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Abstract. Newborn poultry in cold regions often suffer from cold stress, causing a series of changes in their
physiology and metabolism, leading to slow growth and decreased production performance. However, a single
anti-stress substance cannot completely or maximally eliminate or alleviate the various effects of cold stress on
animals. Therefore, the effects of the supplemented glutamine and L-carnitine on broilers under low tempera-
ture were evaluated in this study. Broilers were randomly allocated into 16 groups which were respectively fed
with different levels of glutamine and L-carnitine according to the Lig (4°) orthogonal experimental design for
3 weeks (the first week is the adaptive feeding period; the second and third weeks are the cold exposure period).
Growth performance was recorded, and blood samples were collected during cold exposure. The results showed
the supplementation had altered the plasma parameters, growth performance and cold-induced oxidative stress.
The increase of corticosterone and suppression of thyroid hormone was ameliorated. Supplemented groups had
lower daily feed intake and feed-to-gain ratio, higher daily weight gain and better relative weights of immune
organs. Plasma glucose, total protein, blood urea nitrogen and alkaline phosphatase changed as well. Oxida-
tive stress was mollified due to the improved activities of superoxide dismutase and glutathione peroxidase,
heightened total antioxidant capacity and stable malondialdehyde. Dietary glutamine and L-carnitine improve
the growth performance, nutritional status and cold stress response of broilers at low temperature, and their

interaction occurred.

1 Introduction

Within the background of global warming, the environment
becomes more complex and changeable, and the disturbance
to animals becomes more frequent (Bailey et al., 2019;
Hansen et al., 2019). At present, environmental low temper-
ature has become one of the most common stressors in cold
regions, and the cold stress caused by it poses a threat to the
health of human beings and animals. Cold stress is able to in-
duce various negative responses like other stresses, affecting
neuroendocrine, reproduction and cardiovascular systems, to
change the biochemical catalytic processes of the organism,
leading to oxidative damage, apoptosis, and other physiolog-
ical or pathological reactions (Garcia-Diaz et al., 2015; So-

lianik et al., 2015; Lian et al., 2017; Zhang et al., 2017; Cong
et al., 2018). Cold stress also significantly increases sys-
temic energy expenditure and causes substantial metabolic
changes, including decreased insulinemia, increased hepatic
glucose production, feed intake changes, and increased glu-
cose and fat utilization in peripheral tissues (Yao et al., 2018;
Liu et al., 2019; Shi et al., 2019). Meanwhile, cold stress
affects the production performance and product quality of
livestock and poultry (Zhang et al., 2014; Hao et al., 2015;
Nguyen et al., 2015). For example, cold stress not only stunts
the growth and development of broilers, but also requires
more feed to maintain their body temperature, resulting in
low feed conversion rate and waste of resources, as well as
poor weight uniformity and carcass quality of broilers. More
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seriously, the morbidity and mortality will be exacerbated
(Tsiouris et al., 2015). Therefore, cold stress is one of the
main barriers limiting the development of animal husbandry
and is an urgent problem to be solved in cold regions.

At present, one of the most effective ways to resist cold
stress is to improve diet. However, stress response is a non-
specific systemic adaptive response and its physiological ab-
normalities are also various. Therefore, single anti-stress ad-
ditives or nutritional supplements are difficult to promote the
maintenance of body homeostasis.

Finally, we selected the combination of glutamine and L-
carnitine to increase the nutritional and energy levels of the
diet to improve the adverse reactions of cold stress. Glu-
tamine is the most abundant free amino acid of the body
(Wellen et al., 2010; Cruzat et al., 2018; Li et al., 2019). Be-
sides its role as a constituent of proteins and its importance
in amino acid transamination, glutamine has many kinds of
nonnutritive function (Li et al., 2019) and has been claimed
to be essential conditionally during stress or clinical situa-
tions (Stehle and Kuhn, 2015; Coqueiro et al., 2019; Oh et al.,
2020). For example, glutamine is the principal metabolic fuel
for small intestine enterocytes, lymphocytes, macrophages
and fibroblasts and is considered an essential amino acid in
some species under inflammatory conditions such as infec-
tion and injury (Roth, 2008; Carr et al., 2010). Moreover,
glutamine is one of the most efficacious substrates for glu-
coneogenesis and has a protective effect on the physiology
and function of gastrointestinal tract (Fan et al., 2015; Zuhl
et al., 2015). Glutamine is able to decrease the incidence of
infection in surgery and trauma patients and is investigated
as one effective supplementary nutrition (Moe-Byrne et al.,
2012). Meanwhile, L-carnitine is reported to have two major
functions: facilitating the transport of long-chain fatty acids
across the mitochondrial membrane and the removal from
mitochondria of short- and medium-chain fatty acids that
accumulate as a result of normal and abnormal metabolism
(Rehman et al., 2017; Weinert et al., 2017). Thus, dietary L-
carnitine supplementation promotes the S-oxidation of these
fatty acids to generate adenosine triphosphate (ATP) and im-
proves energy utilization (Madsen et al., 2018). In addition,
L-carnitine participates in biological processes, for exam-
ple, regulation of gluconeogenesis, stimulation of fatty acid
synthesis and ketone, branched-chain amino acid, triglyc-
eride, and cholesterol metabolism (Maruyama et al., 2019).
L-carnitine therapy is also a reasonable approach for reduc-
ing systemic inflammation and its complications (Khalatbari-
Soltani and Tabibi, 2015).

The dietary addition of glutamine and L-carnitine has been
studied a lot. But the research about the glutamine supple-
mentation is mainly focused on its oral, parenteral, or en-
teral application under clinical conditions (Roth, 2008; Tian
et al., 2017). A similar state also exists in the research field
of L-carnitine (Mongioi et al., 2016; Agarwal et al., 2018;
Gavrilova, 2018). However, there are few reports about the
effects of dietary glutamine and L-carnitine on anti-cold
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Table 1. Orthogonal experimental design L g ).

Group Glutamine L-carnitine
(%) (mg/kg)

A1Bq 0.4 50
A1By 0.4 75
A1B3 04 100
A1By 0.4 0.0
ArBj 0.6 50
AsBo 0.6 75
AyB3 0.6 100
ArBy 0.6 0.0
A3Bq 0.8 50
A3B) 0.8 75
A3B3 0.8 100
A3By 0.8 0.0
A4Bq 0.0 50
AyBy 0.0 75
A4B3 0.0 100
A4By 0.0 0.0

stress of broilers. Therefore, the purpose of this study is to
investigate the influence of the supplemental glutamine and
L-carnitine on the grow performance, the physiological re-
sponse and antioxidant capacity of Arbor Acres (AA) broiler
chickens under cold exposure.

2 Materials and methods

2.1 Chickens and diets

In this study, 480 one-day-old Arbor Acres (AA) broiler
chickens were randomly divided into 16 treatment groups
of 30 birds each. Each group was further divided into one
main and two replicate subgroups. Each group was kept in a
specially designed biotron (College of Animal Science and
Veterinary Medicine, Heilongjiang Bayi Agricultural Uni-
versity), where the temperature, relative humidity and light-
ing were controlled. These 16 groups were administrated ac-
cording to the Lig 4°) orthogonal experimental design of
two diet supplements: glutamine (0, 0.4, 0.6, 0.8 percent-
age of diet weight) and L-carnitine (0, 50, 75, 100 mg/kg
diet weight). The levels of glutamine and L-carnitine in the
diet are shown in Table 1. The basal meal met the National
Research Council requirements. The experimental diets and
drinking water were offered ad libitum. After the first week
of adaptive feeding, all groups were exposed to cold tempera-
tures at 23 0.5 °C (this ambient temperature went down by
10+ 0.5°C compared to the optimal temperature of 33 °C,
and the relative humidity was 40 %) for 2 weeks. Feed in-
take and body weight gain were recorded weekly during the
2-week cold exposure period, and daily feed intake (DFI),
daily weight gain (DWG) and feed-to-gain ratio (F / G) were
calculated. The experimental scheme is shown in Fig. 1.
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Group and feed corresponding diet
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Adapt to the environment and capture

Figure 1. Timeline of the treatment protocol.

Blood samples were collected weekly from each group
at 06:00 GMT+8 of each blood collection day. Blood was
drawn from a wing vein using a heparinized syringe within
30s, applied to the warm bath at 37 °C for 20 min and then
centrifuged at 3500 rpm for 10 min to obtain plasma, which
was stored at —70 °C until analysis. All groups were eutha-
nized after 12 h of feed deprivation at the end of cold expo-
sure. The weights of spleen, thymus and bursa of Fabricius
were determined, and relative weights of each organ were
calculated.

All experiments were approved by animal protection and
the Utilization Committee of Heilongjiang Bayi Agricultural
University. All operations were carried out according to the
regulations of animal science and veterinary medicine col-
lege. All efforts were made to minimize animal suffering and
to reduce the number of animals used.

2.2 Measurement of biochemical parameters

Corticosterone (CORT), as a classical stress hormone, was
selected to evaluate the cold stress state of chickens in each
group. Thyroid hormones (triiodothyronine, T3 and thyrox-
ine, T4) have been selected to assess the functional status of
the thyroid body, which is related to the body’s metabolic
heat production and body heat regulation. Plasma CORT,
T3 and T4 were measured using a commercial kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, PR China).

Plasma glucose (GLU), total protein (TP), blood urea ni-
trogen (BUN) and alkaline phosphatase (ALP) have been
used as indicators to evaluate the biochemical and metabolic
changes of chicks in each group and were measured using a
commercial kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, PR China).

