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Simple Summary: Methionine is a proteogenic sulfur amino acid with a vital role in intermediary
metabolism. However, excess Methionine (Met) intake is toxic, leading to hyperhomocysteinemia.
Betaine supplementation effectively ameliorates biochemical abnormalities. However, a lack of genetic
information hinders the understanding of the mechanisms underlying methionine excess-mediated
effects and whether Bet can effectively suppress these effects in geese. This study was performed
to evaluate the effects of excess methionine on growth performance, serum homocysteine levels,
apoptotic rates, and Bax and Bcl-2 protein levels in geese and to study the role of betaine in relieving
excess Met-induced hyperhomocysteinemia. It was found that excess methionine reduces body
weight induced by myocardial apoptosis, and betaine can be used to effectively lower plasma
homocysteine levels.
Abstract: The objective of our study was to investigate the effects of excess Methionine (Met) on the
growth performance, serum homocysteine levels, apoptotic rates, and Bax and Bcl-2 protein levels in
geese and to study the role of Bet (betaine) in relieving excess Met-induced hyperhomocysteinemia
(HHcy). In this study, 150 healthy male 14-day-old Yangzhou geese of similar body weight were
randomly distributed into three groups with five replicates per treatment and 10 geese per replicate:
the control group (fed a control diet), the Met toxicity group (fed the control diet +1% Met), and the Bet
detoxification group (fed the control diet +1% Met +0.2% Bet). At 28, 49, and 70 d of age, the geese in
the Met toxicity group had significantly lower body weights than those in the control group (p < 0.05).
The serum homocysteine levels in geese at 70 d of age in the detoxification group were significantly
lower than those in the Met toxicity group (p < 0.05). Compared with the control, Met significantly
increased cardiomyocyte apoptosis rates, while Bet reduced them. In conclusion, our results suggest
that excess methionine reduces body weight induced by myocardial apoptosis, and Bet can be used
to effectively lower plasma homocysteine levels.
Keywords: Hyperhomocysteinemia; methionine excess; betaine; geese

1. Introduction
Methionine (Met) is a sulfur amino acid (SAA) with a vital role in intermediary metabolism [1,2].
Observations made in some prior studies have indicated that optimal supplementation with Met can
improve growth performance and body protein synthesis in growing birds [3–5]. However, among
the constituent amino acids of proteins, Met is toxic if consumed in excess [6]. The supplementation
of voluntarily consumed food with Met levels that are four to six times the estimated requirements
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can suppress food intake and growth [6,7]. The tolerable upper limit of Met for growing ducks
were less than 1.38%, considering the growth performance [6]. Excessive Met intake can also cause
hepatic oxidative/nitrosative damage, hepatic encephalopathy, erythrocyte morphological alterations,
and resultant splenic hemosiderosis in rats [8].
Homocysteine (Hcy) is a nonproteogenic SAA generated by the intrahepatic transmethylation
of dietary Met [9]. Hcy functions as a product and a substrate of Met. Hcy accumulation as a result
of impaired metabolism leads to an acquired metabolic anomaly known as hyperhomocysteinemia
(HHcy), which was first identified by McCully [10]. HHcy occurs when Met levels increase in the blood
due to various conditions. Costa et al. [11] demonstrated that dietary supplementation of Met and/or
Met sulfoxide alters lipid peroxidation and carbonyl content in young rats.
The feature of atherosclerotic lesions is apoptotic cell death in both animals and humans [12,13].
It has been reported that apoptosis leads to a greater lesion rupture risk by reducing the number of
viable smooth muscle cells of mice [14]. However, the cellular pathways responsible for this effect
and their correlation with atherothrombotic disease are not fully understood. Recent studies have
demonstrated that Hcy causes endothelial cell dysfunction and induces apoptotic cell death among
cell types relevant to atherothrombotic disease [15], including endothelial cells and smooth muscle
cells. However, the oral administration of betaine (Bet) [16] and B vitamins [17] can alleviate HHcy
and attenuate atherogenesis in animal models of rats [17]. Moreover, numerous studies have shown
that the process of apoptosis is mediated by proteins of the Bcl-2 family, which comprise antiapoptotic
components (e.g., Bcl-2 and Bcl-xL) and proapoptotic components (e.g., Bax, Bak, and Bad). The ratio
between B-cell lymphoma 2 (Bcl-2) and Bcl-2 associated protein X (Bax) determines cell survival or
death following an apoptotic signal [18].
Excess Met causes marked growth depression in birds. In general, considerable evidence has
revealed that excess Met is toxic to many vertebrates, including humans [10], mice [19], and poultry [6,20].
It appears that excess Met could lead to HHcy and reduced body weight by myocardial apoptosis.
The biochemical effects of excess Met are complex and are not completely understood, and their
mechanisms remain to be elucidated. In particular, information on the metabolic events linking Met
excess to pathology in geese is lacking. Hence, many attempts have been made to alleviate HHcy
through lower plasma Hcy concentration by folate or Bet, since Bet would promote the metabolism of
Hcy and reduce the intravital Hcy level. Considering that the pathophysiology of HHcy is as yet not
clear and that high tissue levels of Met may be harmful, the objective of our study was to investigate
the effects of excess Met on growth performance, serum Hcy levels, apoptotic rates, and Bax and Bcl-2
protein levels in geese and to study the role of Bet in relieving excess Met-induced HHcy.
2. Materials and Methods
2.1. Ethics Statement
The animal study was approved by the Institutional Animal Care and Use Committee (IACUC)
of the Yangzhou University Animal Experiments Ethics Committee under permit number SYXK(Su)
IACUC 2019-0029. All geese experimental procedures were performed according to the Regulations
for the Administration of Affairs Concerning Experimental Animals approved by the State Council of
the People’s Republic of China.
2.2. Experimental Design, Diets, and Management
This study was conducted with 150 healthy male Yangzhou geese at 14 d of age from a commercial
hatchery (Yangzhou Goose Co. Ltd., Yangzhou, China). All of the geese had similar body weights
(BWs) (473 ± 0.36 g) and were randomized into three groups that included five replicates per treatment
and ten geese per replicate. A basal corn/soybean meal diet with two stages (14–28 d and 29–70 d)
was formulated to meet the nutritional needs of the geese National Research Council (NRC), 1994
(Table 1). The control group received only the basal diet from 14 d to 70 d of age. The Met toxicity
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group received the basal diet supplemented with 1% Met. The Bet detoxification group received the
diet given to the Met toxicity group supplemented with 0.2% Bet. The supplementation ratios of Met
and Bet were cited by Xie et al. [6] and Setoue et al. [16]. The tolerable upper limit of dietary Met for
growing ducks was less than 1.38% on the basis of the growth performance. The Met used in the feed
was DL-Met. The geese were fed in separate plastic-floored pens with 2 cm2 square holes that were
laid 70 cm above the ground. All manure was cleaned at the end of the trial. All geese were fed and
watered ad libitum for 56 d. Water was provided in a half-open plastic cylindrical water tank, and the
feed was provided in feeders on one side of each pen. The geese were reared indoors under similar
environmental conditions (temperature: 26.0 ± 3.0 ◦ C; relative humidity (RH): 65.5 ± 5.0%; lighting
period: 16 h; space allocation: 0.5 m2 /gander).
Table 1. Composition and nutrient levels of the basal diet.
Ingredient

