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Abstract Enhanced production of monounsaturated fatty
acids (FA) derived from carbohydrate-enriched diets has
been implicated in the development of obesity and insulin
resistance. The FA elongases Elovl-5 and Elovl-6 are regu-
lated by nutrient and hormone status, and have been shown
using intact yeast and mammalian microsome fractions to
be involved in the synthesis of monounsaturated FAs
(MUFA). Herein, targeted knockdown and overexpression
of Elovl-5 or Elovl-6 was used to determine their roles in de
novo synthesis of specific MUFA species in mammalian
cells. Treatment of rat insulinoma (INS)-1 cells with elevated
glucose increased de novo FA synthesis and the ratio of
MUFAs to saturated FAs. Elovl-5 knockdown decreased
elongation of 16:1,n-7. Elovl-5 overexpression increased
synthesis of 18:1,n-7; however, this increase was depen-
dent on stearoyl-CoA desaturase—driven 16:1,n-7 availability.
Knockdown of Elovl-6 decreased elongation of 16:0 and
16:1,n-7, resulting in accumulation of 16:1,n-7. Elovl-6 over-
expression preferentially drove synthesis of 16:0 elongation
products 18:0 and 18:1,n-9 but not 18:1,n-7.Hl These find-
ings demonstrate that coordinated induction of FA elongase
and desaturase activity is required for balanced synthesis of
specific n-7 versus n-9 MUFA species. Given the relative
abundance of 16:0 to 16:1,n-7 and the specificity of Elovl-6
for 16:0, Elovl-6 is a major elongase for 18:1,n-9 production.—
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and L. K. Olson. Role of fatty acid elongases in determina-
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Diets enriched in carbohydrates and saturated fat are
well established to cause altered fatty acid (FA) metabo-
lism and elevated triglyceride accumulation, contributing
to the development of obesity and type 2 diabetes. Elevated
levels of carbohydrates specifically enriched in mono- and
disaccharides induce the transcription of genes that in-
crease glucose metabolism and lipogenesis in the liver
(1-3), diverting excess catabolic metabolites into FAs for
storage as triglycerides and cholesterol esters. FA elon-
gase and desaturase enzymes catalyze the conversion of
saturated FAs (SFA) synthesized de novo from glucose
into monounsaturated FAs (MUFA), such as palmitoleate
(16:1,n-7) or oleate (18:1,n-9). The accumulation of
MUPFASs has been associated with hypertriglyceridemia and
adiposity (4-6), and inhibition of MUFA synthesis de-
creases triglyceride levels and protects from diet-induced
obesity and insulin resistance (7-9). Interestingly, 16:1,n-7
was recently identified as an adipose tissue-derived lipid
hormone capable of enhancing muscle insulin sensitivity
(10). These findings emphasize the importance of under-
standing the mechanisms regulating the production of
MUFAs.

Synthesis of FAs de novo involves the enzymes acetyl-
CoA carboxylase (ACC) and fatty acid synthase (FAS) that
carboxylate cytosolic acetyl-CoA to malonyl-CoA and cova-
lently bond malonyl-CoA C, units to produce the Cj5 FA
palmitate (16:0), respectively (11). After activation to
palmitoyl-CoA, a FA elongase adds an additional malonyl-
CoA to make stearoyl-CoA (18:0). MUFAs not derived
from exogenous sources are synthesized by stearoyl-CoA

Abbreviations:  ACC, acetyl-CoA carboxylase; B-gal, B-galactosidase;
Elovl, fatty acid elongase; FA, fatty acid; FAS, fatty acid synthase; INS,
rat insulinoma; MUFA, monounsaturated fatty acid; PUFA, polyunsatu-
rated fatty acid; SFA, saturated fatty acid; SCD, stearoyl-CoA desaturase;
SREBP, sterol-regulatory element binding protein.
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desaturases (SCD), delta-9 desaturases that are rate-limit-
ing for MUFA synthesis (12). SCD-mediated addition of a
cissdouble bond to palmitoyl-CoA and stearoyl-CoA form
palmitoleoyl-CoA (16:1,n-7) and oleoyl-CoA (18:1,n-9),
respectively. Palmitoleoyl-CoA may also be elongated to
vaccenyl-CoA (18:1,n-7). Synthesis of C;3 MUFAs de novo
from glucose requires chain elongation of C,; FAs by a FA
elongase (Elovl), yet it remains uncertain which elongases
are involved in synthesis of specific MUFA species (e.g.,
18:1,n-7 versus 18:1,n-9).