Plasma superoxide dismutase (SOD), glutathione peroxi-
dase (GSH-PX), total antioxidant capacity (T-AOC) and mal-
ondialdehyde (MDA) were used to assess the antioxidant ca-
pacity of chicks in each group and were measured using a
commercial kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, PR China).
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Blood samples and basic data were collected

All operations were carried out according to the instruc-
tions of the kit.

2.3 Statistical analysis

The effects of glutamine and L-carnitine on the measured pa-
rameters and the possible time-dependent effects were ana-
lyzed by the general linear model (SPSS Ver. 19.0). Dun-
can’s test was used to determine which specific pairs dif-
fered. Means were considered significantly different when
P < 0.05.

3 Results

3.1 Effects of glutamine and L-carnitine on growth
performance and immune organ index of broilers
under cold stress

The DFI, DWG and F / G are presented in Table 2, the rela-
tive weights of the spleen, thymus and bursa of Fabricius in
Table 3, and the results of orthogonal contrast and variance
analysis in Table 4. The growth performance of the broil-
ers exposed to the low ambient temperature improved due
to the supplementation of glutamine and L-carnitine. In the
first week, the added glutamine and L-carnitine had obvi-
ously altered the DFI, DWG and F /G (P < 0.05), whereas
there was an interaction only on DWG and F / G (P < 0.05).
Groups Aj or By had the highest DFI, but the lowest DWG
and the highest F / G. On the contrary, in the second week,
except for DFI neither DWG nor F /G was affected by the
two additives and their interaction (P > 0.05). Groups A; or
B still had the biggest DFI means and relatively lower DWG
and F / G but did not maintain the least levels. With regard
to the total values, the changes of DFI, DWG and F /G in-
duced by the supplementation were significant (P < 0.05),
and there was apparent interaction (P < 0.05). Groups A or
B had the high DFI, the lowest DWG and the highest F / G.
Overall, the DFI and F / G of the broilers in group A1B; were
the highest while the DWG was not the least.
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Table 2. The growth performance of Arbor Acres broilers under low temperature conditions supplemented by glutamine and L-carnitine.

Group Daily feed intake (g/d) ‘ Daily weight gain (g/d) ‘ Feed-to-gain ratio (F / G)

2 week 3 week total ‘ 2 week 3 week total ‘ 2 week 3 week total
A1B 5239+1.03 7448+8.67 6538+3.35 | 32.16+191 36.20+1.42 34524+1.50 | 1.724+0.09 2.18£0.23 1.954+0.08
A1By 48.53£2.60 71.12+6.62 5821+£3.87 | 32.20+2.15 3794+1.58 3557+3.45 | 1.41+£0.03 201£037 1.71+0.11
A1By  502943.02 7236+046 6238+3.72 | 34.644+192 4484+248 38.74+£294 | 1.46£0.16 195+£0.67 1.68+0.30
A1By 45.62+2.63 73.06+2.74 61.08+240 | 32.85+3.45 43.47+3.86 3633+1.19 | 1.71+0.23 1.95+0.08 1.74+0.17
ArB 45304+342 70.69+345 59.62+3.02 | 33.85+1.58 35.79+1.13 3482+2.16 | 1.43+0.12 1.89+0.31 1.72+0.19
ArBy  47.01£297 69.80+2.33 5841+£2.65 | 31.75+2.68 44.02+3.72 37.88+3.53 | 1.48+0.08 1.62+0.28 1.58+0.06
ApBs  45.10+2.01 69384+0.62 57.24+241 | 32.50+£294 41.01+£245 36.76+£5.23 | 1.37£0.15 1.80£0.59 1.59+0.27
ArBs  4690+2.17 71.75£0.71 59.32+0.74 | 33.89+3.74 45.15+2.92 38.02+3.31 | 1.39+0.16 1.74+0.10 1.56+0.13
A3Bj 4690+145 7207+£1.24 5949+1.74 | 3437+1.27 41.80+2.74 38.09+2.86 | 1.47+0.04 1.75£024 1.65+0.11
A3By 48394312 65.14+6.09 56.77+£3.95 | 34.68+4.02 4097+1.75 37.82+2.38 | 1.55£0.29 1.59+£0.10 1.57+0.17
A3Bs  49.10+2.62 67.194+1.07 5826+2.36 | 36.90+1.52 4758+231 4023+4.70 | 1.36£0.16 1.71£0.31 1.55+0.14
A3By 44.48+429 67224381 57.57+1.70 | 33.894+491 4031+1.69 3589+0.61 | 1.42£033 1.57£0.11 149+0.12
A4Bj 4842+ 1.84 72.74+425 6059+£293 | 3470+1.74 40.60+1.05 37.65+2.18 | 1.51+0.07 1.81£0.23 1.60+0.10
A4By  4990+198 71.20£3.75 59994091 | 34.18+1.04 3748+2.10 3583+3.29 | 1.46+0.25 1.79+£049 1.63+0.22
A4B3 5186163 68.11+247 5641+1.81 | 33.49+1.87 39.89+227 37.73+£1.71 | 1.39£0.10 195+£0.16 1.73+£0.08
A4By  47914+4.63 64.11£6.74 5731+£341 | 33.52+3.45 4538+1.26 3690+6.78 | 1.41+0.10 1.87+0.08 1.57+0.07

The groups Ay, A, Az and Ay were treated by glutamine at 0, 0.4, 0.6 and 0.8 percentage of diet weight, and groups B, B, B3 and B4 were treated by L-carnitine at 0, 50, 75

and 100 mg/kg diet weight. Data are given as mean = SEM.

Table 3. The immune organ indexes of Arbor Acres broilers un-
der low temperature conditions supplemented by glutamine and L-
carnitine.

Group Relative Relative Relative
weight of weight of weight of

spleen thymus bursa of

(mg/g) (mg/g) Fabricius

(mg/g)

A1B;y 0644005 203+0.08 2.00+0.27
A1B, 0.75+£0.07 2.174£0.07 2.30+0.10
A1B3 0.824+0.04 235+£0.06 2.044+0.07
A1By 0.67+0.15 2234+0.08 2.35+0.36
AsBj 0.70+0.06 2.41+030 2.27+0.08
AyBy,  0.781+0.12 256+£0.73 2.4440.26
ArB3y 0.74+£0.12 2.86£0.18 2.39+0.17
A>Bgy  0.744+0.05 291+£0.54 2.564+0.49
A3B;  0.744+0.03 228+£0.26 2.374+0.07
A3B, 083+0.04 2514015 2414046
A3B3z  098+£0.11 3.55+£0.12 2.79+0.16
A3By 1.024+0.05 2964+043 247+0.13
A4B;  0.83+£0.09 2474+0.68 224+0.21
A4Br  0.861+0.04 2.63+£0.25 2.23+0.11
A4B3  093+£0.09 2.67+039 2.39+0.19
A4Bys  076+0.10 3.124+0.15 2.61+0.12

The groups Ay, Ay, Az and A4 were treated by glutamine at 0, 0.4,
0.6 and 0.8 percentage of diet weight, and groups By, B;, B3 and B4
were treated by L-carnitine at 0, 50, 75 and 100 mg/kg diet weight.
Data are given as mean = SEM.

L-carnitine had significant impact on the relative weights
of thymus (P < 0.05) while glutamine lacked this effect
(P > 0.05), and groups A had low values, but groups B
or A1B; had the lowest means. The relative weights of the
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spleen were strongly affected by glutamine or L-carnitine
(P < 0.05), and groups Aj or By or A;B; had the lowest
means. The influence of glutamine or L-carnitine on the rel-
ative weights of bursa of Fabricius was not obvious (P >
0.05), but still groups A or By or A1B; had the lowest val-
ues.

3.2 Effects of glutamine and L-carnitine on related
hormones and biochemical indexes in broilers under
cold stress

The plasma concentrations of CORT, T3 and T4 are shown
in Table 5, the plasma concentrations of GLU, TP, BUN
and ALP in Table 6, and the results of orthogonal contrast
and variance analysis in Table 7. In the first week, CORT
concentrations were not affected by different levels of glu-
tamine or L-carnitine (P > 0.05), and there was no interac-
tion (P > 0.05). However, in the second week the interaction
appeared (P < 0.05) and glutamine created obvious impact
(P < 0.05), and groups A; or B; had the highest values. The
group A 1B also had the highest plasma CORT, but in the 2
weeks the exposure time did not affect plasma CORT levels
(P > 0.05).

There was no influence of glutamine or L-carnitine or in-
teraction on the plasma T3 (P > 0.05), and group A;B; had
the least values. Groups A; or By had the lowest T3 levels in
the first week while having relatively low levels in the sec-
ond week. On the other hand, the two additives had obvi-
ously influenced the plasma concentrations of T4 (P < 0.05)
except the supplementation of L-carnitine in the first week
(P > 0.05), and there was the interaction (P < 0.05). Groups
A1 or B have the significantly lowest T4 (P < 0.05), while
the values of groups A3 or B3 are the highest. Moreover, the
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Table 4. The effects of supplemented glutamine and L-carnitine on growth performance and organ’s relative weight of Arbor Acres broilers
under low temperature conditions.

