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ABSTRACT

Omega-3 polyunsaturated fatty acids (n-3 PUFAs),
particularly docosahexaenoic acid (22:6n-3, DHA), play
crucial roles in the reproductive health of vertebrates,
including humans. Nevertheless, the underlying
mechanism related to this phenomenon remains largely
unknown. In this study, we employed two zebrafish genetic
models, i.e., elovi2” mutant as an endogenous DHA-
deficient model and fat7 (omega-3 desaturase encoding
gene) transgenic zebrafish as an endogenous DHA-rich
model, to investigate the effects of DHA on oocyte
maturation and quality. Results show that the elovi2”
mutants had much lower fecundity and poorer oocyte
quality than the wild-type controls, while the fat1 zebrafish
had higher fecundity and better oocyte quality than wild-
type controls. DHA deficiency in elovi2” embryos led to
defects in egg activation, poor microtubule stability, and
reduced pregnenolone levels. Further study revealed that
DHA promoted pregnenolone synthesis by enhancing
transcription of cyp77a1, which encodes the cholesterol
side-chain  cleavage enzyme, thereby stabilizing
microtubule assembly during oogenesis. In turn, the
hypothalamic-pituitary-gonadal axis was enhanced by
DHA. In conclusion, using two unique genetic models, our
findings demonstrate that endogenously synthesized DHA
promotes oocyte maturation and quality by promoting
pregnenolone production via transcriptional regulation of
cyp1iai.
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INTRODUCTION

Polyunsaturated fatty acids (PUFAs) play essential roles in
different biological processes, including neural development
(Katakura et al., 2009; Lauritzen et al., 2016) and immune
inflammation (Arita et al., 2005; Arita et al., 2007). Among the
various PUFAs, omega-3 PUFAs (n-3 PUFAs), especially
docosahexaenoic acid (22:6n-3, DHA), are highly beneficial
for human health, including the prevention of cardiovascular
diseases, fatty liver disease, obesity, and neurodegenerative
disorders (Swanson etal.,, 2012; Zhang etal, 2019a).
Therefore, n-3 PUFAs, especially DHA, are considered
essential dietary nutrients (Muskiet et al., 2004).

Various studies have suggested that both dietary n-3
PUFAs and DHA exert beneficial effects on animal
reproduction and fertility (Li etal.,, 2004; Vrablik & Watts,
2013; Wathes etal.,, 2007; zZhu etal., 2019). In humans,
supplementation with n-3 PUFAs can delay delivery and
reduce the risk of premature birth (Olsen et al., 2019). In mice,
diets rich in n-3 PUFAs can prolong the female reproductive
lifespan and improve oocyte quality into advanced
reproductive age (Nehra etal.,, 2012). In vitro studies also
suggest that DHA can promote the proliferation and
steroidogenesis of bovine granulosa cells, a steroidogenic cell
type found in the ovary (Maillard et al., 2018). Nevertheless, to
fully reveal the role and mechanism of n-3 PUFAs and DHA in
reproduction, genetic models are essential.

In recent decades, several genetic mutations involving fatty
acid desaturase (fads) and elongase of very-long-chain fatty
acids (elovl) have been introduced in mice and Caenorhabditis
elegans, with subsequent research highlighting the importance
of endogenously biosynthesized PUFAs in reproduction
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(Vrablik & Watts, 2013). For example, knockout of elovi2 and
mutation of fads2 in mice result in male sterility (Stoffel et al.,
2008; Zadravec et al., 2011), while depletion of elovi1 and
elovi2 in C. elegans results in an increase in saturated fatty
acids, a decrease in PUFAs, and disrupted reproduction
(Kniazeva et al., 2003). Nonetheless, the precise regulatory
mechanism driven by endogenously synthesized PUFAs
remains largely unexplored.

Given their developmental and physiological advantages,
such as short reproductive cycle, embryo transparency, and
high degree of similarity in reproductive regulatory systems
with humans (Hoo et al., 2016; Ye et al., 2019; Zhang et al.,
2022), zebrafish have emerged as a promising model for
studying reproduction and germ cell biology (MacRae &
Peterson, 2015; Ye et al., 2022 Wang et al., 2023) as well as
the mechanisms underlying fatty acid biosynthesis and lipid
metabolism in vivo (Monroig etal., 2018; Xu etal., 2023;
Zeituni & Farber, 2016). In our recent work, we established
two genetic models based on zebrafish, i.e., fat? transgenic
zebrafish Tg(CMV:fat1) as an endogenous DHA-rich model
and zebrafish elovi2” mutants as a DHA biosynthesis-
deficient model (Liu etal., 2020; Pang et al., 2014). These
models provide the opportunity to investigate the role and
mechanism of DHA in reproduction. Zebrafish studies have
shown that maternally expressed cyp71al and zygotically
expressed cyp711a2, encoding cholesterol side-chain
enzymes, are critical for the production of pregnenolone (P5),
a microtubule-stabilizing reagent and precursor of all steroid
hormones (Hsu et al., 2006b; Wang et al., 2022). However,
the transcriptional regulation of cyp171a7 and cyp171a2 remains
to be elucidated.

