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ARTICLE INFO ABSTRACT

Handling Editor Dr. Aristidis Tsatsakis We recently developed a modified solid dispersion of curcumin-loaded nanocomplexes (CNCs) in gums which

promoted the prolonged and sustained release of curcumin. However, its safety assessment has not yet been

Keywords: investigated. Here, acute and chronic toxicities of CNCs were assayed using mice and hamsters. CNCs were orally
Curcumin administered to the animals. Doses of CNCs used for acute toxicity testing were 0.1, 1.1, 11.0 g/kg body weight
]I:I%?EL for mice and 0.2, 2.1 and 21.4 g/kg body weight for hamsters. Doses of CNCs for chronic toxicity testing were
Safety assessment 0.09, 0.27, 0.8 g/kg body weight/day for mice and 0.18, 0.54 and 1.61 g/kg body weight/day for hamsters. This
ER stress regimen was followed daily for 6 months. Low and medium doses of CNCs did not induce any side effects in acute

and chronic toxicity tests in either animal species. However, in acute toxicity testing, the organ-weight to body-
weight ratio of spleen was significantly increased in mice treated with 11 g/kg body weight along with elevated
levels of some biochemical parameters. There was a significant increase in organ-weight to body-weight ratios of
stomach, liver and heart in hamsters treated with 21.4 g/kg body weight, but no elevated levels of biochemical
parameters. Oral LDsg of CNCs in mice and hamsters were 8.9 and 16.8 g/kg body weight (equivalent to 2.5 and
4.7 g curcumin/kg body weight), respectively. Daily CNCs high-dose treatment for 6 months significantly
increased organ-weight to body-weight ratios of stomach and intestine in mice and of lung and heart in hamsters.
Elevated levels of glucose, total protein, ALT, AST and globulin in mice, and increased levels of AST, but decrease
in cholesterol, in hamsters were concurrently observed with inflammation in liver and lung. These abnormalities
were resolved within 28 days after cessation of treatment. The no-observed-adverse-effect level of CNCs was
determined at 0.27 and 0.54 g/kg body weight/day in mice and hamsters. In conclusion, toxicity of high-dose
CNCs treatment was graded as very low, possibly due to the components of the nanocomplex.

1. Introduction

Curcumin, the principal bioactive constituent of turmeric (Curcuma
longa), has been investigated for its antioxidant, anti-inflammatory, anti-
parasitic infections, anti-fibrosis and anti-cancer activities [1-3]. It is
also beneficial for alleviating various chronic diseases [4-6]. Its
water-insolubility, instability, and poor bioavailability [7] account for
uncertain therapeutic efficacies [8]. To obtain therapeutic effects, high

doses of oral curcumin, up to 1 g/kg/day [9-12] are required, leading to
concerns about its safety and efficacy in long-term use [13]. It
dose-dependently acts as anti-oxidant, inhibiting reactive oxygen spe-
cies (ROS), as well as a pro-oxidant and producing ROS [14]. At high
doses, curcumin can react with thiol groups of cysteine residues [15],
eventually damaging DNA [16] or inactivating p53 [17]. To improve its
bioavailability without using high doses, a nanoparticle delivery system
for curcumin has been developed [18-21].
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Nanoparticles with a particle size range of (10—600 nm) enhance
therapeutic efficacy of curcumin [22]. Delivery of nanoparticles of
curcumin can improve oral bioavailability due to enhanced solubility
[24,25] or increased mucosal permeation and cell-selective uptake [26,
27]. Although several formulations of nanoparticle-based curcumin
have been developed, only few of them such as curcumin-loaded poly-
meric nanoparticles of Eudragit S100 [28] and curcuminoid-essential oil
complex [29] have evaluated the safety of nanoparticle delivery systems
in animal models. These formulations were non-toxic in acute toxicity
studies at doses equivalent to 2 g curcumin /kg of body weight [28].
Daily administration of a curcuminoid-essential oil complex (CEC) at a
dose of 1 g CEC/kg body weight [29] or curcumin-loaded polymeric
nanoparticles of Eudragit S100 at 0.1 g curcumin/kg of body weight
[28] also revealed no toxicity after 90 and 28 days, respectively. How-
ever, further evaluation of safety, particularly in the event of long-term
consumption of nanoparticles is required. It is widely accepted that the
toxicity of nanodelivery systems vary according to nanoparticle size
[30], nanomaterials used and their exact formulation [23], dosage [31]
and cell types targeted [32]. Therefore, although curcumin has been
shown to be safe in several studies [33,34], development of novel
nanoparticle-based delivery system for curcumin still requires safety
assessment.

Nanoparticles taken orally are generally absorbed through the in-
testinal mucosa or lymphatics whereby distributed and excreted through
clearance systems, i.e. renal clearance, hepatobiliary clearance, the
reticuloendothelial system or the mononuclear phagocyte system,
depending on several factors such as particle sizes [35], surface
morphology, charges, and properties of nanomaterials [36]. Renal
clearance, through glomerular filtration and tubular secretion, deals
with small particles (about 5 nm) [36]. The epithelial lining of hepatic
sinusoids deals with nano-sizes up to 200 nm, however, other hepatic
mechanisms, i.e. endocytosis, metabolism and enzymatic cleavage, also
play roles in hepatic clearance of foreign particles and eliminate them
via the bile duct. Nanoparticles with sizes of >200 nm tend to remain in
the body until degradation [35,37].

Previously, mucoadhesive polymers were used to form nanoparticles
of curcumin and shown to promote its release and absorption [38] with
chemoprevention potential for opisthorchiasis-associated chol-
angiocarcinoma (CCA) [39]. To solve the indispensability in water of the
curcumin nanoparticles, hydrophilic solid dispersions using arabic and
xanthan gums have been used to develop curcumin-loaded nano-
complexes (CNCs) with particle sizes in a range of 400—1,000 nm. These
showed improved oral delivery of curcumin by enhancing gastrointes-
tinal mucoadhesion and potentially extending curcumin retention [40].
Because CNCs tend to be retained in the body for long periods, it is
essential to determine their safety for human use as a novel drug.
Non-clinical risk assessment in an animal model is a necessary step on
the path for translation of CNCs to use in human patients. The objective
of this study was to investigate acute and chronic toxicities of oral CNCs
in two different animal species, mice and hamsters. Different doses of
CNCs were administered to evaluate their toxicity as indicated by
physiological, biochemical parameters, ultrastructural effects and his-
topathological changes in various organs. Safety assessment of CNCs
have very low toxicity in non-clinical trials and are ready for clinical
study.

2. Materials and methods
2.1. CNCs preparation

Arabic gum, xanthan gum and isoflurane were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Curcumin (>98 % purity w/w) was
purchased from ACROS Organics (Geel, Belgium). Powdered CNCs
(WellCap® Kaminn, with encapsulation efficiency of 80 % and loading
capacity of 28 % [40] and blank nanocomplexes (BNCs, WellCap®
Capsule) kindly gifted by Welltech Biotechnology Co. Ltd. Bangkok,
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Thailand. These were stored following the manufacturer’s instructions.
In brief, the curcumin-encapsulated nanoparticles, using ethylcellulose
and methylcellulose formula dispersed in deionized water, were mixed
with a solution containing 1% each of arabic gum and xanthan gum and
then subjected to a spray-drying process as previously described [40].

2.2. Physicochemical characterization of CNCs

2.2.1. Morphology

Focused ion beam-field emission scanning electron microscopy (FIB-
SEM, FEI Helios Nanolab G3CX, USA) was used to observed dry CNCs
powder at 10 kV, after the powder was spread on adhesive tape and then
vacuum-coated with a thin layer of gold at 15 kV for 90 s. CNCs were
also dispersed in deionized water, dropped onto analytic glass plate,
desiccated and then gold-coated before visualization using a JSM-IT100,
SEM (JEOL, Japan).

CNCs in deionized water were dropped onto a 200-mesh grid and
visualized by transmission electron microscopy (TEM, JEM-1010, JEOL,
Japan) at 100 kV.

2.2.2. Stability

Ten light-proof foil/polyamide-sealed packets containing CNCs (5 g
each) were randomly sampled from three batches of thirty packs (ten
packs / batches) to be stored at 25 + 2 °C/60 + 5 % RH for stability
monitoring. After 6 or 12 months, samples were diluted with ethyl ac-
etate for UV spectroscopic determination of curcuminoid concentration
at 416 nm (Spectroquant UV2400PC, China) in comparison to standard
solutions of curcuminoid (1-5 pg/mL). Data were presented as the
average of % w/w of curcumin in CNCs and % of initial.

