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ABSTRACT The current study aimed to evaluate the
changes in lipid accumulation and oxidative status in
pigeon crops during different breeding stages. Forty-two
pairs of adult pigeons were randomly assigned to 7
groups. Lipid droplet accumulation in pigeon crops was
visualized by using oil red O staining from d 17 of incu-
bation (I17) to d 7 of chick rearing (R7). Transmission
electron microscopy analysis showed swollen mitochon-
dria with disintegration of cristae and typical character-
istics of endoplasmic reticulum stress in crop tissues at
R1 compared with those at I4. During the peak of pigeon
milk formation, the concentrations of reactive oxygen
species, and oxidative damage markers (advanced oxida-
tion protein products, 8-hydroxy-2 deoxyguanosine, and
malondialdehyde) and the enzyme activities of total
superoxide dismutase and glutathione peroxidase were
all elevated significantly (P < 0.05). The protein concen-
tration of B-cell lymphoma-2 associated X in crop tissues
was significantly higher at R1, while the level of B-cell
lymphoma-2 protein in males was the highest at I4 (P <
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0.05). The ratio of B-cell lymphoma-2 associated X pro-
tein (Bax)/B-cell lymphoma-2 (Bcl-2) in both male
and female crops peaked at R1 (P < 0.05). Gene expres-
sion of the key enzymes involved in mitochondrial and
peroxisomal fatty acid b-oxidation was investigated in
crops. In males, the gene expression of carnitine palmi-
toyltransferase 1a peaked at R15, and that of carnitine
palmitoyltransferase 2 increased significantly from R1 to
R15 (P < 0.05). The mRNA abundance of long chain 3-
hydroxyacyl-CoA dehydrogenase increased to the maxi-
mum value at R1 and I17 in males and females, respec-
tively. From I17 to R7, the mRNA levels of acyl-CoA
oxidase 1 and acyl-CoA oxidase 2 were decreased in
pigeon crops (P < 0.05). Conclusively, lipid droplet accu-
mulation was found in male and female pigeon crops
from the end of incubation to the early stage of chick
rearing. Although antioxidant defence and mitochon-
drial fatty acid b-oxidation were both mobilized, oxida-
tive stress in crop tissues still occurred during the peak
of milk formation.
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INTRODUCTION

The formation of pigeon milk is a fascinating biologi-
cal process for this special altricial bird species. Dra-
matic morphological and physiological changes occur in
pigeon crop tissues during milk formation. In previous
studies of prolactin hormone action in vivo and in vitro,
numerous lipids and proteins were found to be accumu-
lated in crop cells accompanied by rapid and massive
proliferation of the epithelial layer (Carr and
James, 1931; Gillespie et al., 2011; Hu et al., 2016;
Wan et al., 2019). The gene expression levels of various
transporters and key synthetases of amino acids and
fatty acids were commonly upregulated from the termi-
nal phase of incubation to the early phase of chick rear-
ing (Xie et al., 2017, 2020). Cell keratinization and
mitochondria-dependent apoptosis seem to be indispens-
able factors that induce the degeneration of crop cells,
and these nutritive epithelial cells are finally sloughed
off into the cavity to form ‘milk’ (Gillespie et al., 2013;
Xie et al., 2021).
With only 28 days of onset to market, the maturation

rate of pigeon squabs is much faster than that of other
poultries (Sales and Jassens, 2002). The impressive
growth performance of pigeon squabs is likely attribut-
able to their genetics and nutritive crop milk. Crop milk
is rich in protein (60% of dry matter) and fat (30% of
dry matter) and extremely deficient in carbohydrates
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Table 1. Ingredients and nutrient compositions of diet (air dry
basis).

Diet

Ingredient (g/kg)
Corn 600
Soybean meal (44.2% CP) 234
Wheat 115
Dicalcium phosphate 12
Limestone 20
Salt 2.5
Premix1 10
Soybean oil 5
Lysine 0.9
Methionine 0.6

Determined analysis2

DM (%) 86.37
CP (%) 16.51
EE (%) 3.51
Ash (%) 6.04
GE (MJ/kg) 16.43

Calculated level3

ME (MJ/kg) 12.00
CP (%) 16.67
Calcium (%) 1.13
Available P (%) 0.34
Lysine (%) 0.89
Methionine (%) 0.31
1Premix provided the following (per kilogram of diet): retinyl palmi-

tate, 2.2 mg; cholecalciferol, 0.043 mg; DL-a-tocopheryl acetate, 24 mg;
menadione, 1 mg; thiamine, 3 mg; riboflavin, 13 mg; pyridoxine, 2 mg;
cobalamin, 2.5 mg; nicotinic acid, 15 mg; folic acid, 0.55mg; calcium pan-
tothenate, 7.5 mg; biotin, 0.12 mg; choline chloride, 200 mg; Cu (CuSO4¢
5H2O), 10 mg; Fe (FeSO4¢H2O), 35 mg; Mn (MnSO4¢H2O), 55 mg; Zn
(ZnSO4¢H2O), 35 mg; I (KI), 0.2 mg; Se (NaSeO3), 0.25 mg.