In this study, we employed the aforementioned zebrafish
models to examine the role of DHA in female reproduction.
Results showed that endogenous synthesis of DHA enhanced
female fecundity and oocyte maturation, while DHA deficiency
in elovi2” females resulted in egg activation defects and
impaired microtubule assembly. Mechanistically,
endogenously synthesized DHA promoted the transcription of
cyp11at, which encodes a cholesterol side-chain enzyme for
P5 production, thereby stabilizing microtubule networks in
oocytes and promoting egg quality. In conclusion, using the
two unique genetic models, our results suggest that
endogenously synthesized DHA promotes oocyte maturation
and quality by promoting P5 production via transcriptional
regulation of cyp11ai.

MATERIALS AND METHODS

Zebrafish strains

The zebrafish strains used in this study, including AB
(abbreviated ~ WT), Tg(CMV:Cel.Fat1,CMV:EGFP)"b22Tg
(abbreviated fat1) (Pang etal., 2014), and elov/27"b332
(abbreviated elovi2”) (Liu et al., 2020), were maintained and
raised at the China Zebrafish Resource Center of the National
Aquatic Biological Resource Center (CZRC/NABRC, Wuhan,
China, http://zfish.cn). To obtain elovi2”/Tg(CMV:fat1) fish
(abbreviated elovi2”/fat1), elovi2” mutants were crossed with
fat1 fish to generate elovi2"/fat1 fish, which were, in turn,
incrossed to generate elov/2”/fat1 fish. The raising density of
zebrafish and embryo staging were determined based on
previous research (Ye et al., 2022). All experiments involving
zebrafish were performed according to the experimental
protocols approved by the Institutional Animal Care and Use

Committee of the Institute of Hydrobiology, Chinese Academy
of Sciences under protocol IHB2015-006.

Experimental diets and feeding

All zebrafish strains received a daily diet of brine shrimp,
known to contain only trace amounts of DHA (Pang et al,,
2014). Both WT and fat1 zebrafish were maintained in the
same tank from the fertilized egg stage until they were
separated at adulthood for experimental procedures. The
elovi2” adult female zebrafish were supplemented with a
DHA-rich diet (Nutriera, China) each day for two weeks before
mating to ensure an adequate proportion of female offspring,
given the extremely low ratio of female offspring under normal
feeding conditions. The subsequent feeding conditions of the
elovi2”- embryos were the same as those of the other strains.
Throughout the whole experiment, an equal number of
zebrafish were kept in each tank, consistent per previous
study (Pang et al., 2014).

Morphological analysis of ovaries and oocytes

After anesthetization with MS-222 (Sigma, USA), 6-month
post-fertilization WT, elovi2”, fat1, and elovi2”/fat1 adult fish
were dissected the day after ovulation. The ovaries were
collected and weighed to calculate the gonadosomatic index
(GSI; gonad weight/body weightx100%). For embryos, oocyte
diameter and chorion elevation distance were measured at 15
minutes post-fertilization (mpf) using Imaged (v.1.53e). Oocyte
diameter was the longest distance in the vertical direction of
the animal-vegetal axis. Chorion elevation distance was the
longest length of the chorion when fully inflated minus the
diameter of the oocyte.

Analysis of follicle composition

Freshly dissected zebrafish ovaries were embedded in optimal
cutting temperature (OCT) compound, snap-frozen in liquid
nitrogen, cryo-sectioned to generate 10 pm thick slices at
100 pm intervals with a frozen microtome (Thermo HM525,
USA). The sections were stained with hematoxylin and eosin
(H&E), as described previously (Zhang etal., 2020), then
photographed using an Olympus BX53 microscope (Japan).
Follicles on the sections were staged according to previously
reported criteria (Yang et al., 2017). The number of follicles at
different stages was counted for each section, and the
proportion of each follicle type was calculated. At least three
ovaries were examined and analyzed per group.