2.3. Ethics statement and animals used

This study has been reviewed and approved by the Animal Ethics
Committee of Khon Kaen University based on the Ethics of Animal
Experimentation of National Research Council of Thailand (ACUC-KKU-
59/2559). Two species of animals were used in this study. Swiss albino
mice of both sexes (JcL:ICR) (4-5 weeks old, 25—40 g, total 197 mice)
were purchased from Nomura Siam International Co. Ltd., Bangkok,
Thailand and reared at Northeast Laboratory Animal Center, Khon Kaen
University. This strain of mice has been used in tests for sensitivity to
chemicals, susceptibility to toxic substances and for tumor induction and
is commonly used for preclinical toxicity testing. Syrian golden hamsters
(Mesocricetus auratus), a susceptible animal model for opisthorchiasis-
associated cholangiocarcinoma [41], of both sexes (4-6 weeks old,
80—100 g, total 207 hamsters) were reared at the Animal Unit, the
Faculty of Medicine, Khon Kaen University, Khon Kaen, Thailand. All
female rodents were nulliparous and non-pregnant, as recommended by
Organization for Economic Co-operation and Development (OECD)
Guidelines for Testing of Chemicals (Sections 423 and 452). This study
was performed under good laboratory practice according to OECD
principles on good laboratory practice guideline [42]. All animals were
maintained under clean conventional conditions at 23 °C (& 2 °C) with
relative humidity 30-60 % and 12 h light/ dark cycles, and fed ad libitum
a commercial pellet diet (CP-SWT, Thailand) with unlimited access to
food and drinking water. All animals were randomly assigned to cages
for at least 5 days before experimentation. All cages were monitored
every day and bedding material was changed thrice a week.

2.4. Acute toxicity study

Female animals (total 29 mice and 23 hamsters) were randomly
assigned to non-treated (normal control group) or intervention groups.
Acute toxicity testing was carried out following OECD Guideline 423 for
Testing of Chemicals with slight modification, including dose level, ro-
dent species and number of animals used. The acute oral toxicity of CNCs
was classified based on the Globally Harmonized System of
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Classification and Labelling of Chemicals (GHS) 2003 in which the most
severe toxicity is classified in category 1 (LDso < 0.005 g/kg bw) and
relatively low toxicity in category 5 (LDsg > 2—5 g/kg bw). Agents that
have very low toxicity (LDsgp > 5 g/kg bw) [43] are placed into the
unclassified hazards category as indicated by the co symbol based on
OECD guidelines [44]. Most previous articles have reported LDso of
curcumin to be approximately 2 g/kg bw (in GHS category 5 of OECD
guidelines for oral toxicity studies) in rats and mice [45,46]. Therefore,
in this study, we used the higher dose levels from OECD Guideline 423 to
determine the actual dose for translation from animal to human. For
rodent species, mice and hamsters were selected as described above.
CNCs were given on a single occasion at low, medium and high doses,
which were 0.1, 1.1 or 11 g/kg bw (equivalent to 0.03, 0.3 or 3 g/kg bw
of curcumin, respectively) for mice, and 0.2, 2.1 and 21.4 g/kg bw
(equivalent to 0.06, 0.6, 6 g/kg bw of curcumin, respectively) for
hamsters. Mice and hamsters in the blank nanocomplexes (BNCs) group
received a single oral dose of 7.9 g/kg bw BNCs and 15.4 g/kg bw BNCs,
respectively. Administration of the single dose was performed by oral
gavage in a volume of 10 mL/kg bw. The BNCs or CNCs powder to be
administered was diluted with distilled water at a ratio of 10:1 w/v. The
diluted samples were pushed through gavage tubes within 45 min. An-
imals in the negative control group received no intervention. Clinical
signs of toxidromes (depression, rising fur, tremors, excitability,
twitching, salivation, morbidity) and mortality were observed and
recorded twice daily for 14 days post-treatment.

2.5. Chronic toxicity study

The protocol was performed based on the OECD Guidelines for
Testing of Chemicals (Section 452) with slight modification including
rodent species, dose levels and number of animals used. Swiss albino
mice (12/sex/group, total 168, bodyweight 25—40 g) and hamsters (13/
sex/group, total 182, bodyweight 80—100 g) were randomly divided
into seven groups as follows: Group 1 (control) normal diet without any
treatment, Group 2 daily oral gavage with BNCs (0.58 g/kg bw/day in
mice or 1.16 g/kg bw/day in hamsters), Groups 3-5 daily oral gavage of
CNCs at low, medium and high doses in mice (0.09, 0.27 and 0.8 g/kg
bw, equivalent to 0.025, 0.075, 0.225 g/kg bw of curcumin, respec-
tively) and CNCs at low, medium and high doses in hamsters 0.18, 0.54,
1.61 g/kg bw (equivalent to 0.05, 0.15, 0.45 g/kg bw of curcumin,
respectively), for 6 months. Groups 6 and 7 of both species (n = 24 mice
and 26 hamsters), termed the recovery groups, were respectively given
0.58 g/kg bw/day of BNCs or the high-dose CNCs regimen daily for 6
months. Following cessation of the treatments at 6 months, animals in
groups 6 and 7 were held for a further 28 days. The dose volume in all
animals used was 10 mL/kg bw. The dose levels to be used for chronic
toxicity testing were based on the results from the acute toxicity testing.
The high-dose level in the chronic toxicity test was approximately
equivalent to the medium dose level used in the acute toxicity tests: the
medium and low doses used in the chronic toxicity tests were successive
approximately three-fold reductions of the high dose. During the
experiment, all animals were daily checked for overall health condition,
body weight, morbidity and mortality. All animals were starved for 1
day before euthanasia.

2.6. Sample collection and histopathological study

Animals were anesthetized using isoflurane inhalation and eutha-
nized by cardiac puncture. Blood samples obtained were immediately
divided into 3 portions, one for hematological analysis (stored in an
EDTA tube), one for coagulation analysis (in a citrate tube) and one for
serum biochemistry. Internal organs including liver, lung, kidney, heart,
spleen, pancreas, stomach, intestine and ovaries or testes were collected
and immediately fixed in 10 % buffered formalin for histopathological
study. The tissues were processed using an Automatic Tissue Processor
(Hestion, England) and embedded with paraffin using a tissue processor
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(Bio-Optica, Italy). The paraffin-embedded tissues were cut using a
Microm HM 315 microtome (Thermo Fisher Scientific, USA) and stained
with hematoxylin and eosin (H&E). The slides were observed under a
light microscope.

2.7. Hematological and biochemical parameters

All analyses of blood samples, with results reported as means + SD,
were conducted at the Laboratory Unit, Srinagarind Hospital, Faculty of
Medicine, Khon Kaen University, Thailand. A Sysmex Xs-800i1000i
Automated Hematology Analyzer (Sysmex Corporation, Kobe, Japan)
provided hematological parameters. A Cobas 8000 Chemistry Auto-
analyzer (Roche Diagnostics International Ltd., Scotland) was used to
determine serum biochemistry parameters, among which were glucose
levels, activity of liver function enzymes and lipid profile. An automated
blood coagulation analyzer ACLTOP550 (AWerfen Company, Germany)
provided coagulation parameters.

2.8. Scanning electron microscopy (SEM)

To achieve our ultimate goal of CNCs use in opisthorchiasis-
associated CCA patients, we focused on hamsters, a susceptible animal
model for O. viverrini infection [41]. Tissue samples of hamster stomach
and intestine (1 mm?> each) of Groups 5and 7 in the chronic toxicity
study were excised, fixed with Karnovsky’s fixative, washed twice with
buffered solution for 10 min and post-fixed using osmium tetroxide
(0s0y) for 2 h and then, re-washed twice in buffered solution for 10 min.
The samples were dehydrated using ethyl alcohol for 10 min at each of
the following concentrations: 50 %, 70 %, 80 %, 90 % and 95 %. Final
dehydration was achieved using 3 changes of absolute alcohol (10 min
each) followed by amyl acetate for 15 min. All tissues were dried using a
critical-point drier (CPD) K850 (ASHFORD, Kent, UK) liquid carbon
dioxide, coated with a thin layer of gold under vacuum at 15 kV for 90 s
(EMITECH K550X, England) and the mucosal side of each sample was
observed and imaged using SEM (JSM-IT200, JEOL, Japan).

