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E�ects of dietary L-leucine
supplementation on testicular
development and semen quality
in boars

Yan Lin*†, Jiayi Li†, Ke Wang†, Zhengfeng Fang,

Lianqiang Che, Shengyu Xu, Bin Feng, Yong Zhuo, Jian Li

and De Wu

Key Laboratory for Animal Disease-Resistance Nutrition of the Ministry of Agriculture, Animal

Nutrition Institute, Sichuan Agricultural University, Yaan, China

Sperm and seminal plasma are rich in leucine, and leucine can promote the

protein synthesis. This property makes it an interesting amino acid to increase

sperm quality of human and livestock spermatogenesis. The goal of this study

was to explore the e�ects of dietary leucine supplementation on testicular

development and semen quality in boars from weaning to 10 months of age.

30 pure-bred, weaned Duroc boars (8.0 ± 1.0 kg) were randomly divided into

two groups: control group (CON; fed the basal diet) and leucine group (LEU;

fed the basal diet supplemented with 1.2% leucine); then, their body weight

and testicular volume were recorded every 4 weeks. Testes were collected

for histological and genes expression analysis from 150-day-old boars. Semen

was collected and analyzed. Amino acids contents of blood plasma, seminal

plasma, sperm, and testes were determined. Dietary supplementation with

leucine increased the testicular volume and weight of boars, compared with

CON. Sperm viability, sperm count per ejaculation, and average curve speed of

sperm in leucine-supplemented boars were increased. Furthermore, leucine

supplementation increased the blood plasma and seminal plasma leucine

concentrations, and enhanced the gene expressions of branch chain amino

acid transaminase, protein kinase B, mammalian target of rapamycin (mTOR),

and cyclinb1 in the testes. Interestingly, the expressions of the p-mTOR and

mTOR proteins in the testes were also upregulated. Thus, dietary leucine

supplementation increased leucine absorption and utilization in the testes,

promoted testicular development, and improved semen quality of boars, partly

through the mTOR signaling pathway.

KEYWORDS

leucine, boar, testicular development, semen quality, mTOR

Introduction

Leucine (Leu) is an important branched-chain amino acid (AA). Supplementation

of branched-chain AA in a low protein diet in weaned piglets can enhance growth

performance, intestinal development, and expression of intestinal AA transporters in

piglets (1). Yin et al. found that 21-day-old piglets fed a low-protein diet with 0.55% L-Leu
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showed increased protein synthesis in skeletal muscles, liver, and

other organs, improved average daily weight gain by 61%, and

increased phosphorylation levels of mTOR in liver compared

with the control group when they were 35 days old (2).

Meanwhile, supplementation with 1.19% Leu in low protein diet

activated mTOR signaling in longissimus dorsi muscle of piglets,

thereby increasing protein synthesis (3).

In addition to the regulation of protein and lipid

metabolism, a growing number of studies have shown that

Leu may also play an important role in male reproductive

performance. Intraperitoneal injection of Leu improved

semen quality in zebrafish (4). Kolahian et al. found that

supplementation with Leu-containing water for 4 weeks, Wistar

rats with diabetes showed significantly improved the semen

quality (5). Zhang et al. analyzed the composition of the sperm

of ricefield eel, and found the second most abundant metabolite

was Leu (6). Additionally, it is generally accepted that Leu

concentration was higher in the testes, sperm and semen of

boars (7). These studies suggest that Leu may play an important

role in the development of testes and spermatogenesis.

Besides, long-term β-hydroxy-β-methylbutyrate (HMB),

one of the metabolites of Leu treatment increased the

concentrations of insulin-like growth factor 1 (IGF1) and insulin

in rats (8). Xu et al. also found that both Leu and HMB

stimulated insulin secretion by pancreatic β cells (9). Insulin

and IGF1 have a key role in testicular function, such as

maintaining the normal number of Leydig cells, maturation of

Leydig cells and steroidogenesis (10, 11). Moreover, β-hydroxy-

β-methylglutaryl coenzyme A, metabolic end products of Leu, is

the precursor of cholesterol synthesis (12), and cholesterol forms

the backbone for testosterone (13), which is essential for male

reproductive performance. Studies also showed that Leu could

stimulate leptin secretion (14), and leucine supplementation

can improve leptin sensitivity (15) and affect leptin receptor

expressions via the mTOR signaling pathway (16), and that

leptin caused the testes to release testosterone, which improved

the testicular development (17). By reason of the foregoing,

Leu has an important role in male reproductive performance.

