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their unique cellular localization patterns, substrate pref-
erences, and enzyme kinetics suggest that individual iso-
forms have distinct functions ( 2–4 ). Gain- or loss-of-function 
studies further support unique roles of individual ACSL 
isoforms in fatty acid channeling. Adenovirus-mediated 
overexpression of ACSL1 in rat primary hepatocytes chan-
nels oleic acid toward diacylglycerol (DAG) and phospho-
lipid (PL) synthesis and away from cholesterol esterifi cation, 
whereas knockdown of ACSL3 in human hepatocytes de-
creases oleic acid incorporation into PLs for VLDL synthesis 
( 5, 6 ). Also, knockdown of ACSL3 in rat primary hepato-
cytes decreases de novo lipogenesis by suppressing the ac-
tivity of several transcription factors that control lipogenic 
gene expression ( 7 ). These data provide plausible evidence 
that ACSL isoforms govern distinct pools of intracellular 
lipids and regulate the channeling and signaling properties 
of their downstream metabolites. 

 ACSL5 is most abundant in liver, brown adipose tissue, 
and intestine and is located on both the mitochondrial 
membrane and endoplasmic reticulum ( 8–11 ). Addition-
ally, its pattern of regulation supports an anabolic role for 
ACSL5 in the liver ( 8, 12–15 ). Leptin administration to  ob/ob  
mice decreases the mRNA expression of ACSL5 along with 
downregulation of lipogenic gene expression ( 13 ). Hepatic 
ACSL5 mRNA is decreased in fasted animals and up-
regulated in refed animals ( 7 ). Also, this enzyme is a tar-
get gene of sterol regulatory element binding protein 
(SREBP)1-c, which is an insulin dependent lipogenic tran-
scription factor. Thus, expression of ACSL5 mRNA is 
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bicarbonate, 50 IU/ml penicillin and 50  � g/ml streptomycin, 
10 nM insulin, 10 nM dexamethasone, and 5.5 mM glucose unless 
otherwise noted. No differences in cell viability were observed 
between treatment groups. 

 Cell homogenate preparations for acyl-CoA synthetase 
activity 

 Hepatocytes transfected with control or ACSL5 siRNAs re-
mained in M199 media for 72 h after transfection and were subse-
quently washed twice with cold PBS, collected in cold Med I buffer 
(10 mM Tris, pH 7.4, 250 mM sucrose, 1 mM EDTA, 1 mM dithio-
threitol, and protease inhibitor mixture), and homogenized on ice 
with 10 strokes using a tissue homogenizer (Biospec). Homogenate 
aliquots were stored at  � 80°C until use. Protein concentrations 
were determined by the bicinchoninic acid method (Pierce). Acyl-
CoA synthetase (ACS)-specifi c activity was determined by measur-
ing the production of [1- 14 C]acyl-CoAs in the presence of 175 mM 
Tris-HCl, pH 7.4, 8 mM MgCl 2 , 5 mM dithiothreitol, 10 mM ATP, 
0.25 mM CoA, and 500  � M [1- 14 C]oleic acid in 0.5 mM Triton 
X-100, 0.01 mM EDTA. The assay was performed in a total volume 
of 200  � l at 37°C for 5 min. The reaction was started by adding 1 to 
2  � g of homogenate protein, terminated with 1 ml of Dole’s re-
agent (isopropanol, heptane, 1 M H 2 SO 4 , 80:20:2, v/v) and FAs 
were extracted with sequential heptane washes prior to scintilla-
tion counting of the aqueous phase containing the acyl-CoAs. 

 Oil Red O staining and total TAG content measurement 
 At 50 h after transfection, hepatocytes were exposed to 1,000 

 � M oleate for 28 h. Sodium oleate was dissolved in 1 N NaOH and 
was added to BSA at 37°C to reach a fi nal FA to BSA ratio of 3:1. 
This BSA/oleate mixture was added to media and sterile fi ltered 
prior to incubations. After exposure to oleate, cells were washed 
with ice-cold PBS and fi xed in 10% neutral buffered formalin. 
Upon removal of formalin, cells were incubated with Oil Red 
O solution for 10 min followed by washing fi ve times with PBS 
(pH 7.4). Images of stained lipid droplets were obtained using an 
Axiovert 40C microscope (Zeiss). For measuring total TAG con-
tent, cellular lipids were extracted ( 16 ) and total TAG was quanti-
fi ed by colorimetric method using a commercial kit (Stanbio). 

 Analysis of FA composition in cellular TAG 
 Upon siRNA transfection, cells were incubated in M199 con-

taining 10% FBS for 72 h and then lipids were extracted ( 16 ) and 
TAG fractions were separated by TLC on 0.25 mm silica gel G 
plates in hexane:ethyl ether:acetic acid (80:20:1, v/v). Isolated 
TAG fractions were methylated in 3N methanolic HCl at 100°C 
for 90 min. The FA methyl esters were extracted with hexane and 
subjected to GC analysis ( 7 ). 