2.9. Transmission electron microscopy (TEM)

Samples of liver (1 mm3, each) of hamsters from Groups 1, 2 and 5 in
the chronic toxicity study were fixed in Karnovsky’s fixative and dehy-
drated using an ethanol concentration gradient. The samples were
embedded in propylene at 60 °C for 48 h. The sections were cut using an
Ultracut N, Reichert-Nissei microtome. The TEM grids holding samples
were viewed using a JEM-1010 TEM, (JEOL, Japan). TEM images of
CNCs were obtained with an accelerating voltage of 100 kV.

2.10. Statistical analysis

Survival rates were statistically analyzed using Kaplan-Meier anal-
ysis and Cox regression. All parameters were compared statistically
between the normal (control) group and any treatment group. Blood
parameters were analyzed using analysis of variance (one-way ANOVA)
with a post-hoc Tukey’s HSD (Honestly Significant Difference) test,
implemented in the IBM SPSS Statistics 19 program (SPSS, Inc., Chicago,
IL, USA), and reported as means + SD. Comparisons yielding p values of
0.05 or lower were regarded as statistically significant differences.

3. Results
3.1. Characteristics of CNCs

Fig. 1(A) illustrates FIB-SEM images of CNCs powder in aggregates of
nanoparticles which were segregated after being dispersed in water
(Fig. 1(B) and (C)). The segregated nanoparticles of CNCs forming nano-
encapsulated curcumin were similar to those in our previous report [40].
The segregated nanoparticles of CNCs were within a size range of
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100 nm

Fig. 1. Images of the CNCs-based nanodelivery system. CNCs powder was visualized using FIB-SEM (A). CNCs after dispersal in water and visualized using SEM (B)

and TEM (C).

400-1,000 nm. The TEM image, Fig. 1(C), reveals a loose surface
detaching from the nanoparticle. After storage at 25 + 2 °C/60 + 5 % RH
in light-protected and sealed conditions for 6 and 12 months, curcumi-
noid contents of CNCs remained higher than 97 % of the initial amount
with little or no changes in pH and bulk densities (Table 1).

3.2. Acute toxicity

In generally, mice engage in high-energy activities, such as climbing
around in their cage [47]. Similarly, hamsters spend much time running
around their habitat and do a lot of chewing [48]. In acute toxicity
testing, all animals treated with high doses (11 g/kg bw in mice and 21.4
g/kg bw in hamsters) exhibited different behaviors from the normal
group: they moved more slowly and squeezed or curled themselves
against the walls or into corners of their cages a few minutes after the
dosing. Half of the animals died within 24 h after administration of a
single high dose of CNCs (3 of the 5 hamsters and 3 of the 6 mice),
enabling the determination of LDsg. The surviving animals recovered
after some hours and showed no further signs of toxicity or died during
the remaining 14 days of observation. Based on Lorke’s method [49], the
estimated oral LDsq values of CNCs were 8.9 and 16.8 g/kg bw (equiv-
alent to 2.5 and 4.7 g/kg bw of curcumin) for mice and hamsters,
respectively.

There was no significant change in body weights of mice or hamsters
throughout the period of study relative to initial (p > 0.05 both)
(Fig. S1). Gross pathology and histopathology did not find necrosis or
other severe abnormal changes, but inflammation was found in liver
after high doses (11 g/kg bw in mice and 21.4 g/kg bw in hamsters)
(Fig. S2). In the animals treated with a high dose of CNCs, as shown in
Table 2, there were significant increases in organ-weight to body-weight
ratios of spleen in mice and of heart and stomach in hamsters (p < 0.05,
all). Liver weight was significantly increased in hamsters compared to
the normal group, but not in mice. Mice treated with a high dose of CNCs
exhibited significantly elevated total protein, globulin and BUN with an
increasing trend of ALT and alkaline phosphatase but decreasing trend
of AST. In hamsters receiving the high dose, there was a non-significant
increase of ALT, AST and alkaline phosphatase compared to the normal

Table 1
Physicochemical characteristics of curcumin-loaded nanocomplexes (CNCs) and
their stability following storage for 6 or 12 months.

Characteristics
Appearance: Yellowish-orange, mild turmeric odor and tasteless powder

Condition: Stored CNCs in foil-sealed 5-g packs at 25 + 2 °C/60 + 5 %RH (n = 3 lots)

Tests Initial 6 months 12 months
1. pH (0.1 % in water, 25 °C) 6.4+ 0.8 5.8+ 0.2 59+ 0.4
2. Bulk density (g/cm®) 0.07 £0.02 0.07 +0.02 0.08 + 0.01
3. Curcuminoids (%) 297 +1.1 289+ 1.2 290.1+1.1
4. % curcuminoids remaining 100 + 0 97.2+ 1.0 98.1 £ 0.8
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Table 2
Relative organ weights of animals in the acute toxicity study at 14 days after oral
administration.

Intervention
Organs Normal CNCs
BNGs Low Medium High
- dose dose dose
79g/kg 0.1g/kg 1.1g/kg 11 g/kg
bw bw bw bw
n=>5 n=38 n=2 n=2 n==6
Stomach 1.80 + 1.53 + 1.54 + 1.51 + 1.70 +
0.32 0.50 0.01 0.59 0.65
Intestine 8.18 + 8.66 + 8.30 + 8.00 + 8.97 +
0.67 0.99 1.02 0.64 0.79
Liver 4.56 + 4.36 + 4.66 + 478 + 5.25 +
0.05 0.89 0.47 0.69 0.77
Pancreas 0.84 + 0.68 + 0.61 + 0.75 + 0.74 +
0.12 0.27 0.05 0.04 0.34
Mice Kidneys 1.52 + 1.33 £ 1.35 + 1.41 £ 1.45 +
0.16 0.15 0.07 0.08 0.20
Spleen 0.28 + 0.42 + 0.46 + 0.43 + 0.46 +
0.05 0.09 0.16 0.26 0.09*
Lung 0.74 + 0.73 + 0.73 + 0.83 + 0.71 +
0.11 0.09 0.15 0.16 0.17
0.51 + 0.48 + 0.49 + 0.55 + 0.51 +
Heart
0.05 0.13 0.07 0.01 0.05
Ovaries 1.16 + 1.65 + 1.49 + 1.27 + 1.10 £
0.48 0.44 0.20 0.32 0.50
15.4 g/ 0.2g/ 2.1 g/kg 21.4 g/
kg bw kg bw bw kg bw
n=7 n=>5 n=2 n=2 n=>5
Stomach 1.18 + 1.30 £ 1.39 + 1.97 + 2.02 +
0.41 0.29 0.17 0.06 0.68*
Intestine 8.76 + 8.16 + 9.49 + 11.54 + 9.86 +
1.75 0.34 1.47 0.71 3.62
Liver 3.95 + 4.55 + 4.18 + 3.99 + 5.09 +
0.73 0.15 1.32 0.91 0.54*
Pancreas 0.26 + 0.31 + 0.47 + 0.32 + 0.34 +
0.04 0.14 0.13 0.10 0.19
Hamsters  Kidneys 0.98 + 1.01 £ 0.97 + 0.97 + 1.01 +
0.08 0.04 0.08 0.02 0.09
Spleen 0.17 + 0.15 + 0.13 + 0.17 + 0.15 +
0.03 0.04 0.02 0.01 0.02
Lung 0.69 + 0.79 + 0.70 + 0.82 + 0.75 +
0.08 0.17 0.08 0.22 0.08
0.38 + 0.41 + 0.44 + 0.50 + 0.45 +
Heart . .
0.03 0.03 0.03 0.02* 0.07*
Ovaries 1.48 + 1.20 + 1.15 + 1.32 + 0.93 +
0.37 0.37 0.03 0.06 0.40

Note: BNCs - blank nanocomplexes (7.9 g/kg bw in mice or 15.4 g in hamsters),
CNCs - Curcumin-loaded nanocomplexes at low doses (0.1 g/kg bw in mice or
0.2 g/kg bw in hamsters), medium doses (1.1 g/kg bw in mice or 2.1 g/kg bw in
hamsters) or high doses (11.0 g/kg bw in mice or 21.4 g/kg bw in hamsters);
Data are mean + SD, *P value < 0.05 one-way ANOVA, n = number of animals.
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group (Table 3). Notably, BNCs-treated mice showed significant eleva-
tion of total protein, globulin, ALT, AST, alkaline phosphatase and BUN
compared to the normal control group. Significantly elevated levels of
total protein, globulin, ALT and alkaline phosphatase were also
observed in BNCs-treated hamsters.