2Values were presented as the means of triplicate per sample.
3Values were calculated from data provided by Feed Database in China

(2010).
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(0.9%−1.5% of dry matter) (Dumont, 1965;
Shetty et al., 1994). Numerous lipid droplets were
observed in the crop epithelial layer in the chick-rear-
ing period (Gillespie et al., 2011). Lipids are consid-
ered to be a major energy source for squabs. Twenty-
one different long-chain fatty acids (LCFAs) were
identified in crop milk by gas-liquid chromatographic
analyses (Desmeth, 1980). Our previous study
showed that fatty acids used in lipid biosynthesis of
crop milk probably originated from both exogenous
supply and de novo synthesis (Xie et al., 2017). How-
ever, excessive fat deposition in animal organs in a
high-fat diet model often leads to lipid metabolism
disorders and inflammatory responses (Zhang et al.,
2008; Jin et al., 2019; Wang et al., 2022). For exam-
ple, too much fatty residue in the mammalian liver
has been implicated in lipoapoptosis, fibrosis, and
steatohepatitis, which are found in nonalcoholic fatty
liver disease (Luedde and Schwabe, 2011). Consider-
able reactive oxygen species (ROS) induced by lipid
overload will cause the oxidative damages to cellular
macromolecules (DNA, lipids, proteins, etc.)
(Chen et al., 2020), and it has been found to be an
important reason for the maladaptive responses
(Quinlan et al., 2012; Forrester et al., 2018). Apopto-
sis through ROS-mediated mitochondrial pathway
has been reported in various types of cells
(Rehman et al., 2014; Wen et al., 2020; Feng et al.,
2022). Our previous study shows that cell apoptosis
may play a potential role in the desquamation of
crop epithelial cell (Xie et al., 2021). A cycle of pro-
duction and turnover of cornified epithelium takes
nearly four hours, which ensured the continuous sup-
ply of crop milk (Gillespie et al., 2013). Cornification
induced cell desquamation from the epidermis is
always accompanied with notable cell apoptosis in
mammals (Demerjian et al., 2008; Erman et al.,
2009; Eckhart et al., 2013). Therefore, the particular
hypothesis put forward here was that rapid lipid
accumulation can also lead to oxidative stress in the
crop tissue by affecting the antioxidant system, and
ROS resulting from the stress was probably vital for
pigeon milk formation.

Here we presented the analysis of pigeon crop his-
tology, the content of oxidative damage markers and
the apoptosis index. The activities of antioxidant and
energy metabolizing enzymes were examined during
different breeding periods. Finally, the gene expres-
sion profiles of the key enzymes involved in mitochon-
drial and peroxisomal fatty acid b-oxidation in crop
tissues were investigated by real-time PCR.
MATERIALS AND METHODS

All procedures used in this study were approved by
the Animal Care Advisory Committee of Huaiyin
Normal University (Ethics approval number: E-131/
2022).
Animals and Housing

Totally, 42 pairs (42 males and 42 females) of 60-wk-
old White King pigeons with the same oviposition inter-
val were chosen from a pigeon farm (Kunpeng Pigeon
Co., Ltd., Xuzhou, China). They were randomly
assigned to 7 groups (6 pairs/each) based on different
breeding stages, which included day 4 (I4), 10 (I10),
and 17 (I17) of incubation and day 1 (R1), 7 (R7), 15
(R15), and 25 (R25) of chick-rearing. Each time point
in the incubation and chick rearing in the study was
started from the second egg-laying. The whole study
lasted 50 d, which included a 7-d acclimation period and
a 43-d experimental period (18-d incubation and 25-d
chick rearing). As described in our previous study
(Xie et al., 2018), plastic eggs were used to maintain the
broodiness of parental pigeons after the second egg was
laid. Squabs hatched from the incubator were cared for
by parents after 18-d incubation. The birds were fed a
pellet compound diet based on corn, soybean meal, and
wheat. Ingredients and nutrient composition of diet
were presented in Table 1. The nutritional levels were
recommended by the previous study with some modifica-
tions (Xie et al., 2017). Feed, sand, and water were sup-
plied ad libitum throughout the 16-h daily light.
Each of the 6 pairs was sampled at the specific breed-

ing stage. After a 12-h fast, the birds were euthanized by
cervical dislocation. Crop tissues were partly prepared
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for histological examination, and partly frozen in liquid
nitrogen and stored at �80°C for subsequent examina-
tion. Eggs and baby squabs were transferred to the
pigeon farm to be reared by other pigeons.
Oil Red O Staining

According to the protocol of the oil red O staining kit
(Solarbio, China), briefly, 10% formalin fixed crop tis-
sues were embedded in paraffin, and 6 mm sections were
prepared and washed with 60% isopropanol. The slices
were stained with oil red O working solution and coun-
terstained with haematoxylin. Finally, the slices were
sealed with glycerogelatin. Tissue sections were observed
and imaged under an Eclipse 80i optical microscope
(Nikon, Japan).
Transmission Electron Microscope Analysis