 Quantitative real-time PCR 
 At the indicated times, cells were harvested in Trizol (Invitro-

gen) and total RNA was isolated. First-strand cDNA was synthesized 
with the SuperScript III reverse transcriptase and random hex-
amer primers (Invitrogen). After incubation with RNAase H, 
cDNAs were mixed with 2× SYBR Green PCR Master Mix (Invitro-
gen) and probed for genes of interest by real-time PCR quantifi ca-
tion on an ABI Prism 7700 sequence detection system (Applied 
Biosystems). Fluorescence emission data were acquired for 40 
cycles with an annealing temperature of 60°C. Primers for each 
gene are listed in   Table 1  . Data were analyzed using  �  �  Ct method 
and mRNA abundance of each gene was normalized to RPL-32. 

 Reporter gene analysis 
 Hepatocytes were transfected with the pGL2-(SRE)-TK-LUC 

reporter plasmid (200 ng) alone or with the pCMV-SREBP1-c 

increased in SREBP1-c transgenic mice and decreased 
in SREBP1-c cleavage activating protein knockout mice 
( 12, 14, 15 ). Consistent with these fi ndings, ACSL5 mRNA 
is induced by high glucose and insulin treatment in cultured 
hepatocytes and in the liver of insulin treated diabetic ani-
mals ( 12 ). However, studies to elucidate the exact role of 
ACSL5 in lipid metabolism are limited. Overexpression of 
ACSL5 in a rat hepatoma cell line increases FA incorpora-
tion into TAG with substrate selectivity toward exogenous 
FAs, but not endogenous FAs and without changes in 
 � -oxidation or PL synthesis ( 8 ). 

 Although these studies provide insight into the role of 
ACSL5, the contribution of ACSL5 to hepatic lipid metab-
olism remains unknown. Thus, we utilized a gene-silencing 
approach to test the effects of ACSL5 on FA partitioning 
in hepatocytes. Herein, we show that ACSL5 is an important 
branch point enzyme in channeling FAs between anabolic 
and catabolic pathways and that it mediates FA traffi cking 
independent of changes in expression of lipogenic or oxi-
dative genes. 

 MATERIALS AND METHODS 

 Materials 
 Tissue culture plates were from Nunc and media was obtained 

from Invitrogen. Rat-tail collagen I was obtained from BD Biosci-
ences. [1- 14 C]oleic acid and [1- 14 C]acetic acid were from Perkin 
Elmer Life Sciences. Lipids standards for TLC were from 
Sigma-Aldrich and Avanti Polar Lipids. pSG5-GAL4-hPPAR- �  
expression plasmid and a TKMH-UAS-LUC reporter plasmid 
were provided by Philippe Thuillier (Oregon Health and Science 
University, Portland, OR). For SREBP1-c reporter gene analysis, 
pGL2-SRE-TK-LUC reporter plasmid, and pCMV-SREBP-1c ex-
pression vector, which overexpresses a constitutively activated form 
of SREBP-1c, were provided by Dr. Timothy Osborne (University 
of California, Irvine, CA). All other chemicals were obtained 
from Sigma-Aldrich unless otherwise indicated. 

 Primary hepatocyte isolation 
 Animal protocols were approved by the University of Minne-

sota Institutional Animal Care and Use Committee. Male Sprague 
Dawley rats (250–300 g) were maintained on a 12:12 h light:dark 
cycle and were allowed free access to food before hepatocyte iso-
lation. Hepatocytes were isolated by using the collagenase perfu-
sion method ( 15 ) and cell viability was over 90% as confi rmed by 
trypan blue exclusion. Hepatocytes were seeded at a density of 
0.5 × 10 6  cells/ 22-mm well in M199 supplemented with 23 mM 
HEPES, 26 mM sodium bicarbonate, 10% FBS, 50 IU/ml penicil-
lin and 50  � g/ml streptomycin, 100 nM dexamethasone, 100 nM 
insulin, and 25 mM glucose on collagen-coated plates. 

 RNA interference 
 Duplexes of siRNA were synthesized by Qiagen. The two siRNA 

sequences targeting rat ACSL5 (Gene Bank TM  accession number 
NM_053607) are at nucleotide positions of 503-523 and 423-443 
for ACSL5-a and ACSL5-b, respectively. Nonspecifi c sequence 
targeted siRNA (All-Star, Qiagen) served as a control. Recombi-
nant small interference (si)RNA was transfected into primary he-
patocytes with 1 ug of siRNA per 0.5 × 10 6  cells using Effectene 
reagent (Qiagen) when cells were plated immediately after isola-
tion. After 6 h, transfection media was removed and replaced by 
M199 media supplemented with 23 mM HEPES, 26 mM sodium 
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were washed twice with 1% BSA in PBS at 37°C and cellular lipids 
were extracted ( 17 ). For pulse-chase experiments, hepatocytes 
were incubated with 1,000 µM [1- 14 C]oleic acid for 2 h or 1.0  � Ci 
of [1- 14 C]acetic acid for 1 h and then cells were either collected 
(pulse) as described above or washed twice with 1% BSA in PBS 
and then incubated for an additional 6 h in M199 media without 
added oleate or acetate (chase). Subsequently, medium and cells 
were collected and lipids were extracted as described. Aliquots of 
the lipid extracts from the cells were separated by TLC on 0.25-mm 
silica gel G plates in hexane:ethyl ether:acetic acid (80:20:1, v/v) 
together with synthetic lipid standards (Sigma and BioChemika) 
in parallel. Lipid extracts and lipids scraped from TLC plates 
stained with iodine vapor were quantifi ed using liquid scintilla-
tion counting (LS6000IC, Beckman). Rates of FA uptake and 
radioisotope incorporation into acid-soluble metabolites (ASMs) 
and carbon dioxide (CO 2 ) were measured as described ( 18 ). 