3.3. Chronic toxicity study

3.3.1. Survival, clinical observations and body weights

Kaplan-Meier plots, Fig. 2 (A) and (B), illustrate significant decreases
in survival rates of both species of animals treated for 6 months with
high doses of CNCs (0.8 g/kg bw in mice and 1.61 g/kg bw in hamsters).
The number of animals in each group surviving until euthanasia (251 of
350) is shown in the Table 4. Interestingly, BNCs (0.58 g/kg bw in mice
and 1.16 g/kg bw in hamsters) as well as low- and medium-dose CNCs
regimens, did not affect survival of the animals. No abnormal clinical
signs were evident nor was food and water intake affected in any treated
animals. There was no significant difference in either species in body
weights of experimental groups relative to controls at any time point
throughout the period of study (p > 0.05 both) (Fig. S3).

3.3.2. Organ-weight to body-weight ratios

Daily consumption of both BNCs and CNCs for 6 months had some
effects on the organ weights and organ-weight to body-weight ratios of
mice and hamsters (Table 4). Compared to the normal control group,
organ-weight to body-weight ratios of stomach, intestine, pancreas,
lung, heart and testes were increased in both species of animal according
to doses and the conditions of treatment. These changes were markedly
observed in animals receiving the high CNCs doses. Although high dose
CNCs treatment induced weights of some organs significant changes,
histological study did not show any severe abnormalities. Moreover,
most of organ-weight to body-weight ratios reverted to normal after 28

Table 3
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(A) Mice

Experimental groups
1 Normal
1 High dose of CNCs
1 Medium dose of CNCs

Low dose of CNCs
—MBNCs
I High dose of CNCs (recovery)
1 BNCs (recovery)
Normal-censored
High dose of CNCs-censored
Medium dose of CNCs-censored
Low dose of CNCs-censored
BNCs-censored
High dose of CNCs (recovery)-
censored
BNCs (recovery)-censored

#*

L d
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Fig. 2. Kaplan-Meier plots of survival rates of (A) mice and (B) hamsters
randomly assigned to receive blank nanocomplexes (BNCs, brown), low-dose of
curcumin-loaded nanocomplexes (CNCs, yellow), medium-dose of CNCs (blue),
high-dose of CNCs (red), recovery BNCs (gray) and recovery high-dose of CNCs
(purple), relative to the normal group (green) in the chronic toxicity study (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

Average (+standard deviation) of serum chemistry parameters of animals that consumed a single dose of blank nanocomplexes (BNCs) or of curcumin-loaded

nanocomplexes (CNCs) in the acute toxicity study.

Parameters Normal range Normal BNCs CNGs
- Low dose Medium dose High dose
7.9 g/kg bw 0.1 g/kg bw 1.1 g/kg bw 11 g/kg bw
n=>5 n=38 n=2 n=2 n==6
Blood glucose 60—150 175.00 + 35.36 136.33 + 67.57 209.00 127.00 175.75 + 37.25
Blood Urea NitrogenU 15-33 16.06 + 2.64 21.90 + 4.62 20.80 18.40 23.87 + 5.99*
Creatinine” 0.2-1.0 0.15 + 0.02 0.10 + 0.05 0.11 0.09 0.13 + 0.06
Cholesterol” 55-181 83.80 + 22.39 109.00 + 33.47 104.00 98.00 105.50 + 10.41
TriglycerideU 72-227 120.60 + 10.26 151.00 + 82.02 NA NA 142.00 £+ 79.20
Mice Total protein (g/dL) 4.5-7.5 4.72 £ 0.50 5.80 + 0.64* 6.40 5.50 5.85 + 0.64*
Albumin (g/dL) 2.3-4.3 3.42 £+ 0.04 3.55 + 0.21 3.70 3.50 3.67 £ 0.35
Globulin (g/dL) 2.4-4.2 1.28 £ 0.13 2.25 + 0.69* 2.70 2.00 2.20 + 0.31*
Bilirubin TotalV 0-1.0 0.03 + 0.05 0.08 + 0.10 0.20 NA 0.10 + 0.00
ALT (U/L) 22-128 59.60 + 33.22 82.00 + 40.26 200.00 220.00 115.00 + 175.14
AST (U/L) 20-150 223.67 + 96.72 256.33 + 160.50 NA NA 128.00 + 34.51
Alkaline phosphatase (U/L) 50-186 47.60 + 16.09 70.60 + 20.54 93.00 84.00 78.83 + 29.92
15.4 g/kg bw 0.2 g/kg bw 2.1 g/kg bw 21.4 g/kg bw
n=7 n=>5 n=2 n=2 n=>5
Blood glucoseU 60—150 147.00 + 47.48 166.50 + 19.09 107.00 + 0.00 146.00 + 25.46 216.50 + 47.38
Blood Urea Nitrogen" 15-33 26.34 + 4.01 24.60 + 2.67 27.75 £ 6.15 30.40 £ 5.09 26.98 + 4.72
Creatinine” 0.2-1.0 0.21 + 0.05 0.18 £ 0.01 0.20 + 0.03 0.18 + 0.03 0.22 £ 0.03
CholesterolV 55-181 123.17 + 26.72 136.50 + 24.12 119.00 + 46.67 139.50 + 41.72 139.60 + 30.39
Triglyceride” 72-227 181.86 + 81.93 187.60 + 25.40 186.50 + 152.03 176.00 + 113.14 219.20 + 60.61
Hamsters Total protein (g/dL) 4.5-7.5 6.14 + 0.49 6.26 + 0.44 5.90 + 0.42 6.00 = 0.00 5.96 + 0.40
Albumin (g/dL) 2.3-4.3 3.27 £ 0.13 3.26 £ 0.15 3.20 + 0.14 3.30 + 0.00 3.06 £ 0.25
Globulin (g/dL) 2.4-4.2 2.87 +0.37 3.00 + 0.34 2.70 + 0.28 2.70 + 0.00 2.90 + 0.24
Bilirubin Total” 0-1.0 0.07 £ 0.05 0.02 £+ 0.04 0.05 + 0.07 0.05 + 0.07 0.24 + 0.43
ALT (U/L) 22-128 120.40 + 41.73 126.20 + 67.34 141.00 + 38.18 180.00 + 115.97 236.50 + 208.37
AST (U/L) 20-150 145.50 + 31.20 139.60 + 66.08 287.00 + 59.40 318.00 + 199.40 264.25 + 312.05
Alkaline phosphatase (U/L) 50-186 148.00 + 15.56 153.50 + 20.51 183.00 + 55.15 177.50 + 43.13 198.20 + 43.48