Group Daily feed intake (g/d) ‘ Daily weight gain (g/d) ‘ Feed-to-gain ratio (F / G) Relative Relative Relative
2 3 total 2 3 total 2 3 total weight of weight of weight of
week week week  week week  week spleen thymus bursa of
Fabricius
Glutamine
Al 49270 7206 5882 | 3261 4037 36.03° | 150 1.86 1.65 0.71° 2.54 227
Ay 48.10%  71.05%  60.08 | 32.96®° 4149 36.87% | 149 185 1.63 0.80° 2.49 2.422b
A3 46.58® 69382 5030 | 32252 4287 36.16%° | 141  1.68 1.6 0.952 2.52 2472
A4 48.08%  69.33> 5873 | 34.19%8 44.16 37.89% | 144 1.79 1.58 0.79° 2.58 2.312b
L-carnitine
B, 48.93 7326  60.10 | 32.01° 4285 3565 | 1.52 1.80 1.68 0.77¢ 2.20b 237
B, 47.65 70.17 5949 | 32.45% 4229 37032 | 148 1.79 1.61 0.813bc 2.42b 2.34
B; 48.20 7173 59.67 | 34.96° 4432 39252 | 145 1.84 1.60 0.80b¢ 3.00? 2.40
By 47.24 69.88 57.68 | 33778 4342 37.10% | 140 1.73 1.63 0.872 2.38b 2.35
Orthogonal contrast
A * * * * NS * * NS Hk NS NS

The groups Ay, Ay, A3 and A4 were treated by glutamine at 0, 0.4, 0.6 and 0.8 percentage of diet weight, and groups By, B,, B3 and B4 were treated by L-carnitine at 0, 50, 75
and 100 mg/kg diet weight. € Mean values within a column with no common superscript differ significantly (P < 0.05). * P < 0.05. ** P < 0.01. NS: not significant.

Table 5. The plasma corticosterone and thyroid hormone of Arbor Acres broilers under low temperature conditions supplemented by glu-
tamine and L-carnitine.

Group Corticosterone (ng/mL) ‘ Triiodothyronine (pmol/L) ‘ Thyroxine (pmol/L)

2 week 3 week ‘ 2 week 3 week ‘ 2 week 3 week
A1B; 17.62+425 20474621 | 0.84+0.11 4.06+1.29 9.30+0.30 8.61+£0.70
A1By 1538+1.16 19.57+£1.21 | 1.924+0.79 5.86+£3.03 14.22 +£7.06 8.93+2.71
A1B3 15.054+2.88 18.94+1.84 | 1.65+0.83 4.43+0.75 17.02+4.35 12.00+3.90
A1By 13.44+032 13.85+2.02 | 1.37+045 4.20+0.79 16.57 £0.16 9.19+1.28
ArB; 1647+1.78 17.96+£1.58 | 1.91£040 4.31+£0.61 9.394+0.89 10.63+2.38
AyBy  1437+£239 1436+0.77 | 1.66+0.25 4.11£0.08 14.04£1.17 16.23+5.52
ArBj3 1426+1.75 13.05+£2.16 | 1.69+0.86 4.99+4.94 1549+£3.51 11.924+4.90
ArBy 15.15+3.71 13.59+2.41 | 1.834+0.33 7.82+2.34 18.39 £5.09 9.204+4.80
A3B; 15224321 1627+5.03 | 1.64+0.33 4.19+1.15 11.82£5.79 13.19+6.07
A3B, 1258 +1.39 15414+2.07 | 1.86£0.32 7.76£1.14 | 27.24£12.88 12.24+2.77
A3B3 1261 £1.31 14.84+£1.20 | 1.554+034 423+1.34 21.72+544 19.99 £2.27
A3Bg  1390£197 16294205 | 1.96+0.22 7.18+2.38 21.57+£544 10.37+2.21
A4B; 13.77£0.88 1297+1.69 | 1.28+£0.12 6.45+2.89 1090+£3.88 11.00+3.62
A4By 1447+197 17.60£2.18 | 1.194+045 7.64+£2.70 | 24.38+10.08 17.04+8.78
A4B3 12394+2.00 14.92+237 | 2.084+0.35 5.31+1.61 1640 £6.68 18.69+7.68
Ay4By 13.08£1.72 12.87+1.07 | 1.36 £0.33 7.94+2.31 1837+£7.29 10.57+3.71

The groups Ay, A, Az and Ay were treated by glutamine at 0, 0.4, 0.6 and 0.8 percentage of diet weight, and groups By, B, B3 and
By were treated by L-carnitine at 0, 50, 75 and 100 mg/kg diet weight. Data are given as mean + SEM.
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Table 6. The plasma parameters of Arbor Acres broilers under low temperature conditions supplemented by glutamine and L-carnitine.

Group Glucose Total protein Blood urea Alkaline phosphatase
(mmol/L) (g/L) nitrogen (mmol/L) (U/L)

2 week 3 week 2 week 3 week 2 week 3 week ‘ 2 week 3 week
A1By 8.51+£0.98 8.80+3.01 | 19.72+2.38 22244449 | 2774035 228+0.71 | 3416.00 £716.32 3714.67 £ 605.26
A1B, 9.72+1.36 8.97+1.42 | 29.14+1.05 27334211 | 2254024 1.934+0.09 | 3016.00 £656.20 2562.67 4+ 868.52
A1B3 9.80+0.34 11.27+1.29 | 23.57+6.66 24534246 | 2.67+0.04 1.75+0.08 | 2728.00 £512.38 2381.33 £691.72
A1By4 982+1.27 11.824+2.19 | 26.40+4.42 29.544+471 | 230+0.14 1.874+0.29 | 3270.33 £313.15 2912.00+ 622.31
ArB; 9.06+0.88 10.26+0.89 | 20.35+5.98 253146.15 | 2.70+0.77 1.89+0.56 | 3132.67 £631.80 2760.00 4 505.68
AsBy  12.73+£2.69 12.29+3.43 | 22.09+1.58 33.16+1.06 | 243+£0.05 1.704+0.26 | 2841.00 +666.77 2588.00 + 633.94
ArBj3 11.47+£1.64 10294292 | 23.51+1.59 37.70£4.50 | 2504+0.20 1.834+0.22 | 2840.00 +778.96 2448.00 £ 605.28
AoBy  1293+£2.08 12.04+2.01 | 25.04+1.14 3224+449 | 2514026 1.68+0.13 | 2505.00 £692.96 2276.67 £677.38
A3By 9.40+0.53 1090+£2.83 | 2444+4.11 2623+7.77 | 2.624+042 2.08+0.13 | 2418.67 £392.60 2548.00 £ 620.62
A3B, 11.06£0.35 13.63+2.65 | 25.33+1.81 37.53+£2.67 | 2304+0.18 2.114+0.26 | 2804.00 +541.42 2312.00£598.31
A3zB3 14.02£5.02 9.56+1.59 | 23.40+3.32 31.97+697 | 2424+0.27 1.624+0.18 | 2925.00 £218.36 2672.00 £ 893.78
A3By  15.05+£3.22 12.15+£1.79 | 27.88+9.26 35.62+7.68 | 246+0.04 1.694+0.09 | 2680.00 +£324.12 3016.00 + 844.51
AyB; 9.81+1.77 12.824+4.70 | 26.24+6.22 30.00+10.84 | 2.324+0.16 1.854+0.49 | 3165.33 +£750.82 2330.67 £501.16
A4By 13.00£3.60 11.07+2.13 | 22.86+4.01 3556 +748 | 2.07+£0.07 1.82+0.16 | 2878.33 +735.54 2912.00+912.28
A4Bj3 11.86 £3.42 13.86+3.27 | 32.954+4.43 41.30+3.89 | 2.34+£0.05 1.93+0.32 | 3131.50 707.81 2272.00 + 784.66
AyBy  14.42+£3.28 8.88+1.08 | 30.06 4+3.32 20424547 | 228+0.18 1.794+0.13 | 2337.33 £639.82 2880.00 4= 764.32

The groups Ay, Ay, Az and Ay were treated by glutamine at 0, 0.4, 0.6 and 0.8 percentage of diet weight, and groups B, By, B3 and B4 were treated by L-carnitine at 0, 50, 75
and 100 mg/kg diet weight. Data are given as mean + SEM.

Table 7. The effects of supplemented glutamine and L-carnitine on corticosterone, thyroid hormone and other parameters of Arbor Acres
broilers under low temperature conditions.

Group  Corticosterone Triiodothyronine Thyroxine Glucose Total protein Blood urea Alkaline
(ng/mL) (pmol/L) (pmol/L) (mmol/L) (g/L) nitrogen phosphatase
(mmol/L) (U/L)
2 3 2 3 2 3 2 3 2 3 2 3 2 3
week week week week week week week week week week | week  week week week
Glutamine
Ay 1529 18212 | 121> 599® | 10.66° 8.93% | 9.4sb 11.04 | 2072° 2646 | 250 1.88 | 2991.00  3132.67
Ay 1561 15.84P | 1.9226 5310 | 14.55> 13832 | 11,632 1099 | 26.612b 291120 | 245  1.87 | 2829.67 2567.67°
A3 1459  15.70% | 2,102 6328 | 19878 14332 | 12492 11.09 | 23.62b° 31452 | 243  1.86 | 282850  2537.00°
Ay 1326 1334° | 2692 9.05* | 16.88% 10.862P | 12.082 1149 | 27.29% 32528 | 239  1.84 | 2803.13  2108.67°
L-carnitine
B; 15.11 16.77 1.61 5.58 13.23 1057 | 9.50° 9.99> | 2236P 2392 | 241 193 | 2807.00  2897.67°
B, 14.24 15.60 2.00 7.57 16.00 1157 | 11.322  11.19%b | 25,502 31.94 | 239 190 | 3001.42  2792.00
B3 14.00 15.42 216  5.38 16.46 13.61 | 11,798 1247 | 25532 3358 | 257 176 | 297929 2378.67%
B, 14.41 15.31 2.15 7.69 16.27 1220 | 13.06° 10.96%° | 24.862 3009 | 243  1.86 | 2659.58  2277.67%
Orthogonal contrast
B NS NS NS NS NS * * * * * NS NS NS *
AxB NS * NS NS ok ok NS * NS * NS * NS *

The groups Ay, A, Az and Ay were treated by glutamine at 0, 0.4, 0.6 and 0.8 percentage of diet weight, and groups By, By, B3 and B4 were treated by L-carnitine at 0, 50, 75
and 100 mg/kg diet weight. ¢ Mean values within a column with no common superscript differ significantly (P < 0.05). * P < 0.05. ** P < 0.01. NS: not significant.

change of T3 or T4 had the time-dependent effect (P < 0.05),
and from the first week to second week T3 grew obviously
(P < 0.05), while T4 declined significantly (P < 0.05).

