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This study aimed to evaluate the effects of the spontaneous genetic mutation T329S in
flavin-containing monooxygenase 3 (FMO3) on atherosclerosis (AS), fatty liver syndrome
(FLS), and adiposity in 90-week-old layers. At 90 weeks of age, 27 FMO3 genotyped
Rhode Island White chickens (consisting of nine AA hens, nine AT hens, and nine TT
hens) with normal laying performance were selected. The AS lesions, incidence of FLS, fat
deposition, metabolic characteristics, and production performance of these egg-layers
with different FMO3 genotypes were assessed. The T329S mutation in TT hens reduced
the AS lesions (P < 0.01) and altered the plasma metabolic indices more than it did in
the AA and AT hens. Furthermore, it reduced the incidence of FLS, hepatic triglyceride
deposition (P < 0.05), liver indices (P < 0.05), and fat deposition (P < 0.05) in the subcutis
and abdomen of TT hens compared to those of AA and AT hens. Moreover, as an effect
of T329S, TT hens laid a higher than average number of eggs and maintained a higher
egg-laying rate from 68 to 90 weeks than AA and AT hens. Our study confirmed that the
T329S mutation in FMOS3 could reduce the development of AS lesions, the incidence
of FLS, and fat deposition, which are associated with changes in plasma and hepatic
metabolic indices and improvements in the laying performance of older layers. Our results
may provide a new strategy for using the T329S mutation to improve the health status
and production performance of layers during the late laying period.

Keywords: flavin-containing monooxygenase 3, atherosclerosis, fatty liver syndrome, adiposity, old hen

INTRODUCTION

Flavin-containing monooxygenases (FMOs; EC 1.14.13.8) are an important class of microsomal
enzymes because they can catalyze the oxygenation of soft nucleophilic heteroatom-containing
(e.g., nitrogen, sulfur, and phosphorus) organic substances and convert them to more readily
excreted polar metabolites. Therefore, FMOs have a significant role in the metabolism and
detoxification of pharmaceuticals, endogenous substances, and dietary-derived compounds (1).
FMO3 is the most important member of the FMO family. It has key roles in endogenous
trimethylamine (TMA) metabolic pathways and can oxidize TMA into trimethylamine N-oxide
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(TMAO), which is closely linked to many metabolic
characteristics (2, 3). For example, several mutations in the
FMO3 gene in humans can inhibit the activity of the FMO3
enzyme during the oxidization of TMA, a substance with a fishy
odor, resulting in trimethylaminuria (4). Similarly, chickens with
a threonine-to-serine substitution at position 329 (T329S; FMO3
c.984 A>T) of FMO3, which has a function similar to that in
humans, is associated with eggs with a fishy odor when chickens
are fed a diet with a high-level TMA precursor (e.g., choline,
carnitine, betaine) (5, 6). Therefore, the association of FMO3
with other metabolic diseases involving the TMA metabolic
pathway has received much attention.

Recently, a new role of the TMA metabolic pathway in lipid
metabolic diseases in mammals has been identified (7). TMAO
has been suggested to be a risk factor for atherosclerosis (AS),
and TMAO supplementation experiments have demonstrated
the role of TMAO in promoting the development of AS and
thrombosis in mice (7, 8). An increase in platelet reactivity
introduced by cholesterol accumulation in macrophages and
the subsequent activation of inflammatory pathways have been
considered possible mechanisms involved in the proatherogenic
effect of TMAO (7-9). Hepatic FMO3, a TMAO-generating
enzyme, was initially identified as a therapeutic target for AS
because antisense oligonucleotide (ASO)-mediated silencing of
FMO3 decreased TMAO levels and AS lesions in mouse models
(10). Furthermore, several researchers have suggested that FMO3
itself is a central regulator of lipid and glucose (Glu) metabolism
because FMO3 ASO decreased plasma cholesterol and Glu levels.
They argued that pharmacological inhibition of FMO3 to reduce
TMAO levels would be confounded by metabolic interactions
(11, 12). However, more recently, an experiment involving
FMO3 knockout (KO) via CRISPR/Cas9 technology in mice
clarified that previous observations of reductions in AS after ASO
treatment may have been attributable to the off-target effect on
plasma cholesterol levels rather than TMAO levels. Furthermore,
it was confirmed that FMO3 KO reduced systemic TMAO levels
and thrombosis potential; however, it had only a minor effect on
plasma lipid levels without reduced AS lesions in mice (13). There
is a certain association between the TMA metabolic pathway
and AS; however, the studies of this pathway have been based
on the biotechnological interventions of FMO3 in mammals,
and it is difficult to exclude the off-target effects or artifacts of
these biotechnologies (14). To our knowledge, no spontaneous
mutation in FMO3 in relation to AS in animal models has
been reported; therefore, the relationship between FMO3 and AS
requires further clarification.