However, the long-term effects of Leu supplementation on

testicular development and spermatogenesis have not been

studies previously. Therefore, this study investigated the effects

of dietary Leu supplementation on testicular development and

semen quality of boars to provide theoretical basis and data

support for the role of Leu in male reproductive performance

in the future.

Materials and methods

Animal treatment and experimental
designs

Thirty weaned purebred Duroc boars (8.0 kg ± 1.0 kg)

were randomly divided into two groups. The experiment was

TABLE 1 E�ect of dietary leucine supplementation on growth

performance of boars.

Items Time CON LEU P-value

Initial weight, kg 1 d 8.10± 1.36 7.93± 1.12 0.71

ADG, kg/d 1–28 d 0.46± 0.09 0.46± 0.08 0.97

29–56 d 0.58± 0.10 0.54± 0.12 0.29

57–84 d 0.88± 0.14 0.84± 0.13 0.37

85–113 d 1.01± 0.09 1.04± 0.16 0.62

1–113 d 0.73± 0.09 0.72± 0.07 0.60

ADFI, kg/d 1–28 d 0.73± 0.01 0.74± 0.01 0.82

29–56 d 1.08± 0.14 1.00± 0.12 0.13

57–84 d 1.72± 0.25 1.60± 0.11 0.14

85–113 d 2.43± 0.11 2.47± 0.21 0.53

1–113 d 1.49± 0.11 1.45± 0.07 0.22

FCR 1–28 d 1.63± 0.22 1.65± 0.25 0.79

29–56 d 1.93± 0.40 1.96± 0.51 0.90

57–84 d 1.97± 0.29 1.95± 0.26 0.82

85–113 d 2.42± 0.26 2.42± 0.31 0.98

1–113 d 2.06± 0.24 2.03± 0.17 0.77

CON, control group; LEU, leucine group. ADG, average daily gain; ADFI, average daily

feed intake; FCR, feed conversion rate. Values are presented as means ± standard

deviation (n= 15).

FIGURE 1

E�ect of dietary leucine supplementation on testicular volume

in boars. CON, control group; LEU, leucine group. Values are

means, with their standard errors represented by vertical bars (n

= 15), * means P < 0.05.

divided into two stages of 30–150 days and 150–300 days.

Basal diet formulations of boars at different weight stages were

formulated according to the nutrient requirements suggested by

the National Research Council (18), and details of the diets are

shown in Supplementary Table 1. In the first phase, the CON

treatment was fed with the basal diet, and the LEU treatment was

fed the basal diet in which 1.2% L-Leu replaced by L-alanine in

order to ensure diets were isonitrogenous and isocalory. Leucine

was purchased from Huayang Chemical Co., Ltd, Hebei, China.

In the second phase, both the LEU and the CON were fed the

same diet.
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The experiments were carried out at the research farm of

Sichuan Agricultural University. Boars were fed ad libitum twice

a day at 0830 h and 1,430 h and had free access to water before

110 kg body weight (BW). After that, boars were restricted to 2.6

kg/d. Boars were housed individually at an ambient temperature

between 18 and 20◦C. The feces and urine were cleaned daily,

and disinfection and immunization procedures were carried

out regularly.

Detection indicators

Growth performance and testicular
development

Total amounts of feed (feed intake, surplus, and waste;

daily) for each boar, and the BW of each boar (every 4 weeks)

were recorded during the study. Average daily gain (ADG),

average daily feed intake (ADFI), and feed conversion rate (FCR)

were calculated.

TABLE 2 E�ects of dietary leucine supplementation on the

development of testis and epididymis in 150-days-old boars.

Items CON LEU P-value

Testis weight, g 303.5 ± 41.78 414.6 ± 26.85 0.02

Testis index, g/kg 3.44 ± 0.65 4.16 ± 0.45 0.19

Epididymis weight, g 67.12 ± 8.50 101.10 ± 21.73 0.07

Average length of epididymis, cm 15.46 ± 0.79 20.45 ± 1.65 0.01

CON, control group; LEU, leucine group. Values are presented as means ± Standard

deviation (n= 15).

