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Abstract: Genetic modification (GM) offers an alternative strategy to conventional animal breeding.
The present study was carried out to investigate the potential health effects of the consumption
of growth hormone-transgenic triploid carp (GH-ttc) through a 90-day subchronic rodent feeding
study. Wistar rats (n = 10/sex/group) were given formulated diets containing GH-ttc or non-GM
carp at an incorporated rate of 2.5%, 5%, or 10% (w/w) for 90 days. An additional control group of
rats (n = 10/sex/group) was fed a basic rodent diet. During the 90-day study, clinical observation,
ophthalmic examination, body weight, and food intake were evaluated. At the end of the study, rats
were killed, and the hematology, serum chemistry, urine test, necropsy, and histopathology were
assessed. Compared with the non-GM carp and the basic control groups, no biologically significant
differences were observed on clinical signs of toxicity, body weights, food intake, hematology, serum
chemistry, urinalysis, organ weight, and histopathology on selected organs for the GH-ttc group. The
results of this 90-day subchronic feeding study indicated that, at the dose level used in this study,
consumption of GH-ttc showed no subchronic toxicity to Wistar rats.

Keywords: transgenic triploid carp; growth hormone; safety assessment; 90-day subchronic study

1. Introduction

Fish constitutes a very important part of the diet in terms of both quantity and contri-
bution to human nutritional requirements and is a major source of animal protein in most
developing countries [1]. Meanwhile, according to current projections, by 2030, the world
population will exceed eight billion; thus, fisheries and traditional aquaculture will be
unable to meet the human demand for fish [2]. Using transgenic technology to produce fish
strains with valuable traits may be a promising strategy to address this problem. For exam-

ple, the application of growth hormone (GH) treatment and altered GH gene expression in
genetically modified fishes may increase aquaculture production and efficiency [3]. Fishes
have large eggs and external fertilization and incubation; thus, they are more suitable for
micromanipulation during embryogenesis. In addition, there are fewer moral reservations
regarding genetic modification (GM) in fishes.

In 1984, the human GH gene was first microinjected into goldfish eggs, which was the
first GM fish in the world [3]. Since then, over 35 different fish species have been used for
40/). gene transfer studies [4], and several stable germ-line transmitted GH transgenic fish lines
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have been generated, including GH transgenic common carp (Cyprinus carpio) [5], Atlantic
salmon (Salmo salar) [6], Coho salmon (Oncorhynchus kisutch) [7,8], mud loach (Misgurrus
mizolepis) [9], hybrid tilapia (Oreochromis sp.), and Nile tilapia (Oreochromis nilotius) [10,11].
Nevertheless, up to now, only one type of GM fish, i.e., AquAdvantage Salmon (growth
hormone-transgenic female triploid Atlantic salmon), has been approved by the FDA (U.S.
Food and Drug Administration) as the first edible commercial product [12-14], and are
also approved for human consumption in Canada [15]. The commercial use of GM fish,
particularly in aquaculture, is still under debate in many countries [16]. One of the major
bottlenecks restricting the commercialization of GM fish lies in concerns regarding the
potential ecological safety of GM species [17]. Compared with other GM animals, fish have
the serious complications of extreme mobility and the ability to interbreed in the wild with
native fish, and its release or escape could result in adverse environmental impacts [18].

The production and use of triploid GM fish may offer substantial commercial benefits
to aquaculture. In contrast to the diploid fish, triploid fish cannot carry out normal homol-
ogous chromosome pairing and separation during meiosis because they have three sets
of chromosomes and cannot produce viable gametes. Therefore, gonadal development of
triploid fish is inhibited, and triploid fish could drastically reduce the negative environ-
mental impact of GM fish in nature. In addition, triploids are expected to have a higher
growth potential [19-21]. It is presumed that triploid fish allocate less of their energetic
and nutritional resources to reproductive activity and gonadal development and that they
will maintain superior growth rates relative to diploids during and after sexual matura-
tion [22]. Common methods of generating triploid fish include heat shock [23,24], cold
shock [25], pressure shock [26], and chemical methods [27]. Nevertheless, these methods
have problems such as not being 100% effective, they have detrimental side-effects and
decreased viability, and they require specific equipment. There is a view that the generation
of a hybrid triploid from tetraploid x diploid crosses could address the adverse effects of
the above methods [22].

Growth hormone-transgenic triploid carp (GH-ttc) used in the present study comes from
the hybridization between tetraploid carp (%, 4n = 200) and diploid GH-transgenic common
carp (Cyprinus carpio L., &', 2n = 100). The tetraploid carp is produced by distant hybridization
between red crucian carp (Carassius auratus red var., ?, 2n = 100) X common carp (Cyprinus
carpio L., &, 2n = 100) [28]. GH-ttc exhibit rapid growth, and its average body weight is
2.3 times higher than that of non-GM triploid carp [28]. Compared with traditional shock
methods, the biggest advantage of the hybridization method is that it can obtain 100% triploid
fish [22] and could fundamentally solve the potential ecological safety problem.