T329S is a spontaneous recessive mutation in FMO3 that
does not require external intervention. It has been identified
within a highly conserved FATGY motif, which can change
FATGY into FASGY and thus decrease the substrate affinity of
FMO3 enzyme. It has been reported is highly associated with
TMA metabolic pathways in chickens (5). Previous studies have
shown that T329S can diminish the ability of FMO3 to oxidize
TMA to TMAO, resulting in a decrease in circulating TMAO
concentrations (15, 16). Subsequently, Guo (17) confirmed this
claim by showing FMO3 enzyme activity in TT hens (T329S
homozygous mutants) was significantly lower than those of AA

(wild-type) and AT (heterozygous mutants) hens. Because the
regulation of cholesterol disposal in poultry is highly similar to
that in mammals, laying hens could be used as an animal model to
further explore the relationship between FMO3 and AS (18, 19).
Additionally, it is generally accepted that AS, fatty liver syndrome
(FLS), and adiposity are closely linked in animals, including
layers (20-22). These conditions negatively impact the poultry
industry because they reduce the production performance of
laying hens during the late laying period (23, 24). In particular,
FLS has the most serious impact on egg production performance
among these conditions because the liver has an important role in
regulating hepatic lipid metabolism and yolk precursor synthesis
in layers (25, 26). However, the effects of the T329S mutation on
FLS and adiposity of layers remain unknown.

This study aimed to validate the effects of the T329S mutation
in FMO3 on AS lesions in laying hens. Furthermore, it aimed
to explore whether the T329S mutation is associated with other
lipid metabolic conditions, such as FLS and adiposity, which have
not yet been reported. We hypothesized that the TMA metabolic
pathway involved in the T329S mutation may have a positive
effect on lipid metabolic conditions of 90-week-old layers. The
generated data are useful for improving our understanding of
the association of the T329S polymorphism in FMO3 with lipid
metabolic conditions of animals, including egg-laying hens.

MATERIALS AND METHODS

This study was performed in accordance with the Chinese
guidelines for animal welfare and experimental protocols. It
was approved by the China Agricultural University Animal
Experiment Ethics Committee (CAU20160916-2).

Birds and Husbandry

A total of 688 Rhode Island White hens were raised by Beijing
Huadu Yukou Poultry Industry Co. Ltd. (Yukou, China). During
the rearing period, each bird was fitted with a leg ring marked
with a unique identification number and raised in individual
cages (cage size: 45 cm X 45cm x 45 cm). They were acclimated
to the environment and diet. During the laying period, egg
production was recorded daily for each hen. These hens were fed
a basal diet that was formulated to meet the National Research
Council requirements (27); it was offered in mash form ad
libitum. The composition and nutrient levels of the basal diet
are shown in Supplementary Table 1. Water was supplied by
nipple drinkers. The room temperature was maintained between
22 and 26°C, and light exposure was controlled with a light:dark
cycle of 16 h:8h. Illumination was provided by incandescent
lamps with an intensity of 101x (at the head level of the birds).
All procedures as well as the care, housing, and handling of
the animals were conducted according to accepted commercial
management practices. All the birds remained healthy during
the rearing period. No birds were culled, and none received any
medical intervention.

At 80 weeks of age, the blood samples of these layers were
collected for genotype analysis (A/T polymorphism at position
1034 of chicken FMO3 exon 7, chromosome 8; accession number:
AJ431390). A polymerase chain reaction restriction fragment
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length polymorphism assay as described by Zhang (28) was used
to determine the individual FMO3 genotypes (AA, AT, and TT)
at this position. Subsequently, a total of 525 AA, 154 AT, and nine
TT hens were obtained from the whole flock.

Sampling
At 90 weeks of age, after a 10-h fast, 27 FMO3 genotyped
individuals (nine AA hens, nine AT hens, and nine TT hens)
with normal laying performance were selected. Their blood
samples were collected during the morning. Blood samples
were stored in vacuum blood collection tubes containing
ethylenediaminetetraacetic acid. The plasma was separated by
centrifugation at 3,000 x g for 15min and stored at —20°C
until analysis. Then, the 27 birds were humanely euthanized. The
liver, abdominal fat, and wet weight of ovaries were measured to
calculate the organ indices, and the subcutaneous fat thickness
of the back was measured. Subsequently, one part of the liver
tissue samples was collected, frozen in liquid nitrogen, and stored
in a freezer (—80°C); it was used to obtain measurements of
antioxidative indices and triglyceride (TG) levels. The other parts
of the liver samples were fixed for histopathological observation.
The aorta macrovessels were also isolated and fixed in formalin
for 48 to 72 h before being processed to analyze AS lesions.
Additionally, one healthy AA pullet (18 weeks old) was
euthanized, and its whole aorta and liver tissues were isolated in
the same manner. These samples were used as a negative control
for the AS lesion analysis and liver histopathological observations
because our pre-experiment indicated that lipid droplets were
rarely observed in the aortic wall and liver of pullets at 18 weeks.

