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Fish oil (FO) is an important source of lipid in functional food and aquafeeds. However,
the harmful effects of oxidized fish oil (OFO) on host metabolism and reproductive health
are not yet clear. In addition, lipoamide (LAM) has been widely studied as an agent for
alleviating various diseases associated with oxidative disruption. Therefore, in the current
study, to investigate the effects of LAM in alleviating OFO-induced decline in reproductive
performance and oxidative damage to the oviduct in laying hens. We constructed a 1%
fresh FO model, a 1% OFO model, and a LAM model with 1% OFO (OFO + LAM)
added at 100 mg/kg to explore the antioxidant effect of LAM. Herein, these results
were evaluated by breeding performance, immune responses, estrogen, and antioxidant
indices of serum samples, as well as the number of follicles and antioxidant parameters
of oviducts. From the results, compared with the FO group, OFO significantly decreased
the egg-laying rate, increased the contents of total protein (TP) and inflammatory factors
[tumor necrosis factor a (TNF-a), interleukin (IL)-6, IL-8, and interferon y (INF-y)], and
reduced the concentrations of anti-oxidation [total antioxidant (T-AOC), total superoxide
dismutase (T-SOD), glutathione peroxidase (GSH-Px), glutathione (GSH), glutathione
reductase (GR), catalase (CAT), and hydroxyl radical scavenging activity (HRSA)] in serum
samples, as well as reduced the levels of anti-oxidation indexes in oviduct tissues (p
< 0.05). Of note, the supplementation of LAM could significantly increase the laying
performance, improve the levels of serum immunoglobulins (IgA, IgG, and IgM), serum
estrogen [progesterone (P) and estradiol (E2)], and serum antioxidant parameters (T-AOC,
T-SOD, GSH-Px, GSH, GR, CAT, and HRSA) and decrease the concentrations of serum
inflammatory cytokines (TNF-a, IL-6, IL-8, and INF-y) in laying hens following OFO
administration (p < 0.05). In addition, LAM could dramatically increase the contents
of antioxidant factors (p < 0.05) in oviducts and enhance the secretion capacity of
the uterine part. Taken together, OFO caused host metabolic dysfunction, oxidative
damage, uterine morphological abnormalities, and alterations of ovarian function. These
results suggested that LAM administration could alleviate host metabolic dysfunctions
and inflammatory damage, and then ameliorate oxidative damage in the oviduct induced
by OFO, ultimately improving reproductive function.
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INTRODUCTION

During layer breeding, problems, such as a rapid decline in the
egg production rate of old laying hens and low quality of late
commercial eggs, are limiting the production efficiency. It is
generally accepted that the decline in fertility is mainly affected
by the aging of the reproductive organs (1). Most of the health
problems related to aging are associated with excessive oxidative
stress and inflammation in the body. It is hypothesized that the
main reasons for the decline in egg production rate in old laying
hens are the oxidative damage and the inflammatory response
to the oviductal mucosa induced by the physiological stress of
long-term high production, oxidized fat in the diet, and aflatoxin
(AFB) accumulation poisoning (2). A study that lasted 23 years
showed that losses due to salpingitis in old laying hens accounted
for 1-8% of total losses on the farm (3). This could mean that the
health of oviduct greatly limits the efficiency of the utilization of
old laying hens. Therefore, alleviating oviductal oxidative stress,
reducing incidence of salpingitis, and maintaining oviduct health
may be important directions to improve egg production in old
laying hens.

As we all know, fish oil (FO) has a unique biological function
of promoting the metabolism of saturated fatty acids in vivo.
However, due to its high degree of unsaturation, FO is highly
susceptible to oxidation, and the harmful effects of oxidized fish
oil (OFO) on animal production have been widely reported.
Numerous studies have shown that feeding OFO to experimental
animals can result in the production of excessive reactive oxygen
species (ROS), which can lead to the production of MDA and
consumption of SOD, then induce the formation of oxidative
stress (4-7). The consumption of OFO by animals will have
a negative impact on the growth performance and antioxidant
capacity of the animal body, reduce the resistance of animals to
diseases, and reduce the quality of animal products.

Lipoic acid (LA), a conditionally essential nutrient that slows
or repairs oxidative damage and exhibits strong antioxidant
activity (8), is considered an effective agent in the prevention
or treatment of certain diseases of aging (9). In a trial of
polycystic ovary syndrome women, LA was found to significantly
increase antioxidant levels in reproductive organs and improve
reproductive function (10). In poultry, several studies have found
that LA significantly increased the activity of the antioxidant
enzyme and total antioxidant (T-AOC) in serum and liver
samples, as well as reduced the level of lipid peroxidation in vivo
under normal dietary conditions in broilers (11-13). Lipoamide
(LAM) is the most important neutral amide of LA, and these
two compounds have similar structures and biological capacities
(14, 15). Studies have reported that LAM is an antioxidant in vitro
(16), and LAM had a greater antioxidant effect than LA (17, 18).
Hou et al. found that LAM could resist oxidative stress-mediated
neuronal cell damage. Besides at the same concentration, the
antioxidant effect of LM was significantly better than LA (19).
Regarding the protective effect of LM better than LA, and it may
be since LM has a higher lipid solubility, so its ability to adapt to
the body environment exceeds that of LA (20, 21).

Oxidative stress is the main cause for the degeneration of
oviduct function and salpingitis in laying hens (22). LAM, as

a powerful antioxidant, may have a great potential to inhibit
oxidative damage. However, whether LAM has the effect to
alleviate oxidative damage in the oviduct is not yet known.
Therefore, our study was conducted to construct a model of
OFO-induced stress in old laying hens and then explored the
adverse effects of LAM mitigation of oxidative stress to develop a
feed additive to alleviate oviduct inflammation and oxidation in
laying hens.

MATERIALS AND METHODS

All protocols related to animal use in this study were approved by
the Institutional Animal Care and Use Committee of the Chinese
Agricultural University.

