intracellular glutathione elevation is correlated
with apoptosis resistance®?, and its depletion induces apoptosis™. According to our observations in HCC tumor
models, curcumin causes apoptosis in cancerous cells by affecting mitochondria (Fig. 7B.) Producing reactive
oxygen species (ROS) and subsequently releasing cytochrome ¢ from mitochondria by curcumin is a proven
process!>!. It has been demonstrated that curcumin targets multiple enzymes in ROS metabolic pathway by
interacting with them>'. Elevation of ROS by TDC treatment was more significant in tumorized mice than
in healthy samples in either liver or brain tissues. However, free curcumin at the same concentration did not
affect ROS levels in tumor positives (Fig. 8.). Also, glutathione as a protective shield against oxidative reagents
was declined most significantly by TDC in the liver of tumorized mice but not in the healthy groups. These
observations indicate the selectively tumor-targeted effect of TDC (Fig. 9C.).

Data obtained from MTT and apoptosis assay proved the incidence of cell death by TDC. Elevated cell
population in sub-G1 is another proof that indicates curcumin and strongly TDC force tumor cells to undergo
apoptosis (Fig. 7A.). Compelling scientific studies proved the apoptosis-inducing activity of curcumin on several
cancer types through various signaling pathways, including P53, AKT, NF-kB, Wnt/B-catenin, etc. [55]. So,
exertion of the inhibitory effect by curcumin on cancer progression is not far from the mind. However, the
prominent feature of the therapeutic function of curcumin is its selectivity, which preferentially induces anti-
proliferative and apoptosis on tumor cells with a less significant effect on normal cells>*=>°. This phenomenon is
particularly dose and time-dependent, which has been demonstrated by other studies [15, 58]. It is obvious that
dose and exposure time vary depending on cell kind. In contrast, human and mouse healthy cell lines didn’t show
toxicity of more than 40%, even up to 50 pM concentration of TDC'. The selectivity nature of curcumin for
cancer cells versus normal cells is not completely clear to us. One reason could be the lower glutathione content
in cancer cells, which causes more vulnerability of them to encountering the raised induced amount of ROS
by curcumin [58]. Also, some studies claimed that curcumin accumulates preferentially in cancer cells rather
than in normal cells®'. Probably the higher number of mitochondria in cancer cells made them a better place
to maintain curcumin and consequently influenced by that. Based on this knowledge, utilizing a mitochondria-
targeted curcumin drug as TDC helps achieve better advantages of curcumin. Our findings indicated a significant
increase in cell population in the sub-G1 phase by curcumin and dendrimeric curcumins, particularly in TDC-
treated samples, which once again could confirm the apoptotic effect of the curcumin carriers, especially with
TDC (Fig. 7.). Anti-cancer drugs often affect the cell cycle in variable ways. In several cases, they cause the cell
cycle arrest in the G1 phase to prevent tumor growth. It has been shown that curcumin, as an anti-inflammatory
drug, also has a similar effect on the cell cycle; however, different studies reported the cell cycle arrest at various
phases by curcumin. For instance, it has been reported that treating U87MG cells (a glioma cancer cell line)
with curcumin could influence the cell cycle at the sub-G1 phase. Other studies reported the arrest at the G2/
MO0:6263 Tt is now approved that curcumin induces apoptosis through the activation of procaspase and releasing
of cytochrome c into the cytosol. Further investigations in several cancer types, such as gastric®* and colorectal
cancers®, demonstrated that curcumin has specific effects on cancer cellular processes, including the cell cycle.

Analysis of ATP showed elevated amount of ATP in hepatocellular mitochondria, which is indicative of
observed cell death after drug treatments (Fig. 10C.). Elevation of cellular ATP during apoptosis even after DNA
fragmentation has been reported previously. However, some other studies claim that mitochondrial ATP should
be decreased during the early stages of apoptosis due to the disruption of mitochondrial membrane potential
and halting of ATP production®. Although, some reports indicate that the production of ATP continues, and
membrane potential remains intact even after cytochrome c is released®-8,