Tissues were fixed in 2.5% glutaraldehyde solution in
0.1 M sodium cacodylate buffer (pH 7.2) overnight at 4°
C, and then postfixed in a solution containing 1%
osmium tetroxide for 2 h. Samples were dehydrated with
gradient alcohol and treated with embedding agent and
acetone. Slices were obtained by an ultramicrotome
(Leica Microsystems, Germany), and then stained with
uranyl acetate and lead citrate solution. Finally, the sec-
tions were examined under an H-7650B transmission
electron microscope (TEM; Hitachi, Japan).
ROS Assay

ROS production in pigeon crop tissues was examined
using 2’,7’-dichlorofluorescin diacetate (DCFH-DA;
Sigma-Aldrich, St. Louis, MO) as described by
Chen et al. (2019) with some modifications. Briefly, the
tissues were homogenized in 1 mM PBS buffer (pH 7.4)
on ice. The homogenates were centrifuged at 10,000 £ g
for 5 min, and the supernatant was diluted with ice-old
Locke’s buffer (154 mM NaCl, 5.6 mM KCl, 3.6 mM
NaHCO3, 2.0 mM CaCl2, 10 mM D-glucose, and 5 mM
HEPES, pH 7.4) to obtain a concentration of 10 mg tis-
sue/mL. Then, 190 mL of supernatant was incubated
with 10 mL DCFH-DA (10 mM) for 30 min at 37°C in
the dark. The fluorescence intensity for the conversion
of DCFH to dichlorofluorescein (DCF) was measured at
an excitation wavelength of 485 nm and an emission
wavelength of 530 nm with a microplate reader. The
protein contents were determined using the Coomassie
Brilliant Blue method, and the concentration of ROS in
crop tissues was expressed as fluorescence intensity (FI)
per milligram of protein.
Determination of Oxidative Damage Markers

The contents of advanced oxidation protein products
(AOPP) and 8-hydroxy-2 deoxyguanosine (8-OHdG)
in crop tissues were quantified by the sandwich enzyme
immunoassay technique as described in the protocols of
commercial kits (8-OHdG ELISA kit: Nanjing Jian-
cheng Bioengineering Institute, Nanjing, China; AOPP
ELISA kit: Cusabio Inc., College Park, MD). Absor-
bance at 450 nm was measured by a microplate reader
(SpectraMax M5, Molecular Devices, Sunnyvale, CA).
To determine the malondialdehyde (MDA) level, an
assay kit based on the thiobarbituric acid method (Nanj-
ing Jiancheng Bioengineering Institute) was used. The
absorbance value was recorded at a wavelength of
532 nm using a spectrophotometer (UV-2000, Unico,
Instruments, Shanghai, China).
Determination of Antioxidant and Energy
Metabolizing Enzymes

Crop tissues were homogenized (1:9, w/v) with ice-
cold 150 mmol/L NaCl by a hand held homogenizer
(IKA Works, Inc, Wilmington, NC) and then centri-
fuged at 3,000 £ g for 15 min at 4°C. The supernatant
was used to analyse the activities of enzymes, including
total superoxide dismutase (T-SOD), catalase (CAT),
glutathione peroxidase (GSH-Px), and ATPase by a
microplate reader. All of the above parameters were
determined with diagnostic kits (Nanjing Jiancheng Bio-
engineering Institute) according to the manufacturer’s
instructions. The staining method for Coomassie Bril-
liant Blue G250 was employed to analyse the protein
content of the samples. One unit of SOD activity was
defined as the amount of enzyme required to cause 50%
inhibition of nitroblue tetrazolium chloride (NBT)
reduction in 1 minute. One unit of CAT activity corre-
sponds to the amount of enzyme that decomposes 1 mol
of H2O2 per minute. One unit of GSH-Px activity was
defined as the amount of enzyme that consumed gluta-
thione (GSH) per minute. One unit of ATPase was
defined as the amount of enzyme that produced phos-
phorus in an hour during ATP decomposition.
Elisa for Tissue Apoptosis Index

Protein levels of B-cell lymphoma-2 associated X pro-
tein (Bax) and B-cell lymphoma-2 (Bcl-2) in crop tissues
were examined by the sandwich ELISA kits (Jiangsu Mei-
mian Industrial Co., Ltd, Nanjing, China). Absorbance at
450 nm was measured by a microplate reader (Spectra-
Max M5, Molecular Devices, Sunnyvale, CA).
RNA Isolation and cDNA Synthesis

Total RNA from crop tissues was extracted by the
TRIzol method. Briefly, 0.1 g of powdered sample was
treated with TRIzol reagent, deproteinized by chloro-
form, precipitated with isopropanol, and washed twice
the ethanol solution. The RNA pellet was dried and
resuspended in RNase-free dH2O. The concentration of
RNA was measured at 260/280 nm optical density ratio.
M-MLV reverse transcriptase and oligo-dT-adaptor pri-
mers (TaKaRa, Dalian, China) were used to synthesize
the cDNA.
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Quantitative Real-Time Reverse
Transcription-PCR