The long and short diameters of the testes of each boar

were measured using Vernier calipers every 4 weeks. Testicular

volume was calculated using formula (19):

Testicular volume (cm3) = 0.5326× long diameter

×short diameter

Free amino acids analysis in blood plasma,
testis and seminal plasma

Ondays 1, 57, and 113, blood samples (10mL) were collected

from the anterior vena cava of the boars. Samples were stood at

4◦C for 30min, and then centrifuged at 3,000 rpm for 15min.

The supernatant was divided into 1.5mL Eppendorf (EP) tubes,

and stored at -20◦C.

Five 150-day-old boars were randomly selected from each

group for anesthetized castration to collect testicular samples.

The testes’ size and weight were recorded. The samples, 1 cm3

(10mm × 10mm × 10mm) in volume, were taken from the

left testis and fixed in 10% neutral formalin fixation solution

for structure analysis. Then, 1 cm3 of the right testicle was

placed in a 1.5mL cryopreservation tube and storage at -80◦C

until analysis.

After 4 weeks of training, semen was collected weekly for

semen quality analysis. The semen sample was filtered into a

10mL sterile centrifuge tube and centrifuged at 1,000 rpm for

10min to separate sperm and seminal plasma, and then kept in

the - 80◦C refrigerator.

The contents of free amino acids (FAA) in boar plasma

and seminal plasma were detected by automatic AA analyzer

(L-8,900, Hitachi, Tokyo, Japan). The pretreatment of seminal

plasma was carried out according to the method of Louis (20).

FIGURE 2

HE staining of 150-days-old testicular tissue in CON and LEU. CON, control group; LEU, leucine group. All the pictures are magnified 200 times.
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TABLE 3 E�ects of dietary leucine supplementation on the

histological structure of testis in 150-days-old boars.

Items CON LEU P-value

Diameter, µm 206.0 ± 20.80 215.3 ± 3.75 0.49

Seminiferous epithelium height, µm 51.67 ± 5.76 60.07 ± 4.71 0.12

No. Sertoli cells per tubule 23.17 ± 0.59 24.04 ± 24.04 0.07

No. Spermatogonia per tubule 29.24 ± 3.01 31.07 ± 0.51 0.36

CON, control group; LEU, leucine group. Values are presented as means± SD (n= 15).

TABLE 4 E�ect of dietary leucine supplementation on boar sexual

desire.

Items CON LEU P-value

Training score 3.41 ± 0.30 3.96 ± 0.32 0.03

Ejaculation reaction time, s 169 ± 18 136 ± 32 0.11

Duration of ejaculation, s 354 ± 31 440 ± 60 0.04

CON, control group; LEU, leucine group. Values are presented as means± SD (n= 15).

TABLE 5 E�ect of dietary leucine supplementation on conventional

semen quality of boars.

Items CON LEU P-value

Semen volume, mL 92.70 ± 6.10 102.10 ± 5.90 0.27

Gel weight, g 27.75 ± 1.31 28.63 ± 0.95 0.59

Sperm density, x108 spz/mL 502.71 ± 15.07 526.67 ± 23.47 0.40

Sperm viability, % 86.95 ± 1.66 90.17 ± 1.33 0.04

Total sperm count per ejaculation,

x108 spz

453.88 ± 22.77 521.60 ± 20.41 0.03

Effective sperm count per

ejaculation, x108 spz

272.83 ± 12.22 325.54 ± 18.93 0.02

Average curve velocity, VCL, µm/s 67.14 ± 4.50 76.99 ± 2.90 0.03

Average linear velocity, VSL, µm/s 22.04 ± 1.41 23.21 ± 0.95 0.43

Average path velocity, VAP, µm/s 31.06 ± 1.94 33.96 ± 1.30 0.14

Sperm motility, % 60.85 ± 2.07 62.04 ± 2.04 0.67

Sperm abnormality rate, % 6.33 ± 0.31 6.06 ± 0.23 0.40

CON, control group; LEU, leucine group. Values are presented as means± standard error

(n= 15).

The AA contents of boar testes and sperm were determined

using the acid hydrolysis method described in a study by Ren,

2015 (7).