Note: BNCs - blank nanocomplexes (7.9 g/kg bw in mice or 15.4 g in hamsters), CNCs — Curcumin-loaded nanocomplexes at low doses (0.1 g/kg bw in mice or 0.2 g/kg
bw in hamsters), medium doses (1.1 g/kg bw in mice or 2.1 g/kg bw in hamsters) or high doses (11.0 g/kg bw in mice or 21.4 g/kg bw in hamsters); superscripted U —
units are mg/dL, Data are mean +SD, NA = not available; *P value < 0.05 one-way ANOVA, n = number of animals.
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Table 4
Relative organ weights of animals in the chronic toxicity study.
Organs Sex Normal BNCs BNCs (recovery) CNGs
- Low Medium High High (recovery)
0.58 g/kg bw 0.58 g/kg bw 0.09 g/kg bw 0.27 g/kg bw 0.8 g/kg bw 0.8 g/kg bw
n=23 n=16 n=17 n=18 n=22 n=16 n=17
Stomach M 1.33 +0.31 1.09 + 0.23 1.15+0.15 1.04 +0.23 1.22 +0.27 1.77 £ 0.39* 1.29 £ 0.39
F 1.68 + 0.56 1.65 + 0.30 1.63 + 0.15 1.74 £ 0.20 2.24 £+ 0.69* 2.07 £0.33 2.23 £0.61
Intestine M 6.26 + 0.76 5.47 + 0.34 5.54 + 0.39 5.84 + 0.51 5.23 + 1.30* 7.03 £ 0.53 6.13 + 0.86
F 6.70 + 0.58 6.66 + 0.75 6.30 + 0.46 6.74 £ 0.42 6.99 + 0.62 7.38 £ 0.58* 6.55 + 0.44
Liver M 4.02 £ 0.34 4.30 £ 0.46 4.33 £0.17 4.10 £ 0.25 4.17 £ 0.29 3.85+£0.21 3.94 £0.33
F 4.15 + 0.34 4.07 £ 0.22 3.92 +£1.45 4.15 £ 0.31 4.22 £ 0.57 4.08 + 0.45 4.20 +0.28
Pancreas M 0.55 + 0.11 0.63 + 0.08 0.68 + 0.10* 0.69 + 0.08* 0.66 + 0.08* 0.63 £ 0.03 0.65 + 0.09
F 0.66 + 0.18 0.74 £ 0.05 0.75 £ 0.09 0.75 £ 0.09 0.70 £ 0.10 0.75 £ 0.16 0.73 £0.13
Mice Kidneys M 1.85 + 0.29 2.19 £+ 0.25* 2.26 £+ 0.21* 1.98 + 0.15 2.07 £0.24 1.96 + 0.17 2.06 £ 0.22
F 1.46 + 0.21 1.57 + 0.08 1.57 + 0.16 1.52 +0.13 1.57 +0.11 1.52 +0.07 1.52 +0.14
Spleen M 0.24 + 0.07 0.23 £ 0.08 0.26 + 0.09 0.24 £ 0.08 0.24 £ 0.10 0.26 £ 0.07 0.28 £ 0.19
F 0.39 £ 0.10 0.37 £ 0.07 0.51 +£0.23 0.36 £ 0.22 0.51 £+ 0.50 0.36 £ 0.19 0.32 £ 0.06
Lung M 0.77 £0.13 0.73 £+ 0.05 0.89 +0.28 0.81 +0.32 0.70 + 0.08 0.75 + 0.09 0.97 + 0.60
F 0.80 + 0.10 0.91 £0.17 1.00 + 0.37 0.84 £ 0.10 1.00 + 0.33 0.82 £0.15 0.87 £ 0.10
Heart M 0.59 £ 0.10 0.61 £ 0.05 0.66 + 0.07 0.60 + 0.04 0.58 £ 0.06 0.55 + 0.04 0.67 £+ 0.09
F 0.59 £ 0.11 0.62 £+ 0.07 0.59 + 0.07 0.55 + 0.04 0.58 £+ 0.07 0.56 £ 0.05 0.59 £+ 0.06
Testes M 1.08 + 0.31 0.85 + 0.16 0.90 +0.13 1.17 + 0.23 0.98 +0.17 1.12 £0.15 0.84 + 0.12%
Ovaries F 1.61 + 0.56 1.42 £+ 0.45 1.47 £+ 0.20 1.47 + 0.39 1.45 + 0.81 1.65 + 0.74 1.82 £ 0.70
1.16 g/kg bw 1.16 g/kg bw 0.18 g/kg bw 0.54 g/kg bw 1.61 g/kg bw 1.61 g/kg bw
n =20 n=18 n=18 n=24 n=14 n=14 n=14
Stomach M 0.85 £ 0.25 1.24 + 0.34* 1.30 + 0.28* 1.23 + 0.25* 0.90 + 0.14 1.10 + 0.17 1.61 £ 0.21*
F 1.55 + 0.28 1.62 + 0.37 1.53 + 0.34 1.22 +0.26 1.35 + 0.09 1.30 + 0.24 1.96 + 0.42*
Intestine M 5.98 £+ 0.58 7.22+1.75 7.45 £ 1.59% 6.80 = 0.78 7.14 £ 0.88 6.60 + 0.86 7.58 +£1.16*
F 7.88 £ 2.63 10.67 + 2.34 8.68 £+ 3.70 8.56 + 1.44 9.46 + 2.40 7.59 +1.08 11.05 + 2.29*
Liver M 2.71 £0.27 241 £0.24 2.62 £ 0.38 2.89 £ 0.19 2.90 £+ 0.19 2.98 +0.32 2.43 +£0.23
F 4.07 £ 0.91 3.39 £ 0.56 3.22+0.28 3.38 £0.21 4.13 + 2.07 3.14 + 0.22 3.10 + 0.24
Pancreas M 0.42 £0.18 0.44 £0.11 0.65 + 0.28* 0.48 £+ 0.20 0.36 + 0.17 0.50 +0.17 0.56 + 0.08
F 0.42 £0.11 0.47 £0.11 0.59 + 0.09* 0.57 + 0.12* 0.50 £+ 0.13 0.41 £ 0.15 0.46 + 0.09
Hamsters Kidneys M 0.85 + 0.05 0.78 +0.13 0.81 + 0.06 0.86 + 0.05 0.81 + 0.09 0.91 +0.12 0.77 + 0.09
F 1.10 £ 0.16 0.97 £0.17 0.87 £ 0.07* 0.90 £ 0.08 1.03 £ 0.21 0.95 + 0.06 0.93+0.13
Spleen M 0.13 £ 0.02 0.13 £+ 0.02 0.14 £+ 0.03 0.14 £+ 0.05 0.16 £+ 0.07 0.14 £+ 0.03 0.12 £+ 0.02
F 0.23 £0.13 0.25 + 0.19 0.21 + 0.05 0.24 + 0.06 0.27 +0.10 0.22 £+ 0.07 0.21 + 0.04
Lung M 0.59 + 0.04 0.64 + 0.06 0.66 + 0.07 0.64 + 0.05 0.70 + 0.05* 0.74 + 0.09* 0.60 + 0.03
F 0.78 £0.13 0.75 £ 0.04 0.69 £ 0.05 0.69 £ 0.04 0.78 £ 0.13 0.73 £+ 0.08 0.76 + 0.10
Heart M 0.45 £+ 0.06 0.40 + 0.03 0.40 + 0.04 0.43 + 0.04 0.44 + 0.04 0.53 + 0.06* 0.40 = 0.02
F 0.47 £ 0.03 0.44 + 0.03 0.42 £ 0.03 0.44 + 0.04 0.40 + 0.02 0.49 + 0.05 0.47 + 0.07
Testes M 2.68 £ 0.22 2.60 £ 0.29 2.35 £ 0.61 2.35+£0.35 2.53 £0.38 2.71+0.15 2.47 £ 0.30
Ovaries F 0.68 + 0.31 0.87 £0.18 0.85 £+ 0.08 0.77 £ 0.13 0.73 £ 0.20 0.64 + 0.20 0.89 + 0.19

Note: BNCs - blank nanocomplexes (0.58 g/kg bw in mice or 1.16 g in hamsters), CNCs — Curcumin-loaded nanocomplexes at low doses (0.09 g/kg bw in mice or 0.18
g/kg bw in hamsters), medium doses (0.27 g/kg bw in mice or 0.54 g/kg bw in hamsters) or high doses (0.8 g/kg bw in mice or 1.61 g/kg bw in hamsters); Data are

mean + SD, * P value < 0.05 one-way ANOVA, n = number of animals.

days in the high-CNCs recovery groups.

3.3.3. Particle adherence

SEM photographs of stomach and small intestine of hamsters in the
group treated with high doses of CNCs and the high-dose CNCs recovery
group are shown in Fig. 3. The deposition of CNCs on the stomach and
small intestine walls 24 h after oral administration, due to mucoadhesive
effects of the gum polymers, was still apparent 28 days after the last
high-dose CNCs treatment.

3.3.4. Biochemical analysis, hematological, and coagulation parameters

Treatment with blank nanocomplexes and high doses of CNCs yiel-
ded elevated levels of blood glucose and creatinine in mice and blood
urea nitrogen in hamsters, as shown in Table 5. The liver function
markers ALT and AST, but not alkaline phosphatase, were significantly
increased both animal species in high-dose CNCs treatment compared to
the normal control group. In contrast, triglycerides significantly
decreased in the BNCs and BNCs recovery groups in mice and low-dose
CNCs group in hamsters compared with the normal group. Likewise,
cholesterol significantly decreased in the high-dose CNCs recovery
group relative to the high-dose and normal groups of hamsters. BNCs-
recovered hamsters exhibited significant decrease of cholesterol
compared with the BNCs and normal groups.
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The hematological analysis of male and female mice (Table S1)
revealed that RBC and HCT in female mice of the high-dose CNCs group
were significantly increased (p < 0.05). The WBC values for female mice
were significantly higher in the low-dose and medium-dose CNCs groups
(p < 0.05). Similarly, RDW was significantly higher in female medium-
dose, high-dose and high-dose (recovery) CNCs groups (p < 0.05). In
female mice of the medium-dose group, MCH value was significantly
lower (p < 0.05). Percentage of monocytes was significantly higher in
mice treated with BNCs and low-dose CNCs for 6 months (but returned
to normal 28 days after the last dose) while there were significant in-
creases in eosinophils in male mice treated with low-dose CNCs. In
addition, eosinophils of hamsters were significantly elevated after re-
covery from BNCs and high-dose CNCs treatment. Basophils were
significantly higher in medium-dose treated males. Blood coagulation
parameters, including PT and aPTT of male and female hamsters, were
within normal ranges for all experimental groups. However, mice yiel-
ded insufficient whole blood for us to do this analysis (Table S1).