Animal Husbandry and Experiment Design
Two experiments were conducted separately in this study.
Experiment 1 was designed to investigate the effect of
dietary supplementation of LAM on reproductive performance
indicators, such as egg-laying rate, egg weight, egg production,
and the feed-to-egg ratio of old laying hens. First, a total of 60
commercial laying hens of the Peking Red strain (Yukou Poultry
Co., Ltd. of Beijing, China) at the age of 106 weeks with a similar
laying performance were randomly divided into two treatments
control group (CON) and added 100 mg/kg LAM group (LAM).
Each of the groups consisted of 15 replicates (two laying hens per
replicate) in 15 different cages (two birds per cage). Cages (H 45
x W 45 x D 45 cm) were equipped with one nipple drinker and
an exterior feed trough that expanded the length of the cage. Hens
were raised in an enclosed, ventilated, and conventional house
with 16 h-light and 55% relative humidity on average. Feed and
water were provided ad libitum during the entire experimental
period. For 2 weeks of pre-feeding, all treatments were fed a corn-
soybean meal diet for late laying hens. From 108 weeks (week 1 of
the experiment), each treatment was fed the corresponding diet
and started a 16-week observation period until the end of 123
weeks of age (week 16 of the experiment). The weekly egg-laying
rate, egg weight, and feed intake were recorded for 16 weeks, and
egg production and feed-to-egg ratio were calculated.
Experiment 2 was designed to investigate the effect of LAM
on reproductive performance, blood immune, inflammatory and
hormonal indexes, and antioxidant indices of serum and uterine
part of old laying hens under oxidative stress. From 124 weeks
(week 17 of the experiment), the 30 hens in the CON group in
experiment 1 were divided into two groups and supplemented
with 1% fresh FO and 1% OFO, respectively. The peroxide values
of fresh FO and OFO were 3.65 and 184.54 meq/kg, respectively.
Each treatment had 15 replicates with one bird per replicate,
placed in the same cage. In addition, 15 laying hens in the LAM
group in experiment 1 were randomly selected and supplemented
with 1% OFO (OFO + LAM). At the end of 127 weeks of age
(week 20 of the experiment), the reproductive performance of
the three treatment groups was recorded. The basal corn-soybean
meal diet was formulated to meet the requirements of Peking Red
laying hens (NYT33-2004) (Supplementary Table 1). During the
experiment period, the hens were fed two times a day.
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Sample Collection and Treatment

At the end of the experimental period (127th week), one bird
close to average weight was selected for each replicate. The
selected birds were first weighed. Then, wing venous blood was
collected, and serum was obtained by the centrifugation of a
respective blood sample at 3,000 r/min for 15min at 4°C and
stored at —80°C until further analysis. After blood collection,
the birds were sacrificed and dissected. The uterus was collected
by simultaneously washing with cold sterile PBS to remove the
attached impurity and gently scraped. Uterine samples were
diluted with the nine-time volumes of sterile ice-cold normal
saline (0.9%) based on the sample weight and then homogenized
using a hand-held glass homogenizer. The tissue supernatants
were collected by centrifuging at 3,500 x g for 10 min at 4°C,
and the concentration of protein was determined by a BCA
protein assay kit according to the manufacturer’s instruction
(Pierce, Rockford, IL) and stored at —80°C for further study.
Finally, the ovaries and oviducts were separated, photographed,
weighed, the length of the oviducts was measured, the number of
different forms of follicles was counted, then the data obtained
were recorded.

Serum Biochemical, Immune,

Inflammatory, and Hormone Parameters
The levels of total protein (TP), albumin (ALB), immunoglobulin
A (IgA), immunoglobulin G (IgG), immunoglobulin M (IgM),
tumor necrosis factor a (TNF-a), interleukin 18 (IL-1B),
interleukin 6 (IL-6), and interferon y (IFN-y) in serum were
measured with kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). The level of estradiol (E2) and progesterone (P)
in serum were determined with commercial radioimmunoassay
(RIA) kits in accordance with the manufacturer’s instructions
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Antioxidant Assay of Serum and Uterus

The serum and uterus antioxidant indices were detected using
commercial kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). The concentrations of total antioxidant (T-
AOC), total superoxide dismutase (T-SOD), catalase (CAT),
glutathione reductase (GR), glutathione peroxidase (GSH-Px),
glutathione (GSH), hydroxyl radical scavenging activity (HRSA),
and malondialdehyde (MDA) in serum and uterine part were
measured in accordance with the manufacturer’s instructions.
The results were normalized to protein concentration in each
uterine homogenate.

Hematoxylin-Eosin (H & E) Staining and
Histopathology Analyses

Different portions of the uterine were collected to assess
histopathological damage. Then, the isolated uterine was flushed
with PBS, and the uterine part was separated into two parts.
One part was snap-frozen in liquid nitrogen, and then stored
at —80°C in a refrigerator for subsequent analysis. Another
tissue portion was fixed in 4% paraformaldehyde, included in
paraffin, cut into micro-sections of 5pm, mounted on glass
slides, and finally stained with hematoxylin (Solarbio, Beijing,
China) and eosin Y solution (Solarbio, Beijing, China). Then,

hematoxylin and eosin (H&E) stained paraffin sections were
viewed under bright fled on a Zeiss Axio Imager microscope as
outlined previously. Microscopic intestinal damage was observed
in images using the measurement tool on Case Viewer software
at x200 magnification.

Statistical Analysis

In experiment one, the original reproductive performance data
were analyzed by the unpaired ¢-test using SPSS 25.0 (SPSS Inc.,
Chicago, IL, USA). Numerical results are expressed as mean, with
p < 0.05 being considered significant.

In experiment 2, the original reproductive performance,
immune, inflammatory and hormone factors, and antioxidant
indexes were conducted using one-way ANOVA available with
the SPSS 25.0 (SPSS Inc., Chicago, IL, USA). The treatment
means were separated by Duncan’s multiple range tests at p <
0.05 significance levels.

RESULTS

Effect of LAM on Laying Performance of

Laying Hens Under Normal Feed

As shown in experiment 1 (Table 1), compared with the control
group, there was no significant effect of dietary supplementation
with LAM on egg-laying rate, egg weight, egg production, feed
intake, laying hen weight, and feed/egg ratio in the experiment of
1-16 weeks (p > 0.05). However, there was a positive effect trend
of LAM on the reproductive performance of older laying hens
under normal feed.

Effect of LAM on Laying Performance of

Laying Hens Under Oxidative Stress

In experiment 2 (Table 2), compared with the FO group, the
OFO group had a significantly lower egg-laying rate (p < 0.05)
and a decreasing trend in egg production (p > 0.05). There
were no significant differences in egg weight, feed intake, laying
hen weight, and feed-to-egg ratio (p > 0.05). On the other
hand, compared with the OFO group, the egg-laying rate and
egg production in the OFO + LAM group were significantly
increased (p < 0.05), but there were no significant changes in
the egg weight, feed intake, laying hen weight, and feed/egg
ratio (p > 0.05).