Histological analysis of testicular morphology

Testicular tissue sections (5µm) were made, dyed with

hematoxylin and eosin, the internal morphology and structure

of testes were observed, and images were retained. In the

convoluted seminiferous tubules, the diameter, the number of

spermatogonia, and Sertoli cells per tubule, and Seminiferous

epithelium height were recorded (21).

TABLE 6 E�ects of dietary leucine supplementation on plasma

membrane integrity, acrosome integrity and mitochondrial membrane

potential in boar sperm.

Items CON LEU P-value

Sperm plasma membrane integrity rate, % 86.3± 7.9 94.6± 3.1 0.097

Acrosome integrity rate, % 75.0± 7.4 82.2± 3.0 0.12

Mitochondrial membrane potential, JC-1+% 25.9± 9.2 26.9± 6.4 0.87

CON, control group; LEU, leucine group. Values are presented as means± SD (n= 15).

Sexual desire and semen quality

The boars were trained at the age of 6.5 months and graded

by the 5-point scoring system (22). The ejaculation response

time and duration of ejaculation of were measured (20).

Semen volume and gel weight were measured in reference

to the World Health Organization manual. A computer

assisted sperm analysis (CASA) system was used to determine

the sperm motility, sperm density, and sperm motility

characteristics. Gentian violet staining was used to detected

sperm malformation rate. Total spermatozoa and effective

spermatozoa per ejaculation were measured in reference

to the calculation formula (7). Sperm membrane integrity,

sperm acrosome integrity and sperm mitochondrial membrane

potential were evaluated by flow cytometry (BD FACSCalibur,

Becton, Dickinson and Company, NJ, United States) (23). The

determination of sperm membrane integrity and acrosome

integrity is using the SYBR-14/PI stains in a Sperm Viability

Kit (Molecular Probes L7011, Leiden, The Netherlands)

and fluorescein isothiocyanate-peanut agglutinin (FITC-

PNA, Sigma) Sperm mitochondrial membrane potentials

were detected using JC-1 (lipophilic cation 5,5′,6,6′-

tetrachloro-1,1′,3,3′-tetraethylbenzimidazolcarbocyanine

iodide), Mitochondrial Membrane Potential Detection Kit

(Beyotime Institute of Biotechnology, China).

Testicular gene expression

The RNA was extracted from testicular samples by using

an RNAsimple Total RNA Extraction Kit (Tiangen, Beijing,

China). The cDNAwas synthesized according to the commercial

reverse transcription kit (Takara BioInc., Japan). The gene

expression was determined using a fluorescence, quantitative

PCR instrument 7,900 HT (ABI, United States). The internal

reference gene was β-actin, and the relative expression of mRNA

of each gene was calculated using the 2−11CT method (24).

Testicular protein expression

The expression of the p-mTOR, mTOR and P70S6K1

proteins in the testicular tissue of 150-day-old boars was

detected by Western Blot (25). Primary antibodies anti-

mTOR rabbit monoclonal (ab2732), anti-p70 S6 kinase rabbit
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TABLE 7 E�ect of leucine supplementation on plasma FAA in boars

(µmol/L).