3.3.5. Gross and histopathology

There was no significant necrosis and no severe abnormal gross pa-
thology of the liver, kidney, lung, heart, spleen, stomach, intestine,
pancreas, testes and ovaries in any of the treatment groups. Histopath-
ological examination did not identify any dose-related abnormalities or
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Fig. 3. Scanning electron microscopy (SEM) images illustrating curcumin-loaded nanocomplexes (CNCs) deposited on the walls of the stomach and small intestine of
hamsters 24 h after oral administration of a high dose of CNCs (1.61 g/kg bw, equivalent to 0.45 g/kg bw of curcumin) and of the recovery group 28 days after the
final high-dose CNCs treatment. The SEM images were obtained at 15 kV and recorded using JSM-IT200, JEOL, Japan. The scale bar is 2 ym. The original mag-

nifications were x 7,500.

lesions, such as severe damage or necrosis, in any animal group, but
animals given the high-dose CNCs treatment exhibited slight changes in
tissues with some precipitates, indicating mild inflammation (Fig. S4).

3.3.6. Ultrastructural changes of liver tissue

The liver, as one of the main target organs for nanoparticle clearance,
was shown to gain weight in hamsters after a single high-dose CNCs
treatment (Table 1). Also, increases in biochemical parameters indicate
alterations in liver function in hamsters with ALT, AST, globulins, total
protein (Table 4). Thorough observations by TEM occasionally found
intense endoplasmic-reticulum stress and destruction of mitochondria in
liver samples in the BNCs-treated group and high-CNCs group compared
to the normal group (Fig. 4). Organelle structure, including endoplasmic
reticulum, nucleus and mitochondria were clearly seen in normal liver
samples.

4. Discussion

CNCs, formed as a complex of nanoparticles of curcumin in a solid
dispersion form, could be well dispersed in water to give segregated
nanoparticles and mucoadhesive gums, providing sustained release of
curcumin in the GI tract. Curcuminoid contents were stable in the CNCs
for at least 12 months under the specified storage conditions. This
demonstrates the advantage of CNCs, as curcumin is prone to rapid
degradation [40].

It has been reported that curcumin can induce DNA damage both in
vitro and in vivo [13] potentially due to pro-oxidant effects [50]. Nano-
particles are speculated to enhance absorption [25] and could
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potentially promote the toxicity of the encapsulated curcumin. The
toxicity of nanoparticles might differ according to the encapsulated
substances [51]. Here, we assessed the actual LDsg for curcumin in CNCs
form in vivo in mice and hamsters. The oral LDsy values of CNCs esti-
mated using Lorke’s method were 8.9 and 16.8 g/kg bw (equivalent to
2.5 and 4.5 g/kg bw of curcumin) for mice and hamsters, respectively.
Our data could provide the actual LDsg of nanoparticles of curcumin in
vivo, which was 4.5-fold higher than the LDs( level of curcumin in mice
(approximately 2 g/kg bw) [46].

A single dose of CNCs followed by an observation period of 14 days
to assess acute toxicity and daily oral CNCs treatment for 6 months, to
test chronic toxicity, did not produce obvious toxicologically significant
changes in clinical observations or blood chemistry in groups given the
low-dose and medium-dose treatment. However, a high dose could
produce toxicity in tissues via inflammation-mediated injury in both
animal species. A possible mechanism of CNCs-induced toxicity is shown
in Fig. 5.

Increases in weights of some organs, both in acute (Table 2) and
chronic (Table 4) toxicity tests may be due to mucoadhesive charac-
teristics of CNCs with additional effects of arabic and xanthan gums
[40]. Interestingly, hamsters in the high-CNCs chronic recovery group
showed significant increases in stomach weight (1.89-fold) and intestine
(1.27-fold) (Table 4) (p < 0.05), which was supported by SEM results
(Fig. 3). Notably, this effect persisted even at 28 days after the last dose
as a result of the extended release of CNCs [40,52] and their mucoad-
hesive properties [38]. In contrast, in mice the increase in weight of
stomach and intestine of high-dose CNCs-treated group (0.8 g/kg bw)
was reversed by 28 days after the last dose (Table 4). The reasons for
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Table 5
Average (+standard deviation) of serum chemistry parameters of animals that consumed blank nanocomplexes (BNCs) daily and curcumin-loaded nanocomplexes
(CNCs) at various doses daily for 6 months in the chronic toxicity study.