14–28 d

29–70 d

Maize
Soybean meal
Wheat bran
Rice husk
Limestone
Calcium hydrogen phosphate
DL-methionine
Salt
Premix
Total
Analyzed nutrient concentrations
Metabolizable energy 3 (MJ/kg)
Crude protein (%)
Crude fiber (%)
Calcium (%)
Available phosphorus (%)
Methionine (%)
Lysine (%)
Arginine (%)
Histidine (%)
Isoleucine (%)
Leucine (%)
Phenylalanine (%)
Threonine (%)
Cysteine (%)

61.4
25.5
6.0
3.5
1.0
1.2
0.1
0.3
1.0 1
100.0

64.4
23.0
2.0
7.0
1.2
1.0
0.1
0.3
1.0 2
100.0

11.26
17.00
4.30
0.82
0.41
0.35
0.86
1.14
0.44
0.73
1.49
0.83
0.68
0.16

11.29
15.63
5.33
0.82
0.37
0.36
0.83
1.13
0.40
0.60
1.25
0.74
0.54
0.25

1

The premix was provided by the Yangzhou University Feed Company (Yangzhou, China). One kilogram
of premix contained the following: retinol, 1,200,000 IU; cholecalciferol, 400,000 IU; α-tocopherol, 1800 IU;
2-methyl-1,4-naphthoquinone, 150 mg; thiamin, 90 mg; riboflavin, 800 mg; pyridoxine, 320 mg; cobalamin, 1 mg;
nicotinic acid, 4.5 g; pantothenic acid, 1100 mg; folic acid, 65 mg; biotin, 5 mg; choline, 45 mg; Fe (as ferrous sulfate),
6 g; Cu (as copper sulfate), 1 g; Mn (as manganese sulfate), 9.5 g; Zn (as zinc sulfate), 9 g; I (as potassium iodide),
50 mg; Se (as sodium selenite), 30 mg. 2 One kilogram of premix contained the following: retinol, 1,200,000 IU;
cholecalciferol, 400,000 IU; α-tocopherol, 1800 IU; 2-methyl-1,4-naphthoquinone, 150 mg; thiamin, 60 mg; riboflavin,
600 mg; pyridoxine, 200 mg; cobalamin, 1 mg; nicotinic acid, 3 g; pantothenic acid, 900 mg; folic acid, 50 mg; biotin,
4 mg; choline, 35 mg; Fe (as ferrous sulfate), 6 g; Cu (as copper sulfate), 1 g; Mn (as manganese sulfate), 9.5 g; Zn
(as zinc sulfate), 9 g; I (as potassium iodide), 50 mg; Se (as sodium selenite), 30 mg. 3 The values were calculated
from the ingredient apparent metabolizable energy (AME) values for chickens.