We monitored expression changes of some critical cancer-associated genes in the liver tissues of treated
healthy and tumorized mice models. The altering expression of these genes is one of the mechanisms applied by
curcumin to play as an anti-cancer reagent’®’!. In this concept, TDC compared with DC and FC was the most
effective curcumin carrier for all examined genes with more affectivity in tumor-positive samples (Fig. 11.).The
P53 is a transcription factor with tumor suppressor activity regulating numerous prominent genes, including
bax, bcl2, and p21 prompt apoptosis [72, 73]. The over-expression of bax accelerates apoptosis, while the bcl2
inhibits apoptosis’*”>. The P21 protein suppresses some pro-apoptotic proteins, such as procaspase 3, caspase
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8, and 10, which finally leads to the inhibition of apoptosis in a normal condition [76]. xiap (X-linked inhibitor
of apoptosis) is an essential member of the IAP (inhibitor of apoptosis protein) gene family, which suppresses
apoptosis via inhibition of caspase-3 and -7, and 9777%. Overexpression of xiap in multiple cancer cell lines
has been reported’”®. A correlation between apoptosis inhibitory action of xiap and p53 genes status has been
suggested in a study conducted on gastric cancer cell lines”’. In the present study, the alterations of all these genes
after curcumin treatment are benefit the occurrence of apoptosis and elimination of tumor cells, which indicates
the favorable anti-cancer effect of this compound. Expression of bax (a pro-apoptotic gene) was increased, and
P21, xiap, and bcl2 (anti-apoptotic genes) notably were decreased. The p53 expression was dramatically elevated
by TDC treatment. The elevation of p53 probably affects the expression of other critical genes and finally leads
to apoptosis. This could explained the observed more significant anti-cancerous effect of TDC in tumorized
mice by considering the importance of p53 regulatory function. The effect of curcumin on the elevation of p53
expression has been proved by several studies®®*#!, and our results illustrated a similar function. Induction of
P53 - associated apoptosis by curcumin has been revealed previously in MCF7 cells” and basal cell carcinoma®.
Therefore, it is predictable that p53 could be a key factor influenced by curcumin, which causes apoptosis of
hepatocellular cancer cells. Interestingly, the effect of TDC on the elevation of p53 expression was in a superior
trend compared with free curcumin and even DC.

We examined IL-4 and INF-y levels in the extracted splenocytes from the treated tumor model and healthy
mice to get an overview of our curcumin carrier’s effect on the immune response (Fig. 6.). Curcumin, in a normal
condition, acts as an anti-inflammatory reagent and suppresses immune response83. However, some reports
indicate the significant correlation between anti-cancerous effects of curcumin and immune response, such
as accelerating proliferation of lymphocytes, increased secretion of INF-y, and alteration of other interleukins
levels®384. Our results revealed elevated levels of INF-y and declined secretion of IL-4 by the most effective
ordinary with TDC, DC, and FC. According to these observations, TDC as a targeted curcumin carrier affects
immune response more significantly. Escaping from the Thl and stimulating the Th2 response is one strategy
from numerous tools applied by tumor cells to evade the immune system [85]. According to the obtained results,
curcumin carriers activate the Th1 response by elevating INF-y and suppressing the Th2 response by reducing
IL-4, which is a profit for an anti-tumor drug in cancer therapy. The results of biodistribution analysis suggest that
there was a significantly higher accumulation of TDC in both the tumor and liver compared to FC. This difference
is believed to be attributed to the faster elimination of FC at the specific concentration that was tested. This can
be attributed to the highly lipophilic TPP ligand, which possesses three phenyl groups and a positive charge
on phosphorous. These structural features enhance its association with cells and facilitate its specific targeting
to mitochondria. Cancer cells often exhibit a higher abundance of mitochondria compared to normal cells, a
phenomenon known as “mitochondrial hyperplasia” In the liver, hepatocytes heavily rely on mitochondria as
their primary energy source, playing a crucial role in facilitating extensive oxidative metabolism and maintaining
normal liver function. Due to their heightened energy demands, these cells possess approximately 1000-2000
mitochondria within each cell. In line with this observation, our findings demonstrate that the utilization of
mitochondria-targeted curcumin nanoparticles allows for the efficient delivery of curcumin to both tumors and
the liver, resulting in elevated curcumin levels and enhanced permeability. Consequently, this approach prolongs
the therapeutic effect of targeted drug delivery systems, enabling them to accumulate more effectively within
tumor cells by specifically targeting tumor mitochondria.

Conclusion

In this study, we successfully demonstrated that the mitochondria-targeted curcumin nanocarrier (TDC)
represents a highly effective therapeutic agent, surpassing other tested formulations. The superior efficacy
of TDC, evident in both the liver and brain tissues of our HCC-bearing BALB/c mice models, is primarily
attributed to the triphenylphosphonium (TPP) moiety, which facilitates its specific and enhanced targeting of
mitochondria. Our findings illustrate that TDC significantly outperforms both free curcumin (FC) and the non-
targeted nanocarrier (DC). Mechanistically, TDC promotes apoptosis, upregulates key pro-apoptotic genes like
p53 and bax, while simultaneously downregulating oncogenic genes such as bcl2, p21, and xiap. Furthermore,
its cytotoxic effect is mediated through the induction of oxidative stress, evidenced by elevated levels of reactive
oxygen species (ROS) and the lipid peroxidation biomarker malondialdehyde (MDA), coupled with a notable
depletion of glutathione (GSH) in tumor cells. While TDC demonstrated superior efficacy in tumor models, a
minor effect on healthy tissues was observed, consistent with the nature of potent therapeutic agents. However,
the significantly higher impact on tumor-positive samples compared to healthy controls underscores the
selective targeting advantage of TDC, which minimizes collateral damage to healthy cells. However, subsequent
research will concentrate on evaluating the long-term effects of TDC administration, conducting comprehensive
immunogenicity analyses, and further optimizing the nanocarrier system. These endeavors are essential to
enhance its stability and scalability for eventual clinical translation, thereby validating TDC as a selective and
potent therapeutic option for hepatocellular carcinoma and other malignancies.
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