Plasma Index Measurement

Plasma total cholesterol (TC), low-density lipoprotein cholesterol
(LDL-C), TG, glucose (Glu), alanine aminotransferase (ALT),
aspartate aminotransferase (AST), and creatinine (CRE) levels
were determined using commercial kits (Shanghai Kehua
Bioengineering Co., Ltd., Shanghai, China). The KHB ZY-
1280 automatic biochemical analyzer (Shanghai Kehua Bio-
engineering Corporation, Shanghai, China) was used. Plasma
very low-density lipoprotein (VLDL), free fatty acid (FFA),
insulin (INS), interleukin (IL)-1pB, IL-6, and IL-8 levels were
measured using chicken VLDL, FFAs, INS, IL-18, IL-6, and IL-
8 enzyme-linked immunosorbent assay kits (VLDL ELISA kit
JLC10779, FFA ELISA kit JLC10804, INS ELISA kit JLC10935,
IL-1B ELISA kit JLC10840, IL-6 ELISA kit JLC10846, and IL-8
ELISA kit JLC10848; Shanghai Jingkang Bioengineering Co., Ltd.,
Shanghai, China) according to the manufacturer’s instructions.

Lipid Deposition Characteristics

AS Lesions Assessment

AS lesions were quantified by performing an en face analysis
of the aorta (including the aortic arch, thoracic region, and
abdominal region) and cross-sectional analysis of the aortic arch,
as previously described by Chen et al. (29) and Collins et al.
(30), with minor modifications. During the en face analysis,
the aorta was longitudinally opened and stained with Oil Red
O (Wuhan Service Biotechnology Co., Ltd., Wuhan, China) to
detect lipids and determine the lesion area. AS lesions of the aorta

are expressed as percentages of the total surface area. During the
cross-sectional analysis, a small segment of the aortic arch (in the
same area) was embedded in OCT compound (Sigma-Aldrich,
St. Louis, MO, USA) and frozen at —20°C. Sections (thickness,
8 um) were collected. Lesions from 10 alternating sections were
stained with Oil Red O and hematoxylin. For each section of the
aortic arch, 10 randomly selected areas were assessed using light
microscopy at x20 magnification.

Liver Pathological Observation and Scoring System
Liver sections were examined for steatosis using Oil Red O
staining, as previously described by Gao et al. (31), with
modifications. To perform cryosection cutting, fixed samples
were embedded in frozen OCT (Sigma-Aldrich, St. Louis, MO,
USA) and sectioned at 10 wm; all procedures were performed
under frozen conditions. Then, samples were stained with Oil
Red O (Wuhan Service Biotechnology Co., Ltd., Wuhan, China),
differentiated with isopropanol, washed with distilled water,
and stained with hematoxylin. Fat vacuoles in hepatocytes were
stained red by Oil Red O, and cell nuclei were stained black
and blue with hematoxylin. For each section of the liver, 10
randomly located areas were assessed using light microscopy at
x 80 magnification.

Pathological observations of the liver were divided into five
grades as previously described by Lv et al. (32), with a score
of 0 indicating the normal state, a score of 0.5 indicating lipid
deposition was between 0 and 1 points, a score of 1 indicating
that fat vacuoles in the liver cells were small and scattered, a
score of 2 indicating that fat vacuoles in the liver cells were
large and wide, and a score of 3 indicating that fat vacuoles
were fused into large vacuoles and the nucleus was squeezed
into the cell membrane, similar to the adipocytes. The specific
clinical categorization scheme used for assessing FLS is shown in
Supplementary Table 2.

Images of the aortic en face, aortic arch cross-sections, and
liver sections were obtained using a Canon EOS 7D digital
camera (Canon, Tokyo, Japan). The aorta, aortic arch, and liver
lesions were quantified using computer-assisted image analysis
(Image]J version 1.8.0; NIH Image, National Institutes of Health,
Bethesda, MD, USA) according to the procedures described by
Schneider et al. (33).