Date Items CON LEU P-value

1 d Threonine 98.69 ± 3.70 89.96 ± 11.64 0.42

Alanine 419.20 ± 11.28 419.60 ± 27.58 0.98

Valine 153.10 ± 13.98 165.70 ± 12.91 0.32

Methionine 21.46 ± 1.20 19.25 ± 1.48 0.11

Isoleucine 52.06 ± 10.33 48.75 ± 3.57 0.70

Leucine 84.05 ± 10.48 75.33 ± 3.93 0.25

Phenylalanine 43.31 ± 5.07 39.91 ± 5.07 0.46

Lysine 167.70 ± 21.41 177.70 ± 7.33 0.49

Arginine 73.49 ± 0.09 64.19 ± 17.27 0.52

57 d Threonine 73.76 ± 6.36 93.30 ± 33.94 0.09

Alanine 435.60 ± 29.20 348.60 ± 35.39 < 0.01

Valine 144.60 ± 17.90 124.70 ± 36.11 0.18

Methionine 35.39 ± 5.41 38.58 ± 3.68 0.23

Isoleucine 70.19 ± 6.80 68.14 ± 13.64 0.69

Leucine 134.30 ± 15.11 159.80 ± 19.02 0.03

Phenylalanine 83.17 ± 13.97 90.85 ± 14.90 0.29

Lysine 119.70 ± 22.13 133.80 ± 20.21 0.20

Arginine 80.19 ± 21.83 87.45 ± 22.91 0.56

113 d Threonine 93.70 ± 13.08 113.40 ± 3.82 0.04

Alanine 344.30 ± 18.69 257.20 ± 14.62 < 0.01

Valine 173.70 ± 23.95 159.00 ± 16.32 0.33

Methionine 40.00 ± 9.77 38.20 ± 10.88 0.78

Isoleucine 61.50 ± 9.12 58.24 ± 11.13 0.59

Leucine 117.20 ± 19.78 142.80 ± 9.57 0.04

Phenylalanine 89.47 ± 10.19 96.17 ± 6.97 0.25

Lysine 138.20 ± 15.01 147.80 ± 7.46 0.22

Arginine 92.50 ± 22.87 105.80 ± 14.56 0.34

CON, control group; LEU, leucine group. Values are presented as means ± Standard

deviation (n= 15).

polyclonal(ab70271), anti-phospho-mTOR kinase rabbit

monoclonal (ab109268) were purchased from Abcam China,

whereas the anti-beta-actin monoclonal mouse antibody

(dilution 1:2,000; MABT825, Merck Millipore, Germany) was

used as a control. Image Lab software was used to analyze the

gray value of the strip, β-actin was used as the internal reference,

and the relative expression of the target protein was calculated.

Statistical analysis

All the data were sorted by Excel 2016 except the routine

semen quality and spermmotility characteristics. Morphological

section analysis was performed using image-Pro Plus 6.0, and

the data were analyzed by t-test using SAS9.4 (SAS Inst. Inc.,

Cary, NC, United States), the results were expressed as mean

± standard deviation (SD). Semen quality analysis and sperm

motility characteristics were analyzed by covariance with the

TABLE 8 E�ect of dietary leucine supplementation on AA composition

of testis in 150-days-old boars.

Items (%) CON LEU P-value

Aspartic acid 4.75± 0.15 5.06± 0.02 0.07

Threonine 2.38± 0.10 2.45± 0.02 0.29

Serine 2.61± 0.01 2.63± 0.12 0.85

Glutamate 7.84± 0.03 8.53± 0.34 0.07

Glycine 3.46± 0.59 3.53± 0.08 0.85

Alanine 3.12± 0.18 3.25± 0.07 0.29

Cysteine 0.40± 0.29 0.66± 0.04 0.13

Valine 2.60± 0.08 2.69± 0.07 0.22

Methionine 0.93± 0.15 0.97± 0.11 0.77

Isoleucine 1.89± 0.13 2.00± 0.14 0.37

Leucine 4.26± 0.06 4.47± 0.13 0.06

Tyrosine 1.83± 0.07 1.97± 0.13 0.19

Phenylalanine 2.35± 0.06 2.43± 0.09 0.28

Lysine 4.08± 0.14 4.21± 0.11 0.26

Histidine 1.35± 0.25 1.24± 0.05 0.40

Arginine 3.93± 0.06 3.97± 0.21 0.75

Proline 3.19± 0.30 3.28± 0.10 0.67

Total acid hydrolyzed AA 50.97± 0.74 53.33± 1.49 0.07

CON, control group; LEU, leucine group. Values are presented as means ± Standard

deviation (n= 15).

time point of semen collection as the covariate. The results were

expressed as mean ± standard error of the mean (SEM). The

significance level was expressed as P < 0.05, and 0.05 < P <

0.10 indicated a trend, but when P < 0.01, the difference was

considered extremely significant.

Results

Growth performance

There was no significant difference in initial BW, mean body

weight of weeks 4, 8, 12, and 16, ADG, ADFI, and FCR between

the CON and LEU (P > 0.05) (Table 1).

Testicular development and histological
structure

Testicular volume of LEU increased on days 29 and 113(P <

0.05), but there was no difference on days 57 and 85, compared

to CON (P > 0.05) (Figure 1).

The testes weight, and the average length of epididymis of

LEU were larger than CON (P < 0.05). The total epididymal

weight was higher than CON (0.05 < P < 0.10), while the testis

index of LEU was not different from CON (P > 0.05) (Table 2).
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TABLE 9 E�ect of leucine supplementation on FAA in boar seminal

plasma (µmol/L) and AA of boar sperm (%).

