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Abstract The n-3 PUFAs have many beneficial effects on
human health, including roles in immunity, neurodevelop-
ment, and preventing cardiovascular disease. In this study,
we established reliable model fat-1 transgenic cattle using
transgenic technology and performed a systematic investiga-
tion to examine the function of n-3 PUFAs. Our results
showed that expression of the fat-1 gene improved several
biochemical parameters related to liver function and to
plasma glucose and plasma lipid metabolism. Results of
global gene and plasma protein expression analysis showed
that 310 genes and 13 plasma proteins differed significantly
in the blood of fat-1 transgenic cattle compared with WT
cattle, reflecting their regulatory roles in the immune and
cardiovascular systems. Finally, changes in the gut microflora
were also noted in the fat-1 transgenic cattle, suggesting novel
roles for n-3 PUFAs in the metabolism of glucose and lipids,
as well as anti-stress properties. To the best of our knowl-
edge, this is the first report using multiple parallel analyses to
investigate the role of n-3 PUFAs using models such as fat-1
transgenic cattle.ll This study provides novel insights into
the regulatory mechanism of fat-1 in the immune and cardio-
vascular systems, as well as its anti-stress role.—Liu, X-f., Z-y.
Wei, Cl. Bai, X-b. Ding, X. Li, G-h. Su, L. Cheng, L. Zhang,
H. Guo, and G-p. Li. Insights into the function of n-3 PUFAs
in fat-1 transgenic cattle. J. Lipid Res. 2017. 58: 1524-1535.

Supplementary key words n-3 fatty acids ® lipid metabolism @ stress

The n-3 PUFAs are beneficial to human health. Previous
studies have revealed that increased intake of n-3 PUFAs
could reduce the risk of major human diseases, including
cardiovascular disease, type 2 diabetes, and several types
of cancer (1-4). Previous studies have also shown that n-3
PUFAs play a positive role in the immune system by mediat-
ing the improved inflammatory response (5-7). The n-3
PUFAs are a collection of PUFAs that include o-linolenic
acid (ALA), DHA, and EPA. ALA is abundant in plant oils

This work was supported by National Transgenic Animal Program of China
Grant 2013ZX08007-002/2014ZX08007-002.

Manuscript received 3 November 2016 and in revised form 13 June 2017.

Published, JLR Papers in Press, June 16, 2017
DOI https://doi.org/10.1194/jlr. MO72983

1524 Journal of Lipid Research Volume 58, 2017

and can be obtained directly through the diet (8). Conver-
sion of ALA in mammals can produce DHA and EPA
through the desaturation-chain elongation pathway (9).
Although a greater conversion capacity for ALA to DHA
was found in women than men, the synthesis efficiency is
limited (10). Therefore, DHA and EPA are also primarily
obtained from the diet.

The fat-1 gene encodes n-3 PUFA desaturase, which can
specifically convert n-6 PUFAs to n-3 PUFAs. Transgenic
technology can be used to produce fat-1 transgenic domes-
tic animals, which could then generate food to supply n-3
PUFAs for human consumption. In 2004, Kang et al. (11)
reported the first fat-1 transgenic mice, which could synthe-
size n-3 PUFAs from n-6 PUFAs through constitutive expres-
sion of the fat-1 gene in vivo, showing that it would be
feasible to obtain a rich supply of n-3 PUFAs from transgenic
domestic animals. Subsequently, various fat-1 transgenic do-
mestic animals have been generated using transgenic tech-
nology. These studies have focused more heavily on fat-1
transgenic pigs than either sheep or cattle. Lai et al. (12)
generated the first fat-1 transgenic pigs in 2006 and dem-
onstrated their elevated level of n-3 PUFAs, which were
three times more abundant in the tail tissue of fat-1 trans-
genic pigs than in WT pigs. In 2010, Pan etal. (13) gener-
ated 21 piglets by transgenic somatic cell nuclear transfer;
15 of these piglets survived, and 13 of these were con-
firmed to positively express the fat-1 gene. The first fat-1
transgenic cattle were produced in our laboratory in
2009. The levels of four types of n-3 PUFA (18:3 n-3, 20:5
n-3, 22:6 n-3, and 22:5 n-3) in the ear tissues of the fat-I
transgenic cattle were significantly higher than those in
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density lipoprotein cholesterol; LDH, lactate dehydrogenase; LDL-C, low
density lipoprotein cholesterol; OTU, operational taxonomic unit; TC,
total cholesterol; TG, triglyceride.
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the same tissues of WT cattle, whereas three types of n-6
PUFAs (18:2 n-6, 20:4 n-6, and 22:5 n-6) were significantly
lower (14). Next, Zhang et al. (15) generated three fat-1
transgenic sheep in 2013. High levels of n-3 PUFAs, as well
as a low ratio of n-6/n-3 PUFAs, were observed in the heart,
liver, spleen, lung, kidney, brain, ear, tail, and muscle tis-
sues. These results indicated the fat-1 genes had a physiolog-
ical function converting n-6 PUFAs into n-3 PUFAs.