Substrate specificity analyses using yeast and in vitro mi-
crosomal preparations identified the elongases Elovl-5
(FAE1, Relol, Helol) and Elovl-6 (LCE, FACE, rElo2) to
be involved in MUFA synthesis (13-16). Elovl-6 and SCD
gene expression are induced by insulin through activation
of sterol regulatory element binding protein-1 (SREBP-1)
and by glucose through activation of the carbohydrate-
regulatory element binding protein/MAX-like factor X
heterodimer (17). In mice, hepatic Elovl-5, Elovl-6, and
SCDs are induced by activation of peroxisome prolifera-
tor—activated receptor o and leptin deficiency, whereas
they are suppressed by long-term feeding of diets high in
SFAs (17). Coordinated expression of elongases and de-
saturases by transcription factors that regulate lipogenic
pathways thus control the levels of MUFAs. In vitro assays
have shown that Elovl-5 elongates unsaturated FAs, includ-
ing 16:1,n-7, +y-linolenate (18:3,n-6), and stearidonate
(18:4,n-3) (13, 14, 16). Relative to Elovl-5, Elovl-6 more
effectively elongates Cjy 4 saturated FAs and 16:1,n-7 (13,
15). Because oleate (18:1,n-9) is the predominate MUFA
in cells, Elovl-6 may play a larger role in MUFA synthesis
than Elovl-b by converting 16:0 to stearate (18:0), the satu-
rated precursor of 18:1,n-9.

Modulating the expression of FA elongase and desat-
urase genes has physiological significance, as mice with
knockdowns of either Elovl-6 or SCD1 are protected
from diet-induced obesity (7-9). The role of FA elon-
gases in regulating the determination of specific de
novo—derived MUFA end products, however, remains to
be defined. This study presents a comprehensive analy-
sis of the effects of both decreased and increased ex-
pression of Elovl-5, Elovl-6, and SCDs on FAs synthesized
de novo from glucose in a mammalian cell line. The re-
sults demonstrate that altering the expression of each
enzyme causes significant changes in de novo synthesis
of specific MUFA species.

MATERIALS AND METHODS

Cell culture

INS-1 cells, a rat insulinoma cell line (18), were maintained in
RPMI-1640 media containing 11.1 mM glucose and supple-
mented with 10% fetal bovine serum, 1 mM pyruvate, 10 mM
HEPES, 50 uM 2-mercaptoethanol, 100 units/ml penicillin, and
100 pg/ml streptomycin (INS-1 medium). For FA synthesis from
glucose, cells were cultured for 48 h in INS-1 media containing 4
or 16.7 mM glucose and treated, during the last 24 h, with either
10 or 41.75 pCi [U-""Clglucose (264 mCi/mmol, ICN Pharma-
ceuticals, Costa Mesa, CA), respectively.
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RNA extraction and quantitative real-time PCR

Total RNA was extracted with TRIZOL (Invitrogen, Carls-
bad, CA) according to manufacturer’s directions. First-stand
cDNA was synthesized using the iScript cDNA Synthesis kit
(BioRad, Hercules, CA). Quantitative real-time (qRT) PCR
was conducted using Platinum SYBR Green qPCR SuperMix-
UDG (Invitrogen), synthesized cDNA and sets of gene-specific
forward and reverse primers (supplemental Table I) (Inte-
grated DNA Technologies, Coralville, IA). qRT-PCR reactions
were carried out using a Mx3000P quantitative PCR system
(Stratagene, La Jolla, CA). All samples were analyzed in tripli-
cate. The relative amounts of mRNA were analyzed by the
comparative cycle threshold method. Ribosomal protein 1.32
(RPL32) mRNA levels, which were unaffected by treatments,
were used to normalize mRNA levels.