2.3. Sample Collection and Analyses
Feed intake (FI) by pen was measured on a daily basis, and BW was recorded at 14, 28, 49, and 70 d
of age. The average daily feed intake (ADFI), average daily gain (ADG), and feed-to-gain ratio (F/G)
were calculated from 14 to 28 d and from 29 to 70 d of age, and mortality was recorded as it occurred.
Calculations:
ADFI = feed consumption/feeding days in the whole period
ADG = total weight gain/feeding days in the whole period
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F/G = ADFI/ADG
When the geese reached 70 d of age, 2 geese from each treatment replicate (5 replicates per
treatment; n = 30 geese) were randomly selected for blood collection from their wing veins.
2.4. Clinical Blood Parameters
Blood drawn from wing veins was cooled in ice water and centrifuged for 10 min at 4500 rpm
to obtain plasma for the measurement of biochemical indices. The plasma was stored at −20 ◦ C
until analysis. The plasma Hcy concentrations in peripheral blood were determined according to the
previously described methods of Feussner et al. [21]. The thiol compound was liberated from plasma
proteins by reduction with tri-n-butyphosphine and derivatized with a thiol-specific fluorogenic
marker, 7-fluoro-benzo-2-oxa-1,3-diazole-4-sulpho-nate(Shanghai Yishi Chemical Co., Ltd, Shanghai,
China). The derivative was separated isocratically within 7 min by reversed-phase HPLC using a
Superspher 100 RP-18 column(Guangzhou Xinghe Biotechnology Co., Ltd, Guangzhou, China) as
stationary phase.
2.5. Apoptosis Assay
An annexin V apoptosis detection kit (BD Biosciences, Cat. No. 556547, Lake Franklin, New Jersey,
NJ USA) was utilized to measure apoptosis in heart tissue following the manufacturer’s instructions.
After treatments, cardiomyocytes were washed twice with cold phosphate-buffered solution (PBS),
trypsinized, and then resuspended in binding buffer at a concentration of 1 × 106 cells/mL. Then,
aliquots of 100 µL of cell suspension (1 × 105 cells) were incubated with fluorescein isothiocyanate
(FITC)-annexin V(Shanghai Yishi Chemical Co., Ltd, Shanghai, China) and propidium iodide for 15 min
at room temperature in the dark. The apoptotic rate was analyzed using flow cytometry(Thermo Fisher
Technology (China) Co., Ltd, Shanghai, China) within 1 h.
2.6. Western Blot Analysis
Total protein lysates were collected for standard immunoblot analysis. The protein concentrations
were determined by bicinchoninic acid (BCA) protein assay(Thermo Fisher Technology (China) Co.,
Ltd, Shanghai, China). Aliquots of protein lysates (30 mg/lane) were loaded into gels for sodium
dodecyl sulfide-polyacrylamide gel electrophoresis (SDS-PAGE), and the separated proteins were
transferred to a polyvinylidene fluoride (PVDF) membrane(Thermo Fisher Technology (China) Co.,
Ltd, Shanghai, China). The membrane was blocked and incubated with Bcl-2 and Bax antibodies
overnight at 4 ◦ C. The Bcl-2 and Bax antibodies were purchased from AmyJet Scientific (Wuhai, China)
(Bcl-2, Cat. No. 3033-100; Bax, Cat. No. 3032-100). The blots were washed with TBST (Sigma-Aldrich,
Shanghai, China) and incubated with corresponding horseradish peroxidase-conjugated secondary
antibodies (Jackson Laboratory, Bar Harbor, Maine, ME, USA). Finally, the blots were visualized with
enhanced chemiluminescence and quantified by densitometry.
2.7. Statistical Analysis
The data are expressed as the means ± standard deviations (SDs) and were subjected to
Kolmogorov-Smirnov (KS) testing to confirm normality. Different groups were compared using
one-way analysis of variance (ANOVA) followed by the Student-Newman-Keuls post hoc test with
SPSS 17.0 (SPSS, Shanghai, China). p < 0.05 was considered to indicate statistical significance.
3. Results
3.1. Growth Performance
The data for mortality at 70 d were transformed before analysis. Mortality was greater in the Met
toxicity group than in the control group and the Bet detoxification group (p > 0.05), and there was no
treatment effect between groups. The effects of Bet on the growth performance of geese with HHcy are
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shown in Table 2. The BWs of the geese at 28, 49, and 70 d of age were significantly lower in the Met
toxicity group than in the control group (p < 0.05). There was no significant difference in BW at 70 d
between the Met toxicity group and the Bet detoxification group (p > 0.05). The ADFI and ADG for
geese at 14–28 d of age were significantly higher in the Met toxicity group and the Bet detoxification
group than in the control group (p < 0.05).
Table 2. Effect of betaine on the growth performance of geese with hyperhomocysteinemia.
Variable

Control

Met Toxicity

Bet Detoxification

p-Value

14 d BW (g)
28 d BW (g)
49 d BW (g)
70 d BW (g)
Mortality at 70 d (%)
ADFI (g)
ADG (g)
14–28 d
F/G
ADFI (g)
ADG (g)
29–70 d
F/G

473 ± 0.31
1459 ± 70 a
3298 ± 135 a
4311 ± 131 a
5.72 ± 7.83
154 ± 7.02 a
104 ± 4.98 a
2.20 ± 0.16
227 ± 13 a
68 ± 3.59
3.35 ± 0.32

473 ± 0.42
1355 ± 40 b
2910 ± 189 b
3973 ± 122 b
17.14 ± 18.63
136 ± 16 b
97 ± 2.86 b
2.16 ± 0.24
193 ± 22 b
62 ± 3.24
3.10 ± 0.31