The plasma concentrations of GLU, TP, BUN and ALP
had been altered by the dietary supplementation. The addi-
tion of glutamine or L-carnitine apparently altered plasma
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GLU concentrations (P < 0.05), though only in the second
week there was obvious interaction (P < 0.05). In the first
week, groups A or By obviously had the smallest values
(P < 0.05), while in the second week, the means of groups
Aj were not the least but not different from the others, and
the levels of groups B; still were the lowest. Moreover, the
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other groups held relatively stable and higher plasma GLU,
and the chickens in A;B; always had the lowest GLU con-
centrations. The change profile of TP was largely identical
to that of GLU, but the glutamine had a more obvious ef-
fect (P < 0.05), and all TP contents of groups A or B or
A1B; were the lowest. Contrarily, only in the second week,
dietary glutamine had a great impact on the plasma BUN lev-
els (P < 0.05), but the means of groups A; were not sig-
nificantly different from others (P > 0.05). Nonetheless, the
BUN means of all groups decreased obviously (P < 0.05)
and the chickens in group A1B; had the highest BUN lev-
els. The alteration of ALP activity caused by the added glu-
tamine or L-carnitine and the interaction became apparent
only in the second week (P < 0.05), and groups A or By
had the biggest means. With the exposure, groups A or B
had increased ALP activity, whereas those of the left groups
declined. Overall, group A;B; always had the highest level.

3.3 Effects of glutamine and L-carnitine on antioxidant
capacity of broilers under cold stress

The data of plasma SOD, GHS-PX, T-AOC and MDA are
presented in the Table 8, and the results of orthogonal con-
trast and variance analysis can be found in Table 9. The ac-
tivity of SOD and GHS-XP was not affected by the added
L-carnitine (P > 0.05), but it changed obviously because of
the supplemented glutamine (P < 0.05) and in the second
week by the obvious interaction (P < 0.05). In the studied
2 weeks, SOD of groups A or B held the relatively stable
level, whereas those in the other groups grew significantly
(P <0.05). The added glutamine had the positive dose-
dependent impact on the GHS-PX activity (P < 0.05), and
groups B had the lowest levels, though the L-carnitine had
no obvious effect (P > 0.05). The chickens in group A;B;
had the lowest activity of SOD and GSH-PX. With regard to
T-AOC, both glutamine and L-carnitine yielded the obvious
effect (P < 0.05), though only in the second week the inter-
action became apparent (P < 0.05). The means of all groups
increased with the experimental period, and groups A4 or By
had the highest values and gained the most, whereas groups
A1 or B had the lowest means and grew the least. More-
over, group A1B; had the lowest T-AOC. L-carnitine had ob-
vious influence on plasma MDA (P < 0.05) and groups B
had the highest levels. In the second week, glutamine had the
significant effect (P < 0.05), and groups A had the highest
levels but no significant difference from others (P > 0.05).
Both additives did not exert the time-dependent effect on the
change of plasma MDA (P > 0.05), but the interaction al-
ways existed (P < 0.05) and group A;B; had the highest
levels.

4 Discussion

The inconspicuous effect of glutamine and L-carnitine on
plasma CORT in the first week and the strong impact of glu-
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tamine and obvious interaction in the second week may indi-
cate that only in the second week the ability of glutamine and
L-carnitine to offset the increasing of plasma CORT becomes
apparent. Since elevated levels of plasma CORT are a classic
indicator of stress (Quinteiro-Filho et al., 2012; Honda et al.,
2015), the highest levels of plasma CORT in groups A; or
B or A1B imply that the dietary glutamine and L-carnitine
might have the ability to reduce the plasma CORT concentra-
tions and thereby could ameliorate the stress responses or im-
prove the resistance of the broilers to cold stress. Glutamine
or L-carnitine has been used as effectively dietary fortifica-
tion to resist various stressful situations (Izgiit-Uysal et al.,
2007, Kelek et al., 2019).

The groups A or By or A1B; have the highest DFI, rel-
atively lower DWG and the highest F /G, and the supple-
mentary glutamine and L-carnitine have the obvious inter-
action, though there is significant difference among groups
F /G only in the first week. It can be concluded that the
dietary supplementation elicited the positive responses of
growth performance and feed conversion in the broilers dur-
ing the 2-week exposure to low temperature, and the studies
about many species under various conditions have the same
report (Yi et al., 2005; Bartell and Batal, 2007). Obviously,
the groups A or B; or A1B1 have poor growth performance
and feed efficiency, mainly because they have spent more en-
ergy for thermogenesis to resist the cold stress rather than for
growth, and thus their energy metabolism has been damaged
(Hangalapura et al., 2003; King and Swanson, 2013).

One possible mechanism to maintain the normal energy
consumption in the additive-administrated groups is that the
addition of glutamine or L-carnitine might moderate the
stress-induced rising of plasma CORT and improve the im-
paired energy balance of broilers exposed to cold, which
might be caused by the higher plasma CORT (Yuan et
al., 2008), and the obvious interaction of the two addi-
tives strengthens the effect. The high levels of stress-induced
CORT may stimulate the higher energy to spend for various
stress responses and hurt the energy efficiency (Jiang et al.,
2008; Yuan et al., 2008; Babacanoglu et al., 2013), which
may result in the redistribution of energy and consequently
damage the growth of many species (Ralph et al., 2015).

Another involved mechanism is the alteration of thyroid
hormone that would induce the better energy metabolism
(Chatzitomaris et al., 2017; Nordio, 2017). Glutamine- or L-
carnitine-supplemented groups have higher T3 and T4 than
groups Aj or By, and therefore the chickens in the latter
groups might hold poorer metabolic conditions and hence
should have worse growth performance. The obvious vari-
ance of thyroid hormone may be negatively correlated to the
CORT concentrations as some research has found (Angelier
et al., 2016). The plasma CORT in groups Aj or B; or A1B;
is the highest, and consequently T3 and T4 levels are low-
est. Furthermore, the reduction of T4 and increasing of T;
with the exposure time in all groups means the augmented
transformation of inactive T4 to active T3 probably meets the
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Table 8. The antioxidant capacity of Arbor Acres broilers under low temperature conditions supplemented by glutamine and L-carnitine.

Group Superoxide dismutase Glutathione peroxidase Total antioxidant capacity Malondialdehyde
(U/mL) (U/mL) (antioxidant unit/mL) (nmol/mL)

2 week 3 week 2 week 3 week ‘ 2 week 3 week 2 week 3 week
A1By 59.62 £6.99 97.944+1.59 | 321.58+6.14 324.68+7.78 580+1.11 1298+1.67 | 539+£0.12 5.83+0.72
A1B, 74.56£1.30 150.31£5.11 | 395.524+9.62 386.634+5.87 | 12.81£9.91 32.814£9.47 | 3.054+£092 3.11+£0.35
A1Bj3 9797+1.29 140.83+1.42 | 324.70£8.35 326.84+3.52 | 10.31+1.27 2698+3.89 | 1.97+£0.31 3.90+0.76
A1By 72994149 113.054+0.89 | 332.01 +7.21 33548+6.50 | 12.24+1.40 35.07£2.18 | 2.62+0.99 3.78+0.86
AsB; 12773 +£2.62 141.86+3.54 | 438.03+£7.33 42899+6.14 | 12.414+276 1692+3.12 | 2.08+0.16 4.33+1.45
ArBo 103.31+£4.04 129.194+3.92 | 338.58+1.66 385.25+6.60 9874140 29514218 | 231+£0.56 2.11+0.59
AyBj 110.65+5.28 14897+5.81 | 433.72+3.80 421.36+2.48 | 16.11+2.93 26.79+£3.63 | 3.10+0.65 2.36+0.54
ArBy 122.66 +1.35 127.71+4.36 | 44028 £5.13 336.37+3.70 | 16.27+4.05 2827+221 | 241+£0.11 248+0.54
A3Bg 118.69+2.16 128.434+0.57 | 36241 +£547 346.90+8.36 5894+1.15 21434340 | 1.49+£0.85 2954048
A3By 117.50£3.96 130.46+6.87 | 394.14+3.34 402.66+7.04 8.80+1.13 2224+4.66 | 3.59+0.19 3.31+0.96
A3Bj3 112434596 156.714+5.24 | 347.96+5.68 441.15+6.31 9.67+6.84 3128+343 | 1.46+£0.11 2.824+0.49
A3By 93.17+£1.19 159.01+1.72 | 364.55+£3.78 371.15+£4.32 | 10.51+0.01 38.05+£243 | 1.62+£0.11 2.66+0.56
A4B 14026 £1.95 156.07+1.58 | 386.53+8.73 344.97+7.79 | 1547+4.19 2836+£521 | 231+0.97 2.50+0.09
A4By 130.714+£2.55 142.384+2.75 | 459.05+2.63 352.574+4.11 | 13.78£3.75 32.244+3.11 | 226+0.69 3.524+0.41
A4Bj3 168.05+3.99 169.02+1.99 | 382.56+7.70 436.21+6.96 | 17.27+2.78 56.07+8.19 | 4.00£0.21 4.56+0.20
A4By 154.59+3.82 178514240 | 373.74+6.33 353.65+8.11 | 18.69+3.50 3579+£1.70 | 1.80+0.13 2.40+0.42

The groups Ay, A, Az and Ay were treated by glutamine at 0, 0.4, 0.6 and 0.8 percentage of diet weight, and groups B, By, B3 and B4 were treated by L-carnitine at 0, 50, 75 and
100 mg/kg diet weight. Data are given as mean = SEM.