Germinal vesicle breakdown (GVBD) assay

Dissected ovaries were washed three times with
1xphosphate-buffered saline (PBS) and transferred to oocyte
culture medium consisting of 90% Leibovitz’s L-15 medium
(Gibco, USA) and 10% fetal bovine serum (BI, Israel) with 100
pug/mL  penicillin-streptomycin  (Gibco, USA). Follicles at
different stages were gently separated with tweezers.
Dissociated mature follicles were transferred to a new dish of
fresh oocyte culture medium. The GVBD ratio was then
assessed as described in previous study (Zhang et al., 2020),
with some modifications. In brief, mature oocyte-stage follicles
were co-cultured with oocyte culture medium containing 17a-
20B-dihydroxy-4pregnen-3-one (DHP, Cayman, USA) at 28°C
for 2 h. Follicle translucency predicted GVBD success.

Cortical granule exocytosis (CGE) staining

Eggs were squeezed and activated with water, with embryos
then collected at 1 min, 5 min, and 15 min after activation,
fixed in 4% paraformaldehyde overnight, and stained with
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fluorescent dye-conjugated Maclura pomifera agglutinin (MPA,
50 pg/mL, FL-1341, Vector Laboratories, USA) and phalloidin
(66 nmol/L) to display cortical granule exocytosis (He et al.,
2022). About 20 embryos were measured per group.

Ooplasmic movement analysis

CellTracker™ CM-Dil Dye (100 pg, C7000, Invitrogen, USA)
was microinjected into the yolk of newly fertilized embryos
near the vegetal pole according to our recent study (He et al.,
2022). To record ooplasmic movement, embryos were
mounted in small confocal dishes with 1% agarose. For time-
lapse analysis, images were captured every 82 s using an
inverted microscope (Leica DMI6G000B, Germany) with a 10x
objective. At least seven embryos were measured per group.

Mature oocyte-stage follicle acquisition

Dissociated mature oocyte-stage follicles were transferred to a
new dish of fresh oocyte culture medium. Hair filaments were
made into lockets and fixed on the tips of tweezers. Two
lockets were gently slid over the follicle surface until the
follicular cell layer was peeled off. The follicles were fixed with
4% paraformaldehyde for subsequent microtubule abundance
assay.

Immunofluorescence and microtubule
analysis

Microtubule staining of oocytes and embryos was performed
according to previously described procedures (Tran etal.,
2012). The antibodies used for immunofluorescence were
mouse anti-a-tubulin primary antibody (Invitrogen, 1:500,
USA) and Alexa 568 mouse Fluor-conjugated secondary
antibody (Invitrogen, 1:500, USA). Microtubule arrangement
was assessed according to previous research (Hsu etal.,
2006b). For embryos, images were acquired using a laser-
scanning confocal inverted microscope (SP8, Leica,
Germany). For oocytes, images were acquired using a single
molecule confocal microscope (STELLARIS 8, Leica,
Germany). ImageJ (v.1.53e) was used to measure a-tubulin
fluorescence area per unit area, and relative a-tubulin density
was calculated by comparing the experimental group area with
that of the control group.

arrangement

Drug treatments

For P5 (739545, Sigma, USA) treatment, dechorionated
embryos were cultured in 0.3xDanieau buffer containing 2
pmol/L P5 from one-cell stage to shield stage. For nocodazole
(M1404, Sigma, USA) treatment, mature follicles were
cultured in oocyte culture medium containing 1 pg/mL
nocodazole for 1 h.

Morpholino and mRNA injection

The morpholino (MO) targeting cyp?7al was sourced from
Gene Tools, LLC (USA), with the sequence: 5- CCATC
ACACTCTCTCTCTCTACTT-3' (Hsu et al.,, 2006b). One-cell
stage embryos were injected with cyp17a’ MO at a dose of
7.5 ng per embryo, as described previously (Wei et al., 2014).
Approximately 300 embryos were injected per group. The
embryos were imaged and analyzed at 10 hours post-
fertilization (hpf).

The coding sequence (CDS) of zebrafish cypf1aft
(GenBank: NM_152953.2) and mouse gpr120 (GenBank:
NM_181748) were amplified by polymerase chain reaction
(PCR), then subcloned into the pCS2+ vector, as described
previously (He etal.,, 2020). The mRNA was synthesized
using a SP6 In Vitro Transcription Kit (MMACHINE; Ambion,
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USA). Each mRNA was injected into one-cell stage embryos
at a dose of 0.5 ng per embryo.