473 ± 0.56
1224 ± 77 c
2539 ± 107 c
3820 ± 261 b
8.57 ± 12.78
117 ± 9.85c
88 ± 5.50 c
2.20 ± 0.16
176 ± 15
62 ± 5.37
2.87 ± 0.42

0.826
<0.001
<0.001
0.003
0.422
0.001
<0.001
0.951
0.002
0.074
0.140

The results are expressed as the means ± SDs. For BW, ADG, ADFI, and F/G, n = 5. a,b Values in the same row with
different lowercase superscripts are significantly different (p < 0.05), whereas values with the same or no superscripts
are not significantly different (p > 0.05). BW, body weight; ADFI, average daily feed intake; ADG, average daily
gain; F/G, feed-to-gain ratio. The control group received the basal diet from 14 to 70 d of age. The methionine (Met)
toxicity group received the basal diet supplemented with 1% Met. The betaine (Bet) detoxification group received
the Met toxicity diet supplemented with 0.2% Bet.

3.2. Clinical Blood Parameters
The effects of Bet on serum biochemical indices of HHcy in geese are shown in Table 3. The Hcy
levels in geese at 28 d, 49 d, and 70 d of age were significantly higher in the Met toxicity group than
in the control group (p < 0.05). The Hcy levels in geese at 70 d of age in the detoxification group
were significantly lower than those in the Met toxicity group (p < 0.05) but were not significantly
different from those in the control group (p > 0.05). The serum Hcy level was a sensitive index for the
identification of geese with HHcy. The Hcy values for the geese in the control group were all between
16 and 21 µmol/L, while the Hcy values for the geese in the Met toxicity group were all higher than
30 µmol/L.
Table 3. Effect of betaine on serum biochemical indices in geese with hyperhomocysteinemia.
Variable
28 d serum Hcy (µmol/L)
49 d serum Hcy (µmol/L)
70 d serum Hcy (µmol/L)

Control
21.58 ± 6.30 b
14.82 ± 2.20 b
16.16 ± 2.33 b

Met Toxicity
a

38.90 ± 11.27
44.54 ± 5.86 a
30.51 ± 11.08 a

Bet Detoxification
a

33.84 ± 12.61
42.92 ± 9.54 a
19.75 ± 3.82 b

p-Value
0.003
<0.001
0.017

The data are presented as the means ± SDs with n = 10 per treatment. a,b Values in the same row with different
lowercase superscripts are significantly different (p < 0.05), whereas values with the same or no superscripts are not
significantly different (p > 0.05). Hcy, homocysteine. The control group received the basal diet from 14 to 70 d of
age. The methionine (Met) toxicity group received the basal diet supplemented with 1% Met. The betaine (Bet)
detoxification group received the Met toxicity diet supplemented with 0.2% Bet.

3.3. Cardiomyocyte Apoptosis
The effects of Bet on cardiomyocyte apoptosis in geese with HHcy are shown in Figure 1.
Compared with the control diet, the Met toxicity diet significantly increased cardiomyocyte apoptosis
rates (p < 0.05), but the Bet detoxification diet reduced the apoptosis rates.

3.3. Cardiomyocyte Apoptosis
The effects of Bet on cardiomyocyte apoptosis in geese with HHcy are shown in Figure 1.
Compared with the control diet, the Met toxicity diet significantly increased cardiomyocyte apoptosis
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(p < 0.05), but the Bet detoxification diet reduced the apoptosis rates.

Figure 1. Effect of betaine on cardiomyocyte apoptosis in geese with hyperhomocysteinemia. The control

Figure
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3.4. Expression of Apoptosis-Related Proteins

The effects
of Bet on the expression
3.4. Expression
of Apoptosis-Related
Proteinsof apoptosis-related proteins in geese with HHcy are shown
in Figure 2 and Table 4. The protein expression levels of Bcl-2 were significantly lower in the Met
toxicity and Bet detoxification groups than in the control group (p < 0.05) (Table 4). There were no
significant differences between the control group and the other groups regarding the expression of
other apoptosis-related proteins.
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Table 4. Effects of betaine on the protein expression of Bax and Bcl-2 in cardiomyocytes of geese
with hyperhomocysteinemia.
Table 4. Effects of betaine on the protein expression of Bax and Bcl-2 in cardiomyocytes of geese with
hyperhomocysteinemia.
Groups
Bax
Bcl-2
Bcl-2/Bax

GroupsControl
Met toxicity
Control
Bet detoxification
Met toxicity
p-Value

0.863 ± 0.480
1.128 ± 0.305 a Bcl-2
1.454 ± 0.417
Bax
0.318 ± 0.106
2.477 ± 1.152
0.696 ± 0.147 b
0.863±0.480
1.128±0.305a
0.359 ± 0.217
1.961 ± 0.670
0.602 ± 0.246 b
b
0.318±0.106
0.062
0.029 0.696±0.147
0.252