Items CON LEU P-value

Seminal plasma (µmol/L)

Threonine 80.40± 14.12 111.30± 35.41 0.04

Alanine 123.50± 37.44 133.00± 30.61 0.59

Valine 60.89± 14.33 51.25± 18.17 0.27

Methionine 3.90± 0.32 4.38± 1.12 0.36

Cysteine 11.17± 4.75 12.76± 3.26 0.47

Isoleucine 17.01± 6.34 20.71± 7.53 0.34

Leucine 29.24± 8.70 41.42± 11.11 0.04

Lysine 4.42± 1.54 5.89± 1.59 0.21

Arginine 6.59± 1.62 4.99± 1.88 0.12

Phenylalanine 27.58± 9.75 33.50± 17.89 0.43

Sperm (%)

Aspartic acid 4.23± 0.05 4.27± 0.03 0.40

Threonine 2.63± 0.10 2.65± 0.03 0.77

Serine 3.29± 0.10 3.24± 0.04 0.45

Glutamate 6.04± 0.23 6.28± 0.09 0.16

Glycine 1.98± 0.12 2.07± 0.02 0.30

Alanine 1.81± 0.19 1.93± 0.09 0.38

Cysteine 1.83± 0.12 1.97± 0.05 0.15

Valine 2.22± 0.13 2.36± 0.04 0.15

Methionine 0.75± 0.06 0.81± 0.02 0.17

Isoleucine 1.99± 0.10 2.09± 0.10 0.32

Leucine 3.43± 0.18 3.76± 0.10 0.05

Tyrosine 2.65± 0.13 2.73± 0.19 0.57

Phenylalanine 1.98± 0.12 2.04± 0.09 0.50

Lysine 3.19± 0.11 3.32± 0.08 0.17

Histidine 1.20± 0.04 1.20± 0.03 0.87

Arginine 7.60± 0.13 7.63± 0.55 0.95

Proline 3.14± 0.11 3.30± 0.09 0.11

Total acid hydrolyzed AA 49.97± 1.69 51.62± 0.53 0.18

CON, control group; LEU, leucine group. Values are presented as means± SD (n= 15).

Boars (150-days-old) in LEU and CON had clear and

complete testicular tissue structures and orderly arrangement of

various types of cells in the convoluted seminiferous tubules.

Compared with CON, the number of layers of cells, and the

number of cells in the convoluted seminiferous tubules of the

testes were increased in LEU (Figure 2). There is no significant

effect on testicular germ cell with the exception of the Sertoli

cells, which has a tendency to increase compared to CON (0.05

< P < 0.10) (Table 3).

Sexual desire and semen quality

The training scores of the LEU group were increased

compared to the CON group (P< 0.05). There was no difference

FIGURE 3

E�ects of dietary leucine supplementation on leucine

metabolism and steroid-related gene expression in the testis of

boars. CON, control group; LEU, leucine group. Values are

means, with their standard errors represented by vertical bars (n

= 15), * means P < 0.05. 4-HPPD, 4-Hydroxyphenylpyruvate

Dioxygenase; BCATm, branched-chain AA transaminase;

P450scc, cytochrome P450 cholesterol side chain cleavage;

CYP19A, aromatase; AR, androgen receptor.

in the ejaculation response time between LEU and CON (P >

0.05), but the duration of ejaculation in LEU was longer than

that in CON (P < 0.05) (Table 4).

The sperm viability, total sperm count per ejaculation,

effective sperm count per ejaculation, and average curve velocity

of boars in LEU were increased compared to those in CON (P

< 0.05). However, there were no differences in semen volume,

gel weight, average linear velocity, average path velocity, sperm

motility, or sperm deformity rate in LEU compared to CON (P

> 0.05) (Table 5).

Compared to CON, the sperm plasma membrane integrity

of boars of LEU was higher (0.05 < P < 0.10). There was

no difference in sperm acrosome integrity or mitochondrial

membrane potential (P > 0.05) (Table 6).