Table 9. The effects of supplemented glutamine and L-carnitine on antioxidant capacity of Arbor Acres broilers under low temperature
conditions.

Group Superoxide Glutathione Total antioxidant Malondialdehyde
dismutase peroxidase capacity (antioxidant (nmol/mL)
(U/mL) (U/mL) unit/mL)

2 week 3 week ‘ 2 week 3 week ‘ 2 week 3 week ‘ 2 week 3 week
Glutamine
A 128980 12553P | 32477 321670 | 1291P 11.96° 3.01 2.96
Ay 95.96>  134.43Y | 3759720 3442420 | 13.70b 15.75° 272 2.77
Az 111.6420 135152 | 416.09%°  413.6020 6.44¢ 18.45° 2.23 2.68
A4 130.058  149.08% | 423.40%  418.552 | 16.05% 47252 3.09 2.75
L-carnitine
B; 124.33 12257 | 32644 32527 | 12.49% 2335" | 36220 3152
B, 109.44 135.17 413.41 389.38 | 12.75% 22,145 | 2,620 2820
B 124.83 148.88 397.23 408.24 9.65° 23.04° | 1.83b  234b
By 108.05 137.57 | 403.14 398.02 | 14.228 38.40% | 3.0080  2.83ab
Orthogonal contrast
B NS NS NS NS * ok * *

The groups Ay, Ay, Az and Ay were treated by glutamine at 0, 0.4, 0.6 and 0.8 percentage of diet weight, and groups By, B, B3 and
B4 were treated by L-carnitine at 0, 50, 75 and 100 mg/kg diet weight. ¥ Mean values within a column with no common superscript
differ significantly (P < 0.05). * P < 0.05. ** P < 0.01. NS: not significant.
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strong metabolic need of the 1-day-old chickens for growth
or stress resistance in the experimental 2 weeks.

Glutamine not only is an important precursor for the
synthesis of amino acids, nucleotides, nucleic acids, amino
sugars, proteins and many other biologically important
molecules, but also has been demonstrated to be the prin-
cipal metabolic fuel for rapidly proliferating cells (Yi et al.,
2005; Roth, 2008; Wellen et al., 2010). Furthermore, diets
supplemented with L-carnitine would enhance the oxidation
of long-chain fatty acids to generate ATP, improve energy
efficiency (Rehman et al., 2017), consequently perhaps pro-
mote the protein-sparing action of fat (Li et al., 2017), reduce
the heat production in exercising pigeons (Celik and Oztiirk-
can, 2003), and has been reported to have a protective effect
on gastric mucosal barrier in rats exposed to cold-restraint
stress (Izgiit-Uysal et al., 2007). Thus, there are still maybe
other approaches for glutamine and L-carnitine to improve
the metabolism for the young broilers at rapid development.

The relative weights of the spleen, thymus and bursa of
Fabricius in the groups Aj or B are low, and group AB;
has the lowest values, which implies that immunodepression
happened. These results confirm that the immunological or-
gans are sensitive to CORT (Mehaisen et al., 2017; Yaribeygi
et al., 2017), for the highest plasma CORT levels were ob-
served in the groups A1 or B1 or A1B;. Broilers are a kind of
homothermal animal that have a high energy requirement for
thermoregulation under low temperature, which is probably
a constraint to immune function (Hangalapura et al., 2003),
and hence energy-demanding immune responses in the con-
trol group A;B; or groups A; or By may be suppressed.
Therefore, the supplementation of glutamine and L-carnitine
has mitigated the induced immunodepression by moderat-
ing augmentation of plasma CORT and keeping the energy
balance, which will consequently improve the immunity of
broilers raised under low temperature.

The glutamine or L-carnitine supplemented groups keep
relatively stable plasma GLU in the experiment period since
the CORT concentration had no obvious fluctuation, and then
the CORT-induced glycogenolysis or gluconeogenesis and
hyperglycemia will not occur apparently (Zhao et al., 2009).
Moreover, glutamine or L-carnitine addition is able to arouse
the increasing of plasma glucose because glutamine is one
of the most effective substrates for gluconeogenesis and L-
carnitine participates in biological regulation of gluconeo-
genesis involving the reduced oxidation of gluconeogenic
precursors and the favored aerobic metabolism (Celik and
Oztiirkcan, 2003; Roth, 2008; Ringseis et al., 2013). How-
ever, it is the significantly heightened CORT in the groups
A that incited the increase of GLU in the second week.

Plasma TP levels are regarded as an index of protein nutri-
tional status. Thereby, the dietary supplemented groups ob-
viously have better protein nutritional conditions, and group
A 1B has the poorest status. The addition of carnitine to an-
imal feed can promote the oxidation of fat, which provides
the most cost-effective energy and has the potential to en-
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hance sparing of the protein (Rehman et al., 2017). In hu-
mans, L-carnitine supplement was reported to improve the
serum total protein concentrations in patients in maintenance
dialysis by sparing nitrogen because fewer amino acids are
required for synthesis of L-carnitine (Katalinic et al., 2018).
In addition, glutamine is 1 of the 20 proteinogenic amino
acids accounting for 5 %—6 % of bound amino acids, and it
is also the most abundant amino acid in blood and the free
amino acid pool (Roth, 2008). Glutamine has been reported
to improve nitrogen balance in a catabolic state (Buijs et al.,
2013). However, there is no conspicuously different BUN be-
tween all groups, which indicates that CORT-induced protein
catabolism does not happen because of the short stress pe-
riod or the dietary addition of glutamine or L-carnitine im-
plies no impact on protein catabolism, and the negative time-
dependent effect of plasma BUN suggests the dropping pro-
tein catabolism. Higher protein nutritional situations and de-
clined protein catabolism in the supplemented groups might
result in faster growth of these young chickens. It has been
reported that glutamine may also act as a signal or regulator
of metabolic demands to increase protein synthesis and de-
crease protein degradation in skeletal muscle of young broil-
ers (Xi et al., 2011; Lambertucci et al., 2012). Conversely,
group A;B; without glutamine or L-carnitine supplementa-
tion owns the lowest TP and highest BUN and then poorer
growth performance.

The higher ALP activity of groups A; or By or A|Bj in
the second week may illustrate the bone metabolism, and
thus be induced by bone abnormality, which is one of a se-
ries of responses to the higher CORT levels of these broil-
ers because the high glucocorticoid may seriously hurt the
physiological conditions of the skeletal system (Beier et al.,
2017). Although ALP activity appears to be associated with
bone activity, the intestinal isoenzyme makes the largest con-
tribution to plasma ALP activity, and the injury of intestinal
mucosa may cause the increasing of plasma ALP (Viveros
et al., 2002). Glutamine might play the important role in
maintaining the integrity of the intestinal mucosa as the fuel
of the cells of the intestinal mucosa and the gut-associated
lymphoid tissue (Bartell and Batal, 2007; Izgiit-Uysal et al.,
2007). Therefore, the negative time-dependent effect of ALP
activity in the glutamine or L-carnitine supplemented groups
may be the response to not rising CORT levels or the protec-
tive function of the additives to the intestinal mucosa.

The supplementation of glutamine or L-carnitine has ame-
liorated the oxidative stress and improved the antioxidant ca-
pability, and their significant interaction, especially in the
second week, has fortified the results. The corticosterone-
induced or stress-induced oxidative stress, as many stud-
ies have found, should be not serious in the supplemented
groups, for the CORT level was decreased by the additives
(Lin et al., 2004). Moreover, glutamine is a precursor of glu-
tathione, and then its supplementation can be used to main-
tain high levels of glutathione (by the altered activity of
GHS-PX) and to avoid oxidative stress damage (Roth, 2008).
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In this experiment, the addition of glutamine has obviously
improved plasma SOD and GHS-PX activity and nonenzy-
matic antioxidants (T-AOC) and decreased plasma lipid per-
oxidation (estimated by MDA levels), and the variation of
GHS-PX activity is both dose- and time-dependent, espe-
cially in the supplemented groups.

The apparently unmodified activity of plasma SOD and
GHS-PX by the added L-carnitine is against what was ob-
served in mammals and might be caused by the short period
of the exposure and the less reliability on the energy pro-
duction by lipids (Buijs et al., 2013; Katalinic et al., 2018).
Nonetheless, since L-carnitine would facilitate the oxidation
of long-chain fatty acids and aerobic metabolism, L-carnitine
obviously reduced the plasma concentrations of MDA and
hence mollified the lipid peroxidation, which would be sup-
ported by the trials of humans and rats (Banihani et al.,
2012; Jia et al., 2014; Kazemi Fard et al., 2015). More-
over, the vitamin C and methionine sparing activity of L-
carnitine can maintain the levels of antioxidants, and there-
fore T-AOC grew with the addition of L-carnitine (Roth,
2008). The inconspicuous changes of plasma MDA concen-
trations with time in all groups indicate the stable lipid per-
oxidation, which might be due to the simultaneous rise in
T-AOC, suggesting the increased antioxidant capacity with
age.