The mouse is a convenient model animal for experimental
research. Therefore, fat-1 mice have been extensively em-
ployed to investigate the role of n-3 PUFAs in many diseases.
Lietal. (10) used fat-1 mice rich in endogenous n-3 PUFAs
to explore the protective effect of n-3 PUFAs in immune-
mediated liver injury, showing that n-3 PUFAs limit con-
canavalin A-induced hepatitis via an autophagy-dependent
mechanism. Additionally, an anti-tumor function of n-3
PUFAs in fat-1 mice was suggested by studies showing a re-
duction in colitis-associated colon cancer associated with a
decreased inflammatory response (16). Recently, fat-1 mice
have been used in several models of neurological disease,
including Parkinson’s disease (17), Alzheimer’s disease (18),
epilepsy (19), chronic inflammatory demyelinating disease
of the central nervous system (20), and stroke-related brain
injury (21). All fat-1 mice models were protected from neuro-
nal damage when compared with their WT littermates (20).

In this study, we first confirmed the expression and tar-
get function of the fat-1 gene in transgenic cattle based on
several parameters, including DNA, RNA, and protein and
fatty acid properties. Furthermore, we used fat-1 cattle
models to investigate the role of n-3 PUFAs using multiple
methods, including measurement of blood biochemical
parameters, levels of gene expression and plasma proteins
in the blood; we also evaluated changes in the gut micro-
flora. To the best of our knowledge, this is the first report
using multiple parallel analyses to investigate the function
of n-3 PUFAs using fat-1 transgenic cattle models. The pres-
ent study provides a valuable reference as well as novel in-
sights into the function of n-3 PUFAs.

MATERIALS AND METHODS

Ethics statement

All procedures performed for this study were consistent with
the National Research Council Guide for the Care and Use of
Laboratory Animals and were approved by the Institutional Ani-
mal Care and Use Committee of Inner Mongolia University.

Production and identification of transgenic cattle

Using the previously constructed fat-1 gene expression vector,
PST200, bovine fetal fibroblasts were transfected, positive cells
were pooled to produce transgenic embryos using somatic cell
nuclear transfer, and the highest quality transgenic blastocysts
were then selected for embryo transfer; all procedures were per-
formed using previously described methods (14).

Ear tissue samples were taken from transgenic calves at 2
months of age. Total DNA and RNA were extracted from these
tissues following previously described methods (14). The pres-
ence of the fat-1 gene in each DNA sample was confirmed using
PCR. Expression of fat-I mRNA was detected via RT-PCR. Primers

specific for the fat-1 gene (5-"ATTGTCAGGGCGATGTAGGC-3’
and 5-CGGCTATCTGGTGTGGAACA-3") were used for PCR and
RT-PCR. The amplification conditions for PCR and RT-PCR in-
cluded 35 cycles of incubation at 94°C for 30 s, at 62°C for 30 s,
and at 72°C for 40 s. The amplification products were subjected to
electrophoresis on a 1.5% agarose gel. Subsequently, Western
blotting was performed for detection of the fat-I-encoded protein
based on a custom antibody (Genecreate, Wuhan, China).

Animal feeding

To obtain reliable data for this study, all cattle, including trans-
genic and WT cattle, were housed in a concrete-sided cowshed
prior to sample collection, fed the same diet (commercial con-
centrated feed and wet corn silage), and monitored daily to ensure
their health.

Tissue fatty acid analysis

Ear tissue samples were taken from six transgenic calves and six
WT calves at 3 months of age to extract lipids, and PUFA extrac-
tion was performed using gas chromatography as previously de-

scribed (14, 22).

Detection of blood biochemical parameters

Blood was collected from the jugular vein of three surviving
transgenic calves and three WT calves at 6 months of age; these
calves had been given limited feed for 24 h prior to sample collec-
tion. Each blood sample was placed into a tube containing 5%
ethylene-diamine-tetraacetic acid. Plasma was separated by cen-
trifugation at 3,500 g/min and 4°C for 15 min. Using the same
methods, plasma was collected from the three surviving transgenic
cattle and three WT cattle at 18 months and 4 years of age. Next,
blood biochemical indices, including those for liver function [as-
partate aminotransferase (AST), alanine aminotransferase (ALT),
and lactate dehydrogenase (LDH)], renal function [creatinine
(CRE) ], plasma glucose (GLU), and plasma lipids [triglyceride
(TG), total cholesterol (TC), high density lipoprotein cholesterol
(HDL-C), and low density lipoprotein cholesterol (LDL-C)] were
measured using the fully automatic biochemical analyzer, Glam-
our 3000 (Misiones Bernal, Buenos Aires, Argentina).

Detection of the blood gene expression profile

Total RNA was extracted from the blood of three transgenic
cattle and three WT cattle using the Trizol extraction protocol
and purified using an RNeasy mini kit (Qiagen, Germany), follow-
ing the manufacturer’s protocol. For quality control, total RNA
was quantified using a NanoDrop ND-2000 spectrophotometer
(Thermo Scientific), and RNA integrity was assessed using an Agi-
lent Bioanalyzer 2100 (Agilent Technologies). After completion
of quality control procedures, total RNA was reverse transcribed
into double-stranded cDNA; next, cRNA was synthesized, labeled
with cyanine-3-CTP, purified, and hybridized to the bovine gene
expression microarray (4 x 44K, Design ID: 023647). After elution
onto hybridized arrays, the arrays were scanned at 5 um using the
Agilent scanner G2505C (Agilent Technologies). Feature Extrac-
tion software (version 10.7.1.1, Agilent Technologies) was used to
analyze the array images and obtain raw data, whereas Gene
Spring software was employed to perform general analysis. The
raw data were normalized using the quantile algorithm. Gene ex-
pression data were deposited into the NCBI Gene Expression
Omnibus database (http://www.ncbi.nlm.nih.gov/geo) and can
be accessed via accession number GSE66651. Differentially ex-
pressed genes were then identified based on fold changes. P val-
ues were calculated using the ttest, and the false discovery rate
(FDR) was calculated to correct the Pvalues using the R statistical
package. The threshold for differentially expressed genes was set
as a fold change >2.0, P< 0.01, and FDR value <0.05. Hierarchical
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clustering was performed to visualize gene expression patterns
among the samples. GO analysis was used to determine the roles
of these differentially expressed mRNAs, and biological functions
with a P< 0.05 were considered statistically significant.

