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Abstract The study was conducted to evaluate the effi-
cacy of different forms of trivalent chromium (Cr) sup-
plementation on tissue chromium deposition in finishing
pigs. A total of 96 pigs with an initial average body
mass 65.57+1.05 kg were blocked by body mass and
randomly assigned to four treatments with three repli-
cates. Pigs were offered one of four diets including a
control diet or the control diet supplemented with
200 pg/kg chromium from either chromium chloride
(CrCl3), chromium picolinate (CrPic) or chromium
nanocomposite (CrNano) for 40 days. During the trial,
all pigs were given free access to feed and water. After
feeding trial, eight pigs from each treatment were
slaughtered for samples collection. The results showed
that supplemental CrNano increased Cr content in
blood, longissimus muscle, heart, liver, kidney, jejunum,
and ileum (P<0.05). Supplemental Cr from three sources
increased Cr excretion from all feces (P<0.05). Urinary Cr
excretion was increased by CrNano or CrPic supplementation
significantly. These results suggested that chromium nano-
composite exhibited more effective on tissue Cr deposition
in pigs, which indicated higher absorption compared with
CrCl; and CrPic.
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Introduction

Trivalent chromium [Cr (III)] was proposed to be an
essential trace element over 50 years ago and has been
accepted as an essential element for over 30 years [1].
There have been a number of studies on the effect of Cr
(III) supplementation on growth performance, carcass
characteristics, pork quality, reproduction and tissue depo-
sition in domestic animals [2-5]. However, Di Bona et al.
[6] reported Cr (III) appeared not to be an essential
element, and its potential effects on domestic animals
might be considered pharmacological.

The factors controlling intestinal absorption of particles
are now better known. Size, nature of the polymer, zeta
potential, and vehicle have been determined as critical fac-
tors influencing particles uptake [7]. It is postulated that the
absorption and utilization of Cr is dependent on its status in
the gastrointestinal tract. Nanocomposite, which possesses
new electrical, magnetic, mechanical and biological proper-
ties associated with its reduced dimension and the high
surface area, was investigated in various biomedical appli-
cations [8] and was shown to exhibit a high rate of absorp-
tion in the gastrointestinal tract [9, 10]. In previous work at
our laboratory, chromium nanocomposite (CrNano) was
shown to produce beneficial effects on carcass character-
istics, pork quality and individual skeletal muscle weight
compared to the control group, which implicated higher
bioavailability [11]. Further studies in rats showed that
dietary supplementation of Cr as CrNano exhibited con-
siderably higher absorption efficiency than both chromi-
um picolinate (CrPic) and chromium chloride (CrCly)
[12]. The objective of the present investigation was to
assess the efficacy of three different sources of chromi-
um as CrCls, CrPic, and CrNano on tissue Cr deposition
in finishing pigs.
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Materials and Methods
Animals and Experimental Design

The protocol of this study was approved by the Institu-
tion Animal Care and Use Committee at Zhejiang Uni-
versity and was conducted in accordance with the
National Institutes of Health guidelines for the care and
use of experimental animals. The feeding trial was car-
ried out in Anji Zhengxin Breeding Farm. A total of 96
crossbred pigs (Duroc x Landrace X Yorkshire) with an
average body mass of 65.57 kg (SD=1.05) were blocked
by initial mass and equalized for sex and ancestry, ran-
domly allotted to one of the following dietary treatments:
control and control diet supplemented with 200 pg/kg
chromium from either CrCl;, CrPic, or CrNano, with
three replicate pens per treatment and eight pigs per
pen. The CrCl; was purchased from Sangon Co. Ltd.
The CrPic was provided by Zhejiang Huangyan Kanda
Animal Health Co., Ltd., China. CrNano (Nanocomposite
of CrCls, size ranges from 40 to 70 nm) was provided by
the Key Laboratory of Molecular Animal Nutrition, Min-
istry of Education, China. All experimental treatments
used the same corn—soybean meal basal diet formulated
met or exceeded NRC (1998) recommendations for
nutrients except digestible energy (Table 1).

The pigs were penned in 3.25x5.25-m, with a nipple
drinker and feeder to allow pigs ad libitum access to feed
and water. The duration of the feeding trial was 40 days.
Preceding the study, pigs were allowed a 7-day adaptation
period, during which they were offered basal diet for ad
libitum consumption.