While fast the growth and sterile characteristics of GH-ttc have been fully studied and
the GH-ttc could avoid potential ecological problems [28], the food safety of GH-ttc still
needs further assessment before commercial production. Since the emergence of GMOs
(genetically modified organisms), a subchronic toxicity study has been recommended for
food safety assessment before possible commercialization.

Regarding GM animals, considering they were likely to appear on the market in
the future, the Codex Alimentarius Commission (CAC) has established Guideline for
the conduct of food safety assessment of foods derived from recombinant-DNA animals
(CAC/GL 68-2008) [29], which provide guidance for the safety management of foods
derived from recombinant-DNA animals. This approach is based on the principle that
the safety of foods derived from recombinant-DNA animals, including recombinant-DNA
animals, is assessed relative to the conventional counterpart having a history of safe use.
In addition, as part of the premarket registration and assessment procedures, both the
EU [30] and P.R. China [31] have decreed that mandatory 90-day rodent feeding studies
are performed. In the present study, a 90-day subchronic toxicity study using Wistar rats
was performed according to the Chinese Toxicology Assessment Procedures and Methods
for Food Safety (Chinese standard GB15193.13-2015). The safety of GH-ttc was compared
with its non-transgenic counterpart. This study may provide a scientific basis for further
biosafety assessment of GH-ttc.
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2. Materials and Methods
2.1. Materials and Diet Formulation

Both the GH-ttc and the non-GM carp were provided by the Institute of Hydrobiology,
Chinese Academy of Sciences (Wuhan, China). GH-ttc with 150 (3n = 150) chromosomes
was obtained by crossing female tetraploid carp hybrids (2, 4n = 200) of red crucian carp
(Carassius auratus red var., @, 2n = 100) x common carp (Cyprinus carpio L., &, 2n = 100) with
male diploid GH transgenic common carp (Cyprinus carpio L., &, 2n = 100). Similarly, the
non-GM carp with 150 (3n = 150) chromosomes was obtained by crossing female tetraploid
carp hybrids (2, 4n = 200) with male diploid wild type common carp (Cyprinus carpio L.,
d, 2n = 100). As indicated by the results of the PCR test, the GH gene was present in the
GH-ttc, while it was not detected in the non-GM carp (Figure 1). The nutritional values of
GH-ttc and non-GM carp were analyzed (Table 1).

2000 bp—

1000 bp—
750 bp — R I

500 bp —

250 bp —

100 bp —

Figure 1. Identity confirmation of non-GM carp and GH-ttc. M: marker D2000; 1-3: GH-ttc;
4-6: non-GM carp; 7: the positive control for GH gene; 8: the negative control; 9: water control.
Primer sequence: F: 5-TGGCGTGATGAATGTCG-3'; R: 5'-AACACGTATGACTGC-3'.

Table 1. Nutritional components of non-GM carp and GH-ttc.

Non-GM Carp GH-ttc

Moisture (g/100 g) 77.6 80.1

Ash content (g/100 g) 1.24 1.27

Protein (g/100 g) 19.7 16.5

Fat (g/100 g) 2.0 1.6
Crude fiber (g/100 g) 0 0

Calcium (mg/kg) 476 1677

Phosphorus (mg/kg) 2064 2779

2.2. Diet Formulation

Muscle tissue derived from GH-ttc or non-GM carp was collected independently. After
removing the bones, the muscle tissue was ground into powder and was then formulated
into a basic commercial rodent diet by Beijing Huafukang Bioscience Co., Inc. (Beijing,
China) at inclusion concentrations of 2.5%, 5%, and 10% (w/w). The carp-containing
diets were also fortified with cellulose (1.5%, w/w). Regarding the inclusion rate, in the
previous studies conducting 90-day safety assessments of meat from transgenic animals,
such as sheep, pork, and cattle, the highest inclusion concentration was 15%, 15%, and 10%,
respectively [32-34]. Empirically, in this preliminary 90-day subchronic toxicity study of
consumption of GH transgenic triploid carp, the 2.5%, 5%, or 10% inclusion rates were
selected. The basic commercial rodent diet with comparable nutritive values was applied
as a negative control diet (Rat and Mouse Maintenance Diet 1025, Beijing Huafukang
Bioscience Co., Inc., Beijing, China). All diets were vacuum-packed and sterilized by ®°Co
by Beijing Huafukang Bioscience Co., Inc. (Beijing, China), and were kept at 4-8 °C prior to
use. The nutritional composition of diets was comparable and balanced (Table 2).
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Table 2. The basic nutritional ingredients of diets.
Control Non-GM Carp GH-ttc
Group 2.5% 5% 10% 2.5% 5% 10%
Ash content (g/100 g) 6.21 5.99 5.87 5.62 5.99 5.87 5.62
Protein (g/100 g) 19.65 19.36 19.36 19.36 19.28 19.20 19.04
Fat (g/100 g) 4.43 4.30 4.24 412 4.29 4.22 4.08
Crude fiber (g/100 g) 3.35 4.72 4.63 4.46 4.72 4.63 4.46
Calcium (g/100 g) 12 1.15 1.12 1.07 1.16 1.13 1.08
Phosphorus (g/100 g) 0.83 0.80 0.79 0.76 0.80 0.79 0.76
2.3. Animals

A total of 140 Wistar rats (70 males and 70 females) weighing 80-100 g was purchased
from Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The rats were fed
in the specific pathogen-free (SPF) animal laboratory of the Supervision and Testing Center
for GMOs Safety, Ministry of Agriculture (SYXK, Beijing 2015-0046, China). Rats were
randomly divided into seven groups based on body weight, with 10 male and 10 female
rats in each group. The rats were housed in stainless steel, open-mesh cages (two per cage)
and allowed free access to pelleted feed and tap water during the experiments. The light
was set for a 12 h light/dark cycle, and air exchange at 15 times/h. The temperature and
humidity of the animal room ranged from 20 to 24 °C and 40-70%, respectively.