ThemRNA abundances of carnitine palmitoyltransferase
1a (CPT1a), carnitine palmitoyltransferase 2 (CPT2),
long chain 3-hydroxyacyl-CoA dehydrogenase (LCHAD),
acyl-CoA oxidase 1 (ACO1), acyl-CoA oxidase 2 (ACO2),
acyl-CoA oxidase 3 (ACO3), and 18S were detected by
real-time quantitative PCR (qRT−PCR). The primer
sequences designedbyPrimerPremier 5.0 softwarewere pre-
sented in Table 2. The qRT-PCR was conducted using
SYBR Premix Ex Taq (TaKaRa) in a C1000 TouchTM
Thermal Cycler equipped with a CFX96 real-time PCR
detection system (Bio-Rad, Hercules, CA). The procedure
was performed as follows: 95°C for 30 s, followed by 40 cycles
of 95°C for 5 s and 60°C for 34 s. Three replicates of each
sample were determined, and specificity was confirmed by
melting curve analysis. RelativemRNA levels of target genes
were calculated using the 2�DDCt method (Livak and
Schmittgen, 2001).
Statistical Analysis

All the data were presented as the mean § SE. The
data were statistically analyzed with one-way ANOVA
followed by a Duncan’s post-hoc test by using SPSS 17.0
(SPSS Inc., Chicago, IL). All statements of significance
were based on P < 0.05.
RESULTS

Lipid Accumulation in Pigeon Crop Tissue

The density of lipid droplets in male and female crop
tissues detected by using red oil O staining showed a
similar changing pattern (Figures 1 and 2). At the begin-
ning of incubation, few red lipid droplets were observed
in the crop tissues. The droplets increased sharply in
male and female tissues at I17 and R1, and decreased
after R7. At the end of chick-rearing, the lipid droplets
were almost degenerated.
Table 2. Primers used for quantitative real-time PCR analysis of gene

Target gene Nucleotide sequence (5’!3’)2

CPT1a F: GGAGAATGTAATGG CAACTGAGT
R: TAGTCCCTTCCCAA AAGCATCA

CPT2 F: ATTTCTTGGTTTGG TGCCTAC
R: ATGTTTTGCGTTTT CATCTGT

LCHAD F: CTGGTGGTGAACT GCGCC
R: TGACACTGATGACC CTCTGGAAG

ACO1 F: TGGCATTGAGGAG TGTCGGA
R: CGCACAGTCACAGA TGGAGC

ACO2 F: GCAAAGGCTCAC TGCCACTACAT
R: TGAAGTCAAACGCA TCCACGA

ACO3 F: CCTCAGTTCCTT TAGCAGCGTA
R: AGCCACCTTGGTA GAGCACAG

18S F: AGCTCTTTCTCG ATTCCGTG
R: GGGTAGGCACA AGCTGAGCC

1ACO1, acyl-CoA oxidase 1; ACO2, acyl-CoA oxidase 2; ACO3, acyl-CoA o
mitoyltransferase 2; LCHAD, long chain 3-hydroxyacyl-CoA dehydrogenase;.

2F = forward; R = reverse.
Ultrastructure of Pigeon Crop Tissue

TEM analysis was shown in Figure 3. Intact mito-
chondria with clear cristae, endoplasmic reticulum, and
dense ribosomes can be observed in male and female
crop tissues at I4 (Figures 3A and 3C). However, in both
male and female tissues at R1, lipid droplets were pro-
duced, and mitochondria was swollen with disintegra-
tion of cristae. The endoplasmic reticulum was also
expanded, and ribosomes showed a substantial reduc-
tion (Figures 3B and 3D).
Concentrations of ROS, AOPP, 8-OHdG, and
MDA

The ROS concentration in male crop tissue increased
significantly at I17 and R1, while in females, it was higher
at R1 than at other breeding stages (P < 0.001; Figure 4).
The contents of oxidative damage products, AOPP, 8-
OHdG, and MDA in pigeon crops changed significantly
with similar treads of increasing first and then decreasing
during the breeding cycle. Specifically, the AOPP content
in male crops reached the maximum value at I17
(P = 0.016), but it peaked at R1 in female crops (P <
0.001; Figure 5A). However, the contents of 8-OHdG and
MDA in the tissue increased to their greatest levels at R1
in both males and females (P < 0.05; Figures 5A and 5B).
Enzyme Activities of T-SOD, GSH-Px, CAT,
and ATPase

The activities of antioxidative enzymes were shown in
Table 3. In male pigeons, the activities of T-SOD and
GSH-Px in crop tissues were the highest at I17, while
they were at R1 in female pigeons. However, there were
no significant changes in the CAT activity of male and
female pigeons during the different breeding stages (P >
0.05). ATPase activity gradually increased to the maxi-
mum level at I17 in both male and female pigeon crops,
and then decreased in the chick-rearing period (Figure 6).
expression1.