Luciferase assay

The genomic sequences of cyp171af were obtained from a
public  database (http://asia.ensembl.org) (ENSDARG
00000002347). The Promoter 2.0 website was used to predict
possible promoter activity regions of cypf17a1. Based on
analytical results, we cloned the -6 787 to -5 297 nt and
-2 150 to -1 nt region upstream of the “ATG” start codon to
generate a cyp11a1: luciferase reporter system. The predicted
promoter regions (-6 787 to =5 297 nt and -2 150 to -1 nt)
were amplified from the zebrafish genomic DNA and sub-
cloned into the luciferase reporter vector. A reverse PCR
method was used to construct a mutant type of the luciferase
reporter vector with appropriate primers (listed in
Supplementary Table S1).

For the embryo assay, 50 ng of luciferase reporter plasmid
and 5 ng of Renilla control plasmid (pRL-TK, Promega, USA)
were mixed and injected into one-cell stage embryos (Lu
et al.,, 2014). For the cell culture assay, 100 ng of luciferase
reporter plasmid and 2.5 ng of Renilla control plasmid were
mixed and co-transfected into 293T cells with 500 ng of
pCS2+ -GPR120 plasmid or pCS2+ control plasmid. The
injected embryos were collected at 6 hpf and the transfected
cells were collected 24 h after transfection. Embryos and cells
were fully lysed and centrifuged at 12 000 xg for 15 seconds
at room temperature, and luciferase activity of the
supernatants was measured using a dual luciferase reporter
system (E1910, Promega, USA) according to previous
research (Wei etal., 2014). Each experiment was repeated
three times.

Fatty acid analysis

Approximately 60 mature oocytes were used as one sample
for fatty acid extraction. Fatty acid was extracted and
measured by gas chromatography-mass spectrometry (GC-
MS) according to previously described protocols (Liu et al.,
2020; Pang etal., 2014). Four biological replicates were
established for each group. Data were processed as a
percentage of total fatty acid methyl esters.

P5 measurement

In total, 100 fertilized eggs at 15 mpf or 100 embryos at 6 hpf
from one female were collected as one sample for P5
measurement. For adults, at least four females were
measured individually. Fish were weighed after ovulation and
quick-frozen in liquid nitrogen for subsequent assay. P5 was
extracted and measured according to previous research
(Wang et al., 2022).

Reverse-transcription quantitative PCR (RT-qPCR)

Total RNA was extracted from oocytes, embryos, and ovaries
using TRIzol reagent (Invitrogen, USA). For brains, total RNA
was extracted using an RNA Prep Pure Micro Kit (TIANGEN,
China). RT-gPCR was performed as described previously
(Wang et al., 2022). All RT-gPCR gene-specific primers are
listed in Supplementary Table S2.

Statistical analysis

All results were expressed as meanzstandard deviation (SD).
Differences between two groups were analyzed by Student’s t-
test (one-tailed) or multiple t-tests-one per row using
GraphPad v.8.3.0, with P<0.05 considered statistically
significant. Statistical significance is represented by asterisks



(*: P<0.05; **: P<0.01; ***: P<0.001). Graphs were drawn
using GraphPad Prism v.8.3.0.

RESULTS

Endogenously synthesized DHA positively affects female
reproduction

In our previous studies, we established two genetic models,
fat1 zebrafish and elovi2” mutant zebrafish (Liu et al., 2020;
Pang et al.,, 2014), and showed that DHA was significantly
enriched in the fat1 zebrafish, but extremely reduced in the
elovi2” mutants. In the current study, during routine
reproduction, the fat1 females exhibited significantly higher
fecundity than the WT controls, whereas the elovi2” females
exhibited significantly lower fecundity than the WT controls
(Figure 1A). Dissection of the ovaries showed that the fat?
ovaries were significantly larger while the elovi2” ovaries were
much smaller than those from WT siblings (Figure 1B). GSI
analysis further confirmed the above results (Figure 1C).
Therefore, we examined the fatty acid profiles of oocytes from
WT, fat1, and elovi2”- mutant zebrafish. Among all fatty acids,
only DHA content showed a significant difference among the
three groups, i.e., elovi2”- mutant oocytes showed a 0.14-fold
decrease (1.2% vs. 8.2%; P<0.001) in DHA content, whereas
fat1 oocytes showed a 1.3-fold increase (10.7% vs. 8.2%;
P<0.05) compared to the WT group (Figure 1D). These results
suggest that DHA content in oocytes may have a positive
effect on reproduction in female zebrafish.