Modulation of FA elongase and desaturase activities
with siRNA

Control, Elovl-5, Elovl-6, and SCD siRNA were from Thermo
Fisher Scientific. INS-1 cells (2 x 100) were electroporated in 100
pl electroporation buffer (7 mM ATP, 11.6 mM MgCl,-6H,0, 68
mM K,;HPO,, 14 mM NaHCOs, and 2.2 mM glucose) containing
0.1 nmol siRNA using a Amaxa Nucleofector (program D-026).
Cells were cultured for 24 h in 5.5 mM glucose and subsequently
cultured for 24 h in INS-1 media containing 11.1 mM glucose.
Cells were then harvested for mRNA analysis or continued cultur-
ing overnight with 1 wCi [2-14C]acetic acid (51 mCi/mmol, ICN
Pharmaceuticals, Inc., Costa Mesa, CA), after which lipids were
extracted and analyzed for "c incorporation (see below).

Overexpression of FA elongases and desaturase
with adenoviruses

Elovl-5 and Elovl-6 cDNA were cloned and used for construc-
tion of recombinant adenoviruses as previously described (19).
SCD2 ¢cDNA was cloned in the same manner using cDNA synthe-
sized from INS-1 cell mRNA and the following primers: sense
5-ATAGTCGACATGCCGGCTCACATACTGCAAGAG-3’; anti-
sense H-ATACTCGAGTCAGCCACTCTTGCAGCTCTCCTC-
CCC-3” (Acc. No. AB032243). Adenoviruses overexpressing SCD2
were constructed using the AdEasy Adenoviral Vector System
(Stratagene) as previously described (17). An adenovirus overex-
pressing B-galactosidase (B-gal) was obtained from Dr. Newgard,
Duke University, NC. For gene transduction, 90% confluent cell
cultures were infected for 2 h with 5 or 10 pfu per cell and then
cultured for an additional 24 h in 5.5 mM glucose medium to al-
low for gene expression. Cells were then cultured in INS-1 media
containing 11.1 mM glucose with 1 nCi [2-"'Clacetic acid for
24 h prior to lipid extraction.

Lipid extraction and fatty acid analysis

Cells were harvested and lipids extracted as described by Wang
etal. (19). Total lipid extracts from the [2-"*C]acetic acid-label-
ing studies were saponified, extracted, and fatty acids were then
fractionated by reverse phase-HPLC using a J’sphere ODS-H80
(YMC-Waters) column and quantified by flow-through scintilla-
tion counting (IN/US).

Elongation and desaturation indexes

Indexes were determined using the "G counts incorporated
into each specific FA species and calculating the ratios of
product(s) to substrate. The elongation index for 16:0 was de-
fined as the ratio of 18:0 plus 18:1,n-9 to 16:0, while the elonga-
tion index for 16:1,n-7 was defined as the ratio of 18:1,n-7 to
16:1,n-7. The total desaturation index was defined as the ratio of
MUFAs (16:1,n-7, 18:1,n-7, 18:1,n-9) to SFAs (14:0, 16:0, 18:0).
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Statistical analysis

All experiments represent the average of three independent
experiments done in duplicate. Data was analyzed by Student’s
ttest. P< 0.05 was considered significant.

RESULTS

De novo FA synthesis in INS-1 cells cultured in
elevated glucose

INS-1 cells were used to study the roles of Elovl-5 and
Elovl-6 in de novo synthesis of specific MUFA species:
16:1,n-7; 18:1,n-7; and 18:1,n-9 (Fig. 1A). INS-1 cells
were selected as a model because they exhibit increased
lipogenic gene expression and triacylglyceride storage
in response to elevated glucose or liver X receptor (LXR)
activation (20-22) and are currently being used to study
the impact of FA elongases and desaturases on palmi-
tate-induced endoplasmic reticulum (ER) stress and
apoptosis. Culturing INS-1 cells for 48 h in 16.7 mM glu-
cose markedly increased mRNA levels of ACCa, FAS,
SCD1, and SCD2 compared with cells cultured in 4 mM
glucose (Fig. 1B). In contrast, Elovl-b and Elovl-6 mRNA

levels were only modestly induced by glucose. Overall,
the changes in lipogenic gene expression were associ-
ated with a 6- and 10-fold increase in de novo synthe-
sized SFAs and MUFAs, respectively, as assessed by
incorporation ofMC-glucose into FAs (Fig. 1C). Elevated
glucose thus led to a 1.6-fold increase in the total de-
saturation index (Fig. 1D). Of these newly synthesized
MUFAs, there was a significant increase in the n-7 rela-
tive to n-9 species (Fig. 1E). In subsequent experiments,
INS-1 cells cultured in elevated glucose were used to ex-
amine the role of Elovl-5 and Elovl-6 on synthesis of spe-
cific MUFA species.