AA concentration

Initially, there were no significant differences in the contents

of FAA in the plasma of each group (P > 0.05). On day 57,

and 113, the content of free alanine in the plasma of LEU was

lower than that in CON (P < 0.01). The content of free Leu was

significantly higher in LEU than in CON (P < 0.05), and the

content of free threonine seemed higher on day 57 (0.05 < P <

0.10), and was higher on day 113 (P < 0.05), compared to CON.

There was no difference in the contents of other FAA compared

to CON (P > 0.05) (Table 7).

The contents of threonine, valine, methionine, isoleucine,

phenylalanine, lysine, and alanine in the testes of 150-days-old

boars in the LEU group was the same as the CON group (P

> 0.05), while Leu, aspartic acid, glutamic acid, and total acid

hydrolyzed AA showed an increasing trend (0.05 < P < 0.10)

(Table 8).
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FIGURE 4

E�ects of dietary leucine supplementation on gene expression related to cell proliferation (A) and autophagy (B) in the testis of boars. CON,

control group; LEU, leucine group. Values are means, with their standard errors represented by vertical bars (n = 15), * means P < 0.05. CDK4,

Cell Cycle Dependent Kinase 4; cyclinb1, cell cycle protein; LC3B, microtubule-associated protein 1 light chain 3b; Atg, autophagy-related

gene; ULK1, Unc-like kinase 1; P62, autophagy-related protein 62.

The contents of free Leu and threonine in semen of LEU

was higher than CON (P < 0.05), while the contents of other

FAA were not different to CON (P > 0.05). The contents of

threonine, valine, methionine, isoleucine, phenylalanine, lysine,

and alanine in boar sperm of LEU was not different to CON

(P > 0.05), and the content of Leu showed an increasing trend,

compared to CON (P = 0.05) (Table 9).

Testicular gene expressions

The expression of Leu metabolism gene BCATm in testis

of LEU was higher than that in CON (P < 0.05), while the

expression of 4-HPPD was not different from that in CON (P

> 0.05). Hormone synthesis related genes, such as CYP19A,

P450scc and AR, were not different from that in CON (P > 0.05)

(Figure 3).

The expression of Cyclinb1, a gene related to cell

proliferation, in LEU was higher than that in CON (P < 0.05),

while the expression of CDK4, another gene related to cell

proliferation, was not different from that in CON (P > 0.05).

The expression levels of genes related to autophagy, Atg13, P62,

Atg7, and ULK1 in the testes of LEU were not different from

those in CON (P > 0.05) (Figure 4).

The relative expression of AKT andmTOR genes in LEUwas

higher than that in CON (P< 0.05), while the relative expression

of PI3K, 4EBP1, and P70S6K was not different from that in CON

(P > 0.05) (Figure 5).

Protein expression of MTOR, p-MTOR,
and P70S6K1 in testis

The expression levels of p-mTOR and mTOR proteins in the

testes of 150-days-old boars in LEU were increased compared to

FIGURE 5

E�ects of dietary leucine supplementation on expression of

mTOR signaling pathway-related genes in the testis of boars.

CON, control group; LEU, leucine group. Values are means, with

their standard errors represented by vertical bars (n = 15), *

means P < 0.05. mTOR, mammalian target of rapamycin; AKT,

protein kinase B; 4EBP1, 4E-binding protein 1, Eukaryotic

translation initiation factor 4 binding protein; P70S6K, p70

ribosomal protein S6 kinase; PI3K, creatine inositol 3 kinase.

CON (P < 0.05). There was no difference in P70S6K1 protein,

and the ratio of p-mTOR/mTOR protein compared to CON (P

> 0.05) (Figure 6).

Discussion

The development of boar testicles is an important indicator

of reproductive performance. Cheng et al. found that the larger

the testes of the boar were, the stronger their spermatogenesis

was. The testicular development can be reflected by testicular

volume and weight (26). Wei et al. found that dietary

supplementation with L-arginine could increase testicular

volume and weight. Similarly, in the current experiment, Leu

increased testicular volume and weight (27). Testes are mainly

composed of Sertoli cells, spermatogonia and Leydig cells.
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FIGURE 6

(A,B) E�ects of dietary leucine supplementation on protein expression of mTOR signaling pathway in the testis of boars. CON, control group;

LEU, leucine group. Values are means with their standard errors represented by vertical bars (n = 15). The * symbol indicates the values

of P < 0.05.