2.4. Animal Experimental Design

Following a 5-day acclimation period, 70 male and 70 female rats were randomly
divided into seven groups, with 10 male rats and 10 female rats in each group. Six treatment
groups were fed with a basal diet containing 2.5%, 5%, or 10% (w/w) GH-ttc or 2.5%, 5%, or
10% (w/w) non-GM carp; the basic control group were fed with a commercially available
rodent diet. Animal management and housing procedures were carried out in compliance
with the OECD Principles of Good Laboratory Practice. All rats were fed the respective
diets for 13 weeks and were weighed weekly.

2.5. Clinical Observation, Optic Examination, Body Weight, and Feed Consumption

Abnormalities, physical appearance, mortality, and signs of toxicity of the rats were
observed daily. Observations included, but were not limited to, appearance, fur, changes in
the skin, fecal characteristics, respiration, and behavior. At the beginning and the end of the
study, ophthalmic examinations were conducted on the 10% GH-ttc group, 10% non-GM
carp group, and the control group, including cornea, lens, bulbar conjunctiva, and iris.
Body weight and food consumption were measured once a week.

2.6. Hematology

At the end of the feeding trial, the rats fasted for 12 h and blood samples were collected
from the orbital sinus under anesthesia using EDTA®K2 as an anticoagulant. The following
parameters were measured: white blood cell (WBC) count, red blood cell (RBC) count,
hematocrit (HCT), hemoglobin (HGB) level, blood platelet count (PLT), prothrombin time
(PT), activated partial thromboplastin time (APTT), neutrophil (NE), lymphocyte (LY) count,
eosinophils (EO) count, monocyte (MO) count, and basophils (BA) count. The variables
of hematology were measured with a HEMAVET 950FS animal blood cell counter (Drew
Scientific, Inc., Dallas, TX, USA).

2.7. Serum Chemistry

For serum collection, the blood samples were collected from the orbital sinus and
were centrifuged at 4000 x g for 15 min to separate the serum. The following parameters
were measured: aminotransferase (ALT), aspartate aminotransferase (AST), total protein
(TP), albumin (ALB), alkaline phosphatase (ALP), glutamyl transpeptidase (GGT), urea,
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creatinine (Cr), total cholesterol (TC), triglyceride (TG), lactate dehydrogenase (LDH),
chlorine (Cl), potassium (K), and sodium (Na). Serum chemistry was measured with an
automatic Biochemical Analyzer 7020 (Hitchi, Tokyo, Japan).

2.8. Urine Test

At the end of the feeding trial, urine was collected and analyzed for glucose, spe-
cific gravity, occult blood, and pH using an Urit-1500 urine analyzer (Unitech Medical
Electronics Co., Ltd., Guilin, China).

2.9. Organ Weight and Histopathology

At the end of the experiment, the rats were euthanized by decapitation after anesthesia,
and then a gross necropsy was performed to assess any macroscopic pathology of tissues or
organs. Selected organs were dissected and weighed, including brain, liver, spleen, heart,
thymus, kidney, adrenal gland, testis (or ovary), and epididymis (or uterus). Pathologists
from the College of Veterinary Medicine, China Agricultural University, conducted the
histopathological examination on the selected organs.

2.10. Statistical Analysis

For the statistical analysis of this study, the effects of each dose of GH-ttc were com-
pared to its non-GM counterpart, and data from each carp-containing dietary group was
compared to the basic control group with a one-way analysis of variance (ANOVA) us-
ing statistical software Statistical Product and Service Solutions (SPSS) v19.0 (SPSS Inc.,
Chicago, IL, USA). All the data mentioned were presented as a mean value + standard
deviation (Mean £ SD), and the significance level was set at p < 0.05.

3. Results
3.1. Clinical Evaluations and Optic Examination

During the 90-day experiment, no mortality or treatment-related adverse clinical signs
were found. All rats appeared active and healthy. During the ophthalmic examination, all
rats in the control and high-dose groups (10% GH-ttc group and 10% non-GM carp group)
had normal cornea, crystalline lens, bulbar conjunctiva, and iris.

3.2. Body Weight and Feed Consumption

The body weights of the rats during the 90-day period are shown in Figure 2. There
were no significant differences in body weight between the GH-ttc group and the corre-
sponding non-GM carp group. Similarly, no significant difference was found for food
consumption between the GH-ttc group and the corresponding non-GM carp group during
the feeding experiment (Supplementary Table S1).