Acession No. Size (bp)

XM_021296632 220

XM_021295052 132

XM_013371709 103

XM_005503118 246

XM_021294615 262

XM_005498441 303

AF173630 256

xidase 3; CPT1a, Carnitine Palmitoyltransferase 1a; CPT2, Carnitine Pal-



Figure 1. Lipid deposition in male crop tissues with oil red O staining in different breeding stages. The stages included incubation period: incu-
bation d 4 (I4) (A), 10 (I10) (B) and17 (I17) (C); chick-rearing period: rearing d 1 (R1) (D), 7(R7) (E), 15 (R15) (F), and 25 (R25) (G).
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Protein Concentrations of Bax and Bcl-2 and
Ratio of Bax/Bcl-2

As shown in Table 4, the Bax protein concentration in
crop tissues was significantly higher at R1 than at the
end of chick-rearing in both male and female pigeons (P
< 0.05). The level of Bcl-2 protein in males was the high-
est at I4 (P = 0.001), but no significant changes were
observed in females (P > 0.05). The Bax/Bcl-2 ratio in
both male and female crops reached a peak value at R1
(P < 0.05).
Gene Expression Levels of the Key Enzymes
Involved in Mitochondrial and Peroxisomal
Fatty Acid b-Oxidation

As shown in Figures 7 and 8, CPT1a gene expression
gradually increased to the peak level at R15 in male
pigeon crops (P = 0.010), while it showed no significant
changes in females (P = 0.31; Figure 7A). CPT2 gene
Figure 2. Lipid deposition in female crop tissues with oil red O staining
bation d 4 (I4) (A), 10 (I10) (B), and17 (I17) (C); chick-rearing period: reari
expression in males from R1 to R15 was 3.60 to
4.75 times higher than that at I4, but it gradually
decreased to the lowest level at R25 in females
(Figure 7B). The mRNA abundance of LCHAD gradu-
ally increased to the peak value at R1 and I17 in males
and females (P = 0.009; P = 0.005), respectively, and
then decreased to the level at the beginning of incuba-
tion (Figure 7C). From I17 to R7, the mRNA abundan-
ces of ACO1 and ACO2 were decreased. The 2 genes
reached the minimum levels at I17 and R1 in male crops,
respectively, but both were the lowest at R7 in female
crops (Figures 8A and 8B). However, no significant
changes were found in ACO3 gene expression
(Figure 8C).
DISCUSSION

Marked hyperplasia in pigeon crop sacs has been
detected on the 14th day of incubation (Hu et al., 2016),
which is probably due to the elevation of prolactin hor-
mone and cell factors (epidermal growth factor and
in different breeding stages. The stages included incubation period: incu-
ng d 1 (R1) (D), 7(R7) (E), 15 (R15) (F), and 25 (R25) (G).



Figure 3. Ultrastructure observations of pigeon crop tissues under the transmission electron microscope (A: male crop tissue in d 4 of incubation
(I4); B: male crop tissue in d 1 of chick-rearing (R1); C: female crop tissue in I4; D: female crop tissue in R1). The black pentagram indicates the
nucleus. The black triangle indicates the lipid droplet. The red arrows indicate the mitochondria. The black arrows indicate the endoplasmic reticu-
lum.
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insulin-like growth factor-1) investigated in serum or crop
tissue (Xie et al., 2018). It is reasonable to speculate that
nutrients may also be prepared before chick rearing with
the increase in crop weight and layer thickness. However,
the contents of protein, fatty acids, and minerals in crop
Figure 4. Reactive oxygen species (ROS) levels in crops tissues of
male and female pigeons during the different stages of incubation and
chick-rearing. The stages included incubation period: incubation d 4
(I4), 10 (I10), and17 (I17); chick-rearing period: rearing day 1 (R1), 7
(R7), 15 (R15), and 25 (R25). Values are means § SEM (n = 6 pigeons
per day for each sex). Bars with different capital letters (A, B) are sig-
nificantly different in female pigeons (P < 0.05). Bars with different
lowercases (a, b) are significantly different in male pigeons (P < 0.05).
milk gradually decreased during the first week of pigeon
“lactation” (Shetty et al., 1990, 1992; Shetty and
Hegde, 1991). In the present study, a high density of lipid
droplets was observed in I17 in both male and female
pigeon crops, and it decreased after R7. Genes involved in
de novo lipogenesis (acetyl-CoA carboxylase and fatty
acid synthase) and fatty acid transportation (fatty acid
translocase, fatty acid binding protein 5, and acyl-CoA
binding protein) showed significantly higher expressions
from the end period of incubation to the early stage of
chick rearing in our previous study (Xie et al., 2017).
Therefore, the staining results can be well explained by
the changing pattern of gene expression related to lipid
formation. In addition, pigeon milk only can be produced
until d 12 after squab hatching, and with only small quan-
tities of milk found in crops by d 25 of lactation. This
change results in a gradual transition to a whole grain
diet for squabs (Vandeputte-poma, 1980). Interestingly, a
considerable number of lipid droplets can still be found in
male pigeons in R7 compared with females. The lipid con-
tent of crop milk in squabs reared by males was signifi-
cantly higher at R4 than that from squabs reared by
females (Xie et al., 2017). Our histological study again
proved that sexual differences may exist in pigeon milk
formation, and this was a probable physiological basis for
different contributions in rearing squabs made by male
and female pigeons.



