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Fig. 3. Testicular gene expression. Analysis of the AKAP3 (A),
TISP50 (B), TISP69 (C), Tnp (D) and Ctin (E) genes were examined
by real-time PCR in wild-type (Wt), Elovi2"”~ (Hz [heterozygous]), and
Elovi2”"~ (KO [knockout]) mice. Results shown are the means + SEM
of 7 Wt and Hz animals and 2 KO animals. *, P< 0.05; ** P< 0.01.

of C22:4n-6 elongation and A6-desaturation, also was re-
duced implies that ELOVL2 is important for C22 elonga-
tion within both the n-3 and the n-6 series (Fig. 5).

DHA supplementation does not restore fertility in male
Elovl2"™ mice

Recently, two different mouse strains lacking A6-
desaturase (FADS2) have been associated with impaired
reproduction. As in the case of Elovl2"~ mice, Fads2-
ablated mice show abnormal sperm head conformation
(17, 18) and are characterized by a reduction in levels of
(C20:4n-6, C22:5n-6, and C22:6n-3. Interestingly, dietary
supplementation of C22:6 n-3 (DHA) completely restored
sperm morphology and subsequently male fertility of these
mice (19), suggesting that 22:5n-6 PUFA are dispensable if
22:6n-3 is supplemented in the diet. In contrast, despite
distorted levels of C22 PUFAs in testis of Elovl2”  mice,
dietary supplementation of DHA for 3 months (Tables 3
and 4) could not restore male fertility of these mice, em-
phasizing the importance of ELOVL2 and the generation
of testis-specific VLC-PUFA required for male fertility.

DISCUSSION

Here we report a novel mechanism involving ELOVL2-
derived fatty acids in mammalian spermatogenesis. Using
homologous recombination, we developed Elovl2™"~ mice,
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Fig. 4. Biosynthesis of VLC-PUFAs in wild-type, Elovi2””, and
Elovl2”"~ mice. The composition of the testicular acyl-CoA pool was
determined by extraction, derivatization, and HPLC analysis of
acyl-etheno-CoAs. Carbon 17:0 istd is the internal standard acyl-CoA.
A: Acyl-CoA composition of wild-type and Elovl2 "~ testes. Blue
trace corresponds to Elovl2" *, and the red trace corresponds to
Elovl2”’~ mice. *#, indicates differences between the genotypes. B:
Acyl-CoA composition of wild-type and Elovl2”" testes. Blue trace
corresponds to Elovi2™* mice, and the red trace corresponds to
Elovl2” mice. *, indicates differences between the genotypes. Re-
sults shown are pooled samples from 7 wild-type and heterozygous
mice and 2 knockout animals.

which resulted in a complete arrest of spermatogenesis,
with seminiferous tubules displaying only spermatogonia
and primary spermatocytes, without further germinal cells
in male mice. The main reason for this result is the com-
plete absence of C24-C30 VLC-PUFAs of the n-6 family in
the testis, of which C24:4 n-6 is essential for the production
of C22:5 n-6. Even more surprising is that heterozygote
Elovl2”~ mice exhibited haploinsufficiency with reduced
levels of n-6 C28:5 and C30:5 PUFAs, which gives rise to
impaired packaging of haploid spermatides and infertility
in almost all male mice, implying that even minor changes
in Elovl2 expression and testicular omega-6 PUFA content
may have severe effects on male reproduction ability. This
implies that C28—C30 n-6 PUFAs are formed by Elovi2 and
are crucial for normal spermatogenesis, although we can-
not rule out the possibility that the effect seen in Elovl2™’~
mice at an earlier stage of spermatogenesis may be a direct
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Fig. 5. In vivo VLC-PUFA biosynthesis by ELOVL2, ELOVL4, and ELOVL5. The 18:3n-3 and 18:2n-6
PUFAs were obtained from the diet and were subsequently elongated and desaturated by the indicated
enzymes into longer PUFAs. ELOVLS5 is involved in the elongation of PUFAs up to 22 carbons in length.
ELOVL2 elongates from 20:4n-6 and 20:5n-3 series. Specifically, in the testis, ELOVL2 is involved in the
biosynthesis of VLC-PUFA (=C24) up to 30 carbons in length of the n-6 family (gray area). ELOVL4 elon-
gates up to G38 in length. C26FADS, fatty acid desaturase.

consequence of impaired levels of C22-C26 PUFAs as
well.

The histological phenotype of the Elovi2™/~ mice testis
resembles in part the morphology seen in two mouse
strains with disruption of the epimorphin gene, a member
of the SNARE family, which plays an essential role in mem-
brane fusion at the terminal step of cytokinesis and vesicle
fusion during exocytosis (20-22). As in the case of Elovl2
ablation, those germ cells failed to complete the meiotic
division to generate haploid cells, thereby resulting in the
formation of multinucleated cells in the lumens of the
seminiferous tubules. In addition, mutations within the
bond gene, an Elovl homolog in Drosophila, with unknown
fatty acid specificity, block cleavage-furrow ingression dur-
ing early telophase in dividing spermatocytes, which is due
to collapse of the contractile rings as a consequence of
impaired interaction between cytoskeleton and plasma
membrane at this stage (23). Those findings together with
our data presented here imply that ELOVL2-synthesized
VLC PUFAs are essential membrane components for nor-
mal completion of spermatocyte cytokinesis in mammals.