Selective knockdown of Elovl-5 or Elovl-6 alters synthesis
of specific MUFA species

siRNAs were used to determine the relative contribu-
tion of Elovl-5, Elovl-6, or SCD1/2 on de novo synthesis
of specific FAs species in INS-1 cells cultured in elevated
glucose. siRNAs selective against Elovl-5 or Elovl-6 de-
creased expression of the target mRNA by 75% and
80%, respectively, with no significant effect on nontar-
get mRNA levels (Fig. 2A). SCD siRNA reduced SCD1
and SCD2 by 90% and resulted in a 1.7-fold increase in
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Fig. 1. Increased lipogenic gene expression and de novo FA synthesis in INS-1 cells cultured in elevated glucose. mRNA levels of lipo-
genic genes and de novo FA synthesis were determined in INS-1 cells cultured for 48 h in 4 mM or 16.7 mM glucose. For de novo FA syn-
thesis, culture media was supplemented with [U—14C]glucose for the last 24 h. Total lipids were extracted, saponified, and "g incorporation
into FAs was quantified. A: Diagram of enzymes regulating end products of de novo FA synthesis. B: Levels of ACCa, FAS, Elovl-2 (E2),
Elovl-5 (E5), Elovl-6 (E6), SCD1, and SCD2 mRNA. Data are relative to RPL32 expression and normalized to cells cultured in 4 mM glu-
cose. C: Incorporation of "Cinto specific FA species. Data are counts incorporated into specific FA species normalized to total protein. D:
Total desaturation index. E: Ratio of '*C-labeled n-7 (16:1,n-7 + 18:1,n-7) to n-9 (18:1,n-9) MUFA. Values are the mean + SEM for three
independent experiments. *P< 0.05 compared with low glucose. ACC, acetyl-CoA carboxylase; Elovl, fatty acid elongase; FA, fatty acid; INS,
rat insulinoma; MUFA, monounsaturated fatty acid; SCD, stearoyl-CoA desaturase.
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Fig. 2. Effect of siRNA-mediated knockdown of Elovl-5, Elovl-6, or SCD on gene expression and de novo
FA synthesis. INS-1 cells electroporated with CTL, Elovl-5, Elovl-6, or SCD siRNA were cultured in 11.1 mM
glucose. After 24-h, cells were harvested for mRNA analysis or incubated an additional 12 h in 11.1 mM lu—
cose plus [2-"*CJacetic acid to label de novo synthesized lipid. Total lipids were extracted, saponified, and ‘c
incorporation into FAs was quantified. A: Levels of Elovl-5, Elovl-6, SCD1, and SCD2 mRNA. Data are relative
to RPL‘%Z expression and normalized to siCTL-treated cells. *P < 0.02 compared with siCTL. B: Incorpora-
tion of "'C into FA species. Data are reported as percentage of total labeled FA species. C: Elongation index
for 16:0 and 16:1,n-7. *P < 0.05 for 16:0; *P < 0.03 for 16:1,n-7 compared with siCTL. D: Total desaturation
index. ¥*P< 0.05 compared with siCTL. Values are mean + SEM for three individual experiments. CTL, con-
trol; Elovl, fatty acid elongase; FA, fatty acid; INS, rat insulinoma; SCD, stearoyl-CoA desaturase.

Elovl-6. Next, de novo FA synthesis was assessed in siRNA-
treated cells using "C-acetic acid. Decreased expression
of Elovl-5 mRNA led to increased ''C- -labeling of 16:1,n-7
and decreased labeling of 16:0 (Fig. 2B; supl)lemental
Fig. I). There was no significant change in labeled
18:0 or 18:1,n-7, but there was a trend for increased "*C-
labeled 18:1,n-9. Elovl-5 siRNA decreased the elonga-
tion index for 16:1,n-7 by ~50%, whereas the elongation
index for 16:0 and the total desaturation index were
modestly increased (Fig. 2C, D). These data are consis-
tent with Elovl-5 principally elongating 16:1,n-7 to 18:1,n-7
(Fig. 1A).

