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Abstract 23 

Fish, particularly marine species, are considered as the major source of long-chain 24 

polyunsaturated fatty acids (LC-PUFA) in the human diet. The extent to which fish can 25 

synthesize LC-PUFA varies with species and is regulated by dietary fatty acids and 26 

ambient salinity. Therefore, in order to enable fish to produce more LC-PUFA, 27 

comprehending the mechanisms underlying the regulation of LC-PUFA biosynthesis is 28 

necessary. Here, the regulatory roles of miR-145 were investigated in the marine teleost 29 

rabbitfish Siganus canaliculatus. The hepatic abundance of miR-145 was lower in 30 

rabbitfish reared in low salinity (10 ppt) in comparison with that of those cultured in 31 

seawater (32 ppt), while the opposite pattern was observed for transcripts of the 32 

transcription factor hepatocyte nuclear factor 4 alpha (Hnf4α), known to affect 33 

rabbitfish LC-PUFA biosynthesis. Rabbitfish hnf4α was identified as a target of miR-34 

145 by luciferase reporter assays, and overexpression of miR-145 in S. canaliculatus 35 

hepatocyte line (SCHL) markedly reduced expression of Hnf4α and its target genes 36 

involved in LC-PUFA biosynthesis, namely Δ4 fads2, Δ6Δ5 fads2 and elovl5. The 37 

opposite pattern was observed when miR-145 was knocked down in SCHL cells, with 38 

these effects being attenuated by subsequent hnf4α knockdown. Moreover, increasing 39 

endogenous Hnf4α by knockdown of miR-145 increased expression of LC-PUFA 40 

biosynthesis genes and enhanced synthesis of LC-PUFA in both SCHL cells and 41 

rabbitfish in vivo. This is the first report to identify miR-145 as a key effector of LC-42 

PUFA biosynthesis by targeting hnf4α, providing a novel insight into mechanisms of 43 

regulation of LC-PUFA biosynthesis in vertebrates.  44 
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1. Introduction 46 

Arachidonic acid (ARA; 20:4n-6), eicosapentaenoic acid (EPA; 20:5n-3) and 47 

docosahexaenoic acid (DHA; 22:6n-3), which belong to long-chain polyunsaturated 48 

fatty acids (LC-PUFA, ≥ C20 and ≥ 2 double bonds), are vital for human health having 49 

beneficial impacts in several pathologies including cardiovascular and inflammatory 50 

diseases, with DHA in particular having further key roles in neural development.1-3 51 

Since human beings have limited capability to endogenously biosynthesize LC-PUFA 52 

to meet physiological demands, dietary intake of these health-promoting fatty acids is 53 

necessary.4 Marine fish, particularly oily species, are major sources of n-3 LC-PUFA in 54 

humans,5 and this has prompted considerable attention to understand LC-PUFA 55 

biosynthesis pathways in fish.6  56 

The extent that fish can endogenously synthesize LC-PUFA varies with species 57 

and is affected by many other factors including age, gender, and gene polymorphisms.5-58 

7 Generally, freshwater fish and salmonids have the capability to biosynthesize LC-59 

PUFA from C18 precursors, namely linoleic acid (LA; 18:2n-6) and alpha-linolenic acid 60 

(ALA; 18:3n-3), via sequential desaturation and elongation reactions catalyzed by fatty 61 

acid desaturases (Fads) and elongation of very long-chain fatty acids (Elovl) proteins, 62 

respectively. With few exceptions,8 Fads2 represents the sole Fads-like desaturase 63 

found in teleosts, although enzymatic activities of teleost Fads2 include Δ8, Δ6, Δ5 and 64 

Δ4 desaturase specificities. With regard to elongases, Elovl2, Elovl4, Elovl5 and 65 

Elovl8b have been shown to be involved in PUFA elongation.5,7,9 Many marine teleosts 66 

are inefficient in LC-PUFA biosynthesis or even lack the ability, due to the absence of 67 
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key LC-PUFA biosynthetic enzymes.5-7 At present, the decline in wild fisheries means 68 

aquaculture now supplies an increasing amount of the key n-3 LC-PUFA in human 69 

diets.10 However, with the growth of aquaculture, using large amounts of fish oil (FO), 70 

the traditional source of lipid used to supply n-3 LC-PUFA in aquaculture feeds, is now 71 

recognized as an increasingly environmentally unsustainable and economically 72 

unfeasible.6,11 Although vegetable oils (VO) are more sustainable and, therefore, ideal 73 

alternatives to substitute for dietary FO, they are short of LC-PUFA but often rich in 74 

C18 PUFA.12,13 Therefore, with the inclusion levels of VO increasing in feeds for farmed 75 

marine species, it is very important to elucidate pathways in fish for the endogenous 76 

biosynthesis of LC-PUFA biosynthesis so that conversion of the C18 PUFA, enriched in 77 

VO, to LC-PUFA can be enhanced to both satisfy the physiological requirements of the 78 

fish themselves and guarantee product quality for humans.  79 

The herbivorous rabbitfish, S. canaliculatus, was the first marine teleost shown to 80 

have Δ6Δ5 Fads2, Δ4 Fads2, Elovl5, Elovl4 and Elovl8b enzymes enabling rabbitfish 81 

to produce LC-PUFA from C18 PUFA precursors.9,14,15 Thus, rabbitfish is a potential 82 

model species to study mechanisms of regulation of LC-PUFA biosynthesis in marine 83 

fish. There has been considerable research effort to fully understand the mechanisms of 84 

LC-PUFA biosynthesis regulation in rabbitfish that arguably, along with Atlantic 85 

salmon Salmo salar, represents the teleost species in which the mechanisms are best 86 

understood. It has been established that the expression and enzyme activities of LC-87 

PUFA synthesis related genes are controlled by both nutritional and environmental 88 

factors including dietary lipids/fatty acids and salinity, respectively,16,17 and fads and 89 
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elovl genes generally show increased expression in fish grown in low salinity or fed 90 

diets based on VO (lacking LC-PUFA but with abundant C18 PUFA).15-18 Furthermore, 91 

a range of transcription factors, including sterol regulatory element binding protein 1 92 

(Srebp1),19 stimulatory protein 1 (Sp1),20 and peroxisome proliferator-activated 93 

receptor gamma (Pparγ) 21 were been implicated in regulating LC-PUFA biosynthesis 94 

by directly controlling fads and elovl gene transcription.  95 

Hepatic nuclear factor 4 alpha (Hnf4α), a member of the nuclear receptor 96 

superfamily enriched in liver, binds as a homodimer to its DNA recognition site, a direct 97 

repeat element (AGGTCA) with a spacing of one or two nucleotides (DR1 or DR2).22 98 