With maturation, the spermatides accumulate significant
amounts of unusual sphingolipids containing VLG PUFAs
(24, 25), which are principally localized to the sperm head

(26) where they may stabilize cellular membranes with high
curvature, such as the rims of the sperm head. In addition,
during acrosomal biogenesis, proacrosomal vesicles derived
from the Golgi apparatus dock and fuse along a cytoskeletal
plate, which then reorganizes to modulate exogenous shear
forces exerted by the Sertoli cells to guide nuclear elongation

TABLE 2. Neutral lipid composition in testis of wild-type and
Elovl2”~ male mice

Lipid class and length Wild-type mice Elovl2”~ mice
Triglyceride C49 2.5+0.9° 3.5+0.7
Triglyceride C51 55 +0.5" 6.0 £ 0.6
Triglyceride C53 25.5 + 0.9 25.6 +0.7
Triglyceride C55 388+ 1.7 36.8+1.4
Triglyceride C57 23.0 0.7 22.5+0.7
Triglyceride C59 4.7+1.7° 5.7+1.2
Cholesterol 15.3 + 0.9 13.5+0.9
Cholesterol esters 2.7 +0.4" 23+0.3
Cholesterol esters C16 36.5 + 2.0“ 37.2+1.2
Cholesterol esters C18 55.1 + 2.4" 54.7+1.2
Cholesterol esters C20:4 (n-6) 85+ 1.7 8.1+1.8
Triglycerides 32.4+10.8" 14.4+5.4
Relative FAME mass 63.9+11.7 22.0 + 6.0%*

“ Units are percentage of total + SEM.
" Units are pg/mg.
**, P <0.01.
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(27). Our data for heterozygote Elovl2” ™ mice imply that
Elovi2-derived C28:5 and C30:5 n-6 fatty acids are essential
membrane components in circumstances when exception-
ally strong forces are applied to the cell.
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Fig. 6. Total fatty acid composition of liver and tes-
tis. Fatty acid composition up to C24, analyzed by gas
chromatography of liver (A) and testis (B) of wild-
type (wt) and Elovi2"~ (Hz [heterozygous]) male
mice and testis of two pooled wild-type and Elovl2" ”
male mice (C). Bars indicate means + SEM from 6 ani-
mals. ¥, P<0.05; ¥¥, P<0.01.

.,« \« QPQPQPQPQP(F‘,“ RO P

0 T S, g R
& ¥ F 0'9 d‘9 S PP P

EElovi2+/+ DElovi2-/-

A distinguishing feature between the Elovl2”~ mice
and the Fads2- and Elovi5-ablated mice (Fig. 5) is that
fertility is already severely affected at a heterozygous
stage in Elovl2”~ male mice, suggesting a dominant neg-
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Fig. 7. Differences i in total PUFA composition of serum. Fatty acid composition up to C24, by gas chromatography analysis of serum in

wild-type and Elovl2™/

ative effect, which cannot be rescued by any other met-
abolic pathway. In addition, mice heterozygous for both
Elovl5 and Fads2 ablation produce offspring in a normal
Mendelian ratio, and male Elovl5 ’~ mice are fertile
(18, 28).

Because ELOVLA4 has been shown to be the enzyme re-
sponsible for VLC-PUFA synthesis in retina (3), the enzyme
has been suggested to perform the same action in testis. As
both ELOVL2 and ELOVL4 are expressed at significant
levels in testis and retina, our data clearly imply that
ELOVL2 and ELOVL4 have two distinct functions in these
tissues: ELOVL2 preferentially elongates C22 PUFA up to
C30 of the n-6 series, and ELOVL4 preferentially elongates
C26 PUFA up to C36 of the n-3 series (Fig. 5). In addition,
several mutations and deletions in the Elvol4 gene have
been shown to be associated with the pathogenesis of dom-
inant macular dystrophies in mice and humans (29-33).
However, diabetes-induced retinopathy has recently been
shown to be associated with reduced expression of both
Elovl2 and Elovl4, which is paralleled by a downregulation
of DHA and n-3 VLC-PUFAs in retina (34), suggesting that
ELOVL2 and ELOVL4 may operate at different levels also
within the same elongation pathway.

~ male mice. Bars indicate means = SEM from 3 animals per group. *, P< 0.05; **, P< 0.01; *** P< (0.001.

It is noteworthy that in addition to its expression in
retina and testis, Elovl4 is also expressed in skin (3). Elovi4-
ablated mice die within a few hours after birth due to
dehydration caused by a reduction of specific ceramides
and saturated VLCFA longer than C26 in the epidermis of
mutant mice (35). In contrast, Elovl2 knockout mice do
not show any obvious skin phenotype, which is in accor-
dance with undetectable levels of Elovl2 expression in skin

TABLE 3. Fatty acid composition of DHA-enriched diet

Fatty acid % of fatty acid in DHA diet
C12:0 0
C14:0 0
C16:0 4.44
C18:0 2.09
C18:1n-9 30.53
C18:2n-6 34.69
C18:3n-3 3.45
C20:5n-3 5.27
C22:6n-3 19.53
satfa 6.53
mufa 30.53
n-6 34.69
n-3 28.25
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TABLE 4. DHA content in male liver after dietary supplementation

Elovi2”" Elovi2”~ Elovl2” ™ fed DHA
Measure fed chow fed chow supplement
% DHA + SEM 5.7+0.6 55+0.6 11.3+3.5
in liver

of normal mice. Overall, these data emphasize ELOVL2 as
the critical enzyme for the conversion of C22 to C26 PUFA,
which may then act as a substrate for ELOVL4.

In summary, from our data here, it is apparent that de

novo synthesis of n-6 VLC-PUFAs with C28 and C30 car-
bon atoms is a prerequisite of normal sperm maturation
and that any interference with this process has severe con-
sequences for male reproduction. Considering recent
findings for the relationship between ELOVL2 expression
and metabolic syndromes found in humans (36, 37), our
results presented here may therefore give new insights
into the field and show how nutritional interventions,
and/or modulation of ELOVL2 expression, could repre-
sent a potential therapeutic target for male infertility
caused by impaired lipid metabolism Jl
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