Treatment of INS-1 cells with Elovl-6 siRNA decreased
14C-labeling of 18:0 and 18:1,n-9, and it increased He-
labeling of 16:0 and 16:1,n-7 (Fig. 2B; supplemental Fig. I).
There was no change in labeled 18:1,n-7. Reduced Elovl-6
expression decreased the elongation indexes for both 16:0
and 16:1n7 and modestly decreased the total desaturation
index (Fig. 2C, D). These data are consistent with Elovl-6
mediating elongation of 16:0 to 18:0 and 16:1n-7 to
18:1,n-7 (Fig 1A). INS-1 cells treated with SCD siRNA de-
creased ' C labelmg of 16:1,n-7, 18:1,n-7 and 18:1,n-9 and
increased ' Clabelmg of 16:0 and 18:0 (Fig. 2B; supple-
mental Fig. I). Loss of SCD expression decreased the elon-
gation indexes for 16:0 and 16:1,n-7 and the total
desaturation index (Fig. 2C, D).

1874 Journal of Lipid Research Volume 51, 2010

Overexpression of Elovl-6 increases synthesis of 18:0 and
18:1,n-9

To further examine the selectivity of Elovl-5 and
Elovl-6 in de novo FA synthesis, adenoviruses were
constructed to overexpress each individual gene and
then examined for their effect on de novo FA end prod-
ucts. Compared with a control adenovirus containing
B-galactosidase, overexpression of Elovl-6 resulted in a
large increase in "Cabeled 18:0 and 18:1,n-9 and de-
creased labeling of 16:0, 16:1,n-7 and 18:1,n-7 (Fig. 3A;
supplemental Fig. II). The elongation index for 16:0 in-
creased 3.6-fold, whereas the elongation index for 16:1,n-7
was unaffected (Fig. 3B). Overexpression of Elovl-6 in-
creased the total desaturation index (Fig. 3C). These re-
sults are consistent with Elovl-6 elongating 16:0 to 18:0 for
synthesis of 18:1,n-9 and this occurs at the expense of
16:1,n-7 and 18:1,n-7 production.

Overexpression of Elovl-5 increases synthesis of 18:1,n-7

Elovl-b overexpression had a limited effect on Me-
acetic acid incorporation into FAs compared with Elovl-6
overexpression. Nonetheless, elevated Elovl-b expression
led to decreased '*C-labeled 16:0 and 16:1,n-7, and in-
creased ""C-labeled 18:0 and 18:1,n-7 (Fig. 4A; supplemental
Fig. IIT). The effect of Elovl-5 on 16:1,n-7- and 18:1,n-7-
labeling corresponded with a significant increase in the
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Fig. 3. Effect of increased Elovl-6 expression on de novo FA
synthesis. INS-1 cells infected with adenoviruses expressing B-igal
or Elovl-6 were cultured for 24 h in 11.1 mM glucose and [2—1 C]
acetic acid. Total lipids were extracted, saponified, and "C in-
corporation into FAs was quantified. A: Incorporation of “c
into FA species. Data are reported as percentage of total labeled
FA species. B: Elongation index for 16:0 and 16:1,n-7. "P<0.01
for 16:0 compared with B-gal. C: Total desaturation index. *P <
0.05 compared with B-gal. Values are the mean + SEM for three
individual experiments. B-gal, B-galactosidase; Elovl, fatty acid
elongase; FA, fatty acid; INS, rat insulinoma.