Effect of LAM on Serum Biochemical
Parameters, Immunoglobulin Levels,
Inflammatory Cytokines, and Antioxidant
Capacity of Laying Hens Under Oxidative

Stress

As shown in Figure 1, compared with the FO group, the level
of TP was significantly increased and the content of IgM was
significantly decreased in the OFO group (p < 0.05), but there
were no significant differences in the content of ALB, IgA, and
IgG (p > 0.05). In OFO + LAM group, the contents of IgG,
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TABLE 1 | The effect of lipoamide (LAM) on the reproduction performance of old laying hens at 108-123 weeks.

Item Egg laying rate/% Egg weight/g Egg production/g/d Feed intake/g Laying hens weight (the Feed/egg ratio
final BW)/kg

CON 77.99 65.64 50.88 117.0 1.712 2.438

LAM 80.22 66.06 52.09 117.5 1.765 2.259

SEM 3.096 2.216 2.048 1.030 0.061 0.1241

P-value 0.480 0.851 0.293 0.603 0.396 0.165

TABLE 2 | The effect of fish oil, oxidized fish oil, and oxidized fish oil with LAM on the reproductive performance of old laying hens.

Items Egg laying rate/% Egg weight/g Egg production/g/ d Feed intake/g Laying hens weight (the Feed/egg ratio
final BW)/kg

FO 73.85° 64.67 47,718 114.33 1.69 2.47

OFO 63.932 67.16 43.142 116.41 1.78 3.23

OFO + LAM 78.77° 68.16 53.45° 117.58 1.69 2.23

SEM 3.597 1.843 2.604 1.661 0.052 0.332

P-Value 0.022 0.399 0.031 0.387 0.804 0.108

ab.c\eans with different superscripts within a column differ significantly (o < 0.05).

IgA, and IgM were significantly higher than that in the OFO
group (p < 0.05).

As shown in Figure 2, compared with the FO group, the
contents of TNF-a, IL-18, IL-6, and IFN-y were significantly
increased in the OFO group (p < 0.05). In OFO + LAM
group, the contents of TNF-a, IL-1f, IL-6, and IFN-y were
extremely significantly reduced than that in OFO group (p <
0.05). Additionally, (Figure 3) there was no significant difference
in P and E2 levels in the OFO group compared with the FO
group, but there was a trend toward a decrease in both groups
(p > 0.05). Compared with the OFO group, the levels of P
and E2 were significantly increased in the OFO + LAM group
(p < 0.05). Importantly (Figure 4), compared with the FO group,
the contents of T-AOC, T-SOD, GSH-Px, GSH, GR, CAT, and
HRSA were significantly decreased, and the level of MDA was
significantly increased in the OFO group (p < 0.05). On the other
hand, the levels of T-AOC, T-SOD, GSH-Px, GSH, GR, CAT, and
HRSA were significantly higher in the OFO + LAM group than
in the OFO group, while MDA was significantly lower than in the
OFO group (p < 0.05).

Effect of LAM on Uterine Part Morphology
and Antioxidant Capacity of Laying Hens

Under Oxidative Stress

Tubular glands in FO group are sparsely packed into the head of
mucosal folds, and tightly packed into the root of mucosal folds
(Figure 5A). In OFO group, tubular glands are sparsely packed
into the mucosal folds (Figure 5B). Compared with the OFO
group, tubular glands are tightly packed into the mucosal folds
in the OFO + LAM group, and the glands are lined with cells
filled with fine eosinophilic granules (Figure 5C). The mean fold
lengths in the different treatments were measured (Figure 5D).
The mean fold lengths in the OFO group were shorter than those
in the FO group, but there was no significant difference between

the two groups (p > 0.05). However, the mean fold length of OFO
+ LAM group was significantly longer than that of OFO group
(p < 0.05).

The effect of FO, OFO, and OFO + LAM on uterine part
antioxidant capacity is shown in Figures 5E-L. Compared with
the FO group, the contents of T-AOC, T-SOD, GSH-Px, GSH,
GR, CAT, and HRSA were all significantly decreased, and the
MDA content was significantly increased in the OFO group (p <
0.05). Compared with the OFO group, the contents of T-AOC, T-
SOD, GSH-Px, GSH, GR, CAT, and HRSA were all significantly
increased, and the MDA content was significantly decreased in
OFO + LAM group (p < 0.05).

Effect of LAM on Ovary and Oviduct of

Aged Laying Hens Under Oxidative Stress
In the terms of the number of follicles (Figures 6A-H), the
number of dominant follicles in the OFO group is significantly
decreased compared with the FO group (p < 0.05). Compared
with the OFO group, the number of dominant follicle (P < 0.05)
and total number of follicle (0.05 < P < 0.1) increased in the OFO
+ LAM group, while there were no significant changes in another
follicle number (p > 0.05). As shown in Figure 61, there was no
significant difference in oviduct length among the three groups,
but the oviduct length in the OFO + LAM group was increased
to some extent compared with the OFO group (p > 0.05).

DISCUSSION

The effects of OFO on animal performance have been studied
by several authors, and most studies have shown that OFO
impaired animal performance and reduces the digestive and
absorption utilization of nutrients (5, 23). Especially, in the
terms of oxidative stress, the addition of 15% OFO to diets
produced oxidative damage in a variety of animal organisms,

Frontiers in Veterinary Science | www.frontiersin.org

April 2022 | Volume 9 | Article 875769


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Liu et al. Lipoamide Alleviates Oviduct Oxidative Damage
A B (&
TP ALB IgG
80 * 18 1.5
% ° u a %k %k .
[ 16 ° wan® - e A
60 4 N -
a i AT - S
o3 ot JAad Ao - HY I 1.0 . = =5
O = p -2~ = s L
~ 40 ° ~ ° [ i ~ S
AA o 124 b L . o ™
0.5
20- N
10 A
0 T T T 8 T T T 0.0 T T T
(o) o) S o o O» o o] QS
<& 5 < oF < S oF
& &L &L
(©) (@) (®)
D E
IgA igM
10 %k 1.5+
A kK k
8- A A A
] e i
—t —
6 o = S 1.0 * -
- A - | [
~ A ~— [ L1 [ A 4
° i
= 4 iy o *°¢ =n
0.5+ -
2
0 1 1 1 0.0 1 1 1
o) o S o o S
N S & <&y
&L &L
(o) o
FIGURE 1 | The effect of fish oil (FO), oxidized fish oil (OFO), and OFO with lipoamide (LAM) on serum biochemical and immunological indicators. (A) Content of total
protein (TP) in FO, OFO, and OFO + LAM. (B) Content of aloumin (ALB) in FO, OFO, and OFO + LAM. (C) Content of immunoglobulin A (IgA) in FO, OFO, and OFO +
LAM. (D) Content of immunoglobulin G (IgG) in FO, OFO, and OFO + LAM. (E) Content of immunoglobulin M (IgM) in FO, OFO, and OFO + LAM. **p < 0.01 and *p <
0.05 indicate significant differences between two groups.