2.5%GM carp group
5%GM carp group

600 Male,
=®— The control group
500 - 2.5%non-GM carp group
N == 5%non-GM carp group
- 10° -GM
400 10%non-GM carp group
——
-~
=

300
10%GM carp group

Body weight(g)

o

>

>
1

100
T T T T T T T T 1711
01 2 3 45 6 7 8 910111213
Week

Figure 2. Mean weekly body weight. (n = 10/group, g).
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3.3. Hematology

The terminal hematology parameters for female and male rats are presented in Table 3.
For most of the hematology parameters, including WBC, RBC, etc., there were no biologi-
cally meaningful differences between the GH-ttc group and the corresponding non-GM
carp group. In the male rats, statistical differences (p < 0.05) of LY value between the 10%
GH-ttc group and the 10% non-GM carp group were observed. The value of EO in the
5% GH-ttc group was higher (p < 0.05) than that of the 5% non-GM carp group. However,
the values of LY in the 10% GH-ttc group and the value of EO in the 5% GH-ttc group
were found to be comparable with the corresponding data in the basic control group. This
difference was considered to be within the normal range of biological variability. Moreover,
the above differences were not observed in the female rats.

Table 3. Terminal hematology parameters for rats fed with different diets (n = 10/group; mean & SD).

Control Non-GM Carp GH-ttc
Group 2.5% 5% 10% 2.5% 5% 10%
Males
WBC (109/L) 7.36 = 2.19 6.57 + 2.31 6.61 +2.57 4.87 +£0.84 7.36 & 2.45 7.39 £1.70 7.92 + 3.46
RBC (1012/L) 7.61 +0.25 7.49 +1.10 6.78 +1.36 8.33 = 0.37 7.01 = 1.61 7.79 £ 0.37 7.69 4+ 0.40
HCT (%) 38.7+1.7 36.9 + 8.2 38.2+0.9 39.6 + 3.1 40.0 £5.8 36.0 £ 8.3 41.0 £ 3.2
HGB (g/L) 129 +5 126 £+ 20 112 +£ 25 136 £ 8 116 £+ 27 131 +4 131 +7
PLT (10°/L) 569 =+ 68 616 491 572 + 104 639 4 135 543 4 96 553 4+ 111 600 = 48
PT (s) 9.64 +1.12 9.26 + 0.63 9.11 £ 0.17 9.76 + 0.71 9.50 + 1.19 9.39 +0.72 9.78 + 1.38
APTT (s) 22.33 + 5.65 2414 + 6.51 20.38 = 7.36 25.76 4+ 6.54 19.80 £+ 2.81 21.06 4+ 4.85 25.28 + 8.74
NE (109/L) 2.89 +1.12 271 +1.11 2.56 + 0.97 2.14 +0.49 2.63 +1.10 3.19 £ 0.72 3.32 +2.00
LY (109/L) 4.09 +1.15 3.50 +1.26 3.73 £ 1.56 244 4+ 0.47 425+ 1.24 3.76 + 1.06 413 +1.42°b
EO (10°/L) 0.10 £ 0.09 0.06 £ 0.06 0.03 £ 0.02 0.06 £ 0.05 0.12 £ 0.12 0.11 +0.05b 0.09 £+ 0.10
MO (109/L) 0.26 + 0.09 0.29 +0.16 0.28 + 0.18 0.21 + 0.05 0.30 +0.14 0.31 +0.13 0.37 £ 0.13
BA (10°/L) 0.03 £ 0.04 0.01 + 0.03 0.00 £ 0.01 0.01 £ 0.01 0.05 £ 0.06 0.03 £ 0.02 0.01 £ 0.02
Females
WBC (109/L) 391 +1.29 454 +2.32 4.80 +1.42 3.83 +2.08 414 +1.70 522 +1.18 4.05+1.72
RBC (1012/L) 6.34 +1.11 6.31 +1.39 6.41 +1.35 6.96 + 1.72 6.94 £+ 0.36 6.27 +1.28 6.50 +1.18
HCT (%) 35.1+6.3 374+ 20 33.8+7.0 36.0 £ 5.8 34.3 + 8.0 347+ 7.1 37.7 £10.0
HGB (g/L) 113 £ 22 112 £ 27 113 £ 25 122 + 32 124 +£5 111 £ 24 120 £ 22
PLT (109/L) 565 + 95 584 + 102 559 + 112 561 + 132 616 + 82 562 + 120 598 + 114
PT (s) 9.29 £ 0.71 9.28 +0.28 9.47 + 1.00 9.33 +0.93 9.26 + 0.46 9.85 + 0.95 9.33 £ 0.62
APTT (s) 28.00 £ 5.32 30.18 £9.22 26.20 £ 7.60 26.87 £+ 10.52 26.09 £+ 5.05 28.28 £+ 8.15 30.58 +£7.33
NE (109/L) 1.30 = 0.63 1.52 +£0.76 1.39 = 0.54 1.12 £ 0.64 1.17 £ 0.36 1.45 4+ 0.50 1.27 +£0.48
LY (109/L) 2.34 + 0.63 2.78 +1.34 3.18 + 0.92 247 +1.38 274 +1.32 3.56 +0.73 257 +£1.11
EO (10°/L) 0.09 £ 0.08 0.07 £ 0.10 0.03 £ 0.03 0.06 £ 0.08 0.06 £ 0.05 0.03 £ 0.03 0.03 £ 0.02
MO (109/L) 0.14 + 0.07 0.16 = 0.14 0.20 + 0.08 0.16 & 0.09 0.16 4+ 0.08 0.18 + 0.08 0.16 = 0.17
BA (109/L) 0.04 + 0.05 0.03 + 0.07 0.01 £0.01 0.02 +0.03 0.02 +0.03 0.01 £+ 0.02 0.01 +£0.01