To further analyze the effects of DHA on ovarian follicle
development, we performed histological analysis of dissected
ovaries and counted the number of follicles at each stage.
Results showed that follicle development in ovaries was
normal in all groups, with all follicular stages evident.
However, the number of vitellogenic and mature follicles was
higher in fat1 ovaries (29.0% vs. 18.8%, P<0.05) compared to
WT controls, and the number of early follicles at primary and
previtellogenic stages was higher in elov/2” mutant ovaries
(81.2% vs. 71.0%, P<0.05) compared to WT controls
(Figure 1E, F), suggesting that follicle differentiation and
oocyte maturation were accelerated in fat1 zebrafish but
delayed in elovi2” mutants. The fertilization rate of elovi2”
oocytes was also much lower than that observed in WT
oocytes (Figure 1G, H). These findings suggest that
endogenous deficiency of DHA reduces fertility in zebrafish
females.

DHA promotes oocyte quality

Oocyte quality is the material basis for oocyte maturation,
fertilization, and subsequent embryonic development (Jiao
et al., 2023; Miao et al., 2020). The lower fertilization rate and
delayed oocyte maturation in elovi2” mutants suggest that
DHA may affect oocyte quality. To confirm this hypothesis, we
observed the morphology of oocytes after fertilization. The fat1
oocytes were relatively brighter, more lustrous, and larger than
those of the WT controls (Figure 2A, B), whereas the elovi2”
oocytes were slightly opaque after fertilization. At the one-cell
stage, the elovi2” embryos showed shortened chorion
elevation distance compared with WT controls (Figure 2C),
indicating that the fat7 eggs were of better quality while the
elovi2” eggs were of poorer quality. Moreover, in vitro GVBD
assay indicated that the GVBD proportion was lower in elov/2”
follicles (51.5% vs. 72%, P<0.001) but higher in fat1 follicles
(83.5% vs. 72%, P<0.01) (Figure 2D, E) compared to the WT

controls. These results suggest that DHA is essential for
oocyte maturation and quality.

Given the reduced fertilization rate in elovi2” mutants, we
next asked whether DHA deficiency could affect egg activation
and early embryonic development. To test this hypothesis,
cortical granule (CG) exocytosis was assessed in activated
eggs by directly visualizing CG content during egg activation
(He et al., 2022). At 1 min post-activation (mpa), no significant
difference was observed in the CG exocytosis process among
the three groups. At 5 mpa, CG exocytosis was almost
completed in the fat? eggs, but persisted in the WT and elovi2
 eggs. At 15 mpa, the CG exocytosis process was completed
in WT eggs, while elovi2” eggs still retained some CGs
(Figure 2F, G). We further tracked ooplasmic motility during
early embryonic development and found that motility toward
the animal pole was more vigorous in fat1 embryos, with
CellTracker reaching the blastoderm faster than in the WT
controls. In contrast, elovi2” embryos showed sluggish
ooplasmic movement, with CellTracker arriving at the
blastoderm much slower than in the WT controls (Figure 2H, I;
Supplementary Movies S1-S3). These results suggest that
DHA promotes ooplasmic movement, egg activation, and early
embryonic development.

DHA promotes oocyte quality through production of
pregnenolone

As CGs are thought to move along parallel microtubule arrays
during egg activation (Tran etal., 2012), and microtubules
play an important role in intracellular transport (Akhmanova &
Steinmetz, 2015), we speculated whether the role of DHA in
oocyte quality is related to microtubule function. As such, we
examined the microtubule arrangement in follicles and found
that the microtubules were more densely arranged on the
surface of fat1 follicles than in WT controls. When the follicles
were treated with the microtubule depolymerization agent
nocodazole for 1 h, microtubule arrangement became
disordered in all three groups (Figure 3A). The relative a-
tubulin intensity was significantly higher in fat1 follicles than in
WT controls (Figure 3B), indicating that microtubule
arrangement in fat1 follicles was more resistant to nocodazole
treatment. In contrast, the degree of disordered microtubule
arrangement was more severe in elovi2” follicles. Thus, these
observations suggest that microtubule arrangement is less
stable in elovi2” follicles and more stable in fat1 follicles.