Detection and analysis of differential plasma proteins

Blood was collected in heparinized tubes from three transgenic
cattle and three WT cattle. All six cattle were allowed limited feed
for 24 h prior to sample collection. Whole blood was centrifuged
at 7,000 g/min and 4°C for 10 min to obtain plasma, which was
stored at —80°C until two-dimensional gel electrophoresis (2-DE)
was performed. Equal amounts of plasma from three WT cattle
were pooled to obtain the control group sample. The total plasma
protein concentration was measured via the Bradford method us-
ing a protein assay reagent (Bio-Rad, Hercules, CA). The 2-DE was
carried out based on the methods used in previous reports (23).
After 2-DE was performed, differentially expressed protein spots
were screened based on the threshold of >1.5-fold change and a
Pvalue <0.05. These differentially expressed protein spots were
identified using mass spectrometry, as previously described (23).
The annotation of the identified differential proteins was per-
formed using the online tool, STRING (http://string-db.org/).
Interactions among these differentially expressed proteins were
also predicted using this tool. Common interaction proteins
identified from the three transgenic cattle were extracted. These
common interaction proteins were subjected to GO and KEGG
analyses to gain insight into the effects on the three fat-1 trans-
genic cattle at the plasma protein level.

Detection and analysis of gut microbes

Fecal samples were obtained from three transgenic cattle and
three WT cattle by rectal palpation using sterile technique on the
same morning. During collection, the outside air temperature was
15-18°C, and each sample was transferred into a separate steril-
ized container and immediately stored at 4°C, followed by long-
term storage at —80°C until DNA was extracted. None of the cattle
had received antibiotics within the past 3 months, and none had
experienced gastrointestinal or acute disease. All cattle were
housed in a concrete-sided cattle shed for 1 month prior to sample
collection, were fed the same diet (commercial concentrate feed
and wet corn silage), and were monitored every day to ensure their
health. Total genomic DNA was extracted from fecal samples using
a QIAamp stool DNA mini kit, in accordance with the manu-
facturer’s protocol (Qiagen; 51504). Pyrobest DNA polymerase
(Ta-KaRa, DR500A) was used for amplification of the V4 hypervari-
able region of the 16S rRNA gene from microbial genomic DNA.
Next, the V4 amplicons were sequenced using the paired-end
method on an Illumina MiSeq sequencer with a six-cycle index
read. The raw sequence data were deposited into the NCBI data-
base (https://www.ncbi.nlm.nih.gov/home/submit.shtml) and can
be accessed via accession number SUB2038674. Sequence reads
were trimmed so that the average Phred quality score for each read
was greater than 30 and the read was longer than 50 bp; after trim-
ming, these reads were assembled using Flash software (http://
ccb jhu.edu/software/FLASH/), and reads that could not be as-
sembled were discarded. Only reads with series of consecutive
identical bases shorter than 6 bp and without ambiguous bases
were used for further analysis. Sequence clustering was per-
formed using UCLUST (QIIME) with a similarity cutoff of 99% to

form operational taxonomic units (OTUs). Next, the number and
abundance of OTUs were determined for all samples. The species
diversity (Chaol, ACE, Simpson, Shannon, and Coverage) of
gut microbes was analyzed using the single summary command
in MOTHUR software (http://www.mothur.org/). Differences in
species and their distribution in the gut microbiota were analyzed
based on the abundance profiles in transgenic and WT cattle.

Statistical analysis

All data are expressed as mean values = SD. The results were
analyzed using Student’s ttest, and differences were considered
significant at either P< 0.05 or P<0.01.

RESULTS

Generation of transgenic cattle expressing the fat-1 gene

In total, 1,156 reconstructed oocytes were produced af-
ter transferring fat-1 transgenic cells into enucleated oo-
cyte cytoplasts. The cleavage and blastocyst rates were 80%
and 32%, respectively. In total, 157 blastocysts were trans-
ferred to 106 synchronized recipient cattle. Pregnancy
rates were 37.7% (40/106), 28.3% (30/106), and 18.8%
(20/106) at 60, 90, and 210 days, respectively. In total,
nine female calves were delivered naturally 280-286 days
after transfer (Table 1). Of these nine calves, six fat-1 trans-
genic cattle were identified based on DNA, RNA, and pro-
tein analyses, and they were designated FD001, FD002,
FD003, FD004, FD005, and FD006, respectively (Fig. 1A-C).
At the present time, three of the fat-1 transgenic cattle
(FD002, FD005, and FD006) are still alive and healthy.
The survival rate of transgenic cattle was 33.3%.