 Statistical analysis 
 Data were expressed as means ± SE. Signifi cance of data was 

declared at  p  < 0.05 by Student’s  t -test. 

 RESULTS 

 ACSL5 siRNA effectively suppresses ACSL5 expression 
and cellular ACS activity 

 Initially, we tested the effi cacy of several ACSL5 siRNAs 
and identifi ed two that reduced the level of ACSL5 mRNA 
by more than 70% (  Fig. 1A  ). Both ACSL5 siRNAs also de-
creased the level of ACSL5 protein expression at 72 h fol-
lowing transfection although ACSL5-b siRNA showed a 
more robust decrease in ACSL5 protein ( Fig. 1B ). Subse-
quently, we tested whether other ACSL or FATP isoforms 
had altered expression in response to knockdown of 
ACSL5. To test this possibility, mRNA for each ACSL or 
FATP isoform was analyzed in ACSL5 siRNA transfected 
cells at 72 h after transfection. Expression of other ACSL 
or FATP isoforms was not signifi cantly affected by the low 
expression of ACSL5 ( Fig. 1C ). These data indicate that 
the expression of the other isoforms of ACSL or FATP did 
not compensate for a defi ciency of ACSL5. Once we verifi ed 
the effi cacy of isoform-specifi c siRNA, we measured total 
ACS activity in cell homogenates. Transfection of ACSL5 

(20 ng) per 0.5 × 10 6  cells for SREBP1-c reporter gene assay. 
For measurement of peroxisome proliferator-activated receptor 
(PPAR)- �  transcriptional activity, cells were cotransfected with 
the pSG5-GAL4-hPPAR- �  expression plasmid (50 ng) and a TKMH-
UAS-LUC reporter plasmid (250 ng) per 0.5 × 10 6  cells. A renilla 
luciferase vector (pRL-SV40, Promega) was used at a concentra-
tion of 20 ng per 0.5 × 10 6  cells as an internal control for adjusting 
transfection effi ciency of PPAR- �  and SREBP1-c reporter gene 
plasmid. All reporter gene plasmids were cotransfected with siRNAs 
upon plating and media was changed after 6 h. Subsequently, 
media was changed every 24 h and then cells were harvested for 
luciferase reporter gene assay at 72 h after transfection (Promega) 
and activities of PPAR- �  and SREBP1-c were expressed as relative 
luciferase units. Sixteen h prior to harvest, 750  � M oleate and 
250  � M EPA were complexed to BSA (3:1 molar ratio) and added 
to a subset of wells to induce PPAR- �  activity or target gene 
expression. 

 Western blotting 
 For measuring protein expression of ACSL5 and stearoyl-CoA 

desaturase (SCD1), cells were harvested and lysed in 10 mM 
Tris-HCl (pH 7.4) containing 150 mM NaCl, 0.1% triton X-100, 
and 1% protease inhibitor cocktail (Roche Applied Science). 
Aliquots of total proteins (40  � g) were denatured at 100°C 
for 10 min in SDS sample loading buffer (50 mM Tris, pH 
6.8, 2% SDS, 10% glycerol, 1% bromophenol blue, and 15% 
 � -mercaptoethanol). Samples were then separated by SDS-PAGE 
and electroblotted to a polyvinylidene difl uoride membrane 
(Millipore). Equal transfer of proteins was confi rmed by Ponceau 
S staining. After transfer, the membrane was blocked in 5% non-
fat dry milk in PBS (pH 7.4) with 1% Tween 20 and then incu-
bated with ACSL5, SCD-1 (Santa Cruz Biotechnology), or  � -actin 
(Sigma) antibodies. The antigens were detected by ECL chemilu-
minescent assay following incubation with a horseradish peroxi-
dase-linked secondary antibody (Santa Cruz Biotechnology). 