It plays major roles in liver development, differentiation and metabolism through 99 

controlling the expression of many genes expressed in the liver, and some genes that 100 

Hnf4α regulates are associated with a number of critical metabolic pathways, such as 101 

fatty acid synthesis and oxidation, lipid transport, steroid metabolism, lipoprotein 102 

metabolism and glucose metabolism.23-25 Moreover, we recently found that Hnf4α was 103 

also involved in regulating the biosynthesis of LC-PUFA in S. canaliculatus through 104 

transcriptionally regulating desaturase and elongase enzyme genes, including ∆4 fads2, 105 

Δ6Δ5 fads2and elovl5.26-28  106 

Furthermore, our recent work has shown that the expression of fads and elovl is 107 

also regulated directly or indirectly by microRNAs (miRNA or miR) at the post-108 

transcriptional level in rabbitfish S. canaliculatus,29-34 highlighting the vital regulatory 109 

roles of miRNAs in regulating biosynthesis of LC-PUFA in vertebrates. MiRNAs, small 110 

non-coding RNA molecules, regulate expression of genes through binding 3′ 111 
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untranslated regions (3′UTR) of mRNAs post-transcriptionally, and they are now 112 

appreciated as key regulators of cell proliferation, differentiation, metabolism and 113 

inflammation.35,36 Recently, miRNAs were shown to have impacts on lipid and 114 

lipoprotein metabolism,37-39 and we have reported that certain miRNAs, namely miR-115 

17, miR-24, miR-26a, miR-33 and miR-146a play pivotal roles in the regulation of LC-116 

PUFA biosynthesis in the rabbitfish.29-34 A further microRNA, miR-145, has been 117 

shown to be involved in cholesterol metabolism and adipogenesis in mammals.40-42 For 118 

example, miR-145 increased cholesterol level in islets through decreasing ATP-binding 119 

cassette transporter A1 (ABCA1) expression in murine islets,40 and attenuated lipolysis 120 

by directly targeting Foxo1 (forkhead box O1) and Cgi58 (comparative gene 121 

identification 58, also known as alpha/beta hydrolase domain 5, ABHD5) in white 122 

adipose tissue of mice.42 However, the roles of miR-145 in LC-PUFA biosynthesis 123 

regulation in vertebrates still requires clarification. Therefore, the overall aim of the 124 

present study was to characterize and clarify the roles of miR-145 in LC-PUFA 125 

biosynthesis and its regulation by targeting hnf4α in rabbitfish. In the present study, we 126 

found a conserved complementary site for miR-145 in the 3′UTR of hnf4α mRNA in 127 

rabbitfish, which led us to speculate that hnf4α might be a novel target of miR-145 and 128 

that, consequently, Hnf4α and miR-145 may interact to regulate LC-PUFA biosynthesis. 129 

 130 

2. Materials and methods  131 

2.1 Ethics statement 132 

Rabbitfish juveniles (~10-20 g) used for both the feeding trial and in vivo miRNA 133 
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antagomir injection experiment were obtained from wild environments near the coast 134 

near Nan Ao Marine Biology Station (NAMBS) of Shantou University, Southern China. 135 

All procedures performed on fish complied with the National Institutes of Health guide 136 

for the care and use of laboratory animals (NIH Publications No. 8023, revised 1978) 137 

and were approved by the Institutional Animal Care and Use Committee of Shantou 138 

University (Guangdong, China).  139 

The feeding experiment was conducted at NAMBS. The ingredients and proximate 140 

compositions of the experimental diets were provided previously.17 Liver tissues from 141 

rabbitfish juveniles fed two diets containing two lipid sources (FO and VO) and reared 142 

at two salinities (10 and 32 ppt) were used in the present study (for details see Chen et 143 

al.31). At the end of the 8-week feeding trial, fish were fasted for 24 h and subsequently 144 

anesthetized with 0.01 % 2-phenoxyethanol (Sigma-Aldrich, USA) prior to liver tissues 145 

excision (six fish per tank), frozen in liquid nitrogen, and subsequently stored at -80 ℃ 146 

prior to further analysis. 147 

2.2 Reagents, cells and antibodies 148 

 The S. canaliculatus hepatocyte line (SCHL), initially established in 2017,43 was 149 

maintained at 28 ℃ in a normal atmosphere incubator in Dulbecco’s modified Eagle’s 150 

medium/nutrient F12 (DMEM/F12, Gibco, USA) supplementing with 20 mM 4-(2-151 

hydroxyethyl) piperazine-1-ethanesulphonic acid (HEPES, Sigma-Aldrich, USA), 10 % 152 

fetal bovine serum (FBS, Gibco), 0.2 % rainbow trout Oncorhynchus mykiss serum 153 

(Caisson Labs), 100 U ml–1 streptomycin (Sigma-Aldrich) and 100 U ml–1 penicillin 154 

(Sigma-Aldrich, USA). Human embryonic kidney cells (HEK 293T) (Chinese Type 155 
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Culture Collection, China) were cultured in DMEM (Gibco) containing 10 % FBS and 156 

maintained at 37 ℃ with 5 % CO2. The mouse monoclonal antibody against S. 157 

canaliculatus Δ4 Fads2 and rabbit polyclonal antibody against S. canaliculatus Hnf4α 158 

were customized by Abmart (Shanghai, China) and Wanleibio (Shenyang, China), 159 

respectively, while the mouse monoclonal antibody against β-actin (~42 kDa; 160 

WL01372) was obtained from Wanleibio (Shenyang).  161 

2.3 Real-time quantitative PCR (qPCR) 162 

To examine the expression of miRNA and genes involved in LC-PUFA 163 

biosynthesis, total RNA was extracted with TRIzol reagent (Invitrogen, USA) 164 

following the manufacturer’s protocol. The first-strand cDNA of miRNAs and mRNAs 165 

were generated using miRNA 1st strand cDNA Synthesis Kit (Vazyme, China) and 166 

HiScript® II Q RT SuperMix for qPCR (Vazyme), respectively. The expression of miR-167 

145 was determined using miRNA Universal SYBR® qPCR Master Mix (Vazyme) with 168 

miR-145 specific primer and universal primer following the manufacturer's protocol. 169 