Bcl-2/Bax

1.454±0.417
2.477±1.152
b
a,b
Bet
0.359±0.217
0.602±0.246
1.961±0.670
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especially geese, are intolerant of excess Met from 14 to 70 d of age given that growth performance was
continuously depressed during this timeframe. Previous studies have shown that betaine is effective in
suppressing methionine-induced HHcy in humans [22] and rats [26]. It is usually assumed that dietary
Bet affects Hcy metabolism by stimulating Hcy remethylation. In contrast, we did not detect any strong
effect of Bet in Met-induced HHcy model in growth performance in our study. We could still see the
Bet could alleviate HHcy-mediated BW reductions in geese at this later growth stage, as there was no
significant difference in BW between the Bet detoxification group and the Met toxicity group at the age
of 70 d. Possible explanations of the discrepancy are the difference in the time of Met loading: one-shot
methionine injection vs. successive methionine feeding. Our test results are consistent with those of
Setoue et al. [16].
Hcy is a nonessential, thiol-containing and potentially cytotoxic 4-carbon α-amino acid formed
through the demethylation of Met during Met metabolism [26]. Traditional explanations of the
mechanism of Hcy neurotoxicity have suggested that disturbances in methylation and remethylation
processes play key roles. Increasing evidence supports the hypothesis that elevated total Hcy is an
independent risk factor for coronary vascular and neurodegenerative disease [27]. High levels of Hcy
are related to cerebrovascular disease, monoamine neurotransmitter deficiencies, and mood depression.
Specifically, it has been hypothesized that the cerebrovascular disease and neurotransmitter deficiency
caused by high Hcy levels lead to the depression of mood [28]. Taken together, the findings indicate
that the serum Hcy level is a sensitive index for the identification of geese with HHcy (HHcy: higher
than 30 µmol/L; normal: 16–21 µmol/L) and that 1.35% DL-Met supplementation can lead to HHcy in
geese. Hyperhomocysteinemia (HHcy) was defined as mild HHcy (Hcy: 15–30 µmol/L), moderate
HHcy (Hcy: 30–100 µmol/L), and severe HHcy (Hcy > 100 µmol/L) by measuring the level of Hcy in
human blood [29,30]. The results in geese were approximately moderate HHcy in human.
Several studies have suggested that dietary Bet might be a determinant of plasma Hcy
concentrations [31–33]. Setoue et al. [16] found that dietary supplementation with Bet at a level
of 0.34% significantly reduced plasma Hcy levels in rats with HHcy. In the present study, dietary
supplementation with 0.2% Bet was markedly effective in decreasing plasma Hcy concentrations in
geese with Met loading-induced HHcy at 70 d of age. This finding indicates that Bet should be fed for
at least one month to relieve HHcy.
The Hcy-lowering effect of Bet can most likely be ascribed to an increase in Bet-dependent
remethylation owing to increased Bet availability and enhanced activity of the enzyme Bet
methyltransferase in the liver and kidneys. This possibility is supported by the results of studies by
Barak et al. [34] and Saarinen et al. [35], who found that Bet feeding elevates hepatic Bet pools in rats
and chickens. Finkelstein et al. [36] have reported that an excessive intake of Met also enhances Bet
methyltransferase activity, and Met and Hcy infusion reduce hepatic Bet concentrations [37] in rats.
These findings may explain why Bet was highly effective in attenuating the increases in plasma Hcy
caused by Met loading in the current study.
Apoptosis plays an essential role in maintaining cellular homeostasis during development,
pathophysiological, and differentiation processes in multicellular organisms [38]. HHcy is a pathological
condition characterized by an increase in the plasma concentration of total Hcy [39,40]. Numerous
clinical and epidemiological studies have indicated that HHcy is an independent risk factor for
atherothrombotic disease. In addition, some studies have revealed that Hcy causes endothelial cell
dysfunction and induces apoptotic cell death in cell types relevant to atherothrombotic disease, including
endothelial cells and smooth muscle cells [41]. In the present study, we found that the percentages
of apoptotic cells and cells with necrotic morphology continued to increase as Hcy concentrations
increased, although the absolute numbers were reduced in the presence of Bet. Apoptosis has been