Hepatic TG and Antioxidant Indices

Hepatic TG levels were determined using kits (TG detection
kit A110-2-1; Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). Hepatic glutathione peroxidase (GSH-Px), total
superoxide dismutase (T-SOD), and catalase (CAT) activity
were also determined using kits (GSH-Px detection kit A005,
SOD detection kit A001-3, and CAT detection kit A0071-1;
Nanjing ]iancheng Bioengineering Institute, Nanjing, China).
Hepatic malondialdehyde (MDA) levels were determined using a
thiobarbituric acid assay (MDA detection kit A003-1; Jiancheng
Bioengineering Institute, Nanjing, China). All indices were
measured according to the manufacturer’s instructions. The
protein concentrations of the samples were measured using the
Bradford method (34).
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FIGURE 1 | Pathological observations of lipid deposition in the aortic wall in different genotyped layers. (A) Oil Red O staining of the whole aorta with aortic lesions
(black dashed lines). (B) Quantification of staining results (% of the total area) of the aorta. (C) Oil Red O and hematoxylin staining of aortic arch cross-sections with
local tissue magnification (blue squares). Quantification of staining results (% of the total area) of the aortic arch cross-section (D) and its local tissue magnification

(blue squares) (E). (B,D,E) Box plot lower extreme is first quartile; box plot upper extreme is third quartile. AA, AA genotype hens; AT, AT genotype hens; TT, TT
genotype hens. n = 9 hens with each genotype. ~#BMeans within a histogram with no common superscripts differ significantly (P < 0.01).

Organ Indices

Organ indices were calculated using the following formulas: liver
index (LI) = liver weight (g)/body weight (g) x 100%; abdominal
fat rate (AFR) = abdominal fat (g)/body weight (g) x 100%; and
ovarian index (OI) = organ weight (g)/body weight (g) x 100%.

Statistical Analysis

Statistical analyses were conducted using R software (version
4.0.3; The R Foundation for Statistical Computing, Vienna,
Austria), and the figures were plotted using GraphPad Prism
(version 7.04; GraphPad Software, San Diego, CA, USA).
Because of the small sample size, non-parametric procedures
were performed. An independent sample Kruskal-Wallis test
was used to analyze the plasma metabolic indices, phenotypic
traits (fat deposition characteristics in the aorta, liver, subcutis,
abdomen, organ indices, and production performance), and
hepatic indices. Correlations between plasma metabolic indices
and phenotypic traits as well as correlations between hepatic
indices and phenotypic traits were analyzed using Pearson’s
correlation coefficient and “ggcorrplot” package in R.

RESULTS

Histopathology Assessment of Aorta
The histopathological assessment of AS for the AA, AT, and TT
genotypes is shown in Figure 1. As expected, in TT hens, T329S

significantly decreased (P < 0.01) the aortic lesion (AL) areas by
27% compared to AA hens (Figure 1A) and by 26% compared
to AT hens (Figure 1B). Furthermore, in TT hens, it decreased
(P < 0.01) the aortic arch lesion (AAL) proportion by 41%
compared to AA hens (Figure 1C) and by 40% compared to AT
hens (Figure 1D). Concordant with this, TT hens had the least
(P < 0.01) lipid droplet accumulation in the intima and media of
the vessel wall among the three genotyped layers (Figure 1E).

Plasma Metabolic Characteristics

The plasma metabolic characteristics of the layers with AA, AT,
and TT genotypes are shown in Table 1. As an effect of the T329S
mutation, the plasma TC and LDL-C levels showed a decreasing
trend, and the plasma VLDL levels were decreased (P < 0.05);
however, the plasma TG levels were not changed in TT hens
when compared to those of AA and AT hens. Additionally, T329S
decreased the plasma FFA and INS levels (P < 0.05); however,
T329S increased the plasma Glu levels (P < 0.05) of AT and TT
hens compared to that of AA hens. Furthermore, it decreased the
plasma IL-1B, IL-6, and IL-8 levels of AT and TT hens compared
to those of AA hens, and it especially decreased plasma IL-1p and
IL-8 levels (P < 0.05) of TT hens compared to those of AA hens.
Additionally, T329S significantly (P < 0.05) decreased the plasma
ALT, AST, and CRE levels of TT hens compared to those of AA
and AT hens.
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TABLE 1 | Plasma metabolic characteristics of layers with different FMO3
genotypes.

Genotype AA AT TT Total
P-value

Metabolic indices’

TC (mmol/L) 3.81 £2.08 3.96 +£1.72 3.60 +£1.32 P > 0.05
LDL-C (mmol/L) 1.38 +£0.86 1.45 + 0.68 1.830 +£0.75 P > 0.05
VLDL (mmol/L) 8.35 £ 4.712 7.07 £+ 5.60% 5.38 + 4.60° P < 0.05
TG (mmol/L) 10.61 + 1.01 10.58 + 1.00 10.60 + 1.37 P> 0.05
FFAs (umol/L) 629.79 + 199.632 463.75 + 84.83° 483.93 + 36.63° P <0.05
INS (mU/L) 67.35 + 31.287 56.24 + 20.10° 55.73 +£19.46° P < 0.05
Glu (mmol/L) 13.29 + 0.82° 14.74 + 1.93* 14.66 + 1.36% P < 0.05
Inflammatory cytokines?®