5 Conclusion

The supplemented diet of glutamine and L-carnitine can im-
prove the growth performance and nutritional status and ame-
liorate the stress response and oxidative stress of the young
broilers exposed to low ambient temperature. Their interac-
tion, especially significant in the second week, has ampli-
fied the results. The orthogonal contrast analysis shows that
the group A3B4 had the highest feed efficiency, and then the
broilers that were raised at the low ambient temperature in
this experiment had better be feed by the supplement of glu-
tamine at 0.6 percentage of diet weight and L-carnitine at
100 mg/kg diet weight.

Data availability. The data are available from the corresponding
author upon request.

Author contributions. YL finished the experiment and wrote the
manuscript. YY corrected the manuscript for publication. RY, SL
and PL performed the literature search. YH and HL completed the
data analysis. BX and SL supervised the work, evaluated the data,
and approved the final version. All authors read and approved the
final manuscript.

Arch. Anim. Breed., 64, 231-243, 2021

Competing interests. The authors declare that they have no con-
flict of interest.

Financial support. This research has been supported by the Na-
tional Natural Science Foundation of China (grant nos. 31972637
and 31772695), the Natural Science Foundation of Heilongjiang
Province (grant no. ZD2019C004), and the Heilongjiang Bayi
Agricultural University for San Heng San Zong (grant no. ZR-
CQC202003).

Review statement. This paper was edited by Manfred Mielenz
and reviewed by two anonymous referees.

References

Agarwal, A., Sengupta, P., and Durairajanayagam, D.: Role of L-
carnitine in female infertility, Reprod. Biol. Endocrin., 16, 5,
https://doi.org/10.1186/s12958-018-0323-4, 2018.

Angelier, F.,, Parenteau, C., Ruault, S., and Angelier, N.: Endocrine
consequences of an acute stress under different thermal condi-
tions: A study of corticosterone, prolactin, and thyroid hormones
in the pigeon (Columbia livia), Comp. Biochem. Phys. A, 196,
3845, https://doi.org/10.1016/j.cbpa.2016.02.010, 2016.

Babacanoglu, E., Yalgin, S., and Uysal, S.: Evaluation of a stress
model induced by dietary corticosterone supplementation in
broiler breeders: effects on egg yolk corticosterone concentra-
tion and biochemical blood parameters, Brit. Poultry Sci., 54,
677-685, https://doi.org/10.1080/00071668.2013.847901, 2013.

Bailey, L. D., Ens, B. J., Both, C., Heg, D., Oosterbeek, K., and van
de Pol, M.: Habitat selection can reduce effects of extreme cli-
matic events in a long-lived shorebird, J. Anim. Ecol., 88, 1474—
1485, https://doi.org/10.1111/1365-2656.13041, 2019.

Banihani, S., Sharma, R., Bayachou, M., Sabanegh, E., and Agar-
wal, A.: Human sperm DNA oxidation, motility and viabil-
ity in the presence of L-carnitine during in vitro incuba-
tion and centrifugation, Andrologia, 44, Suppl. 1, 505-512,
https://doi.org/10.1111/j.1439-0272.2011.01216.x, 2012.

Bartell, S. M. and Batal, A. B.: The effect of supplemental glu-
tamine on growth performance, development of the gastrointesti-
nal tract, and humoral immune response of broilers, Poultry Sci.,
86, 1940-1947, https://doi.org/10.1093/ps/86.9.1940, 2007.

Beier, E. E., Sheu, T. J., Resseguie, E. A., Takahata, M., Awad,
H. A., Cory-Slechta, D. A., and Puzas, J. E.: Sclerostin ac-
tivity plays a key role in the negative effect of glucocorticoid
signaling on osteoblast function in mice, Bone Res., 5, 17013,
https://doi.org/10.1038/boneres.2017.13, 2017.

Buijs, N., Worner, E. A., Brinkmann, S. J., Luttikhold, J., van der
Meij, B. S., Houdijk, A. P., and van Leeuwen, P. A.: Novel
nutritional substrates in surgery, P. Nutr. Soc., 72, 277-287,
https://doi.org/10.1017/s0029665112003047, 2013.

Carr, E. L., Kelman, A., Wu, G. S., Gopaul, R., Senkevitch, E., Agh-
vanyan, A., Turay, A. M., and Frauwirth, K. A.: Glutamine up-
take and metabolism are coordinately regulated by ERK/MAPK
during T lymphocyte activation, J. Immunol., 185, 1037-1044,
https://doi.org/10.4049/jimmunol.0903586, 2010.

https://doi.org/10.5194/aab-64-231-2021


https://doi.org/10.1186/s12958-018-0323-4
https://doi.org/10.1016/j.cbpa.2016.02.010
https://doi.org/10.1080/00071668.2013.847901
https://doi.org/10.1111/1365-2656.13041
https://doi.org/10.1111/j.1439-0272.2011.01216.x
https://doi.org/10.1093/ps/86.9.1940
https://doi.org/10.1038/boneres.2017.13
https://doi.org/10.1017/s0029665112003047
https://doi.org/10.4049/jimmunol.0903586

Y. Liu et al.: Dietary supplementary glutamine and L-carnitine enhanced the anti-cold stress 241

Celik, L. and Oztiirkcan, O.: Effects of dietary supplemental L-
carnitine and ascorbic acid on performance, carcass compo-
sition and plasma L-carnitine concentration of broiler chicks
reared under different temperature, Arch. Tierernahr., 57, 27-38,
https://doi.org/10.1080/0003942031000086644, 2003.

Chatzitomaris, A., Hoermann, R., Midgley, J. E., Hering, S., Ur-
ban, A., Dietrich, B., Abood, A., Klein, H. H., and Diet-
rich, J. W.: Thyroid Allostasis-Adaptive Responses of Thy-
rotropic Feedback Control to Conditions of Strain, Stress,
and Developmental Programming, Front Endocrinol., 8, 163,
https://doi.org/10.3389/fend0.2017.00163, 2017.

Cong, P, Liu, Y., Liu, N., Zhang, Y., Tong, C., Shi, L., Liu, X.,
Shi, X., Liu, Y., Tong, Z., and Hou, M.: Cold exposure induced
oxidative stress and apoptosis in the myocardium by inhibiting
the Nrf2-Keap1 signaling pathway, BMC Cardiovasc. Disor., 18,
36, https://doi.org/10.1186/s12872-018-0748-x, 2018.

Coqueiro, A. Y., Rogero, M. M., and Tirapegui, J.: Glutamine as an
Anti-Fatigue Amino Acid in Sports Nutrition, Nutrients, 11, 863,
https://doi.org/10.3390/nu11040863, 2019.

Cruzat, V., Macedo Rogero, M., Noel Keane, K., Curi, R., and
Newsholme, P.: Glutamine: Metabolism and Immune Function,
Supplementation and Clinical Translation, Nutrients, 10, 1564,
https://doi.org/10.3390/nu10111564, 2018.

Fan, J., Wu, L., Li, G, Tao, S., Sheng, Z., Meng, Q., Li,
F, Yu, L., and Li, L.: Effects of enteral nutrition with
parenteral glutamine supplementation on the immunologi-
cal function in septic rats, Brit. J. Nutr, 113, 1712-1722,
https://doi.org/10.1017/s0007114515001099, 2015.

Garcia-Diaz, E. C., Gémez-Quiroz, L. E., Arenas-Rios, E., Aragén-
Martinez, A., Ibarra-Arias, J. A., and del Socorro, I. R.-
M. M.: Oxidative status in testis and epididymal sperm pa-
rameters after acute and chronic stress by cold-water immer-
sion in the adult rat, Syst. Biol. Reprod. Mec., 61, 150-160,
https://doi.org/10.3109/19396368.2015.1008071, 2015.

Gavrilova, S. L: The therapeutic potential of acetyl-L-carnitine in
the treatment of cognitive and depressive disorders in the elderly,
Zhurnal nevrologii i psikhiatrii imeni S.S. Korsakova, 118, 37—
45, https://doi.org/10.17116/jnevro201811806237, 2018.

Hangalapura, B. N., Nieuwland, M. G., de Vries Reilingh, G.,
Heetkamp, M. J., van den Brand, H., Kemp, B., and Parmen-
tier, H. K.: Effects of cold stress on immune responses and body
weight of chicken lines divergently selected for antibody re-
sponses to sheep red blood cells, Poultry Sci., 82, 1692-1700,
https://doi.org/10.1093/ps/82.11.1692, 2003.

Hansen, B. B., Gamelon, M., Albon, S. D., Lee, A. M., Stien, A.,
Irvine, R. J., S@ther, B. E., Loe, L. E., Ropstad, E., Veiberg,
V., and Grgtan, V.: More frequent extreme climate events sta-
bilize reindeer population dynamics, Nat. Commun., 10, 1616,
https://doi.org/10.1038/s41467-019-09332-5, 2019.

Hao, Q., Yadav, R., Basse, A. L., Petersen, S., Sonne, S. B., Ras-
mussen, S., Zhu, Q., Lu, Z., Wang, J., Audouze, K., Gupta, R.,
Madsen, L., Kristiansen, K., and Hansen, J. B.: Transcriptome
profiling of brown adipose tissue during cold exposure reveals
extensive regulation of glucose metabolism, Am. J. Phys.-Endoc.
M., 308, 380-392, https://doi.org/10.1152/ajpendo.00277.2014,
2015.

Honda, B. T., Calefi, A. S., Costola-de-Souza, C., Quinteiro-Filho,
W. M., da Silva Fonseca, J. G., de Paula, V. F., and Palermo-
Neto, J.: Effects of heat stress on peripheral T and B lymphocyte

https://doi.org/10.5194/aab-64-231-2021

profiles and IgG and IgM serum levels in broiler chickens vacci-
nated for Newcastle disease virus, Poultry Sci., 94, 2375-2381,
https://doi.org/10.3382/ps/pev192, 2015.