Normal BNCs CNGs
Parameters Sex Normal BNCs , _ _
range (recovery) Low Medium High High
J— (recovery)
0.58 g/kg bw 0.58 g/kg bw 0.09g/kgbw  0.27 g/kgbw 0.8 g/kg bw 0.8 g/kg bw
n =23 n=16 n=17 n=18 n=22 n=16 n=17
M 60—150 82.44 + 93.44 + 108.83 + 101.00 + 96.00 + 120.38 + 111.33 +
Blood glucose’ 14.59 16.17 16.83 27.86 28.30 25.44* 27.73%
75.50 + 103.83 + 86.11 + 9291 + 116.29 +
F 60—-150 11.86 15.04* 98.00 +12.39 15.42 23.77 29.80* 97.88 + 23.94
M 15-28 27.03 +8.31  25.59 £ 5.96 24.40 + 6.05 fgi; * fg?g * 24.73 + 3.39 22.51 + 4.65
Blood Urea Nitrogen" ’ 5 2' 384
F 15-33 17.43 +£ 4.44 16.14 + 2.36 16.63 + 2.34 17.89 + 2.67 12'09 19.64 + 2.61 15.53 + 1.95
Creatinine” M 0.2-1.0 0.14 + 0.04 0.18 + 0.02 0.11 + 0.02 0.08 +£0.03*  0.10 £ 0.03*  0.14 & 0.03 0.15 + 0.03
F 0.2-1.0 0.15 + 0.04 0.18 + 0.03 0.11 + 0.03 0.09 £ 0.04*  0.11 £ 0.05*  0.14 £ 0.03 0.17 + 0.02
U _ 95.60 + 93.63 + 88.00 + 83.73 + 90.50 +
Cholesterol M 55-181 21.91 17.69 78.11 +13.27 16.56 14.58 15.76 90.25 + 20.40
71.00 + 71.29 + 67.49 + 65.14 + 77.00 +
F 55-181 17.97 18.09 77.25 +19.40 10.94 12.65 12.18 68.13 + 11.46
84.55 + 65.44 + 53.00 + 59.00 + 69.80 + 97.50 +
. U _
Triglyceride M 72-227 28.85 27.19 17.69* 20.70 19.99 12.56 64.25 + 19.07
104.25 + 70.86 + 79.44 + 78.22 + 104.86 +
F 72-227 31.82 13.47% 79.63 +13.79 14.93 28.49 26.02 92.88 + 20.52
Total protein (g/dL) M 4.5-7.5 4.95 +0.23 5.06 + 0.32 4.84 +0.61 5.04 £ 0.27 5.05 + 0.29 5.26 + 0.30* 4.96 + 0.16
Mice P & F 4.5-7.5 4.94 +0.37 5.31 +£0.23 5.20 + 0.41 5.12 +£0.19 5.13 + 0.72 5.27 + 0.42 4.91 +0.39
Albumin (g/dL) M 2.3-4.3 3.43 £0.18 3.47 £ 0.24 3.26 + 0.42 3.29 + 0.33 3.30 + 0.19 3.53 +0.21 3.30 £ 0.14
§ F 2.3-4.3 3.56 + 0.30 3.89 +0.16 3.63 +0.20 3.67 + 0.28 3.52 + 0.58 3.74 + 0.19 3.46 +0.18
Globulin (g/dL) M 2.4-4.2 1.52 £ 0.21 1.62 £ 0.18 1.60 + 0.26 1.76 £ 0.35 1.75 + 0.30 1.78 £ 0.17* 1.68 + 0.09
& F 2.4-4.2 1.39 £ 0.27 1.40 £ 0.23 1.58 £ 0.35 1.46 £ 0.19 1.71 £ 0.70 1.51 + 0.40 1.44 + 0.27
Bilirubin Total” M 0-1.0 0.09 + 0.03 0.12 + 0.07 0.09 + 0.03 0.08 +0.11 0.08 + 0.09 0.08 + 0.05 0.15 + 0.11
F 0-1.0 0.08 + 0.06 0.08 + 0.04 0.05 + 0.05 0.00 £ 0.00*  0.02 &+ 0.04*  0.06 & 0.05 0.1 + 0.00
Bilirubin Direct” M NA 0.07 £ 0.05 0.10 £ 0.05 0.06 £+ 0.05 0.03 £+ 0.05 0.04 + 0.05 0.06 + 0.05 0.06 £ 0.05
F NA 0.03 + 0.05 0.00 + 0.00 0.01 + 0.04 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.01 + 0.04
56.44 + 35.56 + 36.36 + 61.63 +
ALT (U/L) M 22-128 33.08 +£7.13 18.84 54.00 +18.13 10.93 17.56 51.57+ 29.88 + 8.43
F 22-128 33.79+8.47  30.14 = 4.18 43.29 +12.50 32.56 £7.58 31.25+ 7.78 ?;;‘ * 29.63 + 6.52
167.00 + 214.17 + 227.50 + 221.38 £ 210.60 + 245.50 + 142.63 +
AST (U/1) M 20-150 26.58 41.95 43.90 78.51 57.17 69.64* 38.49
F 20-150 187.69 + 174.14 + 184.57 + 188.00 + 159.89 + 243.43 + 173.75 +
51.43 42.70 43.60 38.85 79.79 72.32 69.39
43.30 £ 36.38 + 46.55 + 40.50 +
Alkaline phosphatase M 50-186 10.70 4543 +7.83 4244 £ 1561 17.39 15.76 11.71 3111 +11.69
(U/L) 65.46 + 58.43 + 62.00 +
F 50-186 21.47 62.43 £9.18 67.38 +17.71  49.71 £8.77 27.60 24.96 54.50 +17.63
1.16 g/kgbw  1.16 g/kgbw  0.18 g/kgbw  0.54 g/kg bw  1.61 g/kg bw 1.61 g/kg bw
n=20 n=18 n=18 n=24 n=14 n=14 n=14
M 60150 100.75 + 82.40 + 84.73 + 85.42 + 100.67 + 74.40 + 92.83 +
Blood glucose? 25.46 10.02 10.29 14.21 18.03 14.71* 13.00
105.00 + 81.13 + 91.58 + 98.00 +
F 60—150 26.38 19.75 83.71 + 8.24 15.71 46.41 82.56 +13.94  92.88 +8.81
27.62 +
M 15-28 20.00 +£3.95  21.65+ 3.75 24.99 + 6.44 6.54* 23.57 £ 4.11 21.16 + 3.59 23.13 +£1.91
Blood Urea Nitrogen" 28.93 4 )
F 15-33 10'32 24.55 £ 7.02 27.84 + 4.07 29.16 + 5.20 28.64 +7.60 31.27 + 8.92 28.21 + 4.36
CreatinineV M 0.2-1.0 0.28 £0.05 0.29 + 0.03 0.24 + 0.04* 0.22 + 0.03* 0.22 + 0.02* 0.24 + 0.03 0.31 + 0.04
F 0.2-1.0 0.28 £0.11 0.25 + 0.02 0.24 + 0.03 0.17 + 0.02* 0.20 + 0.03* 0.25 + 0.03 0.25 + 0.03
92.33 + 74.30 £ 77.73 £ 76.75 + 101.50 + 60.00 +
Cholesterol’ M 55-181 14.04 15.27* 17.84 17.98 7.26 9540+ 16.73 5.93*
Hamsters F 55181 143.00 + 127.25 + 106.29 + 125.00 + 140.88 + 108.56 + 84.88 +
18.22 29.30 19.64 15.47 62.20 10.16* 27.68*%
M 79-997 115.08 + 138.20 + 125.00 + 78.78 + 135.67 + 103.60 + 127.83 £
Triglyceride’ 28.82 19.94 36.11 24.94* 65.33 22.83 8.42
&y F 79297 151.43 + 156.00 + 151.00 + 102.42 + 144.00 + 123.56 + 139.38 +
51.01 16.22 44.31 13.13 57.50 36.29 49.59
Total protein (z/dL) M 45-75 6.11 £0.49 6.13 £ 0.24 5.82 + 0.36 6.10 + 0.27 5.80 + 0.68 6.10 + 0.33 6.45 + 0.21
P & F 45-7.5 6.61 +0.85 6.40 + 0.38 6.07 + 0.59 6.21 + 0.23 6.39 + 0.70 6.21 + 0.25 6.04 + 0.37
Albumin (g/dL) M 2.3-4.3 3.59 £ 0.16 3.54 £ 0.16 3.37 £ 0.22 3.45+£0.13 3.47 £ 0.64 3.54 £0.11 3.62 £0.13
& F 2.3-43  3.31+£0.39 3.39 + 0.36 3.29 + 0.15 3.34 +0.14 3.20 + 0.74 3.47 £ 0.14 3.33 £ 0.29
Globulin (g/dL) M 24-42 250 +0.39 2.60 +0.13 2.44 + 0.29 2.65 + 0.17 2.35 + 0.24 2.56 + 0.24 2.82 +0.18
& F 2.4-42  3.09 +0.29 3.03 +0.14 2.79 + 0.47 2.87 +0.13 2.83 + 0.64 2.74 + 0.18* 2.76 + 0.16*
Bilirubin Total’ M 0-1.0 0.03 + 0.05 0.09 + 0.03* 0.03 + 0.05 0.00 + 0.00 0.00 + 0.00 0.02 + 0.04 0.08 + 0.04*
F 0-1.0 0.05 + 0.05 0.19 +0.33 0.06 + 0.05 0.00 + 0.00 0.05 + 0.05 0.02 + 0.04 0.10 + 0.00

(continued on next page)
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Table 5 (continued)
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1.16 g/kgbw  1.16 g/kgbw  0.18 g/kgbw  0.54 g/kgbw  1.61 g/kg bw 1.61 g/kg bw
n=20 n=18 n=18 n=24 n=14 n=14 n=14
Bilirubin DirectV M NA 0.01 +0.03 0.00 = 0.00 0.00 = 0.00 0.00 + 0.00 0.03 £+ 0.05 0.00 £+ 0.00 0.00 £+ 0.00
F NA 0.00 £+ 0.00 0.03 + 0.05 0.00 = 0.00 0.00 + 0.00 0.01 £+ 0.04 0.01 £+ 0.03 0.03 £+ 0.05
78.33 + 71.30 £ 70.27 £ 68.42 + 67.27 + 59.78 +
ALT (U/L) M 22-128 17.42 10.61 11.65 17.50 29.27 9320 15.55 25.35
F 29_128 90.75 + 88.13 + 123.57 £ 87.83 £ 109.38 + 128.33 + 122.00 +
41.51 46.30 56.30 38.03 43.74 54.59 60.33
M 20-150 111.33 + 142.29 + 100.27 £ 129.58 + 134.80 = 158.40 + 146.20 +
AST (U/L) 38.86 18.93 33.65 21.59 28.11 38.26* 28.66
F 20-150 116.88 + 124.88 + 126.57 + 91.50 + 117.20 + 152.89 + 164.29 +
34.98 51.18 50.30 46.52 26.90 49.04 50.61
84.50 + 90.06 + 71.00 + 89.50 +
Alkaline phosphatase 50-186  77.75£6.37 1599 26.29 73.33£833 1575 7060 £1071 405y
(U/L) 96.80 + 109.71 + 92.86 + 79.83 £ 111.23 + 117.50 +
F 50-186 25.19 20.91 18.58 17.72 38.62 89.00 £ 15.05 32.09

Note: BNCs - blank nanocomplexes (0.58 g/kg bw in mice or 1.16 g in hamsters), CNCs — Curcumin-loaded nanocomplexes at low doses (0.09 g/kg bw in mice or 0.18
g/kg bw in hamsters), medium doses (0.27 g/kg bw in mice or 0.54 g/kg bw in hamsters) or high doses (0.8 g/kg bw in mice or 1.61 g/kg bw in hamsters); super-
scripted U — units are mg/dL, Data are mean +SD, NA = not available; *P value < 0.05 one-way ANOVA, n = number of animals.