IL-1B (pg/mL) 103.89 + 20.822 97.99 + 6.61% 96.68 +13.89° P <0.05
IL-6 (pg/mL) 21.66 £13.37 18.756 £ 9.84 18.84 £11.47 P > 0.05
IL-8 (pg/mL) 88.13 &+ 46.372 74.51 £11.31% 66.53 + 8.57° P <0.05
Liver and kidney injury indicators®

ALT (UL) 32.59 + 5.832 34.71 £ 7.68* 29.75 + 6.10° P < 0.05
AST (U/L) 206.75 + 47.482 202.64 + 95.23% 173.47 £17.51° P < 0.05
CRE (mmol/L) 45.74 + 6.30° 45.59 + 3.95° 41.82 £ 5.01° P <0.05

TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol: VILLDL, very low-density
lipoprotein; TG, triglyceride; FFAs, free fatty acids; INS, insulin; Glu, glucose; 2IL-18,
interleukin-1B; IL-6, interleukin-6; IL-8, interleukin-8; SALT, alanine aminotransferase; AST,
aspartate aminotransferase; CRE, creatinine; AA, AA genotype hens; AT, AT genotype
hens; TT, TT genotype hens. Values are expressed as means =+ standard deviation (SD);
n = 9 hens with each genotype. P Means within a row with no common superscript differ
significantly (P < 0.05).

Histopathology Assessment of the Liver

The hepatic histological observations, pathological grades, and
lipid deposition of layers with the AA, AT, and TT genotypes are
shown in Figure 2. The five grades of FLS severity determined
with Oil Red O staining are shown in Figure 2A. We defined
the moderate (score 2) and severe (score 3) grades as FLS.
Interestingly, the T329S mutation reduced the incidence of FLS
in TT hens, which was less than half that of AA and AT
hens, which showed that TT hens were more inclined to have
normal and minor grades (Figure 2B). Concordant with this, TT
hens had the least (P < 0.01) hepatic lipid deposition (HLD)
(Figure 2C) and the lowest (P < 0.05) hepatic pathological
scores and hepatic TG levels among the three genotyped layers
(Figures 3A,B).

Hepatic Antioxidant Indices

The hepatic antioxidant indices of the layers with AA, AT, and
TT genotypes are shown in Figure 4. As a result of the T329S
mutation, in TT hens, the hepatic GSH-Px activity was increased
by approximately 14% compared to that of AA hens and by
approximately 30% compared to that of AT hens (P < 0.05)
(Figure 4A). Furthermore, the hepatic T-SOD activity in TT
hens was decreased by approximately 19% compared to that
of AA hens and by approximately 24% compared to that of
AT hens (P < 0.05) (Figure 4B); however, T329S did not alter
the activity of hepatic CAT in layers (Figure 4C). Moreover,
hepatic MDA levels were decreased by approximately 45% (P
< 0.05) in AT and TT hens compared to that in AA hens
(Figure 4D).

Organ Indices and Egg Production

The organ indices of the different genotyped layers at 90 weeks
are shown in Table 2. The T329S mutation reduced (P < 0.05) the
LImorein TT hens than in AA and AT hens. Additionally, T329S
reduced (P < 0.05) the AFR and subcutaneous fat thickness (SFT)
more in AT and TT hens than in AA hens; however, it did not
alter (P > 0.05) the OI of layers. Additionally, it increased the
average number of eggs laid by layers (EN90) from 19 to 90 weeks
and the egg-laying rate after 68 weeks in T'T hens more than it did
in AA and AT hens (Figures 5A,B).

Correlations Between Metabolic Indices
and Phenotypic Traits

The correlation matrices of the relationships between plasma
metabolic indices and phenotypic traits (fat deposition
characteristics in the aorta, liver, subcutis, abdomen, organ
indices, and production performance) as well as the relationships
between hepatic indices and phenotypic traits are shown in
Figure 6. Of the 27 hens, positive correlations among AL, HLD,
AFR, and SFT were detected. Furthermore, these fat deposition
traits were positively correlated with plasma IL-18, IL-6, and IL-8
levels. In particular, the HLD (r = 0.38), AFR (r = 0.39), and SFT
(r = 0.43) were significantly (P < 0.05) correlated with plasma
IL-1p levels (Figure 6A). Furthermore, the AL, HLD, and LI were
negatively correlated with hepatic GSH-Px activities; however,
they were positively (P < 0.05) correlated with hepatic T-SOD
activity (Figure 6B). These results illustrated the association
between lipid deposition traits and metabolic indices of the
plasma and liver of the layers.

Additionally, a significant (P < 0.05) negative correlation
between the EN90 and plasma cholesterol, including TC (r
= —0.70) and LDL-C (r = —0.72), was detected in the
layers (Figure 6A). A negative correlation between the EN90
and hepatic MDA levels (r = —0.61; P < 0.05) (Figure 6B)
and negative correlations (P < 0.05) between the OI and
FFAs (r = —0.41) as well as SFT (r = -—0.47) were
detected (Figure 6A). These results confirmed that production
performance is associated with changes in plasma and hepatic
metabolic indices. They also imply that lipid deposition or
adiposity-related diseases could further affect the production
performance of layers.