b p < 0.05 compared to groups with the same concentrations of non-GM carp. WBC: white blood cell; RBC: red
blood cell; HCT: hematocrit; HGB: hemoglobin; PLT: platelet; PT: prothrombin time; APTT: activated partial
thromboplastin time; NE: neutrophil; LY: lymphocyte; EO: eosinophils; MO: monocyte; BA: basophils.

3.4. Serum Chemistry Analysis

The data for terminal serum biochemistry for female and male rats are presented in
Table 4. Again, there were no biologically meaningful differences between groups in most of
the serum biochemistry parameters, such as ALP, AST, etc., while some sporadic, statistically
significant differences in certain hematology parameters were observed. In males, ALT level
in the 2.5% non-GM carp group, 5% non-GM carp group, 2.5% GH-ttc group, and 5% GH-ttc
group were significantly lower (p < 0.05) than that in the basic control group. GGT values of the
rats consuming 10% non-GM carp diets were higher (p < 0.05) than those in the basic control
group. TC values of the rats consuming 5% GH-ttc diets were lower (p < 0.05) than those in
the basic control group. However, there were no significant differences in these parameters
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between the GH-ttc groups and the corresponding non-GM carp groups, indicating that these
changes were not related to the GH-ttc present in the feed.

Table 4. Terminal serum biochemistry of rats fed with different diets (n = 10/group; mean + SD).

Control Non-GM Carp GH-ttc
Group 2.5% 5% 10% 2.5% 5% 10%
Males

ALT (U/L) 50.7 £ 5.7 36.1+74¢2 482 +6.32 50.3 + 4.9 415+382 38.0+29¢2 464 + 4.8

AST (U/L) 175 4+ 30 160 + 21 216 + 37 219 + 53 175+ 13 187 + 8 177 + 20
TP (g/L) 59.7 + 6.4 50.3 + 11.0 52.6 +11.5 50.0 £ 11.4 482 +11.1 545+ 6.9 599 +2.7
ALB (g/L) 199+24 19.5+25 205+24 209 +1.5 204 +1.1 189+15 209 +1.5
ALP (U/L) 92.4 +14.0 735 + 13.6 76.3 +14.0 819 +21.1 734 +9.8 73.6 +14.2 80.8 + 8.8
GGT (U/L) 1.50 + 0.88 290 +£1.19 2.26 +1.08 356+ 1592 2.87 +0.90 2.63 +1.19 2.69 £ 0.90
Glu (mmol/L) 6.39 + 1.86 5.65 £ 1.66 524 +1.14 722 +1.62 6.38 + 1.30 4.65 + 1.45 5.81 +1.73
Urea(mmol/L)  10.17 £ 1.32 9.99 +1.31 9.13+1.48 10.43 +1.57 9.07 +1.21 9.65 +2.13 11.20 +1.77
Cr (umol/L) 38.8 + 8.0 354+ 64 355 +4.7 424495 385+ 4.1 34.6 59 393+ 44
TC (mmol/L) 2.76 £ 0.39 2.35+0.44 2.45 + 0.59 2.56 + 0.80 2.23 +0.64 1.84 0362 245+ 045
TG (mmol/L) 0.43 4+ 0.08 0.44 +0.17 0.46 £ 0.08 0.54 +0.13 0.47 + 0.06 0.52 +£0.26 0.43 £+ 0.09
LDH (U/L) 2696 + 625 2156 + 736 2635 + 488 2682 + 540 2673 + 334 2630 + 346 2456 + 627
K (mmol/L) 4.64 £+ 0.50 445+ 0.29 4.38 +0.31 4.66 £ 0.26 423 +0.23 4.36 + 0.30 4.67 +£0.22
Na (mmol/L) 126.8 + 3.7 124.8 + 4.0 128.7 5.3 1275+ 44 127.3 + 3.9 1252+ 45 128.7 + 2.8
Cl (mmol/L) 117.5+5.3 1232+ 7.6 118.1 +£5.0 120.2 £ 8.1 131.1+79 120.3 9.3 121.3+7.3