Izgiit-Uysal, V. N., Biilbiil, M., Tan, R., Derin, N., Ustiinel, L.,
Agar, A., and Yargicoglu, P.: Effect of chronic stress and
L-carnitine on rat stomach, J. Physiol. Sci., 57, 187-192,
https://doi.org/10.2170/physiolsci.RP004707, 2007.

Jia, R., Bao, Y. H., Zhang, Y., Ji, C., Zhao, L. H., Zhang, J.
Y., Gao, C. Q., and Ma, Q. G.: Effects of dietary «-lipoic
acid, acetyl-l-carnitine, and sex on antioxidative ability, energy,
and lipid metabolism in broilers, Poultry Sci., 93, 2809-2817,
https://doi.org/10.3382/ps.2014-03921, 2014.

Jiang, K. J., Jiao, H. C., Song, Z. G., Yuan, L., Zhao,
J. P, and Lin, H.: Corticosterone administration and di-
etary glucose supplementation enhance fat accumulation
in broiler chickens, British Poultry Sci., 49, 625-631,
https://doi.org/10.1080/00071660802337241, 2008.

Katalinic, L., Krtalic, B., Jelakovic, B., and Basic-Jukic, N.: The
Unexpected Effects of L-Carnitine Supplementation on Lipid
Metabolism in Hemodialysis Patients, Kidney Blood Pres. Res.,
43, 1113-1120, https://doi.org/10.1159/000491807, 2018.

Kazemi Fard, M. Y. S., Dirandeh, E., and Rezaei, M.: Effect of Dif-
ferent Levels of L-Carnitine on the Productive Performance, Egg
Quality, Blood Parameters and Egg Yolk Cholesterol in Laying
Hens, Poultry Sci. J., 2015, 105-111, 2015.

Kelek, S. E., Afsar, E., Akcay, G., Danisman, B., and Aslan, M.:
Effect of chronic L-carnitine supplementation on carnitine lev-
els, oxidative stress and apoptotic markers in peripheral or-
gans of adult Wistar rats, Food Chem. Toxicol., 134, 110851,
https://doi.org/10.1016/j.fct.2019.110851, 2019.

Khalatbari-Soltani, S. and Tabibi, H.: Inflammation and L-carnitine
therapy in hemodialysis patients: a review, Clin. Exp. Nephrol.,
19, 331-335, https://doi.org/10.1007/s10157-014-1061-3, 2015.

King, M. O. and Swanson, D. L.: Activation of the immune sys-
tem incurs energetic costs but has no effect on the thermogenic
performance of house sparrows during acute cold challenge, J.
Exp. Biol., 216, 2097-2102, https://doi.org/10.1242/jeb.079574,
2013.

Lambertucci, A. C., Lambertucci, R. H., Hirabara, S. M., Curi,
R., Moriscot, A. S., Alba-Loureiro, T. C., Guimardes-Ferreira,
L., Levada-Pires, A. C., Vasconcelos, D. A., Sellitti, D. F.,
and Pithon-Curi, T. C.: Glutamine supplementation stimulates
protein-synthetic and inhibits protein-degradative signaling path-
ways in skeletal muscle of diabetic rats, PLoS One, 7, 50390,
https://doi.org/10.1371/journal.pone.0050390, 2012.

Li, J. M., Li, L. Y, Qin, X, Ning, L. J., Lu, D. L., Li, D. L.,
Zhang, M. L., Wang, X., and Du, Z. Y.: Systemic regulation of L-
carnitine in nutritional metabolism in zebrafish, Danio rerio, Sci.
Rep.-UK, 7, 40815, https://doi.org/10.1038/srep40815, 2017.

Li, L., Meng, Y., Li, Z., Dai, W., Xu, X., Bi, X., and Bian, J.: Dis-
covery and development of small molecule modulators target-
ing glutamine metabolism, Eur. J. Med. Chem., 163, 215-242,
https://doi.org/10.1016/j.ejmech.2018.11.066, 2019.

Lian, S., Guo, J., Wang, L., Li, W., Wang, J, Ji, H,
Kong, F, Xu, B., Li, S., and Yang, H.: Impact of pre-
natal cold stress on placental physiology, inflammatory re-
sponse, and apoptosis in rats, Oncotarget, 8, 115304-115314,
https://doi.org/10.18632/oncotarget.23257, 2017.

Arch. Anim. Breed., 64, 231-243, 2021


https://doi.org/10.1080/0003942031000086644
https://doi.org/10.3389/fendo.2017.00163
https://doi.org/10.1186/s12872-018-0748-x
https://doi.org/10.3390/nu11040863
https://doi.org/10.3390/nu10111564
https://doi.org/10.1017/s0007114515001099
https://doi.org/10.3109/19396368.2015.1008071
https://doi.org/10.17116/jnevro201811806237
https://doi.org/10.1093/ps/82.11.1692
https://doi.org/10.1038/s41467-019-09332-5
https://doi.org/10.1152/ajpendo.00277.2014
https://doi.org/10.3382/ps/pev192
https://doi.org/10.2170/physiolsci.RP004707
https://doi.org/10.3382/ps.2014-03921
https://doi.org/10.1080/00071660802337241
https://doi.org/10.1159/000491807
https://doi.org/10.1016/j.fct.2019.110851
https://doi.org/10.1007/s10157-014-1061-3
https://doi.org/10.1242/jeb.079574
https://doi.org/10.1371/journal.pone.0050390
https://doi.org/10.1038/srep40815
https://doi.org/10.1016/j.ejmech.2018.11.066
https://doi.org/10.18632/oncotarget.23257

242 Y. Liu et al.: Dietary supplementary glutamine and L-carnitine enhanced the anti-cold stress

Lin, H., Decuypere, E., and Buyse, J.: Oxidative stress induced by
corticosterone administration in broiler chickens (Gallus gallus
domesticus) 1. Chronic exposure, Comp. Biochem. Phys. B, 139,
737-744, https://doi.org/10.1016/j.cbpc.2004.09.013, 2004.

Liu, P, Yao, R., Shi, H., Liu, Y., Lian, S., Yang, Y., Yang, H., and
Li, S.: Effects of Cold-inducible RNA-binding Protein (CIRP) on
Liver Glycolysis during Acute Cold Exposure in C57BL/6 Mice,
Int. J. Mol. Sci., 20, https://doi.org/10.3390/ijms20061470, 2019.

Madsen, K. L., Preisler, N., Rasmussen, J., Hedermann, G.,
Olesen, J. H.,, Lund, A. M., and Vissing, J.: L-Carnitine
Improves Skeletal Muscle Fat Oxidation in Primary Carni-
tine Deficiency, J. Clin. Endocr. Metab., 103, 45804588,
https://doi.org/10.1210/jc.2018-00953, 2018.

Maruyama, T., Maruyama, N., Higuchi, T., Nagura, C., Takashima,
H., Kitai, M., Utsunomiya, K., Tei, R., Furukawa, T., Ya-
mazaki, T., Okawa, E., Ando, H., Kikuchi, F., and Abe, M.: Ef-
ficacy of L-carnitine supplementation for improving lean body
mass and physical function in patients on hemodialysis: a
randomized controlled trial, Eur. J. Clin. Nutr., 73, 293-301,
https://doi.org/10.1038/s41430-018-0348-y, 2019.

Mehaisen, G. M., Eshak, M. G., Elkaiaty, A. M., Atta, A. M.,
Mashaly, M. M., and Abass, A. O.: Comprehensive growth per-
formance, immune function, plasma biochemistry, gene expres-
sions and cell death morphology responses to a daily corti-
costerone injection course in broiler chickens, PLoS One, 12,
e0172684, https://doi.org/10.1371/journal.pone.0172684, 2017.

Moe-Byrne, T., Wagner, J. V., and McGuire, W.: Glutamine
supplementation to prevent morbidity and mortality in
preterm infants, Cochrane Db. Syst. Rev.,, Cd001457,
https://doi.org/10.1002/14651858.CD001457.pub4, 2012.

Mongioi, L., Calogero, A. E., Vicari, E., Condorelli, R. A,
Russo, G. 1., Privitera, S., Morgia, G., and La Vignera, S.:
The role of carnitine in male infertility, Andrology, 4, 800-807,
10.1111/andr.12191, 2016.

Nguyen, P., Greene, E., Ishola, P, Huff, G., Donoghue, A.,
Bottje, W., and Dridi, S.: Chronic Mild Cold Conditioning
Modulates the Expression of Hypothalamic Neuropeptide and
Intermediary Metabolic-Related Genes and Improves Growth
Performances in Young Chicks, PLoS One, 10, e0142319,
https://doi.org/10.1371/journal.pone.0142319, 2015.

Nordio, M.: A novel treatment for subclinical hyperthyroidism: a
pilot study on the beneficial effects of 1-carnitine and selenium,
Eur. Rev. Med. Pharmaco., 21, 2268-2273, 2017.

Oh, M. H., Sun, I. H., Zhao, L., Leone, R. D., Sun, I. M., Xu, W.,
Collins, S. L., Tam, A. J., Blosser, R. L., Patel, C. H., Englert, J.
M., Arwood, M. L., Wen, J., Chan-Li, Y., Tenora, L., Majer, P,
Rais, R., Slusher, B. S., Horton, M. R., and Powell, J. D.: Tar-
geting glutamine metabolism enhances tumor-specific immunity
by modulating suppressive myeloid cells, J. Clin. Invest., 130,
3865-3884, https://doi.org/10.1172/jci131859, 2020.