DISCUSSION

During this study, we confirmed that the spontaneous genetic
mutation T329S in FMO3 could reduce AS lesions by causing
changes in metabolic indices in TT hens. This result clarifies
the relationship among FMO3, AS, and metabolic characteristics
in chicken models. Furthermore, we were surprised to find
that the T329S mutation reduced the incidence of FLS and fat
deposition in the subcutis and abdomen of layers. These results
were consistent with our hypothesis and implied that T329S
may create a better health status for older adults. Moreover, a
correlation analysis of metabolic indices and phenotypic traits
further demonstrated the effects of T329S on the metabolic and
phenotypic characteristics of laying hens. Our current study
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FIGURE 2 | (A) Histopathologic observations of chicken livers were divided into five grades representing the different degrees of fatty liver syndrome (arrows point to
local tissue magnification). (B) Incidence rates of different grades of fatty liver syndrome in different genotyped layers. (C) Quantification of Oil red O staining results (%
of the total area) of the liver. AA, AA genotype hens; AT, AT genotype hens; TT, TT genotype hens. Values are expressed as means =+ standard deviation (SD); n = 9
hens with each genotype. #EMeans within a histogram with no common superscripts differ significantly (P < 0.01).
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provides evidence to support the association between FMO3 and
lipid metabolic diseases. It could also provide a new strategy
for using T329S to improve the health status and production
performance of layers during the late laying period.

Effects of FMO3 Genotypes on AS

Numerous studies of mammals have revealed a significant
association between the TMA/FMO3/TMAO pathway and AS.
Furthermore, experiments involving TMAO supplementation
for mice have provided evidence that TMAO is a risk factor for
AS (7, 35, 36). Subsequently, several studies involving humans
and mice have confirmed that a reduction in endogenous TMAO
concentrations reduces AS and vascular inflammation (9, 29).
During the present study, our results showed that the T329S
mutation in FMO3 decreased the AL and AAL in TT hens

compared to those in AA and AT hens at 90 weeks. This result
is consistent with our previous observations, which showed
that T329S reduced AS lesions in a strain of chickens laying
brown eggs at 62 weeks (19). This result can be attributed to
T329S diminishing the activity of the TMAO-generating enzyme
FMO3 and therefore decreased the plasma circulating TMAO
concentrations in TT hens. Because Guo (17) has demonstrated
that TT hens have the lowest (P < 0.05) FMO3 activity among
the three genotypes and Wang et al. (16) have also shown that the
TT hens have a lower plasma circulating TMAO concentrations
than those of AA hens (~150 ug/mL vs. ~190 pg/mL, P <
0.05). TMAO has been shown to suppress reverse cholesterol
transport and affect lipid absorption and cholesterol homeostasis
by inhibiting bile acid synthesis, and to subsequently induce
cholesterol accumulation in macrophages, finally resulting in
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the development of AS (7-9, 37). In contrast, a decrease in the  TABLE 2 | Effects of the T329S mutation on organ indices in layers.
plasma TMAO concentration associated with an increase in the

K K K . Item’ AA AT T Total
bile acid pool has been suggested as a possible mechanism of Povalue
the T329S mutation involved in the reduction of AS lesions
in chickens (19). Therefore, these results confirmed that the  Liverindex (%) 1.86 + 0.25° 202£049"  1.62+£024° P <005

. . . . . i b b
spontaneous mutation in FMO3 could alleviate AS lesions in ~ Abdomnalfatrate (%) 683+£1.73"  510&£1777  542£006° P <005
Subcutaneous fat 1099 £246°  946+£243  950+£242° P <005

layers. Previous studies have noted that the occurrence and
d ) £ AS t . 1d hick thicknesses (mm)
eve opmenF o are spontaneous processes In older ChiCkens, o aian index (%) 1.8840.74 2314075 1.04£082  P>005
and that their present lipoprotein levels are similar to those of
humans. Therefore, chickens have been considered a good animal
. . inal fat jght 100%; jan i %) = jght
model for the stu dy‘ of AS (3 8). Subsequently, chickens with abgom/na fat (g)/body weight (g) x 100%, and ovarian index (%) = organ weight (g)/body
X g k weight (9) x 100%. AA, AA genotype hens; AT, AT genotype hens; TT, TT genotype
the T329S mutation could Pr0V1de a reliable and spontaneous hens. Values are expressed as means + standard deviation (SD); n = 9 hens with each

mutation for further studies. genotype. @PMeans within a row with no common superscript differ significantly (P <
0.05).