Females

ALT (U/L) 704 +10.3 66.6 + 23.0 67.2 +13.6 57.4 + 15.5 56.3 +10.7 56.5 + 16.0 68.5 + 20.3

AST (U/L) 169 £+ 41 196 + 25 164 £+ 32 187 + 40 187 + 35 181 + 39 203 + 54
TP (g/L) 79.3 +10.3 59.5 +6.82 61.3 +18.7 50.2 +19.32 68.8 = 10.0 59.7 +£9.82 66.0 = 19.0
ALB(g/L) 29.2 + 3.5 30.1 +25 288 +5.2 252+ 2.6 277 +24 252+ 1.9 29.1 +4.7
ALP (U/L) 67.0 &= 24.6 78.9 £+ 36.9 76.1 £24.0 73.8 £37.6 734 +194 74.8 + 26.3 66.1 +16.7
GGT (U/L) 341 +1.03 3.23 + 1.04 2.62 +0.49 295+ 1.21 3.62 +1.37 2.97 +1.07 2.45 4+ 0.89
Glu (mmol/L) 9.51 +2.94 9.17 £ 1.94 7.64 £+ 3.29 8.66 & 2.53 8.40 +£2.29 6.44 +2.14 8.00 +1.71
Urea(mmol /L) 8.18 4+ 1.66 9.17 £ 1.85 9.54 +2.32 9.71 +1.88 9.57 + 1.57 8.74 +£1.89 11.70 &£ 2.77
Cr (umol/L) 634 +7.8 57.8 + 8.5 57.8 +£10.9 58.6 £ 7.3 60.2 +11.7 53.9 + 8.4 68.4 + 10.9
TC (mmol/L) 2.88 + 0.45 2.03 £0.58 2.33 £+ 0.90 212 £0.62 219+0.302 227 +£0.46 2.76 + 0.63
TG (mmol/L) 0.54 +0.11 0.51 +0.13 0.53 £0.12 0.45 + 0.11 0.44 £+ 0.08 072+031 0.89+029P
LDH (U/L) 2052 £+ 767 2380 + 538 1884 + 629 1967 + 431 2314 + 945 2140 + 487 2119 + 996
K (mmol/L) 3.56 +0.32 3.57 £ 0.30 3.66 4+ 0.34 3.79 + 0.54 3.86 + 0.51 3.81 + 0.36 3.65 +0.42
Na (mmol/L) 1184 +5.2 123.5 4+ 2.8 125.7 £4.02 118.1 3.2 1225 +4.3 122.7 +45 120.3 5.1
CI (mmol/L) 136.9 + 19.1 132.8 +7.8 135.0 £ 5.6 1405 + 16.4 131.2 +£11.5 135.0 +7.0 143.1+7.9

2 p < 0.05 compared to the basic control group. ® p < 0.05 compared to groups with the same concentrations of
non-GM carp. ALT: aminotransferase; AST: aspartate aminotransferase; TP: total protein; ALB: albumin; ALP:
alkaline phosphatase; GGT: glutamyl transpeptidase; Cr: creatinine; TC: total cholesterol; TG: triglyceride; LDH:
lactate dehydrogenase; CI: chlorine; K: potassium; and Na: sodium.

In females, the TP levels in the 2.5% non-GM carp group, 10% non-GM carp group, and
5% GH-ttc group were significantly lower (p < 0.05) than those in the basic control group.
TC level in the 2.5% GH-ttc group was significantly lower (p < 0.05) than that in the basic
control group. Na values of the 5% non-GM group were higher (p < 0.05) than those of the
basic control group. TG values of female rats consuming 10% GH-ttc diets were significantly
higher (p < 0.05) than those in their 10% non-GM counterparts, but not different from those
of the basic control group. TG accumulation is known to contribute to cardiovascular
disease, chronic liver disease, etc. However, there was no abnormality in heart weight
and some liver toxicity-related parameters such as ALT and AST in female rats consuming
GH-ttc, which implies that the slightly high TG values of female rats consuming 10% GH-ttc
diets might be an accidental phenomenon. In addition, in contrast to the male rats, the TG
value in female rats consuming GH-ttc tends to bear a dose-response relationship. Future
study is warranted to investigate whether this phenomenon is gender-related or random.
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3.5. Urine Chemistry

The urinalysis results of female and male rats are presented in Table 5. There were no

Table 5. Urinalysis of female and male Wistar rats (1 = 10/group; mean + SD).

statistically significant differences in urinalysis parameters between all groups.