For qPCR measurement of genes (hnf4α, Δ4 fads2, Δ6Δ5 fads2 and elovl5), 170 

LightCycler® 480 SYBR Green I Master (Roche, Germany) was used with gene-171 

specific primers. All real-time qPCR reactions were carried out on the LightCycler® 172 

480 thermocycler (Roche).26 The expression levels of all LC-PUFA biosynthesis related 173 

genes were normalized with that of β-actin, and levels of miR-145 were normalized 174 

with 18S rRNA. Triplicate wells were used per sample and the primer sequences used 175 

for qPCR were presented at Supporting Table S1.  176 

2.4 Plasmid construction 177 
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To construct the wild-type (WT) 3′UTR-luciferase plasmid of hnf4α, the whole 178 

3′UTR of the rabbitfish hnf4α (JF502073.1) gene was cloned, and the DNA fragment 179 

was inserted into the dual-luciferase reporter vector pmirGLO (Promega, USA) by 180 

digestion with restriction endonucleases Sac I and Xba I (New England Biolabs, 181 

Ipswich, MA, USA). The mutant-type (MU) hnf4α-3′UTR reporter vector was obtained 182 

using Muta-directTM site-directed mutagenesis kit (SBS Genetech, China). The pre-183 

miR-145 sequence, obtained by genome walking technology as described previously,29 184 

was digested by EcoR I and BamH I and inserted into the pEGFP-C3 vector (Clontech, 185 

USA) to obtain the pre-miRNA expression plasmid. Additionally, the 22 nt 186 

oligonucleotide with 100 % match to miR-145 was generated and ligated into pmirGLO 187 

as the positive control plasmid (pmirGLO-R145), and an empty pmirGLO vector 188 

(pmirGLO-empty) was used as the negative control. After construction, the high-purity 189 

plasmid isolation kit (Roche) was used to isolate the recombinant plasmids and the 190 

insert fragments of recombinant plasmids were sequenced by Sangon Biotech 191 

(Shanghai, China). The sequences of primers and oligonucleotides used for cloning are 192 

shown in Supporting Table S1.  193 

2.5 Transfection of miRNA precursor, antagomir or siRNA 194 

The miR-145 precursor, miR-145 antagomir and the corresponding negative 195 

control oligonucleotides were synthesized by Hippobio (Huzhou, China). MiRNA 196 

antagomirs are chemically modified anti-sense oligonucleotides complementary to the 197 

mature miRNAs that can inhibit the function of target miRNAs and are stable in vivo 198 

for at least 2 weeks.44 Rabbitfish SCHL cells seeded into six-well plates or 90 mm 199 
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vessels, were grown for overnight to 80-90 % confluence in DMEM/F12 supplemented 200 

with 5 % FBS and 0.1 % rainbow trout serum, and then transfected in triplicate wells 201 

with ~10-20 nM of miR-145 precursors, antagomir and corresponding negative control 202 

oligonucleotides using Lipofectamine 2000TM (Invitrogen). The small interfering RNA 203 

(siRNA) duplexes obtained from Hippobio (Huzhou) were used to silence the rabbitfish 204 

hnf4α expression with the following sequences: si-hnf4α sense, 5’-205 

UGGAUGAGUGCGUUGAUGGTT-3’; si-hnf4α antisense, 5’-206 

AACCAUCAACGCACUCAUCCA-3’. The rabbitfish SCHL cells were seeded into 207 

90 mm vessels overnight and subsequently transfected with 50 nM of each siRNA using 208 

Lipofectamine 2000TM. Cells were harvested on 24- or 48-hour post transfection for 209 

qPCR and Western blotting analyses, respectively.  210 

2.6 Dual luciferase reporter assays 211 

To determine whether hnf4α was a target gene of miR-145, a dual luciferase assay 212 

was performed using HEK 293T cells. HEK 293T cells were co-transfected with hnf4α-213 

3′UTR WT or MU luciferase reporter vectors, along with pre-miR-145 plasmid, 214 

antagomir and corresponding negative controls. HEK 293T cells were seeded in 96-215 

well plates, grown for overnight to 80 % confluence and then transfected with 100 ng 216 

of plasmids or 100 nM oligonucleotides using Lipofectamine 2000TM according to the 217 

manufacturer’s instructions. Firefly and Renilla luciferase activities were quantified 218 

after 48 h transfection using a dual-luciferase reporter assay system (Promega, USA) 219 

following the manufacturer’s instructions. The Firefly luciferase activities were 220 
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normalized with the Renilla luciferase activities. Six replicate wells were used for each 221 

treatment and at least two independent experiments were conducted. 222 

2.7 In vivo miR-145 antagomir injection experiment 223 

The rabbitfish juveniles (~10-15 g) were kept in an indoor seawater (32 part per 224 

thousand, ppt) tank for 2 weeks to acclimatize to experimental facilities at NAMBS, 225 

and then acclimated from seawater to brackish water (10 ppt) for a further 2 weeks. 226 

Next, the rabbitfish were randomly divided into two groups (8 fish per group). The 227 

group treated with miR-145 antagomir was the experiment group, while the other 228 

treated with the negative control antagomir was set as the control group. Fish were 229 

injected into their abdominal cavity with 100 μl volume of total antagomirs diluted in 230 

PBS to 50 nmol/ml twice weekly for 3 weeks. Fish were fed a commercial diet during 231 

the in vivo injection experiment and the details of the fatty acid composition of the diet 232 

were described previously by Chen et al.34 At 21 d post-injection, fish were fasted for 233 

24 h and anesthetized with 0.01 % 2-phenoxyethanol (Sigma-Aldrich), and then eyes, 234 

brain, liver and muscle tissues from each fish were collected, dipped immediately into 235 

liquid nitrogen and stored at –80 °C for subsequent extraction of total RNA, proteins 236 

and lipids. 237 

2.8 Analysis of fatty acid profiles in cells and tissues 238 

The ALA (18:3n-3) (Cayman, USA) / BSA complex (10 mM fatty acid 239 

concentration and 10 % BSA) was prepared according to Ou et al.,45 and stored at 240 

−20 °C. After being seeded into 90 mm vessels or six-well plates and overnight 241 

incubation in DMEM/F12 supplemented with 5 % FBS and 0.1 % rainbow trout serum, 242 
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SCHL cells in quadruplicate were subsequently transfected with 20 nM miR-145 243 

antagomir or negative control antagomir (NC antagomir) using Lipofectamine 2000TM. 244 