16:1,n-7 elongation index (Fig. 4B). The minimal effect
of Elovl-5 might have been due to low 16:1,n-7 substrate
availability. To test this possibility, cells were treated
with an adenovirus overexpressing SCD2 alone or in
combination with Elovl-5 overexpression. SCD2 overex-
pression caused a decrease in "C-labeled 16:0 and 18:0
and a marked increase in '“*C-labeled 16:1,n-7 and
18:1,n-7 (Fig. 4B). This resulted in a ~3-fold increase in
the total desaturation index (Fig. 4C). Compared with
SCD2 alone, the combination of Elovl-5 and SCD2 fur-
ther increased 18:1,n-7 and reduced 16:1,n-7 (Fig. 4B),
thus demonstrating that Elovl-5 elongates de novo syn-
thesized 16:1,n-7.
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Fig. 4. Effect of increased Elovl-5 and/or SCD2 expression on de
novo FA synthesis. INS-1 cells infected with adenoviruses that ex-
press B-gal, Elovl-5, and/or SCD2 were cultured for 24 h in 11.1
mM glucose and [2-14C]acetic acid. Total lipids were extracted, sa-
ponified, and e incorporation into FAs was quantified. A: Incor-
poration of "C into FA species. Data are reported as percentage of
total labeled FA species. B: Elongation index for 16:0 and 16:1,n-7.
P < 0.02 for 16:1,n-7 compared with B-gal. C: Total desaturation
index. ¥*P < 0.0001 compared with B-gal. Values are the mean *
SEM for three individual experiments. B-gal, B-galactosidase; Elovl,
fatty acid elongase; FA, fatty acid; INS, ratinsulinoma; SCD, stearoyl-
CoA desaturase.

DISCUSSION

The role of FA elongases in determining end products
of de novo FA synthesis from glucose has been largely
speculative. Although substrate specificities of Elovl-5 and
Elovl-6 in vitro using yeast and microsomal preparations
indicated elongation of 16 carbon FAs (13, 15), the effect
of altered expression of these enzymes on the specific spe-
cies of FA synthesized from glucose has not been ad-
dressed. This study is the first to characterize the effects of
both reduced and enhanced expression of Elovl-b and
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Elovl-6 on the intracellular end products of de novo-
derived FAs in mammalian cells. The findings reveal a sig-
nificant role for FA elongase activity in regulating the
synthesis of de novo—derived MUFAs and establishing the
balance among 16:1,n-7, 18:1,n-7, and 18:1,n-9.

Elongation of FAs by Elovl-5 is essential for control of
hepatic lipid homeostasis, as overexpression in liver de-
creases triglyceride content and knockdown leads to acti-
vation of SREBP-1c, increased lipogenic gene expression,
and hepatic steatosis (23, 24). Elovl-5 substrates include
16:1,n-7 and polyunsaturated FAs, such as 18:2,n-6 and
18:4,n-3, which are precursors for 20:4,n-6 and 20:5,n-3
synthesis, respectively (13, 14, 16, 17). Elevated levels of
carbohydrate leads to increased synthesis of both 18:1,n-7
and 18:1,n-9 FA in INS-1 cells and liver (8). Targeted re-
duction of Elovl-5 expression in INS-1 cells decreases the
elongation of 16:1,n-7 to 18:1,n-7 and increases elongation
of 16:0 to 18:0 and the synthesis of 18:1,n-9, illustrating an
ex vivo role for Elovl-5 in the elongation of 16:1,n-7. Find-
ings in INS-1 cells are in stark contrast to Elovl-5—null mice,
which have increased rather than decreased hepatic levels
of 18:1,n-7 (23). Although 18:1,n-7 levels were unexpect-
edly elevated in Elovl-5-null mice, polyunsaturated fatty
acid (PUFA) levels were reduced as expected. The in-
creased levels of hepatic 18:1,n-7 may be associated with
reduced synthesis of 22:6,n-3, an inhibitor of SREBP-1 pro-
cessing (11, 23, 25). Indeed Elovl-5—null mice had in-
creased SREBP-1c levels, de novo FA synthesis, and Elovl-6
expression, which can elongate 16:1,n-7 to 18:1,n-7 (23).