mainly through the release of ROS, excessive production of
MDA, reduction of antioxidant enzymes, such as SOD, and
oxidative stress in multiple organs and tissues (4-7). Oxidative
stress is defined as an imbalance between the production of
free radicals and their elimination. This imbalance leads to
the damage of important biomolecules and cells, with potential
impact on the whole organism (24). Song et al. (25) found that
dietary 6% OFO inhibited growth performance and destroyed
intestinal integrity in fish. The current study has corroborated
with the previously reported that diets supplemented with OFO
increased the content of inflammation factors (TNF-a, IL-18,

IL-6, and IFN-y), antioxidant enzymes (T-AOC, T-SOD, GSH-
Px, GSH, GR, CAT, and HRSA), reduced MDA content and
eventually led to a decrease in the egg-laying rate of old
laying hens compared with fresh FO. It also represents that
OFO can successfully induce oxidative stress models in old
laying hens.

Lipoic acid is a sulfur-containing fatty acid, which can rapidly
scavenge oxygen free radicals when it enters the body and has
a good antioxidant function. LAM, a carboxylic acid derivative
of LA, is gradually becoming an alternative to LA because it
has better biomedical functions and is more suitable for use in
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FIGURE 2 | The effect of FO, OFO, and OFO with LAM on serum inflammatory cytokines. (A) Content of tumor necrosis factor a (TNF-a) in FO, OFO, and OFO +
LAM. (B) Content of interleukin 18 (IL-1p) in FO, OFO, and OFO + LAM. (C) Content of interleukin 6 (IL-6) in FO, OFO, and OFO + LAM. (D) Content of interferon y
(IFN-y) in FO, OFO, and OFO + LAM. *p < 0.01 and *p < 0.05 indicate significant differences between two groups.

humans than LA (21). Many observations have shown that LAM
is a more potent antioxidant than LA in the terms of oxidative
damage (15), such as in the protection of macrophage-like cells
from oxidative injury (26), and neuronal cells from glutamate-
induced cell injury (27). However, it is not clear whether the
addition of LAM to the diet will have a negative effect on laying

hens. Therefore, we added LAM-containing feed to old laying
hens which were in normal production at first, and found that
LAM did not negatively affect egg production and reproduction,
and even had some beneficial functions.

Egg production rate is an important indicator of egg
production efficiency. In the later stages of egg production, a
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decrease in the egg production rate can affect the economic
efficiency of the farmer. Nutritional regulation can improve the
egg production rate and extend the egg-laying period of laying
hens. Numerous studies have found that dietary supplementation
with antioxidants can improve egg production in laying hens. For
example, Kothari et al. found that the dietary supplementation of
fermented pine needle extract increased egg production and feed
intake during the entire experimental period (28). Liu et al. (29)
revealed that the egg-laying rate had a quadratic correlation with
the level of quercetin and was maximized by the supplementation
level of 0.2 g/kg of diet. As a strong antioxidant, we believe that
LAM has a beneficial effect on egg production performance in
laying hens, and similarly our experiments have demonstrated
that the dietary supplementation of LAM significantly improved
egg-laying rate and egg production in old laying hens. In
addition, a study found that addition of LA to the diet increased
egg-laying rate, but the difference was not significant (30). Taken
together, the results suggested that LAM may be more effective
than LA in poultry production.

Egg production is the main factor limiting the efficiency of
egg utilization during the late egg-laying period, while ovary
and oviduct aging is the main reason for the decline in egg
production (31, 32). Oxidative stress is deemed to be one of
the dominant mechanisms underlying ovarian and oviduct aging
(30). A stress experiment in rats found that chronic stress could
increase MDA concentration and elicit an irreversible decrease
in antioxidant defense in the oviduct (33). Antioxidants have
been found to be effective in alleviating oxidative damage to

the oviduct. Astaxanthin has an antioxidative effect on bovine
oviduct epithelial cells due to the induction of antioxidant
genes (34). In the present study, addition of LAM to the diet
significantly increased the antioxidant indexes of the oviduct
uterine part and serum. Consistent with our results, several
studies have indicated that LA could improve antioxidant and
immune function in laying hens, improve egg quality, improve
meat quality (13, 35), and enhance antioxidant levels in puppies
and rats (36, 37). In addition, as a nutritional supplement, LA has
been reported to protect against oxidative stress-induced diabetic
neuropathy and insulin resistance in humans (38). In humans,
LAM may have a better antioxidant effect on certain diseases.

It is well known that the immune system is a multifaceted
and complex network that protects the host from aggression.
An inflammatory response is an important component of the
innate immune system response to a variety of challenges
(39). Furthermore, inflammatory response as one of the direct
responses induced by oxidative stress (40, 41). Increasing
evidence had proposed that continuous oxidative stress leads
to chronic inflammation, which is one of the main causes
of chronic diseases (42). A study found that as a coenzyme
of mitochondria, LA can alleviate the loss of mitochondrial
function due to aging and reduce the oxidative stress and
inflammatory response of the ovary and oviduct (43), thus
improving the reproductive pathway. Zhou et al. (44) found
that the addition of antioxidants improved performance probably
through enhancing the immunity and attenuating inflammation
of laying hens. Here in this study, it was found that OFO
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FIGURE 4 | The effect of FO, OFO, and OFO with LAM on serum oxidative stress parameters. (A) Content of total superoxide dismutase (T-SOD) in FO, OFO, and
OFO + LAM. (B) Content of total antioxidant (T-AOC) in FO, OFO, and OFO + LAM. (C) Content of glutathione reductase (GR) in FO, OFO, and OFO + LAM. (D)
Content of glutathione (GSH) in FO, OFO, and OFO + LAM. (E) Content of glutathione peroxidase (GSH-Px) in FO, OFO, and OFO + LAM. (F) Content of catalase
(CAT) in FO, OFO, and OFO + LAM. (G) Content of hydroxyl radical scavenging activity (HRSA) in FO, OFO, and OFO + LAM. (H) Content of malondialdehyde (MDA)
in FO, OFO, and OFO + LAM. **p < 0.01 indicate significant differences between the two groups.
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FIGURE 5 | The effect of FO, OFO, and OFO with LAM on uterine part structure and anti-oxidation. (A) FO group; (B) OFO group; (C) OFO + LAM group; (D) the fold
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LAM. (L) Content of MDA in FO, OFO, and OFO + LAM. **p < 0.01 and *p < 0.05 indicate significant differences between two groups.