At 24 h post transfection, cells were incubated with 30 μM ALA/BSA complex for 245 

further 48 h and subsequently harvested for qPCR, Western blotting and fatty acid 246 

composition analyses.  247 

Total lipid of SCHL cells and tissues was extracted with a 2:1 (v/v) mixture of 248 

chloroform / methanol containing 0.01 % butylated hydroxytoluene as antioxidant and 249 

then saponified at 65 ℃ for 1 h with 0.5 M potassium hydroxide in methanol. Fatty 250 

acid methyl esters (FAME) were prepared from total lipid by transesterification with 251 

boron trifluoride methanol (ca. 14 %, Acros Organics, NJ, USA), and then separated 252 

using a gas chromatography (GC-2010 plus; Shimadzu, Japan) equipped with an auto-253 

sampler and a hydrogen flame ionization detector. The detailed GC parameters were as 254 

described previously.14 Individual FAME were identified by comparing with known 255 

commercial standards (Sigma-Aldrich) and quantified using a CLASS-GS10 GC 256 

workstation (Shimadzu, Japan). The content of each FAME (mg) per dry weight of 257 

tissues (g) was calculated using a 17:0 internal standard (Sigma Aldrich). 258 

2.9 Western blotting  259 

RIPA Buffer (ThermoFisher, USA) was used to lyse the tissues and cultured cells 260 

samples and then the lysate was centrifuged at 12000 g for 10 min at 4 ℃. The protein 261 

concentration of the supernatant was determined, and then aliquots of protein (20 - 40 262 

μg) were loaded on a 10 % sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) 263 

and subsequently transferred to 0.45 μm polyvinylidene difluoride membranes (Roche, 264 
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Switzerland). After incubating at room temperature for 1 h in blocking buffer TBST, 265 

which contained 5 % non-fat milk and 0.05 % Tween-20, the membranes were 266 

incubated at 4 ℃ overnight with antibodies diluted in blocking buffer. Next, the 267 

membranes were washed three times with TBST buffer for 15 min and then incubated 268 

for 1 h with the appropriate secondary antibodies (HRP Goat anti-Rabbit/Mouse IgG; 269 

Abcam, USA) at room temperature. The immunoreactive bands were measured using 270 

the Odyssey infrared imaging system 2.1 (LI-COR, USA) and analyzed by Image 271 

Studio Software (version 5.2, LI-COR). The optical density of immunoreactive bands 272 

were normalized to the protein level of β-actin for statistical analysis.  273 

2.10 Statistical analysis 274 

The relative expression of the genes was calculated using the 2–ΔCT or 2–ΔΔCT 275 

methods. Comparative analysis of data was carried out by the independent samples t 276 

test between pairs of groups or one-way analysis of variance followed by Tukey’s test 277 

for multiple groups using IBM SPSS Statistics version 19.0 (SPSS Inc, Chicago, IL). 278 

All data were shown as means ± SEM. Differences were regarded as significant when 279 

P < 0.05 and highly significant when P < 0.01. 280 

 281 

3. Results 282 

3.1. The abundance profile of miR-145 and hnf4α mRNA  283 

The abundance of miR-145 was markedly lower in liver of rabbitfish reared in 284 

water at a salinity of 10 ppt compared to 32 ppt when the fish were fed with a VO-based 285 

diet (Fig. 1A). In contrast, the expression of hnf4α in liver of fish reared at 10 ppt was 286 
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significantly higher than that in fish reared at 32 ppt (Fig. 1B). Fish fed with a VO-287 

based diet also showed higher hnf4α expression than that of fish fed with the FO-based 288 

diet at both 10 and 32 ppt salinities (Fig. 1B). However, irrespective of salinity, the level 289 

of miR-145 was lower in liver of fish fed with the VO-based diet than that of fish fed 290 

with FO-based diet (Fig. 1A). The distribution of miR-145 in rabbitfish tissues showed 291 

that miR-145 expression was high (ΔCt < 5) in all detected tissues with higher 292 

abundance of miR-145 in intestine and gill, while abundance was lower in spleen, heart, 293 

eyes, brain, kidney, liver and muscle (Fig. 2). However, hnf4α showed higher 294 

abundance in liver and eyes.28  295 

3.2 Rabbitfish hnf4α is a target of miR-145 296 

A dual luciferase assay was carried out to examine the responsiveness of rabbitfish 297 

hnf4α 3′UTR to miR-145. The entire 3′UTR of hnf4α mRNA (including the miR-145 298 

target site) was cloned into the pmirGLO luciferase reporter vector to construct a 3′UTR 299 

report plasmid (Fig. 3A). The sequence of rabbitfish pre-miR-145 was cloned and 300 

inserted into the pEGFP-C3 vector to construct the pre-miR-145 plasmid (Fig. 3B). 301 

Results from the qPCR analysis showed that HEK 293T cells transfected with the pre-302 

miR-145 plasmid had around 8000-fold higher level of miR-145 than that of the 303 

endogenous background (Fig. 3C). As shown in Fig. 3D, there was no significant 304 

difference in the negative control group, while the positive control group of cells co-305 

transfected with the pre-miR-145 expression plasmid and pmirGLO-R145 plasmid 306 

showed significantly lower normalized Luc activities than the pEGFP-C3 and 307 

pmirGLO-R145 co-transfected group. Additionally, the pre-miR-145 plasmid markedly 308 
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decreased luciferase activities when hnf4α-3′UTR-WT reporter plasmid was co-309 

transfected into HEK 293T cells, however, this effect was largely restricted for the co-310 

transfected plasmid containing hnf4α-3′UTR-MU region. Moreover, miR-145 311 

antagomir could antagonize the inhibitory effect of pre-miR-145 on luciferase activity 312 

(Fig. 3E). These findings suggested that miR-145 directly interacted the 3′UTR of hnf4α 313 

mRNA and, therefore, the hnf4α was a target of miR-145.  314 

3.3 MiR-145 decreased the expression of hnf4α at both mRNA and protein levels  315 

To further determine the role of miR-145 in the regulation of hnf4α expression, we 316 

transfected miR-145 precursor or antagomir into SCHL cells, and then measured the 317 

mRNA and protein levels of hnf4α. As shown in Fig. 4A, transfection with miR-145 318 

precursor markedly decreased expression of hnf4α at both mRNA and protein levels in 319 

a dose-dependent manner. In contrast, transfection with the miR-145 antagomir 320 

significantly induced Hnf4α expression at both mRNA and protein levels as compared 321 

with that of the negative control (Fig. 4B). These results demonstrated that miR-145 322 

can decrease Hnf4α abundance at both mRNA and protein levels, indicating that miR-323 