Kolahian et al. found that supplementation with Leu-containing

water for 4 weeks in 8-week-old male, Wistar rats significantly

increased the number of the Sertoli cells, and spermatogonia

(5). Other studies have pointed out that an improvement in

the structure of the convoluted seminiferous tubules was caused

by increasing the number of cells (28). In this study, the

number of Sertoli cells in the convoluted seminiferous tubules

of the testes tended to increase after Leu supplementation.

Studies have shown that the increase in Sertoli cells can provide

a variety of growth factors for spermatogenic cells, which

is conducive to their differentiation, and plays an important

role in initiating pubertal development and maintaining

spermatogenesis (28). Meanwhile, Leu supplementation in boar

diet up-regulated the expression of Cyclinb1. Studies have

shown that Cyclinb1 is crucial for mammalian reproduction

and development. The expression of Cyclinb1 can be used as

an indicator of the proliferation and differentiation ability of

spermatogonia. Therefore, it can be speculated that the effect

of Leu on testicular development is closely related to Sertoli

cells proliferation.

The results of the current experiment also showed that

dietary supplementation with 1.2% Leu could improve the

semen quality of the boars. The semen quality of boars is

an important indicator of reproductive performance. Kolahian

et al. found that supplementation with Leu-containing water

for 4 weeks in 8-weeks-old, male Wistar rats with diabetes
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significantly increased the total epididymal sperm count and

motility (5). Zhang et al. found that VCL, VSL, and VAP of

zebrafish sperm were significantly increased by intraperitoneal

injection of Leu solution (4). Our results concur Leu increased

the content of Leu in blood plasma and seminal plasma, and

also tended to increase in testis and sperm, suggesting that Leu

might absorbed into the blood and transferred to the testes and

semen to improve semen quality. Dadoune et al. injected intra-

venously and into the testes of male mice with 3H labeled AA

and found that the radioactivity of AA was highest in Leydig

cells, and type B spermatogonia, was lowest in sperm cells, and,

among them, Leu showed the highest radioactivity (29). Free

Leu in plasma can therefore effectively be used by the testes.

Dong et al. found that dietary supplementation of AA could

significantly affect the composition of FAA in boar sperm, thus

affecting sperm motility (30). The current results showed that

the expression of the Leu-metabolism gene BCATm in boar

testes was significantly higher in the Leu group. Wiltafsky et al.

found that BCATm expression was specific in pig tissues (31).

BCATm can catalyze the transamination of branched-chain AA

into branched-chain α-keto acids. This further confirms that

Leu can be directly utilized by testicular tissue and can improve

semen quality by affecting Leu metabolism.

Leu directly regulates the mTORC1 signaling pathway,

largely independent of other AA (32). The mTORC1 can be

regulated through the PI3K-AKT-mTOR signaling pathway

(33). In recent years, more and more studies had shown

that the mTOR signaling pathway plays an important role

in the internal structure of testes, and the proliferation and

differentiation of related cells (34). Our previous study showed

that the key protein related to the promotion of testicular

development after AA supplementation was mainly related to

the mTORC1 signaling pathway (27). Meanwhile, Feng et al.

found that activation of the AKT/mTOR signaling pathway can

promote the cell cycle process of spermatogonia (35). Busada

et al. found that the AKT/mTOR signaling pathway may be

negatively regulated with c-kit to affect spermatogenesis (36).

In this research, the expression of AKT and mTOR mRNA

and p-mTOR and mTOR proteins were upregulated by Leu

supplementation, which was similar to Yin et al. (2). Zhang et

al. found that Leu enhanced the sperm motility of zebrafish

by activating the PI3K-AKT-mTOR signaling pathway, which is

also confirmed in our research (4). This further suggests that

Leu may affect semen quality of boars by activating the mTOR

signaling pathway (37).

Conclusion

Dietary supplementation with 1.2% Leu from weaning to

sexual maturity of boars increased the absorption and utilization

of Leu in testicular tissue, promoted testicular development,

and improved semen quality. Furthermore, the mTOR pathways

were involved in the regulation of testicular development and

spermatogenesis by Leu. These data offer the reproductive

effect of orally administered Leu, which could provide essential

guidance for the reasonable supplementation level and efficacy

to male reproduction for future research.
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