Control Non-GM Carp GH-ttc
Group 2.5% 5% 10% 2.5% 5% 10%
Males
Glucose (mmol/L) 0£0 0£0 0£0 0£0 0£0 0£0 0£0
Specific gravity 1.019 £ 0.011 1.012 £ 0.009 1.012 £ 0.008 1.014 £ 0.009 1.016 £ 0.012 1.011 4 0.004 1.009 £ 0.004
Occult blood
(Cell/uL) 0£0 0£0 0£0 0£0 0£0 0£0 0£0
pH 535+ 0.75 5.30 £ 0.63 5151047 525+0.79 470 +£1.77 545+ 0.72 5.15+0.47
Females
Glucose (mmol/L) 0x0 0£0 0£0 0£0 0x0 0£0 0£0
Specific gravity 1.019 £ 0.010 1.017 4+ 0.010 1.010 % 0.009 1.012 £ 0.007 1.016 + 0.013 1.011 £ 0.008 1.015 £+ 0.009
Occult blood
(Cell/uL) 0+0 0£0 0+0 0+0 0+0 0+0 0+0
pH 5.30 £ 0.63 5.10 +£0.32 5.30 £ 0.63 500+0 5.85+0.78 5.40 & 0.66 520 £ 0.42
3.6. Organ Weight and Histopathology
Data on organ weights are shown in Table 6. In males, the heart weight in the 5%
GH-ttc group was lower (p < 0.05) than that of the counterpart non-GM carp group, but not
different from that of the basic control group.
Table 6. Organ weight of rats fed with different diets (mean + SD, g).
Control Non-GM Carp GH-ttc
Group 2.5% 5% 10% 2.5% 5% 10%
Males
Brain 2.09 £ 0.08 2.10 £0.10 2.08 £0.13 2.09 £0.13 2.07 £ 0.08 2.10 £ 0.07 2.01 £0.25
Liver 12.65 £+ 0.55 13.34 £ 1.61 13.32 +1.56 12.07 £1.33 12.44 +1.90 12.22 +£1.37 13.35 4+ 3.99
Spleen 0.89 +£0.20 0.98 +0.14 0.94 £0.11 0.81+£0.13 0.88 £ 0.15 0.97 £ 0.16 0.92 +0.13
Heart 1.45+£0.12 143 +£0.13 1.55+0.19 141 +£0.13 1.55+0.15 1.33+0.13° 1.38 £0.17
Thymus 0.39 + 0.09 0.47 +£0.12 0.51 +£0.10 0.40 &+ 0.08 0.44 +0.16 0.42 +0.07 0.40 +£0.10
Kidney 3.52+0.18 3.92 4+ 0.52 3.87 £0.43 3.79 £0.27 3.70 £ 0.48 3.77 £0.22 3.86 £ 0.46
Adrenal gland ~ 0.064 & 0.009 0.067 £ 0.014 0.070 £ 0.016 0.062 + 0.015 0.065 £ 0.012 0.064 £ 0.017 0.063 £ 0.014
Testis 3.60 = 0.33 3.75 £0.41 3.64 £0.21 3.39 £0.12 3.47 £0.31 3.72 £0.28 3.44 £+ 0.46
Epididymis 1.55 £ 0.19 1.74 £ 0.46 1.63 & 0.30 1.55 4+ 0.28 1.60 £ 0.22 1.65 £+ 0.31 1.68 & 0.42
Females
Brain 1.89 & 0.06 1.87 £ 0.10 1.94 £ 0.10 1.86 4 0.09 1.82 £ 0.09 1.90 £ 0.07 1.87 £ 0.10
Liver 8.16 +1.18 8.56 + 0.86 8.39 £ 0.97 8.28 +0.94 7.68 £ 0.69 7.56 + 0.62 1041 +13°%
Spleen 0.59 + 0.07 0.60 4 0.06 0.64 + 0.06 0.58 4 0.06 0.53 £ 0.09 0.58 + 0.07 0.65 4 0.16
Heart 0.95 £ 0.10 0.93 £ 0.05 0.98 & 0.10 1.00 = 0.10 0.94 & 0.09 0.95 £0.10 1.07 + 0.09
Thymus 0.31 £ 0.07 0.32 4+ 0.06 0.36 £ 0.12 0.30 & 0.09 0.31 £ 0.07 0.35 £0.07 0.36 & 0.07
Kidney 1.90 & 0.09 2.05+0.16 2.06 £0.13 2.08 £0.15 2.05+0.22 1.94 £ 0.16 226 £0252
Adrenal gland  0.087 £ 0.012 0.112 £0.014 0.098 4 0.009 0.096 £ 0.015 0.089 +0.021° 0.089 + 0.010 0.100 4 0.017
Ovary 0.16 = 0.04 0.17 £0.05 0.20 £ 0.03 0.16 £ 0.03 0.18 & 0.04 0.19 £0.05 0.17 £ 0.06
Uterus 0.69 +0.23 0.74 +0.40 0.68 +0.24 0.56 4+ 0.12 0.63 £0.25 0.67 +0.22 0.64 & 0.19

a p < 0.05 compared to basic control group. ® p < 0.05 compared to groups with the same concentrations of

non-GM carp.

In females, the liver and kidney weight in the 10% GH-ttc group was higher (p < 0.05)
than that in the basic control group. However, there were no differences in the above
two parameters between the GH-ttc groups and the corresponding non-GM carp groups,
demonstrating that these changes were not related to the presence of GH-ttc in the feed.
The adrenal gland weights of female rats consuming 2.5% GH-ttc diets were significantly
lower (p < 0.05) than those in their 2.5% non-GM counterparts, but not different from those
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of the basic control group. Additionally, the adrenal gland weights in the 2.5% non-GH
carp group were higher (p < 0.05) than those in the basic control group. The differences
observed were considered to be random and not related to GH-ttc treatments because they
were either within normal biological variability or without any dose-response relationship.
No abnormal macroscopic observations were found during the dissection of all male and
female rats. Pathology inspection results on selected organs for the basic control group, 10%
GM-ttc, and 10% non-GM carp group are shown in Table 7. The incidences and/or severities
of some spontaneous changes in the selected organs, including heart, kidney, lung, thyroid
gland, and adrenal gland, did not differ between the control and the treatment groups.