 Metabolic labeling studies 
 Seventy two hours after plating or siRNA transfection, hepa-

tocytes were labeled with 1 ml of M199 containing 1.0  � Ci of 
[1- 14 C]oleic acid bound to BSA in a 3:1 molar ratio for 2 h. The 
radiolabeling medium, which included 1 mM carnitine, con-
tained a fi nal concentration of 1,000  � M oleate. For measuring 
de novo lipogenesis, cells were incubated with 1.0  � Ci of [1- 14 C]
acetic acid for 1 h. The medium was collected for measurement 
of radiolabel incorporation into secreted lipids. Hepatocytes 

 TABLE 1. Primer sequences used for gene expression by qRT-PCR 

Gene Forward Primer Reverse Primer

ACSL1 AAC GAT GTA CGA TGG CTT CC CAT ATG GCT GGT TTG GCT TT
ACSL3 GGG ACT ACA ATA CCG GCA GA ATA GCC ACC TTC CTC CCA GT
ACSL4 AAA TGC AGC CAA ATG GAA AG CAC TCG GCA GTT CAC TTC AA
ACSL5 ATC TGC CTC CTG ACA TTT GG GCT CCT CCC TCA ATC CCT AC
FATP2 CTG CAT GTC TTC TTG GAG CA GCG TAG GTA AGC GTC TCG TC
FATP4 CAC TGC CTT GAC ACC TCA AA ACC AGA GCA GAA GAG GGT GA
FATP5 GGA ACT CTA CGG CTC CAC AG GGC TCT GCC GTC TCT ATG TC
CPT1 TCT TGC AGT CGA CTC ACC TT TCC ACA GGA CAC ATA GTC AGG
UCP2 ATG ACA GAC GAC CTC CCT TG GAA GGC ATG AAC CCC TTG TA
FAS AGG ATG TCA ACA AGC CCA AG ACA GAG GAG AAG GCC ACA AA
SCD-1 TGT TCG TCA GCA CCT TCT TG GGA TGT TCT CCC GAG ATT GA
ACC- � ATT GTG GCT CAA ACT GCA GGT GCC AAT CCA CTC GAA GAC CA
ACC- � CAA AGC CTC TGA AGG TGG AG GGA CAC TGC GTT CCC ATA CT
L-PK GTA CAG AAA ATC GGC CCA GA AGG TCC ACC TCA GTG TTT GG
GPAT1 AGG CTT GAC GAA ACT CCA GA AGG GAT GAC CAG GAT GTC AG
SREBP-1c GGA GCC ATG GAT TGC ACA TT AGA AGA GAA GCT CTC AGG AG
ChREBP CGG GAC ATG TTT GAT GAC TAT AAT AAA GGT CGG ATG AGG ATG
RPL32 AAA CTG GCG GAA ACC CAG AG GCA GCA CTT CCA GCT CCT TG
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dissimilar knockdown of ACSL5 protein ( Fig. 1B ). We also 
analyzed composition of FAs in cellular TAG to determine 
if ACSL5 selectively modulates the metabolism of specifi c 
FAs. However, individual FA species in cellular TAG were 
not affected by ACSL5 knockdown ( Fig. 2C ). 

 ACSL5 knockdown suppresses esterifi cation of FAs into 
complex lipids 

 ACSL5 is regulated by insulin and insulin-responsive 
transcription factors such as SREBP-1c ( 12, 14 ). Given the 
observation of a marked decrease in lipid droplet accumu-
lation and TAG content under ACSL5 knockdown, we 
further explored the mechanism of how FA channeling by 
ACSL5 knockdown affects hepatic lipid metabolism under 
different insulin conditions. Rat primary hepatocytes were 
incubated with 1,000  � M and 1  � Ci of [1- 14 C]oleic acid for 
2 h at which time media and cells were harvested. To deter-
mine chronic effects of insulin, cells were treated with 10 nM 

siRNA signifi cantly decreased total ACS activity by 27% 
( Fig. 1D ) when compared with control siRNA transfected 
cells, suggesting that although ACSL5 contributes to he-
patic ACS activity, it is likely not the prominent isoform. 

 Knockdown of ACSL5 suppresses lipid accumulation in 
hepatocytes 

 Because previous studies have implicated an anabolic 
role for ACSL5 in lipid metabolism ( 8, 9, 12, 13 ), we ini-
tially measured hepatic lipid accumulation and total TAG 
content in hepatocytes treated with ACSL5 siRNA. As 
expected, high FA (1,000  � M) treatment increased lipid 
droplet formation and TAG content in control siRNA 
transfected cells (  Fig. 2A,  B ). When exposed to 1,000 µM 
oleate, cells treated with ACSL5 siRNA had 30–40% less 
TAG, which represents a 60–70% attenuation in the increase 
in TAG relative to basal levels ( Fig. 2A, B ). Surprisingly, 
both siRNAs had nearly identical effects on TAG despite 