Tissue fatty acid composition of fat-1 transgenic cattle

To assess the activity of the fal-1 gene in transgenic cattle,
fatty acids in the ear tissues were analyzed. As shown in
Fig. 1D, various changes were found in the 14 types of fatty
acid. Among the saturated fatty acids, eicosanoic acid, tricosa-
noic acid, and tetracosanoic acid increased significantly com-
pared with the levels in the WT cattle used as the control
group. The concentrations of two n-3 PUFAs, 5,8,11,14,17-
EPA and 4,7,10,13,16,19-DHA were elevated in transgenic
cattle compared with WT cattle, and the difference between
the two groups for DHA was significant. On the other hand,
the concentration of 9,12,15-octadecatrienoic acid (ALA)
was lower in transgenic cattle than in WT cattle, but this
difference was not significant. Levels of the n-6 PUFAs,
9,12-octadecenoic acid and 5,8,11,14-eicosatetraenoic
acid, were significantly reduced in transgenic cattle com-
pared with WT cattle, whereas both vy-linolenic acid and
15-tetracosenoic acid were increased significantly. Total n-6
PUFAs were significantly reduced and total n-3 PUFAs
were significantly elevated in the transgenic cattle. How-
ever, the degree of reduction of n-6 PUFAs was greater

TABLE 1. Development of bovine transgenic cloned embryos in vitro

Transferred  Recipient 60-day Pregnancy 120-Day Pregnancy 210-Day Pregnancy Number Birth Number Survived

Item  Blastocysts (n) Cattle (n) (% Recipients)

(% Recipients)

(% Recipients) (% Recipients) (% Births)

Total 157 106 40 (37.7)

30 (28.3)

20 (18.8) 9 (8.5) 3 (33.3)
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Fig. 1. Identification for the fat-I transgenic cattle. A: Detection of fat-1 gene (450 bp) delivered into transgenic cattle by PCR. B: Detec-

tion of fat-1 gene (450 bp) expression in transgenic cattle by RI-PCR. The fat-1 expression vector was used as the template for the positive
control (P) and WT cattle were used as the negative control. C: Detection of the protein expression of fat-1 gene in transgenic cattle by
Western blot. D: Analysis of the fatty acid composition in the tissues of fat-I transgenic cattle. Fatty acids were measured as methyl esters by
gas chromatography. Bars represent the mean + SD from six ear samples in each group (six transgenic calves (FD) and six age-matched WT
calves) with two independent measurements for each sample. Significant differences of fatty acid composition in the tissues were found

between the WT cattle and transgenic cattle (¥*P< 0.05).

than the degree of increase of n-3 PUFAs in the transgenic
cattle. The n-6/n-3 PUFA ratio, which is approximately 1:1,
was significantly reduced in the transgenic cattle. These
results indicated that the expected function of the deliv-
ered fat-1 gene was successfully established using trans-
genic cattle.

Blood biochemical parameters of fat-1 transgenic cattle

The results of blood biochemical levels for both fat-I
transgenic and WT cattle are shown in Table 2, which
shows that only ALT, the biochemical parameter repre-
senting liver function, was significantly lower in transgenic
cattle at 6 months than in WT cattle of the same age. When
these cattle reached 18 months of age, AST, GLU, TC, and
LDL-L were significantly reduced in the transgenic cattle
relative to the WT cattle. Only GLU was significantly lower
in the transgenic cattle than in the WT cattle when the
cattle were 4 years old.

Analysis of integration site and copy number in fat-1
transgenic cattle

In the present study, only the FD006 fat-1 transgenic
animal was used for identification of the integration site
and copy number using high-throughput sequencing
(see supplemental Materials and Methods). Through a
BLAST search of these sequencing reads, we obtained
four bridging paired-end reads in which one end mapped
to chromosome 16 of the bovine genome and the other
end mapped to the fat-1 vector region. The four bridging
paired-end reads were split for further analysis of the spe-
cific integration break points. The right boundary was
located between position 15726078 of chromosome 16 and
position 6475 of the inserted fat-1 vector (supplemental
Fig. S1). However, we did not obtain bridging paired-end
reads for the left boundary between chromosome 16 and
the fat-1vector region. More interestingly, introduction of
a 10-nucleotide portion of the bovine genome at insertion
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TABLE 2. Comparison of the blood biochemical parameters between the fat-1 transgenic cattle and WT cattle

Calf (6 months old)

Adult Cattle (18 months old)

Adult Cattle (4 years old)

Item FD WT WT FD WwT

AST (U/1) 63.34 + 23.51 69.20 + 2.61 77.98 £ 13.45“ 91.02 + 3.72 83.35 +9.84 92.01 +2.74
ALT (U/1) 13.90 = 1.91° 16.63 + 0.75 35.90 + 1.35 38.27 £0.35 36.08 + 0.38 37.46 £ 2.59
LDH (U/1) 693.33 + 105.08 785.33 + 70.00 871.7 £79.31 993.37 + 133.55 894.16 + 82.17 969.41 + 102.49
CRE (pmol/1) 55.33 + 31.82 48.67 £ 9.61 89.67 + 15.57 66.67 + 13.20 88.56 + 13.69 68.11 + 10.84
GLU (mmol/1) 4.73 £ 0.25 4.80 + 0.95 3.53+0.12" 4.13 +0.21 3.63 + 0.24" 4.16 + 0.16
TG (mmol/1) 0.10 = 0.00 0.17 £ 0.06 0.23 +0.12 0.23 + 0.06 0.22 + 0.05 0.27 £ 0.03
TC (mmol/1) 2.10 + 0.36 2.30 +1.23 2.03 + 0.06" 2.90 £ 0.05 2.14 £ 0.05 2.66 +0.48
HDL-C (mmol/1) 1.82+0.12 1.88+1.03 1.85+0.07 2.45 +0.48 2.00 £0.10 241 +0.34
LDL-C (mmol/1) 0.14 +0.09 0.17 £ 0.05 0.19 £ 0.03" 0.31 +0.08 0.24 + 0.03 0.29 + 0.05