induced an increase in serum inflammatory factors, and the
dietary addition of LAM significantly increased immunoglobulin
(IgA, IgG, and IgM) levels and reduced the inflammatory
factors (TNF-a, IL-1B, IL-6, and IFN-y). As a derivative of
LA, these results suggested that LAM may also improve egg
production performance by alleviating oxidative stress and
inflammatory response.

Moreover, several studies found that egg-laying rates in the
late egg-laying period have a positive correlation with serum
estrogen levels (1, 45). Li et al. (46) found that the egg production
performance was improved by dietary supplements with soya
saponin via increasing serum estrogen level. It is concluded
that the addition of antioxidants to the diet can improve egg
production to some extent by improving estrogen secretion.

Frontiers in Veterinary Science | www.frontiersin.org

April 2022 | Volume 9 | Article 875769


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Lipoamide Alleviates Oviduct Oxidative Damage

Liu et al.
A B C
| BT e 4
hEk i} ! % S e
ﬁj : Q ®
& P 5
< . P
g &
& 1 =
/
A &
D E
Dominant follicle (>8 mm) Small yellow follicle (5-8mm) Large white follicle (2-5mm)
6.5+ * * 5 25+
L]
6.0 oo e AdkA 4- - 204
2 554 2 3 eope Adka 2 15+ H g
§5.0— ummn |4 § § T
e} 454 1<} 2- . [ ] A & 10 u
4.0 u 17 5
3.5 T T T 0 T T T 0 T T T
(o] o] S (o] (o] S o O QS
€ & S € & € &
& & &
G H
Atretic follicle (>2mm) Total number of follicles(>2mm) Oviduct length
1.5- 28+ 90+
A
26 . ° . A A 80
g1 2 24- . : .
S s E70 e,e ="
= 3 22 .
9 0.5 c it i
20- 601 {° [ . I
0.0- 18 T T 50 T T T
O O » o 0 O O
&
€ & €& € I
& & &

FIGURE 6 | Effect of FO, OFO, and OFO with LAM on ovary and oviduct of old laying hen. Ovary figure in FO (A), OFO (B), and OFO + LAM (C). (D) Number of
dominant follicle (>~ 8 mm) in FO, OFO, and OFO + LAM. (E) Number of small yellow follicle (5-8 mm) in FO, OFO, and OFO + LAM. (F) Number of large white follicle
(2-5mm) in FO, OFO, and OFO + LAM. (G) Number of atretic follicle (=2 mm) in FO, OFO, and OFO + LAM. (H) Total number of follicle (=2 mm) in FO, OFO, and
OFO + LAM. (1) Oviduct length in FO, OFO, and OFO + LAM. *p < 0.05 indicates significant differences between the two groups.

produced by the ovaries, which promote the development of
the reproductive system and enhance fertility in humans and
animals. Therefore, it seems plausible that LAM might also
improve egg production rate by increasing the secretion of

E2 and P.

Recent studies have reported that LA can improve estrogen
secretion in rats caused by ovarian menopause (47) and oxidative
damage (48). In the present study, LAM supplementation for
old laying hens increased the levels of E2 and P in the
serum significantly. Both E2 and P are the main estrogens
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The amount of estrogen secretion is related to follicle
development and maturation. Besides, it is well known that
the egg-laying rate of hens depends mainly on the follicle
formation and ovulation process (31), the number of follicles
often represents egg production. In a comparative transcriptomic
analysis of duck ovaries with different egg-laying rates, 25
differential genes associated with follicle development were
identified. These differential genes were involved in multiple
estrogen-related signaling pathways (49). Oxidative stress is
considered to be a major factor in follicle development. Oxidative
stress could trigger the apoptosis of most germ cells and even
follicles in the ovary, and its presence in the follicular fluid
decreases follicle quality and reduces reproductive outcomes.
On the other hand, antioxidants reduced the levels of ROS and
prevented oxidative stress-mediated germ cell apoptosis, thus
reducing follicular depletion (50). Several in vitro experiments
have found that certain concentrations of LA can promote the
development and maturation of the preantral follicle, such as
mouse and equine (51, 52). Our finding indicated that the OFO
reduced the number of dominant follicles, while the addition of
LAM to the diet alleviated the adverse effect of OFO on follicles.
Therefore, LAM could resist the effects of oxidative stress on
follicles and improve egg production.

In summary, this study provided evidence that OFO induces
inflammation and oxidative damage to the oviduct in laying
hens, thereby adversely affecting egg production performance.
While the addition of LAM to the diet enhanced the egg-laying
rate of hens during the late laying period by increasing the
oviduct antioxidant capacity, serum immunity, estrogen levels
and antioxidant capacity, and number of dominant follicles. On
the basis of our work, we can surmise that LAM may be useful
as a potential candidate against oxidative injury and a promising
agent for improving the utilization of old laying hens.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

REFERENCES

1. Saleh AA, Ahmed EaM, Ebeid TA. The impact of phytoestrogen source
supplementation on reproductive performance, plasma profile, yolk fatty acids
and antioxidative status in aged laying hens. Reprod Domest Anim. (2019)
54:846-54. doi: 10.1111/rda.13432

2. Bock RR, Shore LS, Samberg Y, Perl S. Death in broiler breeders due
to salpingitis: possible role of zearalenone. Avian Pathol. (1986) 15:495-
502. doi: 10.1080/03079458608436310

3. Cumming RB. The aetiology and importance of salpingitis in laying hens. Proc
Aust Poult Sci Symp. (2001) 14:194-6.

4. Andrews JS, Griffith WH, Mead JE, Stein RA. Toxicity of air-oxidized soybean
oil. J Nutr. (1960) 70:199-210. doi: 10.1093/jn/70.2.199

5. Liu JE Lee YW. Vitamin C supplementation restores the impaired vitamin
E status of guinea pigs fed oxidized frying oil. J Nutr. (1998) 128:116-
22. doi: 10.1093/jn/128.1.116

6. Aw TY. Molecular and cellular responses to oxidative stress and changes
in oxidation-reduction imbalance in the intestine. Am J Clin Nutr. (1999)
70:557-65. doi: 10.1093/ajcn/70.4.557

ETHICS STATEMENT

All animal protocols used in this study were approved
and carried out according to the guidelines for the ethical
treatment of animals by the Institutional Animal Care and Use
Committee of China Agricultural University (Beijing, China;
No. AW71202202-1-1).