  Fig.   1.  Effi cacy of ACSL5 siRNA and lack of compensation by other ACSL isoforms. Rat primary hepato-
cytes were transfected with ACSL5-a or ACSL5-b siRNA duplexes as described under Materials and Methods. 
A: Total RNA was extracted at 44 h following transfection. Abundance of mRNA for ACSL5 was quantifi ed 
using quantitative RT-PCR and normalized to RPL-32. B: Proteins were harvested at 72 h after transfection 
and subjected to Western blotting. Expression of  � -actin was analyzed as an internal loading control. C: 
mRNA abundance for ACSL and FATP isoforms was measured at 72 h after transfection. D: At 72 h after 
transfection, cells were harvested in cold Med-I buffer and ACS activity was determined as described under 
Materials and Methods. Values are reported as mean ± SE. from three individual experiments. *  p  < 0.05 
when compared with controls.   
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patic TAG secretion, we measured radiolabel incorpora-
tion into media TAG. The secretion of [ 14 C]TAG was 
decreased  � 50% by ACSL5 knockdown under all insulin 
conditions and mirrored changes in cellular TAG ( Fig. 3F ). 
Also, the pattern of decreased FA metabolism by ACSL5 
knockdown was similar under different insulin conditions 
indicating that channeling of intracellular FA by ACSL5 is 
independent of insulin. To determine if ACSL alters FA 
uptake as a means to decrease lipid anabolic pathways, we 
measured FA uptake 4 and 6 min after [1- 14 C]oleic acid 
incubation. Although total FA uptake increased with time, 
as expected, we observed no differences between control 
and ACSL5 siRNA transfected cells (  Fig. 4A  ). Thus, the 
effect of ACSL5 knockdown on decreased FA incorpora-
tion into complex lipids was likely not due to alterations 
in FA uptake. These data suggest that a decrease in initial 
partitioning of exogenous FA toward esterifi cation con-
tribute to decreased lipid accumulation in ACSL5 siRNA 

insulin over the course of the experiment (72 h), whereas 
insulin was removed from the media 20 h after transfec-
tion in the “no insulin” treatment group. To test the acute 
effects of insulin, cells were incubated with media void of 
insulin and then insulin was added to cells for 2 h prior to 
harvest, concurrent with the FA labeling period. As ex-
pected, total FA incorporation into cellular lipids was de-
creased in the absence of insulin (  Fig. 3A  ). ACSL5 siRNA 
decreased total [1- 14 C]oleic acid incorporation into intra-
cellular lipids compared with control siRNA transfected 
cells under all insulin conditions. Subsequent lipid analy-
sis also revealed that ACSL5 siRNA decreased [1- 14 C]oleic 
acid incorporation into cellular PL, DAG, TAG, and cho-
lesterol ester compared with control siRNA transfected 
cells ( Fig. 3B–E ). We also validated this observation with 
the second ACSL5 siRNA to confi rm that alterations in FA 
channeling are not due to off-target effects of siRNA (data 
not shown). To determine if ACSL5 siRNA infl uenced he-

  Fig.   2.  Knockdown of ACSL5 decreases lipid droplet formation and TAG content in rat primary hepato-
cytes. Cells were plated at 0.5 × 10 6  cells/22 mm well and transfected with 1  � g of siRNA per well. After 44 h, 
cells were treated with 1,000  � M oleic acid (FA) for 28 h. Cells were stained with Oil Red O (A) or collected 
for lipid extraction and quantifi cation of TAG (B). Nonspecifi c siRNA transfected cells under basal media 
were used as a control. C: Transfected cells were incubated in M199 containing 10% FBS for 72 h and then 
lipids were extracted from the cells and TAG fractions were separated by TLC. Methyl esters of fatty acids 
were quantifi ed by GC. Composition of each different species of free fatty acids was calculated as % of total 
fatty acids in the TAG fraction. Data are indicated as mean ± SE. *  p  < 0.05 when compared with controls.   
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corporation of [1- 14 C]acetic acid into cellular lipids under 
high glucose (25 mM) conditions. Compared with cells 
transfected with the control siRNA, incorporation of [1- 14 C]
acetic acid into total lipids was reduced by about 40% in 
ACSL5 siRNA transfected cells ( p  < 0.01) (  Fig. 5A  ). Subse-
quent partitioning of newly synthesized lipids into differ-
ent types of storage lipids (TAG, PL, and DAG) was also 
decreased to a similar extent ( Fig. 5B–D ). Taken together 
with the oleic acid labeling, these data suggest that ACSL5 
may activate FAs from both exogenous and de novo sources. 
Additionally, ACSL5 knockdown did not alter the rate of 
turnover of intracellular TAG and PL derived from de novo 
synthesis ( Fig. 5B–D ). Thus, regardless of the FA source, 
ACSL5 alters lipid metabolism through initial channeling 
of FAs rather than affecting intracellular lipid turnover. 

transfected cells. Using pulse-chase experiments, we next 
determined if turnover of lipids was altered by ACSL5. 
Compared with control siRNA transfected cells, ACSL5 
siRNA did not alter the rates of [ 14 C]FA gain to PL ( � 27% 
of pulse) or loss from TAG ( � 60% of pulse) during the 
chase period ( Fig. 4B, C ). These data suggest that the 
changes in lipid metabolism caused by ACSL5 are due to 
effects on lipid synthesis rather than turnover. 