1Liver index (%) = liver weight (g)/body weight (g) x 100%; Abdominal fat rate (%) =

Effects of FMO3 Genotypes on Plasma

Indices in cholesterol and lipid metabolism, Glu metabolism, diabetes-
Several potential mechanisms by which the FMO3 pathway  related traits, and vascular inflammation (7, 9, 11, 39). The
associates with AS have been identified, including alterations  indices in plasma could directly reflect changes in these metabolic
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characteristics (13). During this study, our results showed that ~ TT hens are consistent with our previous findings, which showed
the T329S mutation caused decreases in plasma TC, LDL-C, and  that T329S moderated the serum lipid parameters of TT hens
VLDL levels in TT hens. These results implied that the T329S  compared to those of AA and AT hens from 49 to 62 weeks (19). It
mutation could alter cholesterol and lipid metabolism of laying  is known that higher plasma TC and LDL-C levels could increase
hens. The decreasing trends of plasma TC and LDL-C levels of  the risk of AS; however, modulating these cholesterol levels can
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reduce the incidence of diseases in older laying hens (32, 40).
Accordingly, the decreased trends of TC and LDL-C levels of TT
hens explained the decrease in AS lesions. However, the observed
trend of plasma VLDL levels of TT hens is inconsistent with that
of our previous study, which showed that TT hens have higher
VLDL levels at 62 weeks (19). This might be related to hepatic
TG secretion because VLDL is the major transport vehicle for TG
from the liver to extrahepatic tissues, or it might be attributable
to the dynamic change of VLDL subclasses in layers during
the normal aging process (25, 41). These hypotheses remain to
further study.

Our results suggested an association between T329S and Glu
metabolism and lipogenesis in layers because a significant (P <
0.05) decrease in the plasma FFA and INS levels and an increase
in the plasma Glu levels were detected in TT hens (Table 1). It is
known that FFAs can be derived from lipolysis in adipocytes and
de novo lipogenesis in hepatocytes, and that INS can stimulate the
uptake of Glu, transport fatty acids into adipocytes, and promote
lipogenesis (42, 43). Therefore, the decrease in plasma FFA and
INS levels and the increase in Glu levels in TT hens could imply
that T329S reduced the consumption of Glu and lipogenesis in
the layers. In parallel, similar trends of these plasma indices
were also observed in AT hens (Table 1), thus supporting this
claim. Additionally, our study detected a significant (P < 0.05)
decrease in indicators of inflammation (e.g., IL-1p and IL-8) and
liver and kidney injury (e.g., ALT, AST, and CRE) in TT hens
compared to those in AA hens (Table 1). These proinflammatory
factors released during an immune response could result in
inflammation and subsequent metabolism anomalies that often
lead to tissue injury (44). In contrast, the decreasing trends
of inflammatory indicators are consistent with the trends of
AS in TT hens (Figure 1), suggesting that T329S decreases the
inflammatory response caused by lipid deposition. The decrease
in indicators of liver and kidney injury in TT hens may further
imply an association between T329S and other lipid metabolic
factors related to liver and kidney damage, such as FLS and
adiposity (32, 45). Collectively, these results confirmed the effects
of the T329S mutation on AS lesions and plasma metabolic
indices of 90-week-old layers.

Effects of FMO3 Genotypes on Incidence
of FLS

In chickens, lipid metabolic conditions associated with AS
lesions, including FLS and adiposity, mainly occur during the
late laying period. The occurrence and development of FLS and
adiposity are primarily caused by continuous egg production,
high consumption of dietary carbohydrates, and the subsequent
imbalance between deposition and the removal of lipids in older
layers (20, 23, 24). Among these conditions, FLS has the most
serious impact on the chicken industry because the liver is the
main organ involved in the formation of yolk precursors in layers
(25, 26). More seriously, FLS can induce sudden death (32). For
example, during the laying cycle of commercial layers, FLS caused
up to 5% mortality and 74% of the total mortality of caged laying
hens in Queensland (46). During our study, we were surprised
to find that the TT hens had a lower incidence of FLS, lower

(P < 0.05) hepatic pathological scores and TG deposition, and
lower (P < 0.05) LI compared to those of AA and AT hens
(Figures 2A-C, 3A,B, Table 2). These results indicated that the
T329S mutation was associated with a decrease in hepatic lipid
deposition and the incidence of FLS in layers, which implied that
T329S could protect the liver from injury. To our knowledge,
this finding and the molecular mechanisms involved have not
been previously reported for layers. We speculated that this
finding could be attributed to two possible mechanisms. First,
T329S induced a decrease in circulating TMAQO concentrations,
which subsequently improved reverse cholesterol transport in TT
hens (mentioned previously) because TMAO has been associated
with adverse effects on FLS and liver inflammation and damage
in humans (47). Second, T329S is associated with decreases
in plasma FFA and INS levels because a high FFA level can
deteriorate INS sensitivity, thus creating a vicious cycle between
hyperinsulinemia and HTG levels (48). Hence, the observed
decrease in the incidence of FLS in TT hens could be attributed to
the combined action of the two possible mechanisms. However,
the precise molecular mechanism requires further study.