145 regulated the expression of endogenous hnf4α through both translation inhibition 324 

and mRNA degradation. 325 

3.4. MiR-145 down-regulated hnf4α resulting in decreased expression of genes 326 

involved in LC-PUFA biosynthesis 327 

Given that miR-145 targets and down-regulates hnf4α, we then investigated 328 

whether overexpression of miR-145 promoted the expression of genes encoding key 329 

enzymes of the rabbitfish LC-PUFA biosynthesis, namely Δ4 fads2, Δ6Δ5 fads2 and 330 
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elovl5. These genes have been demonstrated to be transcriptionally regulated by Hnf4α 331 

in rabbitfish.26-28 Overexpression of miR-145 down-regulated the mRNA expression of 332 

hnf4α and Δ4 fads2 and reduced their corresponding protein levels in SCHL cells (Fig. 333 

5A, B). Moreover, overexpression of miR-145 in SCHL cells significantly decreased 334 

the mRNA expression levels of other Hnf4α target genes including Δ6Δ5 fads2 and 335 

elovl5 (Fig. 5B). Conversely, knockdown of miR-145 by transfecting miR-145 336 

antagomir into SCHL cells significantly up-regulated the expression of Hnf4α and its 337 

downstream target LC-PUFA biosynthesis genes, Δ4 fads2, Δ6Δ5 fads2 and elovl5 (Fig. 338 

5A, C). These results suggested that the regulation of hnf4α towards the genes of LC-339 

PUFA biosynthesis was itself modulated by miR-145. To confirm this, the endogenous 340 

expression of hnf4α was induced by transfecting SCHL cells with miR-145 antagomir 341 

and then subsequently using siRNA for knockdown. The miR-145 antagomir up-342 

regulated levels of both Hnf4α and Δ4 Fads2 proteins, and this was attenuated by hnf4α 343 

knockdown (Fig. 5D). The above results confirmed that miR-145 down-regulated the 344 

expression of genes encoding key enzymes involved in LC-PUFA biosynthesis by 345 

targeting hnf4α.  346 

3.5 Up-regulation of hnf4α by knockdown of miR-145 increased LC-PUFA 347 

biosynthesis in ALA-treated rabbitfish SCHL cells in vitro 348 

Whether increasing hnf4α by miR-145 knockdown affected biosynthesis of LC-349 

PUFA was assessed in SCHL cells in vitro. Thus, SCHL cells were transfected with 350 

miR-145 antagomir or negative control (NC) antagomir for 24 h before 351 

supplementation with the precursor ALA. After incubation with ALA for further 48 h, 352 
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we observed increased hnf4α, Δ4 fads2, Δ6Δ5 fads2 and elovl5 mRNA levels of around 353 

1.8- to 3.5-fold in cells receiving miR-145 antagomir compared to levels in cells 354 

receiving NC antagomir (Fig. 6A), along with increased Hnf4α and Δ4 Fads2 protein 355 

levels (Fig. 6B). Moreover, significantly higher accumulation of LC-PUFA, such as 356 

20:4n-6, 20:5n-3 and 22:6n-3, was observed in SCHL cells transfected with miR-145 357 

antagomir compared to NC antagomir-treated cells (Table 1). The results indicated that 358 

knockdown of miR-145 increased the expression of hnf4α and subsequently promoted 359 

biosynthesis of LC-PUFA in hepatocytes of rabbitfish via up-regulating genes (Δ4 fads2, 360 

Δ6Δ5 fads2 and elovl5) for crucial enzymes.  361 

3.6 Knockdown of miR-145 promoted LC-PUFA biosynthesis in rabbitfish in vivo  362 

To further identify the regulatory role of miR-145 in rabbitfish LC-PUFA 363 

biosynthesis in vivo, miR-145 antagomir was injected into the abdomen of juvenile 364 

rabbitfish. After 3 weeks, the Western blotting of liver samples showed the protein 365 

levels of Hnf4α and ∆4 Fads2 in the miR-145 antagomir treatment group were higher 366 

than those of the NC group (Fig. 7A). Moreover, 4~7-fold higher mRNA levels of 367 

hepatic hnf4α, ∆4 fads2, ∆6∆5 fads2 and elovl5 were observed in rabbitfish after 368 

receiving the miR-145 antagomir in comparison with the NC antagomir group (Fig. 7B). 369 

Similar results were observed in brain and eyes, with the mRNA levels of hnf4α, ∆4 370 

fads2, ∆6∆5 fads2 and elovl5 higher than the levels observed in the group receiving the 371 

NC antagomir (Fig. 7C, 7D). Compared to the NC group, significantly higher contents 372 

of 20:4n-6 and 22:6n-3 in liver, 20:5n-3, 22:5n-3, 22:6n-3 and total LC-PUFA in 373 

muscle, 22:5n-3 and 22:6n-3 in brain, and 20:4n-6, 20:5n-3, 22:6n-3 and total LC-374 
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PUFA in eyes, were observed in fish treated with the miR-145 antagomir (Fig. 8). 375 

Among the miR-145 antagomir treatment fish, highest contents of LC-PUFA were 376 

measured in brain, followed by liver and eyes, and lowest in muscle. The results 377 

suggested that increasing hnf4α expression by knockdown of miR-145 promoted LC-378 

PUFA biosynthesis in tissues of rabbitfish through up-regulation of key enzyme genes, 379 

resulting in increased LC-PUFA accumulation in brain, liver and eyes and, to a lesser 380 

extent, muscle. 381 

 382 

4. Discussion 383 

Recently, miRNAs have been considered as critical post-transcriptional regulators 384 

of lipid metabolism genes .46 Various miRNAs including miR-27a/b and miR-33a/b 385 

have been linked with regulation of lipid metabolic processes including oxidation of 386 

fatty acids, cholesterol transport, and differentiation of adipocytes in mammals.47-49 387 

However, the roles of miRNAs in the biosynthesis of LC-PUFA in vertebrates was 388 

relatively unknown but, recently, some miRNAs have been shown to target genes 389 

related to biosynthesis of LC-PUFA in rabbitfish, including miR-17 and miR-146a that 390 

directly target the Δ4 fads2 and elovl5 genes, respectively, that encode key enzymes.29,32 391 