 ACSL5 knockdown suppresses metabolism of FAs from 
de novo lipogenesis 

 It has been suggested that TAG and cholesterol ester syn-
thesis in hepatocytes requires some FAs derived from de 
novo synthesis ( 19 ). To determine the selectivity of ACSL5 
for endogenous versus exogenous FAs, we tracked the in-

  Fig.   3.  Suppression of ACSL5 decreases fatty acid incorporation into complex lipids. Rat primary hepato-
cytes were transfected with ACSL5 siRNA (ACSL5-b). After 72 h, cells were treated with 1,000  � M oleic acid 
and labeled with 1  � Ci [1- 14 C]oleic acid per 0.5 × 10 6  cells for 2 h. Lipids were extracted from the cells and 
quantifi ed as described in Materials and Methods. A: Total oleic acid metabolized and [1- 14 C]oleic acid in-
corporation into cellular PL (B), DAG (C), TAG (D), cholesterol ester (CE) (E), and media TAG (F) were 
measured under different insulin concentrations: Ins (10 nM insulin), no Ins, and 2 h Ins (10 nM insulin for 
2 h prior to harvesting). Values are reported as mean ± SE from three individual experiments. *  p  < 0.05, 
when compared with controls.   
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cells did not show any signifi cant changes in lipogenic 
genes such as acetyl-CoA carboyxlase (ACC)- � , ACC- � , 
FAS, L-PK, and GPAT1 (supplementary  Fig. IA–C, E, F ). 
Although mRNA expression of SCD1 was signifi cantly 
decreased in ACSL5 siRNA transfected cells (30%) (sup-
plementary  Fig. IE ), protein expression of SCD1 was not 
changed (supplementary  Fig. IJ ). Also, expression of 
lipogenic transcription factors (ChREBP and SREBP1-c) 
(supplementary  Fig. IG, H ) and reporter gene activity of 
SREBP1-c were not changed by ACSL5 knockdown (sup-
plementary  Fig. Ii ). Taken together, these data indicate 
that decreased lipid anabolism by ACSL5 was not medi-
ated by downregulation of lipogenic gene expression, and 
transcriptional regulation is not the basis for alterations in 
lipid metabolism by ACSL5 knockdown. 

 ACSL5 knockdown increases  � -oxidation independent of 
oxidative gene expression 

 Because FA uptake and secretion were not affected by 
ACSL5 knockdown despite decreased lipid accumulation, 
we questioned whether ACSL5 knockdown increased FA 
oxidation. In the absence of insulin, FA channeling into 
 � -oxidation was nearly doubled compared with constant 
insulin treatment (  Fig. 6A  ). Knockdown of ACSL5 in-
creased metabolism of [1- 14 C]oleic acid to ASM  � 35–45% 
independent of insulin concentrations ( Fig. 6A ). We next 
determined if changes in PPAR- �  activity or the expres-
sion of its target genes were altered by ACSL5 knockdown. 
FAs (1000  � M) increased reporter gene activity of PPAR- �  
(10-fold) and expression of target genes such as CPT-1 
(3-fold) and UCP-2 (4-fold). However, basal induction or 
FA-induced fold induction of PPAR- �  reporter gene activ-
ity ( Fig. 6B ) and target gene expression in ACSL5 siRNA 
transfected cells were similar to control cells ( Fig. 6C, D ). 
These data indicate that increased channeling of FA to 
 � -oxidation is not mediated by PPAR- �  or the expression of 
genes involved in FA  � -oxidation. Finally, we treated cells 
with Etomoxir (50  � M), an inhibitor of mitochondrial 
 � -oxidation, to determine if increased oxidation of FAs 
was due to mitochondrial  � -oxidation. Etomoxir treatment 
suppressed [1- 14 C]oleic acid incorporation to both ASM 
and CO 2  production ( Fig. 6E, F ) in control cells. However, 
etomoxir blocked the increase in [1- 14 C]oleic metabolism 
to ASM in cells treated with ACSL5 siRNA ( Fig. 6E ), thus 
supporting a prominent role of mitochondrial  � -oxidation 
in mediating the enhanced FA oxidation following ACSL5 
knockdown. Also, ACSL5 knockdown did not alter CO 2  
production from [1- 14 C]oleic ( Fig. 6F ), suggesting that the 
increased  � -oxidation of FAs, under our experimental 
conditions, does not lead to increased complete oxidation 
of acetyl-CoA through the TCA cycle. 

 DISCUSSION 

 The current study is the fi rst to characterize the contri-
bution of endogenous ACSL5 to hepatic lipid metabolism. 
ACSL5 siRNA decreased high fat-derived lipid accumulation, 
TAG content, and channeling of FAs into complex lipids, 
whereas channeling to oxidative pathways was enhanced. 