Figure 5. Concentrations of 8-hydroxy-2 deoxyguanosine (8-
OHDG) (A), advanced oxidation protein products (AOPP) (B), and
Malondialdehyde (MDA) (C), in crop tissues of male and female
pigeons during the different stages of incubation and chick-rearing. The
stages included incubation period: incubation d 4 (I4), 10 (I10), and17
(I17); chick-rearing period: rearing d 1 (R1), 7(R7), 15 (R15), and 25
(R25). Values are means § SEM (n = 6 pigeons per day for each sex).
Bars with different capital letters (A, D) are significantly different in
female pigeons (P < 0.05). Bars with different lowercases (a, d) are sig-
nificantly different in male pigeons (P < 0.05).
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Compared with the ultramicrostructure of crop epi-
thelial cells at I4, lipid droplets and typical characteris-
tics of endoplasmic reticulum stress (ERS) with
endoplasmic reticulum (ER) lumen expansion and
ribosome abscission, can be clearly observed at R1 by
TEM analysis. The endoplasmic reticulum is an impor-
tant site for protein and lipid synthesis in cells. When
cells are stimulated by signals such as hormones, toxic
substances, oxidative stress, nutrient deficiency or over-
load, unfolded or misfolded proteins accumulate exces-
sively in organelles to induce the occurrence of ERS, and
cause the unfolded protein response (UPR) to achieve
self-protection (Rutkowski and Kaufman, 2004). To
ensure the rapid growth and development of squabs, it
takes only 4 h for crop epithelial cells to differentiate
and slough off from the tissue (Gillespie et al., 2011).
Our previous studies found that, similar to lipid forma-
tion, the expression of amino acid transporter and syn-
thase related genes in pigeon crop tissue at the early
stage of feeding was abnormally active (Xie et al., 2020).
We speculated that the massive and rapid synthesis of
protein caused a great stress on the metabolism of
pigeon crop epithelial organelles, and ERS is likely to
appear and lead to the UPR response.
Mitochondria is an important site of fatty acid b-oxi-

dation in the majority of cell types, and contributes
more than 90% of oxygen consumption in the respira-
tory chain (Taylor, 2008). High fat intake in animals
often produces a large amount of reactive oxygen species
(ROS) in the liver or skeletal cells through mitochon-
drial oxidative decomposition (Du et al., 2012). The
present study showed that the ROS concentration in
pigeon crop tissues notably increased during the peak of
milk formation. Therefore, oxidative stress was inevita-
ble due to the massive lipid accumulation. Macromole-
cules (proteins, DNA, and lipids) will be easily attacked
by increasing ROS. AOPP, 8-OHdG, and MDA are typi-
cal biomarkers of oxidative stress for macromolecule
damage. Advanced oxidation protein products are dityr-
osine-containing and cross-linking protein products gen-
erated during oxidative stress (Guo et al., 2008;
Wei et al., 2009). Hydroxyl free radicals can react with
DNA causing the hydroxylation of guanine at the C-8
position (Floyd et al., 1986). 8-OHdG cleaved from
DNA is taken as a marker for assessing oxidative DNA
damage in ROS-mediated diseases (Kasai, 1997). Lipid
peroxidation affects polyunsaturated fatty acids in cell
membranes, resulting in the generation of conjugated
dienes and MDA (Janero, 1990). In pigeon crops, all
these markers increased from the end of incubation to
early chick-rearing, which suggested the ROS-induced
oxidative stress. However, the time point of peak value
of ROS and AOPP was different between the male and
female pigeons in the present study, and the reason for
the sexual difference still needed further researches.
Specific enzymes (SOD, CAT, and GSH-Px) for the

detoxification of ROS protect against damage to macro-
molecules (Maes et al., 2011). Commonly, a decline in
antioxidative defence with increased ROS generation
was reported to be linked to mitochondrial dysfunction
and cell apoptosis (Chen et al., 2020). Interestingly,
although both the contents of ROS and oxidative dam-
age markers increased from I17 to R1, the activities of
T-SOD and GSH-Px in crop tissues were also enhanced

http://www.baidu.com/link?url=a1_9iApyZVZShP1D4k2tAB0wtzsH6Ujfafs4v5jDTjcu13GHdklTMIKpzv9GdXmFsUjin0osCa9TTaFzhc4gQEuVvVZ-YGe_c31dV1xP9SjzVFT6j5D6knLYew0fHyvV


Table 3. Enzyme activities of total superoxide dismutase (T-SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) in crop tis-
sues of male and female pigeons during different stages of incubation and chick-rearing period.