Plasma content of AST, ALT, LDH, CRE, GLU, TG, TC, HDL-C, and LDL-C in the WT cattle and transgenic cattle.

“P<0.05, WT cattle compared with the transgenic cattle.

site 15726078 of chromosome 16 was also observed, which
is a characteristic signature of transgene integration (sup-
plemental Fig. S1). To verify the transgene integration
site, event-specific PCR was performed on FD006 DNA
samples (supplemental Fig. S2). The sequencing depths
for insertion site 15726078 of chromosome 16 and in-
sertion site 6475 of fal-1 vector were 6x and 11x, respec-
tively (supplemental Fig. S3). Therefore, we speculate
that the transgene is a single copy. This result represents
preliminary work to identify the transgene integration
site and copy number in FDO006. Identification of the
integration site and copy number for two other trans-
genic cattle (FD002 and FD005) and analysis of genetic
stability in these cattle will be performed in subsequent
studies.

Global gene expression in fat-1 transgenic cattle

Next, the gene expression patterns of the fa#-I transgenic
and WT cattle were compared using an expression profile
microarray. In total, 43,711 transcript sequences were used
as probes. The results showed that 310 transcripts differed
significantly in expression (P< 0.01, FDR < 0.05), reflecting
up to a 2-fold change between the fat-1 transgenic and WT
cattle (Fig. 2A). Of these 310 transcripts, 124 were signifi-
cantly upregulated in fat-1 transgenic cattle compared with
WT cattle (Fig. 2A). After hierarchical clustering analysis of
the 310 genes, all three transgenic cattle showed consistent
genetic backgrounds, which differed from the expression
pattern of the WT cattle (Fig. 2B).

To gain further insight into the potential influence of
these 310 differentially expressed genes, GO enrichment
analysis was performed. Twenty-four GO terms were sig-
nificantly enriched, including eight GO terms repre-
senting biological processes, six for cellular components,
and 10 for molecular functions (Fig. 2C-E). Among the
GO terms for biological processes, the most highly en-
riched terms were associated with immune and inflamma-
tory responses, including “immune response,” “positive
regulation of immune system process,” “chronic inflam-
matory response,” and “defense response” (Fig. 2C). Among
the GO terms for molecular functions, many binding pro-
cesses, especially those related to immune functions, were
significantly enriched, including “glycosaminoglycan
binding,” “polysaccharide binding,” “integrin binding,”
and “chemokine receptor binding” (Fig. 2E). These results
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further confirmed the possibility of immune regulation
by the differentially expressed genes in fail-1 transgenic
cattle. Finally, “extracellular region,” “extracellular re-
gion part,” “extracellular matrix,” “extracellular space,”
and “plasma membrane” accounted for most of the terms
in the cellular components category (Fig. 2D). The cell
membrane system, including the extracellular region,
plasma membrane, and other components, indicated an
important role in the processes of cell signal propaga-
tion, suggesting that the cell membrane system’s impor-
tant role in immune regulation is mediated by the fat-1
gene. Taken together, these results showed that inser-
tion of the fat-1 gene into the cattle genome resulted in
changes in gene expression related to the regulation of
biological processes in both the immune system and the
inflammatory response.

” «

Plasma protein expression in fat-1 transgenic cattle

Differentially expressed plasma proteins were identified
in three transgenic cattle using 2-DE and mass spectrome-
try. In total, six, eight, and four differentially expressed
proteins were found in the FD002, FD005, and FD006
transgenic cattle, respectively (Table 3). To further investi-
gate the functions of significantly differentially expressed
proteins, potential interaction proteins were predicted for
each transgenic animal. In total, 162 interaction proteins
were found in the three transgenic cattle, including 35
common to all three transgenic cattle (Fig. 3A, B). GO and
KEGG enrichment analyses of the 35 common interaction
proteins resulted in the top 20 terms listed in Fig. 3C-F.
Most of the GO terms were closely associated with blood
coagulation, such as “negative regulation of fibrinolysis,”
“regulation of fibrinolysis,” “regulation of blood coagula-
tion,” “positive regulation of blood coagulation,” and “reg-
ulation of coagulation” (Fig. 3A). The “blood microparticle,”
“extracellular exosome,” “membrane-bounded vesicle,”
and “vesicle” terms were enriched in the cellular compo-
nent (Fig. 3D), and the “complement and coagulation cas-
cades” pathway was significantly enriched among KEGG
terms (Fig. 3F). The “complement and coagulation cas-
cades” pathway plays a positive role in innate immunity,
acting as a nonspecific defense mechanism against patho-
gens and blood coagulation. These results indicate that the
fat-1 gene potentially mediates regulation of thrombosis
and the immune system.
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Fig. 2. Analysis of gene expression in the fat-1 transgenic cattle. A: Schematic represents the differentially expressed genes between fat-1 trans-
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tion of microarray biological process. D: Classification of microarray cellular components; E: Classification of microarray molecular function. The
x axis indicates the likelihood [—log2(Pvalue)] in a category and the y axis indicates the different subcategories of biological process.