Furthermore, miR-33 and miR-24 can promote biosynthesis of LC-PUFA  by targeting 392 

insulin-induced gene 1 (insig1) and thus facilitating the Srebp1 pathway,31,33 and miR-393 

26a mediates LC-PUFA biosynthesis through liver X receptor α (Lxrα)-Srebp1 pathway 394 

by targeting lxrα.34 These findings highlight the key roles of miRNAs in the post-395 

transcriptional regulation of the metabolism of essential fatty acids in vertebrates. In 396 
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the present study, we found that miR-145, like other identified miRNAs, including miR-397 

33 and miR-24,31,33 also responds to both salinity and availability of C18 PUFA 398 

precursors (e.g. ALA), and, thus, may have a potentially important role in the 399 

biosynthesis of LC-PUFA in rabbitfish. Besides its role in inhibiting proliferation of 400 

cancer cells,50,51 miR-145 was shown to be involved in cholesterol metabolism and 401 

adipogenesis in mammals.40-42 According to the in vivo expression profiles of genes 402 

related to LC-PUFA biosynthesis,17,28 we found that miR-145 expression in liver 403 

displayed an inverse pattern with hnf4α in S. canaliculatus reared at different salinities 404 

or fed two different lipid diets. Furthermore, as tissue distribution of miRNAs may 405 

partly reflect miRNA functions,52 we examined the tissue distribution of miR-145 and 406 

found that miR-145 was ubiquitously expressed including in liver, while the expression 407 

level of hnf4α was relatively highest in intestine, followed by liver.28 Further in silico 408 

analyses found that, among the LC-PUFA biosynthesis related genes, miR-145 409 

potentially targeted the 3′UTR of hnf4α, which is different from other identified 410 

miRNAs’ target genes,29-34 and in vitro luciferase reporter assays identified hnf4α as a 411 

novel target of miR-145 in rabbitfish. Moreover, when knocked down the miR-145, the 412 

expression of Hnf4α and LC-PUFA biosynthesis key enzymes were significantly 413 

upregulated and subsequently the accumulation of LC-PUFA were increased both in 414 

hepatocytes in vitro and in rabbitfish in vivo. Together, the results demonstrated that 415 

miR-145 is a novel mediator of biosynthesis of LC-PUFA in rabbitfish by targeting 416 

Hnf4α.   417 

It had been established previously that Hnf4α, a ligand-dependent transcription 418 
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factor, is vital in the regulation of key enzyme genes involved in the biosynthesis of 419 

LC-PUFA in rabbitfish.26-28 Previous studies have shown that activation of Hnf4α by 420 

agonists (such as benfluorex and alverine) in rabbitfish primary hepatocytes or in 421 

rabbitfish in vivo, can increase the expression of the genes for key enzymes, including , 422 

associated with increased percentages of LC-PUFA in liver.28,53 Similarly, in the present 423 

study, up-regulation of hnf4α after knockdown of miR-145 in rabbitfish SCHL cells 424 

increased expression of elovl5, Δ6Δ5 fads2 and Δ4 fads2 and total contents of LC-425 

PUFA. To further examine whether miR-145 regulated the key enzyme genes through 426 

targeting hnf4α, we used knockdown to reduce the expression of hnf4α induced in 427 

SCHL cells by transfecting with miR-145 antagomir. When miR-145 was knocked 428 

down, the protein levels of Hnf4α and Δ4 Fads2 were markedly increased and this was 429 

subsequently attenuated by knockdown of hnf4α, suggesting that miR-145 might inhibit 430 

the expression of genes of LC-PUFA biosynthesis by targeting the Hnf4α pathway.  431 

It is well accepted that LC-PUFA are primarily synthesized in liver,54 with LC-432 

PUFA accumulation occurring in muscle, liver, brain and eyes.55,56 Therefore, we 433 

performed fatty acid profile analysis on these tissues in vivo and hepatocytes in vitro. 434 

As expected, miR-145 knockdown up-regulated protein levels of Hnf4α and Δ4 Fads2, 435 

and subsequently increased mRNA levels of genes that are critical in the biosynthesis 436 

of LC-PUFA in cells and rabbitfish receiving the miR-145 antagomir. The mRNA levels 437 

of hnf4α, elovl5, Δ6Δ5 fads2 and Δ4 fads2 were increased in brain and eyes of fish 438 

when injected with the miR-145 antagomir. This may explain why higher contents of 439 

LC-PUFA, like ARA, EPA and DHA, were accumulated in cells and fish knocked down 440 
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miR-145 when compared to the controls. Previous studies have demonstrated that DHA 441 

is highly enriched in disk and synaptic membranes of retinal photoreceptor cells,57 and 442 

when DHA was depleted from retina and brain, the cognitive and visual abilities in 443 

rhesus monkeys were markedly reduced.58,59 It was found that, consistent with our 444 

previous study,34 compared to the EPA and ARA, more DHA was preferentially 445 

incorporated into rabbitfish tissues, especially liver, eyes and brain, where LC-PUFA 446 

biosynthesis activity is particularly high in fish.15 In the present study, as expected, 447 

DHA was particularly accumulated in brain, follow by liver and eyes. Previous studies 448 

suggested that the preferential accumulation of DHA but not ARA or EPA in these 449 

tissues may be due to the relatively lower rate of β-oxidation of DHA and the higher 450 

specificity for DHA of fatty acyl transferases in the tissues.55  451 

 LC-PUFA, including EPA and DHA, are antagonistic ligands of Hnf4α that can 452 

modulate directly the activity of Hnf4α by binding to the ligand-binding domain of 453 

Hnf4α as fatty acyl-CoA thioesters.60 A similar result was found in our previous study 454 

in rabbitfish17, where fish fed a FO diet (rich in LC-PUFA) showed significantly lower 455 

expression of hnf4α and its target genes (Δ6Δ5fads2, Δ4fads2 and elovl5) than fish fed 456 

a VO diet (lacking LC-PUFA) when fish were reared at 10 ppt salinity. It seems that 457 

there is a negative feedback regulation of Hnf4α in the biosynthesis of LC-PUFA. 458 