Normal

: AMT
Camera: XR51, Exposure(ms): 800 Gain: 1, Bin: 1
Gamma: 1.00, No Sharpening, Normal Contrast

— Microscopist: AMT
800 nm Camera: XR51, Exposure(ms): 800 Gain: 1, Bin: 1
HV=100.0kY Gamma: 1.00, No Sharpening, Normal Conirast

Mag: 20000x
AMT Camera System

BNCs

CNCs (high dose)

Microscopist: AMT
Camera: XRS1, Exposure(ms): 800 Gain: 1, Bin: 1
ymma: i Contrast

Fig. 4. Ultrastructural changes in hamster livers were revealed by transmission electron microscopy (TEM). Hamsters were evaluated in the control group and 24 h
after oral administration of blank nanocomplexes (BNCs) or a high dose of curcumin-loaded nanocomplexes (CNCs) (1.61 g/kg bw, equivalent to 0.45 g/kg bw of
curcumin). The TEM images were obtained at 100 kV and recorded using JEM-1010 TEM, (JEOL, Japan). The scale bar is 800 nm. The original magnification for liver
tissues of hamsters was x 20,000. Representative data are shown (n = 2 animals/group) in the normal, BNCs-treated and CNCs high-dose groups. Abbreviations are

for mitochondria (m) and endoplasmic reticulum (ER).

these species-specific differences are unknown. Moreover, CNCs were
apparent in the stomach and intestinal mucosa of hamsters 24 h after
oral administration were still present in both organs in reduced quan-
tities 28 days after the last dose, suggesting extended release of CNCs
(Fig. 2). Increased organ-weight to body-weight ratios, particularly of
the liver and spleen after acute CNCs treatments, and pancreas, lung,
heart, kidney and testes after 6 months of daily CNCs intake (Tables 2
and 4), might be related to the pharmacokinetics of nanoparticles, their
biodistribution and clearance-related side effects [36]. Those processes
occurred after absorption of nanoparticles into the bloodstream and
distribution into other organs [36].

The clearance of nanoparticles from the body depends on many
factors including particle size, shape, materials and surface modifica-
tions [35]. Perhaps, CNCs product with particle size of 400—1000 nm
after dispersal in water, as previously described in [40], may be elimi-
nated by the reticuloendothelial system or the mononuclear phagocyte
system (MPS) [35]. Macrophages might phagocytose CNCs or BNCs and
excrete them into the blood circulation with smaller sizes. Kidney and
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liver are main clearance organs to eliminate them from body. An over-
dose of nanoparticles might extend the elimination process in some or-
gans [36], leading to tissue damage via production of enhanced reactive
oxygen species (ROS) by inflammatory cells [53,54], leading to
increased organ weight. The distribution of curcumin in various organs
after uptake such as in the liver, kidney, stomach, small intestine and
also blood was supported by a previously reported [55]. In contrast,
some MPS phagocytes that carry CNCs may exert an inhibitory effect on
BNCs-induced inflammation by curcumin [56] as proposed in Fig. 5.
Daily oral administration of CNCs at low, medium and high doses
(0.09, 0.27 and 0.8 g/kg bw, which is equivalent to 0.025, 0.075, 0.225
g/kg bw of curcumin, respectively) was defined as the appropriate dose
for testing in mice for 6 months. Those dose levels are close to levels used
in a previous study of solid-lipid curcumin particles (SLCP) containing
approximately 30 % curcumin (0.18, 0.36, 0.72 g SLCP/kg bw in low,
medium and high doses, respectively, in rats [46]. High-dose adminis-
tration of CNCs for 6 months led to 1.86- and 1.47-fold increases of of
ALT and AST levels in mice, respectively. In hamsters, the same
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treatment led to 1.19-fold increase in ALT and a significant increase of
1.42-fold in AST, indicating that high-dose and long-term CNCs treat-
ment induced inflammation-mediated liver injury. Notably, these
changes were restored to normal levels in the recovery groups by 28
days after the final dose.

In addition, although high dose CNCs-treated mice and hamsters
exhibited slight changes in blood glucose (an increase 1.46-fold in mice
and decrease of 0.74-fold in hamsters), these levels were still within the
normal range. Increases in blood glucose observed in high-dose CNCs
groups might be an effect of gum arabic, which has been reported to
adversely interfere with electrolyte balance and vitamin D in mice, and
to induce hypersensitivity in humans [52]. This, however, requires
further studies to identify the exact mechanism. BNCs at a high dose had
the same result as high-dose CNCs treatment that produced significant
changes in total protein and globulin in the acute toxicity test (Table 3)
and had same trend in the chronic toxicity test (Table 5), suggesting that
high BNCs dose might induce toxicity. BNCs are composed of
cellulose-based materials, mainly ethylcellulose and methylcellulose.
These are popular in pharmaceutical technology and side effects seem to
be limited [57], although an overdose of cellulose-based materials can
induce cellular damage [58]. Alternatively, an overdose of curcumin
could enhance glycolysis by upregulation of metabolism-related genes
[59], leading to increased glucose levels.

We found that liver-injury markers such as ALT and AST were
increased by high-dose and long-term CNCs treatment, but not by low-
and medium-dose treatments. Oral consumption of high-dose CNCs for 6
months decreased survival rates in animals (Fig. 2). Adverse effects of
CNCs treatment are likely to be dose dependent. In agreement, overdose
and long-term administration (100 mg/kg/90 days) of curcumin could
induce imbalance in rats including overproduction of ROS, increased
production of pro-oxidant cytokine IL6 and decreased antioxidant en-
zymes i.e. SOD and GST, leading to oxidative stress-mediated liver
injury and inflammatory disorders which, however, could recover to
normal 1 month after cessation of treatment [59]. Likewise, a higher
dose of curcumin (400 mg/kg/15 days) mediated ROS induction, lead-
ing to myocardial damage in rats. On the other hand, curcumin can
enhance endogenous antioxidant systems at lower doses [60]. Taken
together, based on our results and previous study, it seems likely that
high doses CNCs treatment might be involved in induction toxicity in
both animal species due to excessive of curcumin deposition, and
nanomaterials of gums and methy- and ethycelluloase.

Several studies have recommended doses of curcumin for various
disease conditions ranging from 0.02 to up to 2.5 g/person/day (around
up to 42 mg/kg bw/day for an individual weighing 60 kg) [61-63]. Our
chronic toxicity trial revealed that the NOAEL of CNCs at doses within a
range of up to 0.27 and 0.54 g/kg bw/day does not cause obvious

Kidney
WU\ A
!

Liver

Pancreas

e -

Toxicology Reports 8 (2021) 1346-1357

Fig. 5. Possible mechanism by which a high
dose of CNCs induces toxicity in mice and
hamsters. Curcumin-loaded nanocomplexes
(CNCs) with arabic gum and xanthan gum
adhere to the stomach wall after oral adminis-
tration. After dispersal in water, CNCs forms an
amorphous nanoprecipitate partially covered
by gums. In this form, it is moved onwards to
the small intestine, and then absorbed into the
bloodstream via many pathways. Curcumin-
loaded nanoparticles and curcumin released
from nanocomplexes are engulfed by the
mononuclear phagocyte system and then
distributed to various organs. Accumulation of
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Y organs via inflammation-mediated ROS pro-

duction. These were resolved within 28 days
after cessation of treatment.

toxicity in mice and hamsters, respectively. Based on the results of our
study, NOAEL of curcumin from CNCs might be converted to a
maximum recommended starting dose for clinical trials at 13.13 and
43.7 mg/person/day (an individual weighing 60 kg) of CNCs. Also,
toxicokinetics/exposure data to correlate with the findings of the study
should be obtained in future study. Safety of CNCs will thus be
confirmed.

5. Conclusion

CNCs segregated to provide nanoparticles after dispersion in water
and showed potential to stabilize curcuminoid contents for at least 12
months in the storage conditions used. Acute and chronic toxicity
studies were conducted to confirm the safety of CNCs. A single low or
medium dose of CNCs is safe in both mice and hamsters. Likewise, low
and medium daily CNCs doses are safe for long-term administration. We
observed that CNCs treatment have the potential to produce toxicity in
high-dose treatments, but most abnormal parameters returned to normal
levels by 28 days after the final dose. Therefore, CNCs exhibit relatively
low toxicity and are ready for use in clinical study in human beings, but
requiring more study of their toxicity in high doses.
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