Gut microbial community in fat-1 transgenic cattle 8,681 common OTUs found in both the fat-1 transgenic
Fewer OTUs (8,907) were detected in the fat-I trans-  and WT cattle, 807 OTUs were unique to the WT cattle,
genic cattle than in the WT cattle (9,488). There were  and only 226 were unique to the fat-1 transgenic cattle

TABLE 3. Identified plasma differential proteins between transgenic and WT cattle

Item Protein Name

FDO002 versus WT 1G], ALB, AZGP1, APOA4 ,Fam208A, CTAGES

FDOO05 versus WT CLU, KNG1, AHSG, LOC511240, ORM1, ENSBTAG00000046739, Fam208A, Serpin A3-5
FDO0O06 versus WT LOCH11240, ALB, Fam208A, APOA4
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Fig. 3. Analysis of plasma proteins in the fat-1 transgenic cattle. A: Venn diagram of the three comparisons (WT/FD002, WT/FD005, and
WT/FDO006) based on the interacting proteins lists from the significantly differential plasma proteins in each group. The number of interact-
ing proteins is indicated in the respective segments. B: Schematic of regulation network for the 35 common interacting proteins from the
significantly differential plasma proteins of three groups (WT/FD002, WT/FD005, and WT/FD006). C-F: Function analysis of 35 common
interacting proteins between the fat-1 transgenic cattle and WT cattle. C: Biological process classification. D: Cellular component classifica-
tion. E: Molecular function classification. F: KEGG pathway classification. The x axis indicates the likelihood [—log2(P-value)] in a category
and the y axis indicates the different subcategories of biological process.

(Fig. 4A). Species diversity indices of gut microbes, in-  Observation of the total abundance of gut microbes led
cluding Chaol and Shannon, were significantly lowerin  to detection of a low abundance in fat-1 transgenic cattle
the fat-1 transgenic cattle than in WT cattle (Table 4). (Fig. 4B).
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Fig. 4. Analysis of gut microbial community in the fat-1 transgenic cattle. A: Venn diagram of the comparison between the WT cattle and
Jat-1 transgenic cattle (FD) based on the OTU lists at 99% similarity. The number of OTUs is indicated in the respective segments. B: Distri-
bution curve of species abundance for the WT cattle (WT1, WT2, WT3) and fat-1 transgenic cattle (FD002, FD005, FD006). Distribution
of the gut microbiota composition at phylum level for WT (C) cattle and fat-1 transgenic (D) cattle. The genus distributions levels for
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TABLE 4. Analysis of species diversity at the level of 99% similarity

Item Chaol Ace Simpson Shannon Coverage
WT 11,257.7 + 321.9 13,739.7 + 471.3 0.0041 £ 0.001 7.031 £ 0.075 0.967 + 0.002
FD 10,177.3 + 156.2 13,759.3 + 246.9 0.0062 + 0.002 6.638 + 0.158 0.962 + 0.003
P 0.00638 0.952 0.184 0.018 0.055

P <0.05 indicates significant differences in the WT cattle compared with the transgenic cattle.

Analysis of these microbes at the phylum and genus lev-
els showed that Proteobacteria and Spirochaetes were sig-
nificantly more abundant in fat-I transgenic cattle, whereas
Euryarchaeota were significantly less common (Table 5).
Additionally, four genera (Odoribacter, Methanobrevibacter,
Lutispora, and Spirochaetes) were significantly reduced in the
fat-1 transgenic cattle, whereas five genera (Bacteroides,
Treponema, Dorea, Roseburia, and Acetitomaculum) increased
significantly (Table 6). Of these nine genera, five belonged
to the Firmicutes, indicating that Firmicutes could be the
phylum most influenced by the fat-1 gene.

Analysis of microbial community composition indicated
that six phyla dominated the gut microbiota in both trans-
genic and WT cattle (Fig. 4C, D). Of these six phyla, Fir-
micutes (58% vs. 52%) and Proteobacteria (6% vs. 2%) were
more abundant in the fat-1 transgenic cattle than in the WT
cattle, whereas the Bacteroidetes (30% vs. 39%) had lower
numbers in the fat-1 transgenic cattle than in the WT. Fur-
ther analysis of the microbes in the Firmicutes revealed that
five genera, Roseburia, Dorea, Oscillibacter, Sporobacter, and
Coprococcus, changed markedly (Fig. 4E). Roseburia and Dorea
abundances were higher in the fat-I transgenic cattle than in
the WT cattle, whereas Oscillibacter and Sporobacter were lower
in the fat-1 transgenic cattle than in the WT cattle. Coprococcus
exhibited differences among individual cattle, with lower
numbers in the FD005 and FDO006 transgenic cattle than in
the WT cattle, but similar distribution levels in FD002 and the
WT cattle. In the Bacteroidetes, Alistipes was a dominant ge-
nus in both the transgenic and WT cattle, but they had lower
frequency in the fat-1 transgenic cattle than the WT. On the
other hand, Parabacteroides and Paludibacter were more abun-
dant in fat-1 transgenic cattle than in the WT cattle (Fig. 4F).
Finally, for genera within the Proteobacteria, Succinivibrio
was significantly elevated in fat-1 transgenic cattle, whereas
Pseudomonas, Ruminobacter and Campylobacter were signifi-
cantly decreased (Fig. 4G).