However, the liver expression of hnf4α of rabbitfish fed the FO diet showed no 459 

difference between different salinity groups. In mammals, it is reported that the 460 

expression and activity of Hnf4α are regulated by diverse extracellular and intracellular 461 

signaling pathways, and there is also extensive crosstalk with other transcription factors, 462 
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such as Pparα, Pparγ and Srebp, to control hepatic gene expression.61,62 Our previous 463 

studies and those of others have shown that expression levels of genes related to the 464 

biosynthesis of LC-PUFA, including the key enzyme genes and certain transcriptional 465 

factors, such as Srebp1 and Pparγ, were strongly regulated by dietary fatty acids and 466 

environmental salinity.16,17,19,62,63,64 Several miRNAs, such as miR-17,29 miR-24,31 miR-467 

26a,34 miR-33,30 miR-146a,32 which have been demonstrated recently to be involved in 468 

the biosynthesis of LC-PUFA by directly targeting the relevant genes, were also 469 

responsive to dietary fatty acids and ambient salinity. It is likely that miRNA-mediated 470 

post-transcriptional modifications are among the main mechanisms whereby the 471 

expression of genes related to the biosynthesis of LC-PUFA biosynthesis are regulated 472 

by these influencing factors. Thus, there may be a combined effect of salinity and 473 

dietary fatty acids on expression of the genes encoding enzymes involved in the 474 

biosynthesis of LC-PUFA with multiple regulatory mechanisms. Similar combined 475 

effects may have impacted the expression of hnf4α in rabbitfish, which may explain 476 

why hnf4α did not always show a pattern of expression opposite to that of miR-145 in 477 

the current study and further investigation is required to clarify the mechanisms 478 

whereby salinity and nutrition regulate hnf4α and miR-145 in fish.  479 

In conclusion, the current study in the marine teleost rabbitfish S. canaliculatus 480 

revealed a key role for miR-145 in the regulation of the biosynthesis of LC-PUFA both 481 

in vivo and in vitro through targeting hnf4α. The results will contribute to our 482 

knowledge of the complex regulatory mechanisms of the biosynthesis and metabolism 483 

of LC-PUFA. In the long-term, these findings might be helpful in developing practical 484 
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solutions to enhance the quality of aquacultured fish by increasing the production and 485 

accumulation of LC-PUFA.  486 
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TABLES 714 
Table 1 715 
The fatty acid composition (% total fatty acid) of rabbitfish S. canaliculatus hepatocyte 716 
line (SCHL) *. 717 

Fatty acid Mock cells# NC antagomir miR-145 
antagomir 

P-value 

16:0 15.71 ± 3.00 14.04 ± 0.30 12.41 ± 0.31 0.010 
18:0 14.65 ± 0.07 14.87 ± 0.39 13.38 ± 0.17 0.013 
16:1n-7 1.28 ± 0.09 1.54 ± 0.12 1.37 ± 0.02 0.208 
16:1n-9 1.50 ± 0.16 1.72 ± 0.06 1.65 ± 0.07 0.482 
18:1n-9 22.06 ± 1.01 20.72 ± 0.73 21.36 ± 0.17 0.420 
20:1n-9 0.46 ± 0.01 0.53 ± 0.05 0.46 ± 0.03 0.290 
18:2n-6 (LA) 2.85 ± 0.34 3.86 ± 0.47 3.60 ± 0.12 0.620 
18:3n-6 0.21 ± 0.00 0.21 ± 0.00 0.31 ± 0.03 0.375 
20:2n-6 1.13 ± 0.47 1.28 ± 0.15 1.59 ± 0.15 0.192 
20:3n-6 1.33 ± 0.02 1.43 ± 0.06 1.49 ± 0.02 0.392 
20:4n-6 (ARA) 7.49 ± 1.39 7.10 ± 0.11 7.57 ± 0.07 0.011 
22:4n-6 0.58 ± 0.00 0.69 ± 0.07 0.72 ± 0.01 0.688 
18:3n-3 (ALA) 2.10 ± 0.53 2.13 ± 0.23 1.88 ± 0.08 0.342 
20:3n-3 1.03 ± 0.51 1.10 ± 0.29 0.64 ± 0.02 0.157 
20:4n-3 0.28 ± 0.06 0.34 ± 0.02 0.33 ± 0.01 0.445 
20:5n-3 (EPA) 2.33 ± 0.14 2.37 ± 0.11 2.82 ± 0.02 0.008 
22:5n-3 1.94 ± 0.23 2.28 ± 0.17 2.68 ± 0.09 0.076 
22:6n-3(DHA) 7.39 ± 0.05 7.24 ± 0.09 9.08 ± 0.08 0.000 
SFA 30.36 ± 3.07 28.91 ± 0.68 25.79 ± 0.48 0.009 
MUFA 25.29 ± 1.25 24.51 ± 0.64 24.85 ± 0.12 0.625 
PUFA 28.68 ± 2.90 29.89 ± 0.78 32.56 ± 0.19 0.016 
LC-PUFA 23.51 ± 2.14 23.84 ± 0.49 26.92 ± 0.16 0.001 
n-6 LC-PUFA 10.53 ± 1.88 10.51 ± 0.28 11.36 ± 0.16 0.039 
n-3 LC-PUFA 12.97 ± 0.25 13.34 ± 0.38 15.56 ± 0.08 0.001 

*  SCHL cells were incubated with 30 μM ALA for further 48 h after transfection with 20 nM NC 718 
antagomir or miR-145 antagomir for 24h. Data presented as mean ± SEM (n = 4). SFA, saturated 719 
fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; LC-PUFA, 720 
long-chain polyunsaturated fatty acids including 20:2n-6, 20:3n-3, 20:4n-3, 20:5n-3, 22:5n-3, 721 
22:6n-3, 20:3n-6, 20:4n-6 and 22:4n-6. 722 
# Mock cells, SCHL cells were incubated with 30 μM ALA for further 48 h after transfection without 723 
any oligonucleotides for 24 h. 724 

 725 

 726 

 727 

  728 
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FIGURES 729 

 730 

Fig 1. Abundance of miR-145 and hnf4α in liver of rabbitfish fed two diets (fish oil 731 

or vegetable oil, FO or VO as lipid resource) at two salinities (10 ppt and 32 ppt). 732 

Expression levels of miR-145 (A) and Hnf4α (B) determined by real-time quantitative 733 

PCR (qPCR) and normalized to 18S rRNA or β-actin respectively. Data are means ± 734 

SEM as fold change relative to the fish fed diets with VO at 10 ppt salinity. * P < 0.05, 735 