Furthermore, the “two-hit hypothesis” of FLS states that fat
deposition caused by abnormal fatty acid metabolism in the
liver represents the “first hit,” and that increased levels of INS,
inflammatory cytokines, and oxidative stress induced by fat
deposition represent the “second hit” (49-51). The levels of
antioxidant enzymes, such as GSH-Px, T-SOD, and CAT, and
the oxidative biomarker MDA could further evaluate oxidative
damage in the liver (52). During our study, TT hens had higher
hepatic GSH-Px activity but lower hepatic T-SOD activity and
a lower level of hepatic MDA than those in AA hens (P <
0.05) (Figure 4), suggesting that T329S is associated with hepatic
oxidative damage of layers. GSH-Px and T-SOD are normally
used to scavenge reactive oxygen species, a class of substances
that can disrupt the formation of biofilm, and therefore protect
cells from oxidative damage (52, 53). MDA is one of the final
products of lipid oxidation and is strongly toxic to cells (52).
Therefore, the increased activity of hepatic GSH-Px and the
decrease in hepatic MDA levels could reduce oxidative injury in
TT hens. The observed activity of hepatic T-SOD was increased
in TT hens; however, it was decreased in AA hens. This could
be attributed to a compensatory mechanism of the antioxidant
defense system against increased oxidative stress because hepatic
T-SOD was positively correlated with AL, HLD, LI, and HTG
in 27 hens (Figure 6). These results further suggest that the
T329S mutation in FMO3 has a protective effect on the liver and
confirm the role of T329S in alleviating the development of FLS
in older layers.

In addition, we also found that the hepatic lipid deposition
levels exist deviation to some extent within the group
(Figures 2B,C). This phenomenon might be attributed to
the effects of genetic factors and individual differences,
because hepatic lipid deposition is a complex trait that is
regulated by multiple co-varied factors (54). For example, the
alterations in the AMP-activated protein kinase (AMPK). AMPK
dephosphorylation causes fatty acid synthesis (lipogenesis)
through the dephosphorylation of acetyl-CoA carboxylase (ACC)
and up-regulation of sterol regulatory element binding protein.
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Then, ACC transforms acetyl-CoA to malonyl-CoA. Elevated
malonyl-CoA inhibits CPT1 activity (related with fatty acid
oxidation), resulting in the development of FSH (55). The exact
reason for this deviation within the group should be further
explored. Collectively, our current results suggested, in part,
that the T329S mutation could decrease the incidence of FLS in
TT hens.

Effects of FMO3 Genotypes on Adiposity

and Performance

Our current results also showed that T329S was associated with
a reduction in adiposity in older layers because it decreased the
AFR and SFT ratios in AT (FMO3, c. 984 A > T) and TT hens
at 90 weeks (Table 2). This finding, combined with our results
regarding AS and FLS, demonstrated that the T329S mutation
could improve lipid metabolic conditions of layers during the
late laying period. This may imply that T329S could improve
the laying performance because lipid metabolic diseases are
challenging in older layers (23). Furthermore, our results showed
that the EN90 and egg-laying rate after 68 weeks were increased
in TT hens (Figures 5A,B). This result can be attributed to the
fact that T329S improved the plasma indices and decreased fat
deposition and lipid peroxidation in TT hens because prominent
(P < 0.05) negative correlations among EN90 and TC, LDL-C,
and MDA and negative correlations among OI and FFAs and SFT
were detected during our study (Figure 6). In brief, these results
suggest that T329S could decrease the incidence of FLS and body
fat deposition and are associated with improvements in the laying
performance of older layers.

These results have profound implications for the poultry
industry. They imply that the polymorphisms diminishing the
activity of FMO3 were associated with the improvement of lipid
metabolic conditions in the layers. These conditions threaten
the health status and laying performance of older layers and
can lead to a sudden decrease in egg production during the late
laying period (23). The decreased performance in chickens would
negatively impact the poultry industry (23, 56). Accordingly, our
results suggest that the T329S mutation or similar methods of
inhibiting FMO3 enzyme activity could be used to alleviate these
conditions and subsequently improve the laying performance of
older layers, such as TT hens with T329S or AA and AT hens with
inhibited FMO3 enzyme activity used as breeder hens to improve
the egg-producing efficiency of breeder flocks. These methods
may increase the TMA levels in eggs when the layers are fed a
precursor diet with a high level of TMA (5). The changes in TMA
levels of eggs do not impair their hatching rate (57).

CONCLUSIONS

In conclusion, we confirmed that the spontaneous genetic
mutation T329S in FMO3 could reduce the development of
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