Overexpression of Elovl-5 in INS-1 cells decreased the
amount of de novo—derived 16:1,n-7 but only had a mini-
mal effect on 18:1,n-7. The minimal effect of increased
Elovl-5 expression was likely due to limited substrate avail-
ability, as INS-1 cells have very low concentrations of
16:1,n-7 relative to 16:0. Consistent with this possibility,
overexpression of SCD2 significantly increased 16:1,n-7
synthesis, which was available for Elovl-5 to elongate to
18:1,n-7. Under many physiologic states, increased SCD
expression occurs with increased expression of Elovl-b
(and Elovl-6) (17). Elovl-5 might function to keep cellular
concentrations of 16:1,n-7 low, thereby preventing accu-
mulation of 16:1,n-7 that can serve as a cell-signaling mol-
ecule (10). Although the mechanism is unknown, exposure
of cells to 16:1,n-7 enhances insulin signaling, and its ac-
cumulation in the blood has been shown to correlate with
increased muscle insulin sensitivity and protection from
hepatic steatosis (7, 10). Despite the ability of Elovl-5 to
elongate 18:3,n-6, 18:4,n-3, and 20:5,n-3 in vitro, overex-
pression or knockout of Elovl-5 (or Elovl-6) did not affect
PUFA production in INS-1 cells (data not shown). The
lack of evidence of PUFA elongation might be due to in-
sufficient substrate (e.g., 18:2,n-6, 18:3,n-3) as INS-1 cell
phospholipids are deficient in PUFA (26).

The preferred substrate for triglyceride storage of ex-
cess FAs is the MUFA oleate (18:1,n-9) (27). Synthesis of
18:1,n-9 de novo requires elongation of 16:0 to 18:0 before
desaturation. Elovl-6 overexpression in INS-1 cells largely
drove the elongation of 16:0 to 18:0 and promoted synthe-
sis of 18:1,n-9 rather than elongation of 16:1,n-7 to 18:1,n-7.
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Conversely, reduced expression of Elovl-6 significantly de-
creased the products of 16:0 elongation (i.e., 18:0 and
18:1,n-9) while increasing 16:1,n-7. Elongation of 16:1,n-7
to 18:1,n-7 was also decreased with siElovl-6. A role for
Elovl-6 in 16:0 elongation is supported by Elovl-6—null
mice, which displayed decreased hepatic accumulation of
18:0 and 18:1,n-9 and increased 16:0 and 16:1,n-7 (7). The
effect of decreased elongation of both 16:0 and 16:1,n-7 by
reduced Elovl-6 expression and activity is a shuttling of de
novo-synthesized FA toward the production of 16:1,n-7.
Our data show that expression and activity of Elovl-6 is
mostly involved in elongation of de novo-synthesized 16:0
to produce n-9 MUFA.

Although Elovl-5 and Elovl-6 activities can influence syn-
thesis of specific MUFA species, SCD activity clearly plays
the predominate role in total MUFA synthesis. This was
exemplified by the large reduction in 16:1,n-7, 18:1,n-7,
and 18:1,n-9 in INS-1 cells with reduced SCD1 and SCD2.
Interestingly, Elovl-6 mRNA, but not Elovl-b mRNA, was
induced in SCD-deficient INS-1 cells. This finding sup-
ports the unique role of Elovl-6 in synthesis of 18:1,n-9, the
predominate MUFA in cells, and suggests that MUFAs pro-
vide negative-feedback control on Elovl-6 expression.
Overexpression of SCD2 in INS-1 cells, in the absence of
increased Elovl-5/Elovl-6, led to increased 16:1,n-7 and
18:1,n-7 but had little impact on 18:1,n-9 synthesis. In a
similar manner, culturing INS-1 cells in elevated glucose
induced SCD1 and SCD2 mRNA levels to a greater extent
than Elovl-b or Elovl-6, which in turn shifted the ratio of
n-7 to n-9 MUFA synthesis. These data suggest that without
coordinate regulation of FA elongases, elevated SCD activ-
ity will disrupt the balance of 16:1,n-7, 18:1,n-7 and 18:1,n-9.

CONCLUSION

This study presents a comprehensive analysis of the
effects of altered expression of Elovl-5 and Elovl-6 on de
novo-synthesized MUFAs. Our results demonstrate that
Elovl-5 preferentially converts 16:1,n-7 to 18:1,n-7, whereas
Elovl-6 preferentially elongates 16:0 to 18:0, which can be
further desaturated to 18:1,n-9. Loss of coordinate control
of Elovl-5, Elovl-6, and SCD can disrupt production of spe-
cific MUFA species, which might influence cell function.
As Elovl-5 and Elovl-6 can be differentially expressed un-
der various physiologic and pharmacologic conditions and
are also capable of elongating exogenous lipids (17, 19), it
is likely that FA elongases play a broader role in determin-
ing the balance of MUFA species Hi
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