AUTHOR CONTRIBUTIONS

QL, WL, JiatZ, LZ, CJ, JianZ, and QM designed the study.
QL, WL, JiatZ, LZ, CJ, JianZ, SH, and QM conducted the
experiments and draft the manuscript. QL, SH, and QM
polished the manuscript and finished the submission. QL,
WL, JianZ, CJ, and QM guided to analyses the experimental
data. QL, SH, CJ, and QM helped with revisiting and
reviewing the manuscript. All authors read and approved the
final manuscript.

FUNDING

This research was funded by the National Natural Science
Foundation of China (Grant No. 31772621), a Special Fund
for China Agricultural Research System Program (Grant No.
CARS-40-K08), and the Special Fund from Chinese Universities
Scientific Fund (Grant No. 2018TC043).

ACKNOWLEDGMENTS

We thank all technicians in the experimental animal facility
of China Agricultural University for providing daily care of
laying hens.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fvets.
2022.875769/full#supplementary-material

7. Vézquez-Anén M, Jenkins T. Effects of feeding oxidized fat with or without
dietary antioxidants on nutrient digestibility, microbial nitrogen, and fatty
acid metabolism. J Dairy Sci. (2007) 90:4361-7. doi: 10.3168/jds.2006-858

8. Lebda M, Gad S, Gaafar H. Effects of lipoic acid on acrylamide
induced testicular ~damage. Mater  Sociomed.  (2014) = 26:208-
12. doi: 10.5455/msm.2014.26.208-212

9. Kim JH, Jung MH, Kim JP, Kim HJ, Jung JH, Hahm JR, et al. Alpha lipoic

acid attenuates radiation-induced oral mucositis in rats. Oncotarget. (2017)

8:72739-47. doi: 10.18632/oncotarget.20286

Zoheir KM, Harisa GI, Allam AA, Yang L, Li X, Liang A, et al. Effect of alpha

lipoic acid on in vitro development of bovine secondary preantral follicles.

Theriogenology. (2017) 88:124-30. doi: 10.1016/j.theriogenology.2016.09.013

. Chen P, Ma QG, Ji C, Zhang JY, Zhao LH, Zhang Y, et al. Dietary lipoic acid

influences antioxidant capability and oxidative status of broilers. Int ] Mol Sci.

(2011) 12:8476-88. doi: 10.3390/ijms12128476

Jia R, Bao YH, Zhang Y, Ji C, Zhao LH, Zhang JY, et al. Effects of

dietary a-lipoic acid, acetyl-l-carnitine, and sex on antioxidative ability,

energy, and lipid metabolism in broilers. Poult Sci. (2014) 93:2809-

17. doi: 10.3382/ps.2014-03921

Frontiers in Veterinary Science | www.frontiersin.org

11

April 2022 | Volume 9 | Article 875769


https://www.frontiersin.org/articles/10.3389/fvets.2022.875769/full#supplementary-material
https://doi.org/10.1111/rda.13432
https://doi.org/10.1080/03079458608436310
https://doi.org/10.1093/jn/70.2.199
https://doi.org/10.1093/jn/128.1.116
https://doi.org/10.1093/ajcn/70.4.557
https://doi.org/10.3168/jds.2006-858
https://doi.org/10.5455/msm.2014.26.208-212
https://doi.org/10.18632/oncotarget.20286
https://doi.org/10.1016/j.theriogenology.2016.09.013
https://doi.org/10.3390/ijms12128476
https://doi.org/10.3382/ps.2014-03921
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Liu et al.

Lipoamide Alleviates Oviduct Oxidative Damage

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Zhang Y, Jia R, Ji C, Ma Q, Huang J, Yin H, et al. Effects of dietary
alpha-lipoic acid and acetyl-L-carnitine on growth performance and meat
quality in arbor acres broilers. Asian Australas ] Anim Sci. (2014) 27:996—
1002. doi: 10.5713/ajas.2013.13436

Henriksen EJ. Exercise training and the antioxidant alpha-lipoic acid in the
treatment of insulin resistance and type 2 diabetes. Free Radic Biol Med. (2006)
40:3-12. doi: 10.1016/j.freeradbiomed.2005.04.002

Li X, Liu Z, Luo C, Jia H, Sun L, Hou B, et al. Lipoamide
protects retinal pigment epithelial cells from oxidative stress
and mitochondrial dysfunction. Free Radic Biol Med. (2008)
44:1465-74. doi: 10.1016/j.freeradbiomed.2008.01.004

Bisby RH, Parker AW. Antioxidant reactions of dihydrolipoic acid and
lipoamide with triplet duroquinone. Biochem Biophys Res Commun. (1998)
244:263-7. doi: 10.1006/bbrc.1998.8245

Packer L, Cadenas E. Lipoic acid: energy metabolism and redox regulation
of transcription and cell signaling. J Clin Biochem Nutr. (2011) 48:26-
32. doi: 10.3164/jcbn.11-005FR

Zhao L, Liu Z, Jia H, Feng Z, Liu J, Li X. Lipoamide acts as an indirect
antioxidant by simultaneously stimulating mitochondrial biogenesis and
phase II antioxidant enzyme systems in ARPE-19 cells. PLoS ONE. (2015)
10:¢0128502. doi: 10.1371/journal.pone.0128502

Hou Y, Li X, Peng S, Yao ], Bai E Fang J. Lipoamide ameliorates oxidative
stress via induction of Nrf2/ARE signaling pathway in PC12 Cells. ] Agric Food
Chem. (2019) 67:8227-34. doi: 10.1021/acs.jafc.9b02680

Bilska A, Wlodek L. Lipoic acid - the drug of the future? Pharmacol Rep.
(2005) 57:570-7. doi: 10.1016/S0167-0115(96)02111-8