 ACSL5 knockdown does not modulate other lipogenic 
enzymes and transcription factors 

 Intracellular FAs, acyl-CoAs, or their downstream me-
tabolites act as ligands for several transcription factors 
( 7, 15, 20, 21 ). Based on our initial fi ndings that hepatic lipid 
accumulation and de novo lipogenesis were suppressed 
by ACSL5 knockdown, we sought to further characterize 
whether FA channeling under ACSL5 knockdown is medi-
ated by transcriptional regulation. Compared with cells 
transfected with control siRNA, ACSL5 siRNA transfected 

  Fig.   4.  Suppression of ACSL5 does not alter fatty acid uptake and 
lipid turnover. Rat primary hepatocytes were transfected with 
ACSL5 siRNA (ACSL5-b). A: Rates of 1,000  � M [1- 14 C]oleic acid 
uptake were measured at 4 or 6 min. B, C: Cells were either col-
lected for lipid extraction after 2 h labeling (pulse) or washed and 
incubated with media containing no fatty acids for 6 h (chase). 
Remaining [1- 14 C]labeled fatty acids were analyzed in cellular lipid 
extracts in chased cells and compared with pulsed cells. Data are 
indicated as mean ± SE from three individual experiments. *  p  < 0.05 
when compared with controls.   
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plying acyl-CoAs for the formation of the Kennedy Pathway 
intermediates. However, it remains unknown if ACSL5 
supplies acyl-CoAs for all of the acyltransferases involved 
in glycerolipid synthesis or if FAs are selectively activated 
and channeled to specifi c acyltransferases. 

 The aforementioned enzymes involved in glycerolipid 
biosynthesis may also mediate their effects on lipid parti-
tioning partially through changes in gene expression. For 
example, treatment of mice with DGAT2 antisense oligo-
nucleotides increases hepatic oxidative genes and decreases 
lipogenic genes leading to decreased hepatic TAG content 
( 29, 30 ). Lipin1 deactivation increases TAG content and de-
creases oxidative gene expression, whereas overexpression 
of Lipin1 increases oxidative gene expression and decreases 
lipogenic gene expression to promote decreased TAG con-
tent ( 28 ). Thus, unlike the enzymes involved in glycerolipid 
synthesis, ACSL5 appears to regulate channeling of FAs in-
dependent of changes in gene expression. However, similar 
to ACSL5, most oxidative and lipogenic genes are unaltered 
in livers of GPAT1 null mice ( 27 ). Thus, changes in specifi c 
intermediates in glycerolipid synthesis in response to ma-
nipulations of enzymes at various points in the pathway may 
contribute to these discrepancies in gene expression. 

 Intracellular FAs can be derived from numerous sources 
including the hydrolysis of intracellular lipids such as TAG, 
exogenous uptake, or de novo synthesis. Interestingly, knock-
down of ACSL5 did not affect the turnover of TAG or PL, 
suggesting that it is not involved in reacylation processes. 

ACSL5 mediated FA channeling independent of changes 
in lipogenic or oxidative gene expression, suggesting that 
ACSL5 is a branch point in partitioning FAs, derived from 
either uptake or de novo synthesis, between opposing met-
abolic pathways in the liver. 

 ACSL5 is a 78 kDa intrinsic membrane protein that 
localizes to multiple intracellular locations and is expressed 
most abundantly in intestine, brown adipose tissue, and 
liver, all of which are tissues that have a high capacity for 
lipid synthesis ( 10, 22–25 ). Hence, the decrease in com-
plex lipid synthesis by ACSL5 knockdown in this study is 
consistent with the distribution pattern of ACSL5 and our 
previous studies showing that overexpression of ACSL5 
in hepatoma cells increases TAG synthesis ( 8, 25 ). The 
observed changes in lipid metabolism following ACSL5 
knockdown largely mirror changes in metabolism follow-
ing manipulation of GPAT1, a mitochondrial enzyme that 
catalyzes the initial step in glycerolipid synthesis ( 26, 27 ). 
Overexpression of GPAT1 in rat primary hepatocytes in-
creases TAG and PL synthesis and decreases FA oxidation 
( 26 ). Similarly, GPAT1 knockout mice have reduced he-
patic TAG content and elevated hepatic acylcarnitines and 
serum ketone bodies ( 27 ). Similar to GPAT, manipulation 
of other enzymes involved in the TAG synthetic pathway, 
such as Lipin1 and DGAT2, also show that these enzymes 
contribute to partitioning of FAs between anabolic and 
catabolic pathways ( 28–31 ). Thus, these data are support-
ive of ACSL5 having a role in glycerolipid synthesis by sup-