Item1

Incubation (d) Chick-rearing (d)

SEM P value4 10 17 1 7 15 25

T-SOD (U/mg protein)
Male 32.67ab 36.03ab 47.69a 25.21b 25.60b 32.41ab 24.40b 2.45 0.042
Female 32.14b 25.11b 36.64ab 46.43a 25.00b 28.42b 33.38b 2.02 0.027

CAT (U/mg protein)
Male 3.16 4.94 2.50 3.62 4.59 3.17 4.22 0.25 0.065
Female 3.09 4.09 3.33 2.86 2.46 2.06 2.68 0.21 0.221

GSH-Px (U/mg protein)
Male 51.91ab 41.67b 67.25a 42.47b 47.96ab 52.07ab 39.44b 2.93 0.039
Female 46.06ab 32.44b 41.50ab 60.73a 39.75ab 47.48ab 53.53ab 3.03 0.045
1CAT = catalase; GSH-Px = glutathione peroxidase; T-SOD = total superoxide dismutase.
a-bMean values within the same row not sharing a common superscript letter are significantly different (P < 0.05).
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in this period. Therefore, excessive ROS production
seemed to exceed the scavenging capacity of the antioxi-
dant system, particularly during the peak of pigeon milk
formation. The mitochondrial injury observed in the
present study induced the inhibition of respiratory chain
transmission, and promoted the production of ROS
(Demeilliers et al., 2002; Zorov et al., 2006). Free radi-
cals produced by the mitochondrial respiratory chain
act on the lipid structure of the ER membrane to make
it superoxidized and cause a further disorder of protein
translation. The accumulation of unfolded proteins is
promoted, and ERS is aggravated (Chan et al., 2016;
Dilshara et al., 2017). Protein kinase R-like ER kinase
(PERK), as an ER transmembrane protein, can trigger
the downstream CCAAT/enhancer binding protein
homologous protein (CHOP) pathway followed by the
inhibition of the synthesis of intracellular glutathione,
and finally amplifies the production of ROS (Yoon-
Hee, 2015).

ATPase is essential for energy production in cellular
functions. The synthesis and secretion of crop milk are
both processes that consume energy (March et al.,
Figure 6. ATPase enzyme activities in crops tissues of male and
female pigeons during the different stages of incubation and chick-rear-
ing. The stages included incubation period: incubation d 4 (I4), 10
(I10), and17 (I17); chick-rearing period: rearing d 1 (R1), 7(R7), 15
(R15), and 25 (R25). Values are means § SEM (n = 6 pigeons per day
for each sex). Bars with different capital letters (A, C) are significantly
different in female pigeons (P < 0.05). Bars with different lowercases (a,
d) are significantly different in male pigeons (P < 0.05).
1978). In our study, ATPase activity in crop tissue
increased to the maximum before regurgitation, but
then dramatically decreased during the whole period of
chick rearing. It is speculated that the elevation of
ATPase activity is adapted for the development and
hyperplasia of crops, and it declines as the tissue recov-
ers to the nonlactation level.
Bcl-2-family members (Bcl-2, Bax, Bcl-w, and Bcl-x)

are crucial integrators of signals for mitochondria-depen-
dent programmed cell death (Kaufmann et al., 2004).
Cell apoptosis can be inhibited by interacting and form-
ing inactivating heterodimers with Bax/Bak
(Diaz et al., 1997). In our study, the peak value of the
Bax/Bcl-2 ratio at R1 as a result of higher expression of
Bax together with lower Bcl-2 expression indicated that
intense mitochondria-dependent cell apoptosis occurred
in pigeon crops. Mitochondrial stress is specifically mani-
fested as the improvement of membrane permeability
and mitochondrial swelling, which eventually cause mor-
phological damage and dysfunction (Singh et al., 2012).
Swollen mitochondria with disintegration of cristae were
observed at R1 in the present study, as reported in the
skeletal muscle of animals induced by high-fat diet
(Choi et al., 2018). The membrane permeability of mito-
chondria is regulated by Bcl-2 family members, and the
activation of initiator caspases and effector caspases is
triggered sequentially. Caspase-3 and caspase-9 gene
expression levels peaked at d 1 of chick rearing
(Xie et al., 2021). The mitochondria-dependent process
possibly contributed to the desquamation to form pigeon
milk.
The substrate spectra of the 2 fatty acid oxidation sys-

tems partly overlap. Mitochondria oxidize short chain
(SCFAs, < C8), the major portion of medium
(MCFAs, C8-C12) and long chain fatty acids (LCFAs,
C12-C18; Mannaerts and DeBeer, 1982). Peroxisomal
b-oxidation is primarily responsible for the oxidation of
very long-chain fatty acids (VLCFAs, > C18) in mam-
mals (Hardwick et al., 2009). LCFAs constitute the bulk
of fatty acids in crop milk (Desmeth, 1980), and their
abundances make them the important source of meta-
bolic fuel for mitochondria. CPT1a, CPT2, and LCHAD
are key enzymes for mitochondrial fatty acid b-oxida-
tion, and they are responsible for the entry of substrates



Table 4. Protein levels of B-cell lymphoma-2 associated X (Bax) and B-cell lymphoma-2 (Bcl-2) and Bax/Bcl-2 ratio in crop tissues of
male and female pigeons during different stages of incubation and chick-earing period.