Zhou B, Wen M, Lin X, Chen YH, Gou Y, Li Y, et al. Alpha lipoamide
ameliorates motor deficits and mitochondrial dynamics in the parkinson’s
disease model induced by 6-hydroxydopamine. Neurotox Res. (2018) 33:759-
67. doi: 10.1007/s12640-017-9819-5

Bakst MR. Physiology and endocrinology symposium: role of the oviduct
in maintaining sustained fertility in hens. J Anim Sci. (2011) 89:1323-
9. doi: 10.2527/jas.2010-3663

Lee SA, Whenham N, Bedford MR. Review on docosahexaenoic acid in
poultry and swine nutrition: Consequence of enriched animal products
on performance and health characteristics. Anim Nutr. (2019) 5:11-
21. doi: 10.1016/j.aninu.2018.09.001

Durackova Z. Some current insights into oxidative stress. Physiol Res. (2010)
59:459-69. doi: 10.33549/physiolres.931844

Song C, Liu B, Xu P, Xie J, Ge X, Zhou Q, et al. Oxidized fish oil injury stress
in Megalobrama amblycephala: Evaluated by growth, intestinal physiology,
and transcriptome-based PI3K-Akt/NF-kB/TCR inflammatory signaling. Fish
Shellfish Immunol. (2018) 81:446-55. doi: 10.1016/j.£51.2018.07.049

Persson HL, Svensson Al Brunk UT. Alpha-lipoic acid and alpha-lipoamide
prevent oxidant-induced lysosomal rupture and apoptosis. Redox Rep. (2001)
6:327-34. doi: 10.1179/135100001101536472

Tirosh O, Sen CK, Roy S, Kobayashi MS, Packer L. Neuroprotective effects of
alpha-lipoic acid and its positively charged amide analogue. Free Radic Biol
Med. (1999) 26:1418-26. doi: 10.1016/S0891-5849(99)00014-3

Kothari D, Oh JS, Kim JH. Effect of dietary supplementation of fermented
pine needle extract on productive performance, egg quality, and serum lipid
parameters in laying hens. Animals. (2021) 11:1475. doi: 10.3390/ani11051475
Liu HN, Liu Y, Hu LL, Suo YL, Zhang L, Jin E et al. Effects of dietary
supplementation of quercetin on performance, egg quality, cecal microflora
populations, and antioxidant status in laying hens. Poult Sci. (2014) 93:347-
53. doi: 10.3382/ps.2013-03225

Dai H, Lv Z, Hu C, Shi Z, Wei X, Jin S, et al. Alpha-lipoic acid improves
the reproduction performance of breeder hens during the late egg-laying
period. ] Anim Physiol Anim Nutr. (2020) 104:1788-97. doi: 10.1111/jpn.
13423

Li B Yu X, Xie J, Yao X, Liu W, Yao J, et al. Expression
of cocaine- and amphetamine-regulated transcript (CART) in
hen ovary. Biol Res. (2017) 50:18. doi: 10.1186/s40659-017-
0123-x

Zhang Y, Ma W, Zhang Z, Liu E Wang J, Yin Y, et al. Effects of
Enterococcus faecalis on egg production, egg quality and caecal microbiota
of hens during the late laying period. Arch Anim Nutr. (2019) 73:208-
21. doi: 10.1080/1745039X.2019.1591128

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Divyashree S, Yajurvedi HN. Chronic stress effects and their reversibility on
the Fallopian tubes and uterus in rats. Reprod Fertil Dev. (2018) 30:380-
90. doi: 10.1071/RD17082

Jang HY, Ji §J, Kim YH, Lee HY, Shin JS, Cheong HT, et al. Antioxidative effects
of astaxanthin against nitric oxide-induced oxidative stress on cell viability
and gene expression in bovine oviduct epithelial cell and the developmental
competence of bovine IVM/IVF embryos. Reprod Domest Anim. (2010)
45:967-74. doi: 10.1111/j.1439-0531.2009.01469.x

Zhang Y, Hongtrakul K, Ji C, Ma QG, Hu XX. Effects of dietary alpha-lipoic
acid on anti-oxidative ability and meat quality in arbor acres broilers. Asian
Australas ] Anim Sci. (2009) 22:996-1002. doi: 10.5713/ajas.2009.90101
Arshad MS, Anjum FM, Asghar A, Khan MI, Yasin M, Shahid M, et al.
Lipid stability and antioxidant profile of microsomal fraction of broiler meat
enriched with a-lipoic acid and a-tocopherol acetate. ] Agric Food Chem.
(2011) 59:7346-52. doi: 10.1021/j2002393

Odabasoglu F, Halici Z, Aygun H, Halici M, Atalay E Cakir A, et
al. a-Lipoic acid has anti-inflammatory and anti-oxidative properties:
an experimental study in rats with carrageenan-induced acute and
cotton pellet-induced chronic inflammations. Br J Nutr. (2011) 105:31-
43. doi: 10.1017/S0007114510003107

Saiki T, Nakamura N. The effects of insulin on immortalized rat schwann cells,
TFRS1. Int ] Mol Sci. (2021) 22:5505. doi: 10.3390/ijms22115505

Han ], Ulevitch R]. Limiting inflammatory responses during activation of
innate immunity. Nat Immunol. (2005) 6:1198-205. doi: 10.1038/ni1274
Guzik TJ, Touyz RM. Oxidative stress, inflammation, and
vascular aging in  hypertension.  Hypertension. (2017)  70:660-
7. doi: 10.1161/HYPERTENSIONAHA.117.07802

Wang Y, Zhao H, Shao Y, Liu J, Li J, Xing M. Copper or/and arsenic induce
oxidative stress-cascaded, nuclear factor kappa B-dependent inflammation
and immune imbalance, trigging heat shock response in the kidney of chicken.
Oncotarget. (2017) 8:98103-16. doi: 10.18632/oncotarget.21463
Vargas-Mendoza N, Morales-Gonzélez A, Morales-Martinez M, Soriano-
Urstia MA, Delgado-Olivares L, Sandoval-Gallegos EM, et al. Flavolignans
from Silymarin as Nrf2 bioactivators and their therapeutic applications.
Biomedicines. (2020) 8:122. doi: 10.3390/biomedicines8050122

Di Tucci C, Di Feliciantonio M, Vena E Capone C, Schiavi MC, Pietrangeli
D, et al. Alpha lipoic acid in obstetrics and gynecology. Gynecol Endocrinol.
(2018) 34:729-33. doi: 10.1080/09513590.2018.1462320