DISCUSSION

Consistent with previous reports involving other fait-I
transgenic animals (11, 12, 15), we confirmed that the fat-1
gene could elevate the level of n-3 PUFAs and reduce that of
n-6 PUFAs in transgenic cattle. ALT and AST are the two key
indices for the assessment of liver function. If the liver was
impaired, ALT and AST levels would be beyond the normal

physiological range. Kim et al. (24) reported that mild
symptoms were observed in fat-1 transgenic mice when a
high-fat diet induced nonalcoholic fatty liver disease. Be-
cause of the endogenous synthesis of n-3 PUFAs from n-6
PUFAs, hepatocyte steatosis weakened, and hepatocyte bal-
looning and fibrosis were ameliorated. More importantly,
the ALT and AST levels were within their normal ranges,
which suggested that n-3 PUFAs improve liver function
(24). Blood glucose provides nutrition to humans and
animals as the immediate source of energy. It has been re-
ported that when n-3 PUFAs were lacking in the diet, the
risk of type 2 diabetes increased (25). The pathogenesis of
type II diabetes is associated with insulin resistance, and n-3
PUFAs may improve insulin sensitivity, promote insulin sig-
nal transduction, and reduce plasma triglyceride levels,
thereby decreasing morbidity due to type 2 diabetes (26).
Additionally, n-3 PUFAs increase the utilization of ambient
blood glucose such that the more unsaturated n-3 PUFAs
are present, the more insulin secretion is stimulated (27).
This finding suggests that n-3 PUFAs may reduce blood glu-
cose levels. Studies have also shown that n-3 PUFAs inhib-
ited the biosynthesis of TC by decreasing the enzymatic
activity of HMG-CoA and increasing the enzymatic activity
of ACAT and promoted the metabolism of TC into bile,
leading to reduction of the total serum TC level (28, 29). A
high level of LDL-C, resulting from a sudden blood clot in
an artery narrowed by atherosclerosis, is regarded as a sig-
nificant risk factor for a heart attack. The results presented
above include detection of a low ALT level in the 6-month-
old transgenic calves; low AST, GLU, TC, and LDL-C levels
in the 18-month-old transgenic cattle; and a low GLU level
in these cattle at 4 years of age, consistent with the findings
of previous studies (24-29). Therefore, our results indicate
that fat-1 gene expression may have protective effects on the
liver and cardiovascular system.

It has been reported that n-3 PUFAs can modulate
the host’s inflammatory and immune responses through
several potential mechanisms (5-7). Increased n-3 PUFA
levels reduced T cell proliferative capacity, leading to re-
sponses to both mitogenic and antigenic stimulation and
to decreased pro-inflammatory responses (30). The n-3
PUFAs may directly interact with the NF-kB transcription
factor to reduce the expression of inflammatory cytokines
resulting in a decrease in pro-inflammatory responses (31).
In human clinical studies, n-3 PUFAs have been used to treat
autoimmune diseases, such as interleukin-1 (IL-1)-induced

Firmicutes (E), Bacteroidetes (F), and Proteobacteria (G), respectively. The numbers 1, 2, and 3 represent the distribution levels for each
WT cow. The numbers 4, 5, and 6 represent the distributions level for FD002, FD005, and FD006 transgenic cattle. WT represents the mean
distribution level for three WT cattle; FD represents the mean distribution level for three fat-1 transgenic cattle.
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TABLE 5. Comparison of species abundance at the phylum levels between the fat-1 transgenic cattle and WT
cattle
Taxon wT FD WT/FD P
Euryarchaeota 214.49 45.49 2.24 0.0076
Proteobacteria 1,270.39 4,715.62 —1.89 0.0319
Spirochaetes 303.86 1,401.20 —2.21 0.0139

P < 0.05 indicates significant differences and P < 0.01 indicates extremely significant differences between the

Jat-1 transgenic cattle and WT cattle.

coronary heart disease, caducity, depression, cancers, IL-1-
and leukotriene-B4-induced arthritis, regional enteritis, ul-
cerative colitis, and lupus erythematosus (32-37). Recently,
Delpech et al. (7) reported that an inflammatory episode
was induced in fat-1 and WT mice by injecting bacterial
endotoxin (lipopolysaccharide), which resulted in differ-
ent phenotypes of microglia and the expression of cyto-
kines and chemokines. The abundant n-3 PUFAs in fat-1
mice modulated the brain’s innate immune system activity
and improved the protection of animals against lipopoly-
saccharide-induced pro-inflammatory cytokine production
and subsequent spatial memory alteration (7). In the pres-
ent study, 310 significantly differentially expressed genes
were detected in the fal-I transgenic cattle, and these genes
were closely associated with many biological processes
associated with immune responses. Some biological pro-
cesses involved in cytomembrane components or reac-
tions were also detected, suggesting a potential immune
response regulatory mechanism modulated by the fat-1
gene’s cytomembrane system reactions. The present re-
sults not only confirmed the immune-modulatory proper-
ties of n-3 PUFAs but also identified a potential regulatory
mechanism for immune responses.