widely documented to occur in animal and human atherosclerotic lesions, and apoptotic cell death is
increased in the atherosclerotic lesions of mice fed HHcy-inducing diets [15]. The data in this study
indicate that Met toxicity can lead to apoptotic cell death in cardiomyocytes. From previous work,
it is clear that the liver (as well as the kidneys and pancreas) is a target organ of Met toxicity [19].
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Kharbanda et al. [42] found that exposure to 7-deaza-adenosine (a potent SAH hydrolase inhibitor)
alone induces apoptosis in rat hepatocytes in primary cultures. We have further shown that Bet confers
protection against apoptosis, as the absolute numbers of apoptotic cells were reduced in the presence
of Bet. This protective effect of Bet against apoptosis has been corroborated in studies from different
laboratories in which apoptosis has been induced under various conditions. Barak et al. [43] have
shown that Bet decreases intracellular SAH levels by remethylating Hcy, resulting in a significant
attenuation of apoptosis. Observations of elevations in intracellular SAH and increases in hepatocyte
apoptosis in the context of alcoholic apoptosis have suggested Bet treatment as a modality for the
prevention of this condition [44]. In addition, Bet has been effectively used as a treatment agent for
patients with inherited genetic disorders related to HHcy, such as cystathionine β-synthase deficiency
and methylene tetrahydrofolate reductase deficiency [43]. Although the Bet detoxification group
showed no improvement in growth performance in the current study, we were particularly interested
in the protection against apoptosis provided by Bet. The hearts of geese in the Bet detoxification
group had lower absolute numbers of apoptotic cells than the hearts of geese in the Met toxicity
group, showing that Bet administration appears to reverse the biochemical alterations associated with
heart apoptosis.
Previous studies have demonstrated that the process of apoptosis is mediated by proteins in
the Bcl-2 family and is accomplished through the Fas pathway or the Caspase-dependent apoptotic
pathway, which relies on active mitochondrial control [45]. Once the balance between Bcl-2 and Bax is
broken, the Caspase-dependent apoptotic pathway can be activated. In this study, Bcl-2 gene expression
in goose cardiomyocytes was decreased in the Met toxicity group and the Bet detoxification group,
which is consistent with the findings of previous studies. The results revealed that the apoptotic
process was excessively activated by Met toxicity and that Bcl-2 family proteins might be involved in
this process in cardiomyocytes. However, the expression of Bcl-2 in the Bet detoxification group was
not obvious. The possible mechanisms need to be clarified in further studies.
Elucidation of the metabolic events linking excess Met intake to pathology and their dependence
on other underlying metabolic processes and pathologic conditions will provide crucial insights into
the roles of these important diet-dependent pathways in cardiovascular health and disease. Overall,
our results indicated that the supplementation of feed with 1% Met decreased growth performance and
increased plasma Hcy levels, indicating that excess Met can lead to HHcy. Bet was able to effectively
lower fasting plasma Hcy levels and to prevent plasma Hcy levels from increasing after Met intake.
Met toxicity significantly increased the apoptosis rates of cardiomyocytes (p < 0.05), but the presence
of Bet reduced the apoptosis rates of these cells. The hearts of Bet-supplemented geese had reduced
absolute numbers of apoptotic cells, showing that Bet administration appears to reverse the biochemical
alterations associated with heart apoptosis.
Author Contributions: Conceptualization, Z.Y.; data collection, data analysis, software and writing—original
draft, Y.Y., J.Y. and X.W.; Writing—review and editing, H.Y. and Z.W. All authors have read and agreed to the
published version of the manuscript.
Funding: This work was financially supported by the Project of the Natural Science Foundation of Jiangsu
Province (Grant No. BK20190897), the Natural Science Foundation of Yangzhou City (Grant No. SZR2019000031)
and the China Agriculture Research System (CARS-42-11), China.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