Table 7. Summary of anatomic pathology findings.

Male Female
10% 10% 10% .
%’:(‘)T’l Non-GM GH-ttc %’:(‘)T’l Non-Gm  1° égf'“"
P Carp Group Group P Carp Group P

Heart Focal inflammation 1/10 1/10 1/10 1/10 0/10 0/10

Kidney Chronic progressive 1/10 1/10 0/10 0/10 0/10 0/10
nephropathy

Lung Slight focal 1/10 0/10 0/10 1/10 2/10 0/10
inflammation

. Exfoliation of follicle
Thyroid gland epithelial cell 1/10 0/10 0/10 0/10 0/10 0/10
Adrenal gland Central edema 0/8 0/10 0/10 0/10 2/10 0/10

4. Discussion

The common carp is considered to be a source of healthy foods because it contains
many minerals and vitamins, especially niacin [35], and has played an important role in the
daily diet in many Asian countries. The total world production of common carp was about
4189.5 thousand tonnes in 2020, an increase of about 25% over 2010 [36]. It is now cultured
in over 100 countries, and the leading producer is China, followed by India, Bangladesh,
and Indonesia [37]. As one of the most important cyprinid species, it accounts for up to 10%
of global annual freshwater aquaculture production [38,39]. The application of transgenic
technology makes it possible for fish to exhibit promising traits including hypoxia and
cold tolerance [40], disease resistance [41,42], metabolic improvements [43], and growth
enhancement. Compared with traditional approaches such as interspecific hybridization,
transgenic breeding avoids the reproductive isolation between two different species [3,44]. As
mentioned above, the triploid carps were developed through diploid-tetraploid crosses [28].
The special feature of GH-ttc is that the sterile characteristics of triploids would address
the genetic or evolutionary impacts of the transgenic fish. Due to the reduced gonadal
development, triploids are also expected to have higher growth potential [1,21].

So far, the food safety of several GH transgenic carp has been evaluated by conventional
toxicological tests or the 90-day subchronic toxicity study. These results showed, at least
under the conditions used, there was no subchronic toxicity for the introduction of the GH
transgenic carp into rodent feed. For example, Zhang et al. performed physiological and
pathological studies on Kunming mice fed with “all-fish” gene transferred Yellow River carp
and demonstrated that test mice did not show a significant difference in growth, the general
appearance of blood, biochemical analysis on blood, and tissue physiology as compared with
control mice in a 6-week study [45]. Chen et al. performed the preliminary test for the safety
evaluation of the transgenic common grass carp with the Hu-a-IFN gene and found that there
was no significant difference in the hematological index, morphology, and histopathological
examination of the main organs between Wistar rats fed transgenic common grass carp and
the control rats in a 30-day feeding experiment [46]. Liu et al. conducted a Hershberger
assay and reported that GH transgenic carp does not exhibit any androgenic agonist or
antagonist properties in vivo screening tests. Subsequently, a 90-day subchronic toxicity study
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using Sprague-Dawley (SD) rats to evaluate this GH transgenic carp was conducted, and
the results showed that the GH transgenic carp had no subchronic toxicity to SD rats [47].
The concentrations of carp incorporated into the SD rat diet were 10% [48], which are the
same as the highest concentration used in our study. Recently, Alimuddin et al. performed
a 3-week study to observe behavior, histopathology, and physiological responses of Wistar
rats fed a diet containing GH transgenic common carp meal and found that there were no
significant differences in behavior, histopathology, serum glutamic pyruvic transaminase,
serum glutamic oxaloacetic transaminase, or urea and creatinine levels between the Wistar
rats fed GH transgenic carp and the control rats [49].

In the present study, according to the results of this 90-day feeding study, no deaths or
signs of toxicity were observed during the feeding period. No treatment-related adverse or
toxic effects were observed based on an examination of the daily clinical observation, optic
examination, body weight, feed consumption, hematology, serum chemistry, urine test,
organ weight, and histopathology when comparing the GH-ttc groups to the non-GM carp
groups and control groups. Some sporadic, statistically significant changes in hematological
and serum chemistry parameters between groups were not considered to be toxicological
significant, as the change was not dose-related and the values were within the laboratory’s
historical normal range controls. At the end of the study, a gross necropsy was carried
out and no macroscopic pathology findings were observed in all rats. The pathological
changes observed in the histopathological examination were within the range of normal
background lesions and were randomly distributed among different groups; therefore, they
were considered to be incidental and spontaneous alterations, unassociated with exposure
to the GH-ttc.

5. Conclusions

Collectively, the results from this study demonstrate that, at the dose level used in
this study, GH-ttc showed no subchronic toxicity to Wistar rats under the condition of this
study. Moreover, given that the GH-ttc has two special traits, rapid growth and sterility,
this transgenic triploid carp thus may be suitable for aquaculture products and therefore
pose important economic benefits.
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