The steroid hormone P5 can stabilize microtubule assembly
in zebrafish embryos (Hsu et al., 2006b; Weng et al., 2013).
Thus, we wondered whether poor microtubule stability in
elovi2” mutants may be due to low P5 content. After
measuring P5 content, we found that the elovi2” eggs had
significantly lower P5 content, while the fat?1 eggs had
significantly higher P5 content compared with the WT controls
(Figure 3C). We then examined the microtubule structure of
the embryos during development. Consistent with previous
reports (Hsu etal.,, 2006b), a large array of microtubules
oriented along the animal-vegetal axis on the surface of the
embryos (Figure 3D). Compared with WT embryos, the
microtubule arrangement was slightly denser in fat1 embryos,
although the difference was not significant (Figure 3E), while
the length of aligned microtubules was reduced in the elovi2”
mutants. Accordingly, P5 content was significantly higher in
fat1 embryos and lower in elovi2”- embryos compared to the
WT group (Figure 3F). Moreover, after incubation with P5,
polymerized tubulin length was significantly increased in the
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Figure 1 DHA is important for oocyte maturation and successful fertilization

A: Number of eggs laid by WT (n=13), fat1 (n=10), and elovi2”- (n=14) female zebrafish. B: Morphological and gross anatomical analysis of adult
females on day after ovulation at 180 days post-fertilization (dpf). a—c: Morphology of WT, fat1, and elovi2” zebrafish. d—i: Overview of dissected
ovaries from WT, fat1, and elovi2” zebrafish. Scale bar: 1 mm. C: GSI of WT (n=8), fat1 (n=7), and elovi2”" (n=10) zebrafish on day after ovulation.
D: Fatty acid composition (molecular percentage) of mature oocytes from WT, fat1, and elovi2”, n=4. E: H&E staining of WT, fat1, and elovi2”
ovaries. Scale bar: 100 um. F: Follicle quantification of WT, fat1, and elovi2” ovaries on day after ovulation, n=3. G: Representative images of
embryos from natural mating of WT, elovi2”, and fat1 females with WT males. Scale bar: 1 mm. H: Comparison of fertilization ratio of groups in
panel G. All values are mean+SD. Student’s t-tests were used in panels A, C, H. Multiple t-tests-one per row were used in panels D, F. ": P<0.05;
" P<0.01; ™": P<0.001. Arrows point to follicle cells at different developmental stages. PO: primary oocyte; PVO, previtellogenic oocyte; VO,
vitellogenic oocyte; MO, mature oocyte. GSI, gonadosomatic index. H&E, hematoxylin-eosin.
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Figure 2 DHA promotes oocyte quality

elovi2” WT  fat1

A: Representative images of WT, fat1, and elovi2” embryos with chorions at 15 and 40 minutes post-fertilization (mpf). Scale bar: 250 um.
B: Measurement of oocyte diameter at 15 mpf. n=30. C: Measurement of chorion elevation at 15 mpf. n=30. D: Representative images of GVBD
assay of WT, fat1, and elovi2” follicles. Scale bar: 1 mm. E: Quantitative results of GVBD assay. F: Maximum z-projection of phalloidin (red) and
Maclura pomifera agglutinin (MPA) (green) staining of activated WT, fat1, and elovi2”- eggs fixed at 1, 5, and 15 min post-activation (mpa). Scale
bar: 50 ym. G: Statistical analysis of total CG positive areas (%) in WT, fat1, and elovi2”- eggs. H: Representative images of cytoplasmic movement
in WT, fat1, and elovi2” embryos. Images are from time-lapse movies of individual embryos from 15 to 120 mpf injected with CellTracker Dye
immediately after fertilization. Scale bar: 100 um. Number in upper left of image in panel | represents mpf. I: Quantification analysis of cytoplasmic
movement in WT, fat1, and elov/2” embryos. Quantification is defined as time of CellTracker Dye arrival in blastoderm. At least seven embryos
were measured per group. All values are mean+SD. Student’s t-tests were used in panels B, C, E, |. Multiple t-tests-one per row were used in

panels G. ns: No significance; : P<0.05; ": P<0.01; ™": P<0.001.

elovi2”- mutant embryos (Figure 3G). Fluorescence intensity
analysis further confirmed these rescue effects (Figure 3H).
Thus, these results indicate that low P5 content is responsible
for the poor microtubule stability in elovi2” embryos, while
sufficient P5 content stabilizes microtubule assembly in fat1
embryos.