Moghadam, M.H.B.; Shehab, A.; Cherian, G. Methionine supplementation augments tissue n-3 fatty acid
and tocopherol content in broiler birds fed flaxseed. Anim. Feed Sci. Technol. 2017, 228, 149–158. [CrossRef]
Hasek, B.E.; Boudreau, A.; Shin, J.; Feng, D.; Hulver, M.; Van, N.T.; Laque, A.; Stewart, L.K.; Stone, K.P.;
Wanders, D.; et al. Remodeling the integration of lipid metabolism between liver and adipose tissue by
dietary methionine restriction in rats. Diabetes 2013, 62, 3362–3372. [CrossRef]

Animals 2020, 10, 1642

3.
4.
5.

6.

7.
8.
9.
10.
11.

12.
13.
14.

15.
16.
17.

18.
19.

20.

21.

22.
23.
24.

10 of 11

Wang, Z.Y.; Shi, S.R.; Zhou, Q.Y.; Yang, H.M.; Zou, J.M.; Zhang, K.N.; Han, H.M. Response of growing goslings
to dietary methionine from 28 to 70 days of age. Br. Poult. Sci. 2010, 51, 118–121. [CrossRef] [PubMed]
Yang, Z.; Wang, Z.Y.; Yang, H.M.; Zhao, F.Z.; Kong, L.L. Response of growing goslings to dietary
supplementation with methionine and betaine. Br. Poult. Sci. 2016, 57, 833–841. [CrossRef] [PubMed]
Long, L.; Abouelezz, K.F.M.; Cheng, Z.; Gad-Elkareem, A.E.G.; Fan, Q.; Ding, F.; Gao, J.; Jiang, S.; Jiang, Z.
Modelling Methionine Requirements of Fast- and Slow-Growing Chinese Yellow-Feathered Chickens during
the Starter Phase. Animals 2020, 10, 443.
Xie, M.; Hou, S.S.; Huang, W.; Fan, H.P. Effect of excess methionine and methionine hydroxy analogue on
growth performance and plasma homocysteine of growing pekin ducks. Poult. Sci. 2007, 86, 1995–1999.
[CrossRef] [PubMed]
Carew, L.B.; Evarts, K.G.; Alster, F.A. Growth, feed intake, and plasma thyroid hormone levels in chicks fed
dietary excesses of essential amino acids. Poult. Sci. 1998, 77, 295–298. [CrossRef]
Fukada, S.I.; Morita, T.; Sugiyama, K. Effects of various amino acids on methionine-induced
hyperhomocysteinemia in rats. Biosci. Biotechnol. Biochem. 2008, 72, 1940–1943. [CrossRef]
Zhu, B.T. On the mechanism of homocysteine pathophysiology and pathogenesis: A unifying hypothesis.
Histol. Histopathol. 2002, 17, 1283–1291.
McCully, K.S. Vascular pathology of homocysteinemia: Implications for the pathogenesis of arteriosclerosis.
Am. J. Pathol. 1969, 56, 111–128.
Costa, M.Z.; da Silva, T.M.; Flores, N.P.; Schmitz, F.; Scherer, E.B.D.S.; Viau, C.M.; Saffi, J.; Barschak, A.G.;
Wyse, A.T.d.S.; Spanevello, R.M.; et al. Methionine and methionine sulfoxide alter parameters of oxidative
stress in the liver of young rats: In vitro and in vivo studies. Mol. Cell. Biochem. 2013, 384, 21. [CrossRef]
[PubMed]
Kockx, M.M.; Meyer, G.R.D.; Bult, J.; Bultinck, J.; Herman, A.G. Distribution of cell replication and apoptosis
in atherosclerotic plaques of cholesterol-fed rabbits. Atherosclerosis 1996, 120, 115–124. [CrossRef]
Hegyi, L.; Skepper, J.N.; Cary, N.R.B.; Mitchinson, M.J. Foam cell apoptosis and the development of the lipid
core of human atherosclerosis. J. Pathol. 1996, 180, 423–429. [CrossRef]
Clarke, M.C.H.; Figg, N.; Maguire, J.J.; Davenport, A.P.; Goddard, M.; Littlewood, T.D.; Bennett, M.R.
Apoptosis of vascular smooth muscle cells induces features of plaque vulnerability in atherosclerosis.
Nat. Med. 2006, 12, 1075–1080. [CrossRef] [PubMed]
Austin, R.C.; Lentz, S.R.; Werstuck, G.H. Role of hyperhomocysteinemia in endothelial dysfunction and
atherothrombotic disease. Cell Death Differ. 2004, 11, 56–64. [CrossRef]
Setoue, M.; Ohuchi, S.; Morita, T.; Sugiyama, K. Hyperhomocysteinemia induced by guanidinoacetic acid is
effectively suppressed by choline and betaine in rats. Biosci. Biotechol. Biochem. 2008, 72, 1696–1703. [CrossRef]
Zhou, J.; MøLler, J.; Ritskes-Hoitinga, M.; Larsen, M.L.; Austin, R.C.; Falk, E. Effects of vitamin
supplementation and hyperhomocysteinemia on atherosclerosis in apoE-deficient mice. Atherosclerosis 2003,
168, 255–262. [CrossRef]
Hardwick, J.M.; Soane, L. Multiple Functions of BCL-2 Family Proteins. Cold Spring Harb. Perspect. Biol.
2013, 5, 152–158. [CrossRef]
Yamada, H.; Akahoshi, N.; Kamata, S.; Hagiya, Y.; Hishiki, T.; Nagahata, Y.; Matsuura, T.; Takana, N.; Mori, M.;
Ishizaki, Y.; et al. Methionine excess in diet induces acute lethal hepatitis in mice lacking cystathionine
γ-lyase, an animal model of cystathioninuria. Free Radic. Biol. Med. 2012, 52, 1716–1726. [CrossRef]
Dibner, J.J.; Kitchell, M.L.; Robey, W.W.; Yersin, A.G.; Dunn, P.A.; Wideman, R.F. Liver damage and
supplemental methionine sources in the diets of mature laying hens. J. Appl. Poult. Res. 1994, 3, 367–372.
[CrossRef]
Feussner, A.; Rolinski, B.; Weiss, N.; Deufel, T.; Wolfram, G.; Roscher, A.A. Determination of total homocysteine
in human plasma by isocratic high-performance liquid chromatography. Eur. J. Clin. Chem. Clin. Biochem.
1997, 35, 687–691. [CrossRef] [PubMed]
Steenge, G.R.; Verhoef, P.; Katan, M.B. Betaine supplementation lowers plasma homocysteine in healthy men
and women. J. Nutr. 2003, 133, 1291–1295. [CrossRef]
Brouwer, I.A. Betaine supplementation and plasma homocysteine in healthy volunteers. Arch. Intern. Med.
2000, 160, 2546–2553. [CrossRef] [PubMed]
Xue, J.J.; Xie, M.; Tang, J.; Huang, W.; Zhang, Q.; Hou, S.S. Effects of excess DL- and L-methionine on growth
performance of starter pekin ducks. Poult. Sci. 2017, 97, 946–950. [CrossRef]

Animals 2020, 10, 1642

25.

26.

27.

28.
29.
30.
31.
32.

33.

34.
35.

36.
37.
38.
39.
40.
41.

42.

43.
44.

45.