Zhou JM, Qiu K, Wang J, Zhang HJ, Qi GH, Wu SG. Effect of dietary
serine supplementation on performance, egg quality, serum indices, and ileal
mucosal immunity in laying hens fed a low crude protein diet. Poult Sci. (2021)
100:101465. doi: 10.1016/j.psj.2021.101465

Liu X, Lin X, Mi Y, Li ], Zhang C. Grape seed proanthocyanidin extract
prevents ovarian aging by inhibiting oxidative stress in the hens. Oxid Med
Cell Longev. (2018) 2018:9390810. doi: 10.1155/2018/9390810

Li P, Zhao Y, Yan S, Song B, Liu Y, Gao M, et al. Soya saponin improves
egg-laying performance and immune function of laying hens. J Anim Sci
Biotechnol. (2022) 12:126. doi: 10.1186/s40104-021-00647-2

Marinho PM, Salomon TB, Andrade AS, Behling CS, Putti JS, Benfato MS,
et al. The effect of n-3 long-chain polyunsaturated fatty acids and lipoic acid
on the heart in the ovariectomized rat model of menopause. Free Radic Res.
(2019) 53:669-79. doi: 10.1080/10715762.2019.1620938

Nair DV, Rani MU, Reddy AG, Kumar BK, Reddy MA, Lakshman M, et
al. Protective effect of alpha-lipoic acid and omega-3 fatty acids against
cyclophosphamide-induced ovarian toxicity in rats. Vet World. (2020)
13:188-96. doi: 10.14202/vetworld.2020.188-196

Tao Z, Song W, Zhu C, Xu W, Liu H, Zhang S, et al. Comparative
transcriptomic analysis of high and low egg-producing duck ovaries. Poult
Sci. (2017) 96:4378-88. doi: 10.3382/ps/pex229

Prasad S, Tiwari M, Pandey AN, Shrivastav TG, Chaube SK. Impact of
stress on oocyte quality and reproductive outcome. J Biomed Sci. (2016)
23:36. doi: 10.1186/s12929-016-0253-4

Talebi A, Zavareh S, Kashani MH, Lashgarbluki T, Karimi I The
effect of alpha lipoic acid on the developmental competence of
mouse isolated preantral follicles. ] Assist Reprod Genet. (2012)
29:175-83. doi: 10.1007/s10815-011-9706-6

Gomes RG, Silva CB, Gonzalez SM, Oliveira RL, Max MC, Lisboa LA, et al.
Alpha lipoic acid (ALA) effects on developmental competence of equine

Frontiers in Veterinary Science | www.frontiersin.org

April 2022 | Volume 9 | Article 875769


https://doi.org/10.5713/ajas.2013.13436
https://doi.org/10.1016/j.freeradbiomed.2005.04.002
https://doi.org/10.1016/j.freeradbiomed.2008.01.004
https://doi.org/10.1006/bbrc.1998.8245
https://doi.org/10.3164/jcbn.11-005FR
https://doi.org/10.1371/journal.pone.0128502
https://doi.org/10.1021/acs.jafc.9b02680
https://doi.org/10.1016/S0167-0115(96)02111-8
https://doi.org/10.1007/s12640-017-9819-5
https://doi.org/10.2527/jas.2010-3663
https://doi.org/10.1016/j.aninu.2018.09.001
https://doi.org/10.33549/physiolres.931844
https://doi.org/10.1016/j.fsi.2018.07.049
https://doi.org/10.1179/135100001101536472
https://doi.org/10.1016/S0891-5849(99)00014-3
https://doi.org/10.3390/ani11051475
https://doi.org/10.3382/ps.2013-03225
https://doi.org/10.1111/jpn.13423
https://doi.org/10.1186/s40659-017-0123-x
https://doi.org/10.1080/1745039X.2019.1591128
https://doi.org/10.1071/RD17082
https://doi.org/10.1111/j.1439-0531.2009.01469.x
https://doi.org/10.5713/ajas.2009.90101
https://doi.org/10.1021/jf2002393
https://doi.org/10.1017/S0007114510003107
https://doi.org/10.3390/ijms22115505
https://doi.org/10.1038/ni1274
https://doi.org/10.1161/HYPERTENSIONAHA.117.07802
https://doi.org/10.18632/oncotarget.21463
https://doi.org/10.3390/biomedicines8050122
https://doi.org/10.1080/09513590.2018.1462320
https://doi.org/10.1016/j.psj.2021.101465
https://doi.org/10.1155/2018/9390810
https://doi.org/10.1186/s40104-021-00647-2
https://doi.org/10.1080/10715762.2019.1620938
https://doi.org/10.14202/vetworld.2020.188-196
https://doi.org/10.3382/ps/pex229
https://doi.org/10.1186/s12929-016-0253-4
https://doi.org/10.1007/s10815-011-9706-6
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Liu et al.

Lipoamide Alleviates Oviduct Oxidative Damage

preantral follicles in short-term culture. Theriogenology. (2018) 105:169-
73. doi: 10.1016/j.theriogenology.2017.09.023

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Liu, Li, Zhang, Zhao, Ji, Zhang, Huang and Ma. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Veterinary Science | www.frontiersin.org

13

April 2022 | Volume 9 | Article 875769


https://doi.org/10.1016/j.theriogenology.2017.09.023
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	Lipoamide Alleviates Oxidized Fish Oil-Induced Host Inflammatory Response and Oxidative Damage in the Oviduct of Laying Hens
	Introduction
	Materials and Methods
	Animal Husbandry and Experiment Design
	Sample Collection and Treatment
	Serum Biochemical, Immune, Inflammatory, and Hormone Parameters
	Antioxidant Assay of Serum and Uterus
	Hematoxylin-Eosin (H & E) Staining and Histopathology Analyses
	Statistical Analysis

	Results
	Effect of LAM on Laying Performance of Laying Hens Under Normal Feed
	Effect of LAM on Laying Performance of Laying Hens Under Oxidative Stress
	Effect of LAM on Serum Biochemical Parameters, Immunoglobulin Levels, Inflammatory Cytokines, and Antioxidant Capacity of Laying Hens Under Oxidative Stress
	Effect of LAM on Uterine Part Morphology and Antioxidant Capacity of Laying Hens Under Oxidative Stress
	Effect of LAM on Ovary and Oviduct of Aged Laying Hens Under Oxidative Stress

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