Table 1 Ingredient inclusion and chemical composition of basal diet,
as-fed basis

Ingredient (%) Chemical composition®

Corn 64.5 Digestible energy (KJ/kg) 13.40
Soybean meal 21.5 Crude protein (%) 17.12
Rapeseed meal 4.0 Calcium (%) 0.76
Wheat bran 6.0 Phosphorus (%) 0.62
Limestone 1.3 Lysine (%) 1.05
Calcium phosphsate 1.5 Methonine (%) 0.45
Salt 0.3

Mineral premix' 0.7

Vitamin premix> 0.2

# All data were analyzed values except digestible energy

® Contained per kg of diet: Cu 10 mg, Zn 100 mg, Fe 145 mg, Mn
40 mg, Se 0.1 mg; 1 0.3 mg;

¢ Contained per kg of diet: V-A 6, 200 U, V-D; 700 TU, V-E 88 TU,V-K
4.4 mg, V-B, 8.8 mg, D-pantothenic acid 24.2 mg, niacin 33 mg,
choline chloride 330 mg;

Samples Collection

At the end of the feeding trial, after 1 h of feed removal,
eight pigs from each treatment were selected and slaugh-
tered by exsanguination after electrical stunning. Blood
samples were collected at slaughter, kept in heparinized
tubes and stored at —20°C. The heart, liver, kidney spleen,
pancreas, lung and intestines were harvested with excess fat
and veins carefully stayed away. The samples of hair, long-
issimus muscle, and fat in the tenth rib, heart, liver, kidney
spleen, pancreas, lung, and intestines (duodenum, jejunum,
ileum, cecum, colon) were collected from the same position
of the organs, packed and stored at —20°C. Feces from the
end of rectum and urine from bladders were also collected
and stored at —20°C

Assay of Chromium Residue

Tissue Cr content in blood, hair, faces, urine, longissimus
muscle, fat, sampled organs, and intestines were determined
by the method of Anderson et al. [13] with atomic absorp-
tion spectrometry (AA6510, Shimadzu, Japan).

Statistical Analysis

Data are presented as mean value. The general linear model
procedure of SAS software [14] was used to determine
treatment effects using one way analysis of variance. For
all data, the model included treatment as main effect. A
probability of P<0.05 was considered significant.

Results
Cr Contents in Muscle and Fat

Cr content in longissimus muscle was increased by 119.06%
(P<0.05) with the supplementation of CrNano, and was
89.45% (P<0.05) higher than that in CrCl; added group
(Fig. 1). There was no significant difference of Cr content in
fat from the tenth rib with the dietary Cr supplementation
from CrCls, CrPic, or CrNano.

Cr Contents in Selected Organs

Supplemental Cr from CrNano increased Cr content in heart,
liver, kidney by 87.10% (P<0.05), 114.60% (P<0.05),
94.76% (P<0.05; Table 2), and supplemental Cr from
CrPic also increased Cr content in heart, liver, and kidney by
58.41% (P<0.05), 86.45% (P<0.05), 67.55% (P<0.05), re-
spectively (Table 2). No significant difference was found in Cr
content in spleen, lung, and pancreas of pigs fed Cr from
different sources.
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Cr Contents in Intestinal Tissues

Table 3 showed that Cr incorporation into the jejunum was
the greatest, followed by ileum and colon, rectum was the
lowest. Supplemental Cr from CrNano increased Cr content
in jejunum and ileum by 68.95% (P<0.05), 61.27% (P<
0.05). CrPic also increased Cr content in jejunum and ileum
by 54.43% (P<0.05), 58.06% (P<0.05), respectively.

Cr Contents in Blood, Hair, Feces, and Urine

Table 4 showed that supplemental Cr from CrNano and
CrPic increased blood Cr by 134.83% (P<0.05), 86.06%
(P<0.05) respectively. Feces Cr was significantly increased
with the supplementation of Cr, which was increased by
43.59% (P<0.05), 30.22% (P<0.05), 29.15% (P<0.05) in
CrNano, CrPic and CrCl; added group respectively. Urine
Cr was also increased by 37.62% (P<0.05), 36.54% (P<
0.05) with the supplementation of CrNano or CrPic. No
significant difference was found in hair Cr content.

Relative Mass of Selected Organs

Table 5 showed that there were no significant differences
in relative mass of heart, liver, spleen, kidney, and pancreas

Table 2 Effect of supplemental chromium on Cr contents in selected
organs of pig

of pigs fed supplemental Cr from CrCl;, CrPiC, or
CrNano.