11 of 11

Dilger, R.N.; Kobler, C.; Weckbecker, C.; Hoehler, D.; Baker, D.H. 2-keto-4-(methylthio) butyric acid (keto
analog of methionine) is a safe and efficacious precursor of L-methionine in chicks. J. Nutr. 2007, 137,
1868–1873. [CrossRef] [PubMed]
Liu, Y.Q.; Jia, Z.F.; Han, T.; Inakuma, T.; Miyashita, T.; Sugiyama, K.; Sun, L.C.; Xiang, X.S.; Huang, Z.W.
Suppression effects of betaine-enriched spinach on hyperhomocysteinemia induced by guanidinoacetic acid
and choline deficiency in rats. Sci. World J. 2014, 1, 1–11. [CrossRef] [PubMed]
Nasir, K.; Tsai, M.; Rosen, B.D.; Fernandes, V.; Bluemke, D.A.; Folsom, A.R.; Liam, J.A.C. Elevated
homocysteine is associated with reduced regional left ventricular function: The multi-ethnic study of
atherosclerosis. Circulation 2007, 115, 180–187. [CrossRef]
Kim, J.M.; Stewart, R.; Kim, S.W.; Yang, S.J.; Shin, I.S.; Yoon, J.S. Predictive value of folate, vitamin B12 and
homocysteine levels in late-life depression. Br. J. Psychiatry 2008, 192, 268–274. [CrossRef] [PubMed]
Wilcken, D.E.; Wilcken, B. The pathogenesis of coronary disease. A possible role for methionine metabolism.
J. Clin. Investig. 1976, 57, 1079–1082. [CrossRef]
Ansari, R.; Manta, A.; Mallack, E.; Luo, J.J. Hyperhomocysteinemia and neurologic disorders: A review.
J. Clin. Neurol. 2014, 10, 281. [CrossRef]
Folstein, M.; Liu, T.; Peter, I.; Buel, J.; Arsenault, L.; Scott, T.; Qiu, W.W. The homocysteine hypothesis of
depression. Am. J. Psychiatry 2007, 164, 861–867. [CrossRef] [PubMed]
Alirezaei, M.; Jelodar, G.; Niknam, P.; Ghayemi, Z.; Nazifi, S. Betaine prevents ethanol-induced oxidative
stress and reduces total homocysteine in the rat cerebellum. J. Physiol. Biochem. 2011, 67, 605–612. [CrossRef]
[PubMed]
Schwahn, B.C.; Wendel, U.; Lussier-Cacan, S.; Mar, M.; Zeisel, S.H.; Leclerc, D.; Castro, C.; Garrow, T.A.;
Rozen, R. Effects of betaine in a murine model of mild cystathionine-β-synthase deficiency. Metabolism 2004,
53, 594–599. [CrossRef] [PubMed]
Barak, A.J.; Beckenhauer, H.C.; Tuma, D.J. Betaine effects on hepatic methionine metabolism elicited by
short-term ethanol feeding. Alcohol 1996, 13, 483–486. [CrossRef]
Saarinen, M.T.; Kettunen, H.; Pulliainen, K.; Peuranen, S.; Tihonen, K.; Remus, J. A novel method to analyze
betaine in chicken liver: Effect of dietary betaine and choline supplementation on the hepatic betaine
concentration in broiler chicks. J. Agric. Food Chem. 2001, 49, 559–563. [CrossRef]
Finkelstein, J.D.; Martin, J.J.; Harris, B.J.; Kyle, W.E. Regulation of hepatic betaine-homocysteine
methyltransferase by dietary betaine. J. Nutr. 1983, 113, 519–521. [CrossRef]
Finkelstein, J.D.; Martin, J.J.; Harris, B.J.; Kyle, W.E. Regulation of the betaine content of rat liver.
Arch. Biochem. Biophys. 1982, 218, 169–173. [CrossRef]
Carson, M.D.; Ribeiro, J.M. Apoptosis and disease. Lancet 1993, 14, 367–374. [CrossRef]
McCully, K.S. Homocysteine and vascular disease. Nat. Med. 1996, 2, 386–389. [CrossRef]
Mousavi, S.A.; Ghasemi, M.; Hoseini, T. Association between plasma homocysteine concentrations and
extracranial carotid stenosis. Ann. Saudi Med. 2006, 26, 120–122. [CrossRef]
Buemi, M.; Marino, D.; Di Pasquale, G.; Floccari, F.; Ruello, A.; Aloisi, C.; Corica, F.; Senatore, M.; Romeo, A.;
Frisina, N. Effects of homocysteine on proliferation, necrosis, and apoptosis of vascular smooth muscle cells
in culture and influence of folic acid. Thromb. Res. 2001, 104, 207–213. [CrossRef]
Kharbanda, K.K.; Rogers, D.D.; Mailliard, M.E.; Siford, G.L.; Barak, A.J.; Beckenhauer, H.C.; Sorrell, M.F.;
Tuma, D.J. Role of elevated S-adenosylhomocysteine in rat hepatocyte apoptosis: Protection by betaine.
Biochem. Pharmacol. 2005, 70, 1883–1890. [CrossRef] [PubMed]
Barak, A.J.; Beckenhauer, H.C.; Mailliard, M.E.; Kharbanda, K.K.; Tuma, D.J. Betaine lowers elevated
S-adenosylhomocysteine levels in hepatocytes from ethanol-fed rats. J. Nutr. 2003, 133, 2845–2848. [CrossRef]
Zavad’áková, P.; Fowler, B.; Zeman, J.; Suormala, T.; Pšistoupilová, K.; Kožich, V. Cble type of homocystinuria
due to methionine synthase reductase deficiency: Clinical and molecular studies and prenatal diagnosis in
two families. J. Inherit. Metab. Dis. 2002, 25, 461–476. [CrossRef]
Martinou, J.C.; Youle, R.J. Mitochondria in apoptosis: Bcl-2 family members and mitochondrial dynamics.
Dev. Cell 2011, 21, 92–101. [CrossRef] [PubMed]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