To investigate the mechanism underlying the different P5
levels in the three groups, we first examined the expression of
cypi11ai, which encodes the cholesterol side-chain cleavage

enzyme (Hsu etal., 2009; Hu et al., 2004). Results showed
that expression of cyp?1at was significantly lower in elovi2”
eggs and embryos, but significantly higher in fat1 eggs and
embryos compared with the WT controls (Figure 3l),
suggesting that cyp77a1 expression may affect P5 content
and thus microtubule stability. To confirm this, we knocked
down cyp11al expression using a previously validated MO
(Hsu et al., 2006b), and carefully compared the phenotypes of
10 hpf embryos injected with low-dose cyp77a? MO. After the
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Figure 3 DHA promotes oocyte quality through production of pregnenolone

A: Representative images of anti-a-tubulin staining of mature follicles from WT, fat1, and elov/2” zebrafish treated with methanol (Ctrl) or 1 pg/mL
nocodazole. Scale bar: 50 um. B: Quantification of a-tubulin intensity of groups in panel A. Relative a-tubulin intensity was calculated by comparing
fluorescence area of embryos from each experimental group with that of the WT group treated with methanol per unit area. At least three embryos
were measured per group. C: Pregnenolone (P5) content in WT, fat1, and elovi2” embryos at 15 mpf. D, E: Representative images and quantitative
analysis of anti-o-tubulin staining of WT, fat1, and elovi2” embryos at 6 hpf. Scale bar: 25 um. At least four embryos were measured per group.
F: P5 content in WT, fat1, and elovi2” embryos at 6 hpf. G, H: Representative images and quantitative analysis of anti-a-tubulin staining of elovi2”
embryos incubated with methanol (MeOH, Ctrl) or P5 for 6 hpf. Scale bar: 25 um. |: Real-time qPCR of cyp771a? expression in WT, fat1, and elov/2”
eggs and 6 hpf embryos. J-L: Representative images and statistical analysis of WT, fat?, and elovi2”- embryos with normal development or
knockdown of cyp71a1 at 10 hpf. Scale bar: 1 mm. Approximately 300 embryos were measured per group. M, N: Representative images and
quantitative analysis of anti-a-tubulin staining of cyp?7a? knockdown embryos at 6 hpf from WT, fat1, and elovi2” zebrafish. Scale bar: 25 ym. At
least four embryos were measured per group. O, P: Representative images and quantitative analysis of anti-a-tubulin staining of elovi2” embryos
with normal development or injected with cyp77a’ mRNA. Scale bar: 25 pm. At least three embryos were measured per group. All values are
meanSD. Student’s t-tests were used in panels C, E, F, H, L, N, P. Multiple t-tests-one per row were used in panels B, |. : P<0.05; ™: P<0.01;
™ P<0.001.
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injection, 86% of the WT embryos showed epiboly defects,
whereas 100% of elovi2” embryos and only 68% of fat1
embryos showed defects (Figure 3J-L). At 36 hpf, although
uninjected embryos from the three groups (WT, elovi2”, fat1)
showed a survival rate of nearly 100% (Supplementary Figure
S1A, B), after low-dose cyp717a? MO injection, none of the
elovi2” embryos survived, while 41.3% of WT embryos and
58.7% of fat1 embryos survived (Supplementary Figure S1A,
C). These observations suggest that DHA-deficient elovi2”
embryos are more sensitive and DHA-rich fat1 embryos are
more resistant to cyp17a1 knockdown.

We further examined microtubule arrangement after
cyp11a1 knockdown. Disruption of cyp17at function led to a
diminished microtubule arrangement in the embryos of all
three groups. However, microtubule density was lower in
elovi2”- embryos and much higher in fat1 embryos compared
to the WT controls (Figure 3M, N). After injection of cyp?1at
mRNA, the density of aligned microtubules was significantly
increased in the elovi2” mutants (Figure 30). These findings
were confirmed by fluorescence intensity analysis (Figure 3P),
indicating that microtubule assembly defects in elovi2”
embryos are caused by a deficiency of cyp71a? and its
catalytic product P5. Overall, our results suggest that DHA can
improve oocyte quality through stabilizing microtubule
arrangement.

DHA promotes P5 production by regulating cypf1at
promoter activity

Next, we investigated whether DHA directly regulates cyp17af
transcription. After identification of the active cyp71at
promoter region, results showed that the -6 787 to -5 297 nt
region exhibited promoter activity (cyp771ai: luc-2) (Figure 4A,
B). We then explored whether the cyp171a1 promoter responds
to DHA regulation. In HEK293T cells, treatment of 10 nmol/L
DHA increased luciferase activity of cyp77af: luc-2 when co-
transfected with a mammalian DHA receptor GPR120
expression construct (Figure 4C), suggesting that DHA may
regulate cyp171af transcription through the G protein-coupled
signaling pathway. We further examined cyp77a? promoter
activity in different groups of zebrafish embryos. At 6 hpf,
luciferase activity of cyp11a1: luc-2 in the elovi2”- mutants was
much lower than that observed in WT controls, while
incubation with DHA significantly increased luciferase activity
both in the elovi2” mutants and WT controls (Figure 4D),
indicating that DHA also regulates cyp771a? promoter activity
in zebrafish embryos.