Because fish oil is rich in n-3 PUFAs, especially EPA and
DHA, the American Heart Association recommends daily
intake of fish oil to reduce the incidence of coronary artery
disease (38). Liu etal. (1) confirmed that the intake of EPA
and DHA affect the polymorphism of FADSI rs174547,
thereby reducing the incidence of coronary artery disease.
Thrombosis may be induced by the common effects of
blood coagulation, platelet aggregation, and fibrinolysis. It
has been reported that thromboxane A2 could promote
platelet aggregation and vasoconstriction, inducing throm-
bus formation, but n-3 PUFAs could promote production
of prostaglandin, which then decreases the synthesis of
thromboxane A2, leading to an anti-thrombosis effect (39).
Another study showed that high levels of plasminogen

activator inhibitor-1 (PAI-1) and tissue plasminogen activa-
tor (t-PA) can increase the risk of platelet aggregation, but
n-3 PUFAs can reduce the levels of PAI-1 and t-PA (40). In
the present study, GO and KEGG enrichment analysis
showed that the biological processes associated with throm-
bus formation, such as fibrinolysis and blood coagulation,
were significantly enriched in the fat-1 transgenic and WT
cattle. The results corresponded to low levels of TC and
LDL-C, which further proved that n-3 PUFAs play impor-
tant protective roles in the cardiovascular system.

Previous studies have reported no significant changes
in the gut microbiota in transgenic pigs, cattle, and sheep
(13-15). However, our study presents evidence that the fat-1
gene caused changes in the gut microbiota of transgenic cat-
tle. The most significantly affected bacterial genera are those
with metabolic pathways associated with glucose and lipids.
For example, Dorea and Roseburia, belonging to the Fir-
micutes, were highly abundant in the fat-I transgenic cattle.
Dorea is reported to be associated with serum TC and LDL-C
levels (41). Roseburia can induce the formation of butyrate
from various dietary polysaccharide substrates, is involved in
the regulation of glucose metabolism, and may increase the
anti-inflammatory properties of the host (42, 43). Among
Proteobacteria, a high level of Succinivibrio, which ferments
cellulose and starch, was detected in the transgenic cattle,
indicating that Succinivibrio played an important role in car-
bohydrate metabolism (44—46). Alistipes (Bacteroidetes) can
improve glucose homeostasis in diabetes by negative regula-
tion of the vitamin D receptor (47). In this study, both GLU
and Alistipes were detected at low levels in the fat-1 transgenic
cattle; these results were inconsistent with those of a previous
study (47), implying that Alistipes might not have a decisive
effect of reducing the level of plasma GLU. To our surprise,
a significantly lower abundance (more than 9-fold) of Odorib-
acter was observed in the fat-I transgenic cattle, indicating
that Odoribacter might be the bacterial genus most signifi-
cantly affected by the inserted fat-1 gene. In mice, Odoribacter

TABLE 6. Comparison of the species abundance at the genus levels between the fat-1 transgenic cattle and WT cattle

Taxon WT FD WT/FD P
Bacteroidetes Odoribacter 9.12 0.01 9.83 0.00080
Bacteroides 4.39 11.48 —-1.39 0.0027
Euryarchaeota Methanobrevibacter 100.55 36.99 1.44 0.0327
Spirochaetes Treponema 303.86 1,401.20 —2.21 0.0221
Firmicutes Lutispora 13.39 0.84 3.99 0.0458
Dorea 130.67 509.45 —1.96 0.0320
Roseburia 223.24 1,093.53 —2.29 0.0023
Sporobacter 153.13 52.94 1.53 0.0385
Acetitomaculum 0.78 3.18 —2.02 0.0411

P < 0.05 indicates significant differences and P < 0.01 indicates extremely significant differences between the

fat-1 transgenic cattle and WT cattle.
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was closely associated with stress (48), and the intake of n-3
PUFAs reduced stress responses by changing the composi-
tion of the gut microbiota in a rat study (49). Therefore, we
speculate that the reduction of Odoribacter probably had an
anti-stress effect on the fat-I transgenic cattle.

CONCLUSIONS

In conclusion, the fat-1 gene promoted an increase in
n-3 PUFAs and reduced the ratio of n-6/n-3 PUFAs, func-
tions that are consistent with the expected role of the fat-1
gene. Accordingly, through analysis of blood biochemical
indexes, differential gene expression, differential plasma
protein expression, and changes in the gut microbiota, we
found that elevated n-3 PUFAs improved several biochemi-
cal parameters related to liver function, plasma glucose,
and plasma lipid metabolism in the fat-1 transgenic cattle.
We also found that elevated n-3 PUFAs exerted a positive
effect on the fal-I transgenic cattle’s immune system and
cardiovascular system as well as showed anti-stress proper-
ties. Furthermore, based on the present results, we specu-
late that changes in plasma proteins and gut microbiota
might originate from differentially expressed genes, but
the underlying mechanism remains unknown. Therefore,
further investigation into the causes of the changes in gene
expression when the fat-1 gene is inserted into the bovine
genome remains necessary.

The authors thank the Tianjin CKRG Biological Engineering
Technology & Services Co., Ltd. and the Shanghai Personal
Biotechnology Co., Ltd. for providing technical assistance in
bioinformatics analysis.
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