Discussion

It is well known that different chemical forms of Cr (III)
have diverse rates of absorption. Inorganic Cr (III) (e.g.
chromium chloride, CrCly) is very poorly absorbed (0.5—
2%) [15]. Organic Cr (III) is supposed to have greater
biological availability than inorganic Cr (III) [16]. However,
some studies have shown that the absorption rate of CrPic is
similar to CrCl; and Cr nicotonate [17, 18], and the recent
study of comparative absorption even indicated that CrCl; is
possibly absorbed better [19]. Some Cr supplements have
been shown to have much higher absorption (40-60 or
higher) [20]. Therefore, it is of great significance to develop
novel forms of Cr (III) with enhanced intestinal absorption
efficiency and high oral bioavailability.

Nanotechnology, a multidisciplinary scientific undertak-
ing, involves creation and utilization of materials, devices or
systems on the nanometer scale (range in size from 1 to
100 nm). Nanoparticle has already been investigated as drug
carrier system for gastrointestinal (GI) delivery of therapeu-
tic agents [21-23] to enhance drug absorption, improve

Table 3 Effect of supplemental chromium on Cr contents in intestinal
tissues of pig

Control  Cr-treated (200 pg/kg) S.EM Control Cr-treated (200 pg/kg) S.EM
CrCl CrPic CrNano CrCls CrPic CrNano

Heart (ng/g) 53.04a 58.67a 84.02b 99.24b 8.884 Duodenum (ng/g) 61.05 67.43 66.05 84.67 5.257
Liver (ng/g) 49.66a 58.96ab 92.59bc  106.57c  18.575 Jejunum (ng/g) 113.28a 149.32ab 174.94ab 191.39b 25.012
Kidney (ng/g) 58.59a 82.38ab 98.17bc  114.11c  13.081 Ileum (ng/g) 107.93a 114.24a  170.59b 174.06b 10.747
Spleen (ng/g) 40.02 45.70 67.21 73.36 19.391 Cecum (ng/g) 46.84 51.86 54.99 65.04 5.639
Lung (ng/g) 46.79 50.85 58.19 52.05 9.783 Colon (ng/g) 16.88 19.85 20.87 21.07 2.069
Pancreas (ng/g) 38.72 43.39 46.52 65.77 16.199 Rectum (ng/g) 17.29 17.60 18.68 23.35 1.884

Means in a row with different letters differ significantly (P<0.05), n=8
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Table 4 Effect of supplemental chromium on Cr contents in blood,
hair, feces, and urine of pig

Control  Cr-treated (200 pg/kg) S.EM

CrCl CrPic CrNano
Blood (ng/mL) 121.27a 123.87a  225.63b  284.78b 23.767
Hair (ng/g) 74.63 80.66 82.20 78.12 3.540
Feces (ng/g) 386.82a 555.45¢  503.73bc  499.56b  19.805
Urine (ng/mL) 164.38a 209.86ab 224.45b  226.22b  9.667

Means in a row with different letters differ significantly (P<0.05), n=8

bioavailability [24], and target therapeutic agents to partic-
ular organs [25, 26]. It has been shown that nanoparticle was
able to exhibit high rate of uptake in the GI tract [10].
CrNano, a novel form of Cr (III) constructed previously
based on the nanotechnology, was shown to greatly increase
tissue chromium retention in selected muscles and organs
when supplemented to the diets of pigs and rats, and it was
postulated that CrNano could improve the absorption of Cr
(IID) in the GI tract [11, 12]. The transportation and absorp-
tion of CrNano via Caco-2 cell monolayers in comparison to
CrPic and chromium chloride (CrCl;) was investigated, and
it was found that epithelial transport of CrNano, CrPic and
CrCl; across the Caco-2 cell monolayers mainly via passive
transport pathways, and CrNano exhibited considerably
higher absorption efficiency than both CrPic and CrCl; in
Caco-2 cell monolayers [27].

Supplemental Cr (IIT) from CrNano greatly elevated mus-
cle Cr content in the current study, which is consistent with
previous study in pigs [11]. Normally Cr content in muscle
is relatively stable, and was found increased only when fed
very high dosage in some animals. Liu et al. [28] demon-
strated higher Cr content in breast muscle of laying hens,
when fed 5000 or 50,000 pg/kg Cr from CrCl;. In the
current study, pigs were fed the same dosage (200 pg/kg)
Cr supplementation from different Cr source, only CrNano

Table 5 Effect of dietary Cr from different sources on relative mass of
selected organs

Control Cr-treated (200 pg/kg) S.EM

CrCls CrPic CrNano
PHT (%) 0.33 0.36 0.39 0.33 0.030
PLW (%) 1.71 1.58 1.59 1.72 0.093
PKW (%) 0.33 0.33 0.34 0.31 0.026
PSW (%) 0.20 0.20 0.37 0.20 0.112
PPW (%) 0.10 0.12 0.11 0.12 0.009

Means in a row with different letters differ significantly (P<0.05), n=8
PHT heart mass/pig live massx100%; PLW liver mass/pig live
weight x 100%; PKW kidney mass/pig live weightx 100%; PSW spleen
mass/pig live mass x 100%; PPW pancreas mass/pig live mass* 100%

supplementation group exhibited higher muscle Cr content,
which might due its higher absorption rate [27].