  Fig.   5.  Knockdown of ACSL5 suppresses the esterifi cation of fatty acids from de novo synthesis. At 72 h 
after transfection, cells were labeled with 1  � Ci [1- 14 C]acetic acid per 0.5 × 10 6  cells for 1 h. Cells were either 
collected for lipid extraction after 1 h labeling (pulse) or washed and incubated with media containing no 
acetate for 6 h (chase). Lipids were extracted from the cells and quantifi ed as described in Materials and 
Methods. A: Total [1- 14 C]acetic acid metabolized and [1- 14 C]acetic acid incorporation into cellular TAG (B), 
PL (C), and DAG (D) were determined. Values are shown as mean dpm ± SE from three individual experi-
ments. *  p  < 0.05 when compared with controls.   
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ACSL5 and GPAT1. The second branch-point is the parti-
tioning of FAs hydrolyzed from TAG between reacylation, 
VLDL synthesis, and  � -oxidation pathways that likely in-
volve DGAT and various lipases and lipid droplet proteins. 
Additionally, it should be noted that ACSL5 knockdown 
did not affect FA uptake although we previously reported 
that ACSL5 overexpression in hepatoma cells increased 
FA uptake ( 8 ). Although the exact reason for this discrep-
ancy is unknown, ACSL5 knockdown may not limit FA ac-
tivation as ACS activity was only modestly reduced, whereas 
overexpressing ACLS5 more than doubled ACS activity, 
which may have increased FA uptake due to enhanced rates 
of TAG synthesis. 

These data are in contrast to ACSL1 and FATP4, which 
have been shown to alter FA reacylation to TAG ( 5, 32 ). A 
recent study employing stable isotope methodologies in 
humans shows that FA enrichment of intramuscular acyl-
carnitines, an indicator of  � -oxidation, more closely refl ects 
enrichment of intramuscular TAG rather than plasma free 
FAs ( 33 ). These data suggest that a signifi cant portion of 
FAs are initially channeled to TAG storage prior to their 
subsequent hydrolysis and oxidation. Moreover, if these 
data are extrapolated to the liver, they point toward two 
possible branch-points in FA channeling between anabolic 
pathways. The fi rst regulatory point is the initial partition-
ing of FAs between TAG storage and  � -oxidation involving 

  Fig.   6.  ACSL5 knockdown increases  � -oxidation without altering gene expression. Hepatocytes were 
treated with 1,000  � M oleic acid and labeled with 1  � Ci [1- 14 C]oleic acid per 0.5 × 10 6  cells for 2 h, and the 
cells and medium were collected and extracted and (A) [1- 14 C]oleic acid incorporation into ASM were quan-
tifi ed as described in Materials and Methods. B: At 56 h after transfection with pSG5-GAL4-hPPAR- �  expres-
sion plasmids and TK-MH-UAS-Luc reporter plasmids, cells were treated with 250  � M EPA and 750  � M oleic 
acids for 16 h and then lysed for reporter gene assays. C, D: Total RNA was isolated and PPAR- �  target gene 
expression were quantifi ed using quantitative RT-PCR and normalized to RPL-32. Cells were treated with 
1,000  � M oleic acid and labeled with 1  � Ci [1- 14 C]oleic acid after treated with Etomoxir (50  � M dissolved in 
H 2 O) for 3 h and then incorporation of [1- 14 C]oleic acid into ASM (E) and CO 2  (F) was quantifi ed. Data are 
indicated as mean ± SE from three individual experiments. *  p  < 0.05 when compared with controls.   
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 In contrast to the current study, some reports speculate 
that ACSL5 has a role in promoting  � -oxidation due to its 
partial location on the mitochondrial membrane ( 34, 35 ). 
For example, ACSL5 mRNA expression in cardiomyocytes 
is upregulated by the PPAR- �  agonist fenofi brate ( 35 ) and 
muscle ACSL5 expression is correlated with weight loss in 
human subjects ( 34 ). However, ACSL5 may function dif-
ferently depending upon the tissue, which has been noted 
for ACSL1. The expression of ACSL1 is increased in dif-
ferentiating adipocytes ( 36 ) and heart specifi c ACSL1 
transgenic mice showed increase in TAG in heart ( 37 ). In 
contrast, its expression is upregulated by PPAR- �  ( 38 ) 
and liver specifi c ACSL1  � / �   mice have impaired hepatic 
 � -oxidation ( 39 ), suggesting that the role of ACSL1 is per-
haps tissue-dependent. Regulation and functional analysis 
of ACSL5 in different tissue are required to further defi ne 
tissue-specifi c effects of ACSL5. 

 Imbalances in lipid metabolism such as the accumula-
tion of hepatic glycerolipids and impaired  � -oxidation are 
intimately involved in the pathogenesis of steatosis, insulin 
resistance, and dyslipidemia ( 40, 41 ). Additionally, lipid 
metabolites such as FAs, acyl-CoAs, DAG, ceramides, and 
phosphatidic acid act as signaling molecules that infl u-
ence numerous biological processes and the development 
of metabolic diseases ( 7, 42 ). Thus, factors that regulate 
distinct pools of FAs, acyl-CoAs, or downstream metabo-
lites may have a regulatory role in disease etiology and 
could serves as therapeutic targets for correcting altera-
tions in energy metabolism. The current study indicates 
that hepatic ACSL5 acts as a branch-point in directing FAs 
into pathways of complex lipid synthesis and away from 
 � -oxidation. Moreover, these data support a role for ACSL 
isoforms in channeling of intracellular lipids as a means to 
control energy metabolism.  
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