** P < 0.01. 736 

 737 

 738 

  739 
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 740 

Fig 2. Relative tissue distribution profile of miR-145 in S. canaliculatus determined 741 

by qPCR. Data are means ± SEM (n = 6) relative to the level in muscle (=1), and 742 

different letters above bars show significant differences (P < 0.05) among the analyzed 743 

tissues. 744 

 745 

 746 

 747 

 748 

 749 

 750 

 751 

 752 

 753 
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 754 

Fig 3. Rabbitfish hnf4α is a target of miR-145. Sequence alignment of hnf4α (A) and 755 

pre-miR-145 (B), and the construction plasmids. (C) Rabbitfish miR-145 was 756 

overexpressed in HEK 293T cells by transfecting with the pre-miR-145 expression 757 

plasmid. (D) Luciferase activity in HEK 293T cells co-transfected with pre-miR-145 or 758 

pEGFP-C3 plasmid with different recombinant dual-luciferase reporter vectors: 759 

pmirGLO-empty as negative control; pmirGLO-R145 as positive control; pmirGLO-760 

Hnf4α-3′UTR-WT containing wild type of hnf4α 3′UTR; pmirGLO-Hnf4α-3′UTR-MU 761 

with site-directed mutation in 3′UTR of hnf4α. (E) HEK 293T cells were co-transfected 762 

with pre-miR-145 or pEGFP-C3 plasmid and miR-145 antagomir or NC antagomir. 763 

The luciferase activity was determined and normalized to the activity of renilla 764 

luciferase. Data are presented as means ± SEM (n = 6) from a least two independent 765 

experiments. * P < 0.05, ** P < 0.01 versus the controls. 766 

 767 
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 768 

Fig 4. MiR-145 decreased the abundance of hnf4α at both mRNA and protein level. 769 

(A) Rabbitfish SCHL cells were transfected with pre-miR-145 or its negative control 770 

oligonucleotides within the concentration gradient. After 24 h, the level of hnf4α 771 

mRNA (left) was examined by qPCR and normalized to β-actin. After 48 h, aliquots of 772 

protein from cells were loaded on 10 % SDS-PAGE and the blot was immunoprobed 773 

with monoclonal antibody specified for rabbitfish Hnf4α (~50 kDa) and normalized to 774 

β-actin (~42 kDa) (middle and right) as described in Materials and Methods. (B) 775 

Rabbitfish SCHL cells were transfected with miR-145 antagomir or NC-antagomir with 776 

concentration gradient. After 24 h, the level of hnf4α mRNA (left) was examined by 777 

qPCR as described above. After 48 h, the Hnf4α protein levels (middle and right) were 778 

determined by Western blotting as described above. The intensity of the Western 779 

blotting bands was quantified by Image Studio Software (version 5.2, LI-COR). The 780 

intensity ratio of Hnf4α/β-actin was calculated as an indication of endogenous Hnf4α 781 

protein expression change. Data are means ± SEM of triplicate treatments as fold 782 

change from the controls. * P < 0.05, ** P < 0.01. 783 
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 784 

Fig 5. The inhibitory role of miR-145 on the expression of genes involved in LC-785 

PUFA biosynthesis is by mediating hnf4α. (A) Rabbitfish SCHL cells were 786 

transfected with 20 nM pre-miR-145 or its control and 20 nM miR-145 antagomir or 787 

NC antagomir. After 48 h, aliquots of protein from cells were subjected to immunoblot 788 

analysis of the protein levels of Hnf4α and Δ4 Fads2 (~49 kDa) as above. (B, C) After 789 

SCHL cells transfected with 20 nM pre-miR-145 or its control and 20 nM miR-145 790 

antagomir or NC antagomir for 24 h, the mRNA levels of hnf4α, Δ4 fads2, Δ6Δ5 fads2 791 

and elovl5 were analyzed by qPCR. (D) Rabbitfish SCHL cells were transfected with 792 

20 nM miR-145 antagomir or NC antagomir or co-transfected with 20 nM miR-793 

145antagomir and si-hnf4α. After 48 h, the protein levels of Hnf4α and Δ4 Fads2 were 794 

determined by Western blotting as above. The intensity of the Western blotting bands 795 
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was quantified by Image Studio Software (version 5.2, LI-COR). Data are means ± 796 

SEM of triplicate treatments as fold change from the controls. * P < 0.05, ** P < 0.01 797 

versus the controls and different superscripts in the same columns indicate significant 798 

differences at P < 0.05. 799 

  800 
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 801 

Fig 6. Knockdown of miR-145 increased LC-PUFA biosynthesis in SCHL cells. 802 

SCHL cells were transfected with 20 nM miR-145 antagomir or NC antagomir for 24 803 

hours, and then incubated with 30 μM precursor ALA for further 48 h. (A) The levels 804 

of hnf4α, Δ4 fads2, Δ6Δ5 fads2 and elovl5 mRNAs were determined by qPCR. (B) The 805 

protein levels of Hnf4α and Δ4 Fads2 were analyzed by Western blotting. The intensity 806 

of the bands was quantified by Image Studio Software (version 5.2, LI-COR). Data are 807 

presented as means ± SEM of at least triplicate treatments as fold change from the 808 

controls. * P < 0.05, ** P < 0.01 versus the controls. 809 

 810 

 811 

 812 

 813 

 814 
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 815 

Fig 7. Knockdown of miR-145 increased LC-PUFA biosynthesis in rabbitfish by 816 

facilitating Hnf4α activation. The rabbitfish were treated with miR-145 antagomirs or 817 

NC antagomir twice weekly for 3 weeks. (A) The protein levels of Hnf4α and Δ4 Fads2 818 

were determined by Western bolting. The levels of hnf4α, Δ6Δ5 fads2, Δ4 fads2 and 819 

elovl5 mRNAs in liver (B), brain (C) and eyes (D) were determined by qPCR. Data are 820 

presented as mean ± SEM (n = 4). * P < 0.05, ** P < 0.01 versus the controls.   821 
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 822 

Fig 8. Knockdown of miR-145 increased LC-PUFA accumulation in tissues of 823 

rabbitfish. The fatty acid contents of liver, muscle, brain and eyes were analyzed by 824 

gas chromatography (GC). Individual fatty acids were identified by comparing with the 825 

known commercial standards (Sigma, USA) and the content of each fatty acid (mg) 826 

relative to dry weight of tissues (g) was calculated using a 17:0 internal standard. Data 827 

are presented as means ± SEM (n = 4). * P < 0.05, ** P < 0.01 versus the controls. 828 