Item1

Incubation (d) Chick-rearing (d)

SEM P value4 10 17 1 7 15 25

Bax (ng/mg protein)
Male 33.04ab 23.15bc 28.29abc 35.40a 25.87abc 19.62c 18.53c 1.67 0.014
Female 21.65c 14.02cd 19.65cd 45.74a 31.27b 12.20d 15.62cd 2.60 <0.001

Bcl-2 (ng/mg protein)
Male 0.77a 0.47b 0.43b 0.32b 0.38b 0.48b 0.37b 0.035 0.001
Female 0.42 0.43 0.54 0.62 0.43 0.78 0.55 0.039 0.091

Bax/Bcl-2 ratio
Male 42.94b 50.06b 66.39ab 109.43a 73.23ab 44.27b 54.73ab 6.11 0.017
Female 52.95ab 33.71bc 38.35bc 74.70a 72.82a 16.82c 30.26c 5.12 <0.001
1Bax, B-cell lymphoma-2 associated X; Bcl-2, B-cell lymphoma-2.
a-dMean values within the same row not sharing a common superscript letter are significantly different (P < 0.05).
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into mitochondria and the final oxidation. In animal
models of high-fat feeding, triglyceride (TG) in liver or
skeletal muscle cells cannot be packaged into VLDL and
transported out of the cells in time, and exceed the
oxidative capacity of mitochondria, which finally results
in lipid accumulation (Francone et al., 1991;
Gonçalves et al., 2014). Unexpectedly, despite the oxida-
tive damage in mitochondria, the increase in the gene
Figure 7. The mRNA expression of carnitine Palmitoyltransferase 1a
chain 3-hydroxyacyl-CoA dehydrogenase (LCHAD) (C), in crop tissues of m
ods. The stages included incubation period: incubation d 4 (I4), 10 (I10), an
25 (R25). Values are means § SEM (n = 6 males and females). Bars with the
different (P < 0.05).
expression of the 3 enzymes in male pigeons in the early
stage of chick rearing indicated the active transportation
and oxidation of fatty acids. Sexual differences were also
found, and transportation of fatty acids in the mitochon-
dria of female pigeons may be more stable due to CPT1a
and CPT2 gene expression during the peak of milk for-
mation. ACO catalyses the first and rate-limiting step of
peroxisomal b-oxidation. Three subtypes of ACO
(CPT1a) (A), carnitine Palmitoyltransferase 2 (CPT2) (B), and long
ale and female parent pigeons during incubation and chick-rearing peri-
d17 (I17); chick-rearing period: rearing d 1 (R1), 7(R7), 15 (R15), and
different capital letters (A-C) or lowercase letters (a-c) are significantly

http://www.sciencedirect.com/science/article/pii/S0021925819485554


Figure 8. The mRNA expression of acyl-CoA oxidase 1 (ACO1) (A), acyl-CoA oxidase 2 (ACO2) (B), acyl-CoA oxidase 3 (ACO3) (C), in crop
tissues of male and female parent pigeons during incubation and chick-rearing periods. The stages included incubation period: incubation d 4 (I4),
10 (I10) and17 (I17); chick-rearing period: rearing day 1 (R1), 7(R7), 15 (R15), and 25 (R25). Values are means § SEM (n = 6 males and females).
Bars with the different capital letters (A-C) or lowercase letters (a-d) are significantly different (P < 0.05).
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(ACO1, ACO2, and ACO3) have been identified in
rodents with different oxidized substrates and tissue dis-
tributions. The ACO2 gene is mainly expressed in the
liver, while ACO1 and ACO3 can be found in various tis-
sues (Schepers et al., 1990). In the present study, all 3
subtypes of ACO genes were detected in pigeon crops,
and the expression levels of ACO1 and ACO2 were
decreased during the peak of milk formation. The mas-
sive production of ROS in pigeon crops seemed to inhibit
the peroxisomal b-oxidation, but not mitochondrial
b-oxidation.
CONCLUSIONS

Lipid droplet accumulation was found in male
and female pigeon crops from the end of incubation
to the early stage of chick rearing. Mitochondrial
injury and ERS were shown in crop epithelial cells
at R1 under TEM analysis. Mitochondria-dependent
cell apoptosis was involved in pigeon milk forma-
tion. Peroxisomal fatty acid b-oxidation was proba-
bly depressed during crop milk formation. Although
antioxidant defence and mitochondrial fatty acid
b-oxidation were both mobilized, oxidative stress
with higher concentrations of ROS and oxidative
damage products in crop tissues still occurred dur-
ing the peak of milk formation.
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