Quinteiro-Filho, W. M., Rodrigues, M. V., Ribeiro, A., Ferraz-de-
Paula, V., Pinheiro, M. L., S4, L. R., Ferreira, A. J., and Palermo-
Neto, J.: Acute heat stress impairs performance parameters and
induces mild intestinal enteritis in broiler chickens: role of acute
hypothalamic-pituitary-adrenal axis activation, J. Anim. Sci., 90,
1986-1994, 10.2527/jas.2011-3949, 2012.

Ralph, C. R., Hemsworth, P. H., Leury, B. J., and Tilbrook, A. J.:
Relationship between plasma and tissue corticosterone in laying
hens (Gallus gallus domesticus): implications for stress physiol-

Arch. Anim. Breed., 64, 231-243, 2021

ogy and animal welfare, Domest. Anim. Endocrin., 50, 72-82,
https://doi.org/10.1016/j.domaniend.2014.09.002, 2015.

Rehman, Z. U., Chand, N., and Khan, R. U.: The effect of vitamin
E, L-carnitine, and ginger on production traits, immune response,
and antioxidant status in two broiler strains exposed to chronic
heat stress, Environmental science and pollution research inter-
national, 24, 2685126857, https://doi.org/10.1007/s11356-017-
0304-8, 2017.

Ringseis, R., Keller, J., and Eder, K.: Mechanisms underlying
the anti-wasting effect of L-carnitine supplementation under
pathologic conditions: evidence from experimental and clin-
ical studies, European journal of nutrition, 52, 1421-1442,
https://doi.org/10.1007/s00394-013-0511-0, 2013.

Roth, E.: Nonnutritive effects of glutamine, J. Nutr., 138, 2025—
2031, https://doi.org/10.1093/jn/138.10.2025S, 2008.

Shi, H., Yao, R., Lian, S., Liu, P, Liu, Y., Yang, Y. Y., Yang,
H., and Li, S.: Regulating glycolysis, the TLR4 signal pathway
and expression of RBM3 in mouse liver in response to acute
cold exposure, Stress (Amsterdam, Netherlands), 22, 366-376,
https://doi.org/10.1080/10253890.2019.1568987, 2019.

Solianik, R., Skurvydas, A., Urboniene, D., Eimantas, N., Daniu-
seviciute, L., and Brazaitis, M.: Similar cold stress induces sex-
specific neuroendocrine and working memory responses, Cryo
Letters, 36, 120-127, 2015.

Stehle, P. and Kuhn, K. S.: Glutamine: an obligatory parenteral nu-
trition substrate in critical care therapy, BioMed Res. Int., 2015,
545467, https://doi.org/10.1155/2015/545467, 2015.

Tian, Y., Du, W., Cao, S., Wu, Y., Dong, N., Wang, Y.,
and Xu, Y.: Systematic analyses of glutamine and glutamate
metabolisms across different cancer types, Chin. J. Cancer, 36,
88, https://doi.org/10.1186/s40880-017-0255-y, 2017.

Tsiouris, V., Georgopoulou, I., Batzios, C., Pappaioannou, N.,
Ducatelle, R., and Fortomaris, P.: The effect of cold stress on the
pathogenesis of necrotic enteritis in broiler chicks, Avian Pathol.,
44, 430-435, https://doi.org/10.1080/03079457.2015.1083094,
2015.

Viveros, A., Brenes, A., Arija, I, and Centeno, C.: Effects
of microbial phytase supplementation on mineral utiliza-
tion and serum enzyme activities in broiler chicks fed dif-
ferent levels of phosphorus, Poultry Sci., 81, 1172-1183,
https://doi.org/10.1093/ps/81.8.1172, 2002.

Weinert, C. H., Empl, M. T., Kriiger, R., Frommbherz, L., Egert,
B., Steinberg, P., and Kulling, S. E.: The influence of a
chronic L-carnitine administration on the plasma metabolome
of male Fischer 344 rats, Mol. Nutr. Food Res., 61, 1600651,
https://doi.org/10.1002/mnfr.201600651, 2017.

Wellen, K. E., Lu, C., Mancuso, A., Lemons, J. M., Ryczko, M.,
Dennis, J. W., Rabinowitz, J. D., Coller, H. A., and Thompson, C.
B.: The hexosamine biosynthetic pathway couples growth factor-
induced glutamine uptake to glucose metabolism, Gene. Dev.,
24, 2784-2799, https://doi.org/10.1101/gad.1985910, 2010.

Xi, P, Jiang, Z., Zheng, C., Lin, Y., and Wu, G.: Regula-
tion of protein metabolism by glutamine: implications
for nutrition and health, Front. Biosci.,, 16, 578-597,
https://doi.org/10.2741/3707, 2011.

Yao, R., Yang, Y., Lian, S., Shi, H., Liu, P, Liu, Y., Yang, H., and
Li, S.: Effects of Acute Cold Stress on Liver O-GlcNAcylation
and Glycometabolism in Mice, Int. J. Mol. Sci., 19, 2815,
https://doi.org/10.3390/ijms 19092815, 2018.

https://doi.org/10.5194/aab-64-231-2021


https://doi.org/10.1016/j.cbpc.2004.09.013
https://doi.org/10.3390/ijms20061470
https://doi.org/10.1210/jc.2018-00953
https://doi.org/10.1038/s41430-018-0348-y
https://doi.org/10.1371/journal.pone.0172684
https://doi.org/10.1002/14651858.CD001457.pub4
https://doi.org/10.1371/journal.pone.0142319
https://doi.org/10.1172/jci131859
https://doi.org/10.1016/j.domaniend.2014.09.002
https://doi.org/10.1007/s11356-017-0304-8
https://doi.org/10.1007/s11356-017-0304-8
https://doi.org/10.1007/s00394-013-0511-0
https://doi.org/10.1093/jn/138.10.2025S
https://doi.org/10.1080/10253890.2019.1568987
https://doi.org/10.1155/2015/545467
https://doi.org/10.1186/s40880-017-0255-y
https://doi.org/10.1080/03079457.2015.1083094
https://doi.org/10.1093/ps/81.8.1172
https://doi.org/10.1002/mnfr.201600651
https://doi.org/10.1101/gad.1985910
https://doi.org/10.2741/3707
https://doi.org/10.3390/ijms19092815

Y. Liu et al.: Dietary supplementary glutamine and L-carnitine enhanced the anti-cold stress 243

Yaribeygi, H., Panahi, Y., Sahraei, H., Johnston, T. P., and Sahebkar,
A.: The impact of stress on body function: A review, EXCLI J.,
16, 1057-1072, https://doi.org/10.17179/excli2017-480, 2017.

Yi, G.F, Allee, G. L., Knight, C. D., and Dibner, J. J.: Impact of glu-
tamine and Oasis hatchling supplement on growth performance,
small intestinal morphology, and immune response of broilers
vaccinated and challenged with Eimeria maxima, Poultry Sci.,
84, 283-293, https://doi.org/10.1093/ps/84.2.283, 2005.

Yuan, L., Lin, H., Jiang, K. J., Jiao, H. C., and Song,
Z. G.: Corticosterone administration and high-energy feed
results in enhanced fat accumulation and insulin resis-
tance in broiler chickens, Brit. Poultry Sci., 49, 487-495,
https://doi.org/10.1080/00071660802251731, 2008.

Zhang, W., Niu, C,, Jia, H., and Chen, X.: Effects of acute cold
exposure on oxidative balance and total antioxidant capacity in
juvenile Chinese soft-shelled turtle, Pelodiscus sinensis, Integr.
Zool., 12, 371-378, https://doi.org/10.1111/1749-4877.12247,
2017.

https://doi.org/10.5194/aab-64-231-2021

Zhang, Z. W, Bi, M. Y., Yao, H. D, Fu, J,, Li, S, and Xu, S. W.:
Effect of cold stress on expression of AMPKalpha-PPARalpha
pathway and inflammation genes, Avian Dis., 58, 415-426,
https://doi.org/10.1637/10763-010814-Reg.1, 2014.

Zhao, J. P, Lin, H., Jiao, H. C., and Song, Z. G.: Corticosterone
suppresses insulin- and NO-stimulated muscle glucose uptake in
broiler chickens (Gallus gallus domesticus), Comparative bio-
chemistry and physiology, Toxicology & pharmacology, 149,
448-454, https://doi.org/10.1016/j.cbpc.2008.10.106, 2009.

Zuhl, M., Dokladny, K., Mermier, C., Schneider, S., Sal-
gado, R., and Moseley, P.: The effects of acute oral glu-
tamine supplementation on exercise-induced gastrointestinal
permeability and heat shock protein expression in peripheral
blood mononuclear cells, Cell Stress Chaperon., 20, 85-93,
https://doi.org/10.1007/s12192-014-0528-1, 2015.

Arch. Anim. Breed., 64, 231-243, 2021


https://doi.org/10.17179/excli2017-480
https://doi.org/10.1093/ps/84.2.283
https://doi.org/10.1080/00071660802251731
https://doi.org/10.1111/1749-4877.12247
https://doi.org/10.1637/10763-010814-Reg.1
https://doi.org/10.1016/j.cbpc.2008.10.106
https://doi.org/10.1007/s12192-014-0528-1

	Abstract
	Introduction
	Materials and methods
	Chickens and diets
	Measurement of biochemical parameters
	Statistical analysis

	Results
	Effects of glutamine and L-carnitine on growth performance and immune organ index of broilers under cold stress
	Effects of glutamine and L-carnitine on related hormones and biochemical indexes in broilers under cold stress
	Effects of glutamine and L-carnitine on antioxidant capacity of broilers under cold stress

	Discussion
	Conclusion
	Data availability
	Author contributions
	Competing interests
	Financial support
	Review statement
	References