In the present study, Cr concentrations in liver and kidney
were greatly increased with the supplementation of CrNano
in the diet, which is consistent with previous result in pigs
and rats [11, 12]. Significant increases of Cr concentration
in kidney and liver were also found in CrPic supplemented
group, which is in agreement with Anderson et al. [18], who
measured the incorporation of Cr in the tissues of rats fed
nine different forms of Cr, and reported Cr incorporation
into the kidney was greatest for Cr dinicotinic acid diglycine
cysteine glutamic acid (850 ng/g dry weight) followed by Cr
potassium sulfate (407 ng/g), Cr acetate (397 ng/g), Cr
dinicotinic acid dihistidine (394 ng/g), CrPic (368 ng/g),
Cr glycine (343 ng/g), CrNic (166 ng/g), CrCI3 (74 ng/g),
Cr trihistidine (49 ng/g) and the control (23 ng/g). Their
results also showed that increases in tissue Cr following Cr
supplementation were greatest for the kidney, followed by
the liver, with smaller changes in the heart, which is in line
with our current results. The Cr concentrations in spleen and
pancreas exhibited a climbing trend with the supplementa-
tion of Cr, though no statistically significant difference was
found. Among the supplemental Cr-treated groups, Cr res-
idue level in the selected organs was highest in CrNano,
followed by CrPic, then CrCls, which implicated their dif-
ferences in bioavailability.

The effect of Cr supplementation on Cr deposition in
small intestine (duodenum, jejunum, ileum) and large intes-
tine (cecum, colon, rectum) suggested that supplemental Cr
only resulted in Cr incorporation in jejunum and ileum,
which indicated that jejunum and ileum was the main ab-
sorption site in pigs. Research in rats also confirmed that
jejunum was the main absorption site of Cr [29].

The effect of supplemental Cr on Cr content in blood,
feces, and urine suggested that only part of the supplemental
Cr was absorbed. Absorbed Cr is excreted mainly in the
urine [30], which might be the reason for the highest Cr
residue in the kidney. Higher Cr in blood and urine and
lower Cr in feces of pigs fed CrNano indicated that CrNano
exhibited higher absorption rate. The clear rate of the high
bioavailable Cr as CrNano in the body and long-term safety
evaluation remain to be further studied.

In the current study, there were no significant differences
in relative mass of heart, liver, spleen, kidney and pancreas
of pigs fed supplemental Cr from different sources. Effects
of supplemental Cr on organs mass varies in different
researches. Page et al. [2] reported that CrPic exhibited no
effect on heart mass in pigs. However, CrPic supplementa-
tion resulted increased heart mass in lamb [31] and rats [32].
Boleman et al. [33] reported that mass of liver and kidney
were decreased with the supplementation in pigs.

There are many concerns over the use of the most popular
Cr dietary supplement, CrPic. Isolated incidents of deleterious
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of CrPic supplementation have been reported [34, 35]. Sterns
et al. [36] reported the complex generated chromosome dam-
age in a Chinese hamster ovary (CHO) cell model. CrPic at
concentrations range from 50 uM to 1.0 mM generated three-
to 18-fold more chromosome damage than found in controls.
CrNic and CrCl; did not produce damage at equivalent non-
toxic doses. In contrast, Anderson et al. [37] fed rats diets
containing up to 100 mg Cr as CrPic/kg of diet for 24 weeks,
no acute toxic effects were observed. The results of the effects
of CrNano on tissue Cr reported here are with an observation
period of only 40 days, which is a relatively short-term study.
The accumulation of Cr in the tissue could be a concern
if pigs are fed dietary CrNano for a long period, which
could be lead to toxic. The effects of long-term use of CrNano,
positive or negative remain to be examined further. The effects
of long-term use of CrNano, positive or negative remain to be
examined further.

Conclusions

The results of the present study suggested that chromium
nanocomposite were exhibited to be more effective on tissue
Cr deposition in pigs, which indicated higher absorption
compared with CrCl; and CrPic.
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