DHA is reported to bind to GPR120 to stimulate both protein
kinase C (PKC) and mitogen-activated protein (MAP) kinase,
ultimately acting on the serum response element (SRE) on the
genome to regulate gene expression (Oh et al., 2010). Here,
we identified a sequence (TCATATTGGG) on the cyp11at
promoter very similar to the inner core 10 nucleotide region
(CCATATTAGG) of the SRE. To confirm whether the SRE-like
sequence is a DHA responsive domain, we deleted the 210 bp
sequence covering the SRE-like region (-5 659 to -5 450 nt)
on cyp11at: luc-2. Results showed that luciferase activity of
the mutated promoter was significantly decreased in all groups
compared to the original promoter (Figure 4E), indicating that
this sequence on the cyp77al promoter is the region that
responds to DHA regulation. In summary, our findings imply
that DHA potentially modulates cyp77a? transcription by
regulating its promoter activity.

Vertebrate reproduction is controlled by steroid hormones

and the conversion of cholesterol to P5 constitutes the initial
step in the steroidogenesis pathway (Hsu et al., 2006a; Wang
et al., 2022). Given their differences in P5 levels, we further
examined the expression of genes associated with
steroidogenesis in the three groups. Genes upstream of the
hypothalamic-pituitary-gonad (HPG) axis, such as gnrh3, fshb,
and /hb, were up-regulated in fat1 brains, while related genes,
such as cyp79ata and fshr, were also up-regulated in fat1
ovaries after ovulation. In contrast, the expression levels of /hb
and its receptor (LHR) were down-regulated in elov/2” brains
and ovaries, respectively, compared to the WT controls
(Figure 4F, G). Consistently, compared to the WT controls,
there was a trend toward increased P5 content in fat1 fish the
day after ovulation (Figure 4H). Overall, these results suggest
that the HPG axis is enhanced in DHA-rich fat1 fish but
reduced in DHA-deficient elovi2 mutant, further amplifying the
effects of DHA on oocyte maturation.

fat1 transgene restores fecundity of elovi2”-mutants

To further confirm the important role of DHA in oocyte
maturation and quality, we crossed the fat? transgene into
elovi2”- mutant zebrafish to explore potential rescue effects.
Analysis of fatty acid composition revealed a significant
increase in DHA levels in the elovi2”/fat1 oocytes compared
to the elovi2”- mutants (Supplementary Figure S2). Based on
fecundity —assessment, elovi2”/fat1 females exhibited
significantly higher fecundity than the elovi2”” mutants
(Figure 5A). GSI analysis indicated that elovi2”/fat1 ovaries
were significantly larger than elovi2”- ovaries the day after
ovulation (Figure 5B, C). Furthermore, histological analysis
demonstrated that the elovi2”/fat1 ovaries contained more
vitellogenic and mature-stage follicles (Figure 5D, E), with a
higher proportion of GVBD in the mature follicles, compared to
the elovi2” mutants (Figure 5F, G), suggesting that the fat1
transgene recovers DHA content in elovi2” mutants and
accelerates oocyte maturation. In addition, cyp1iat
expression was higher in the elovi2”/fat1 oocytes than in the
elovi2” oocytes (Figure 5H). Furthermore, after cyp?iaft
knockdown, the elovi2”/fat1 embryos exhibited fewer epiboly
defects and longer microtubule lengths compared to the
elovi2” embryos (Figure 5I-K). Dual-luciferase assay also
showed that luciferase activity in all cyp?17at: luc reporter
types was higher in the elovi2”/fat! embryos than in the
elovi2”- embryos (Figure 5L). These results highlight the ability
of the fat1 transgene to increase DHA content in elovi2”
embryos and thereby improve elovi2” oocyte quality, thus
supporting the conclusion that DHA plays an important role in
oocyte maturation and quality.

DISCUSSION

Previous studies have suggested that dietary supplementation
of DHA is beneficial for female reproduction in various
vertebrates (Cerri et al., 2009; Chiu et al., 2018; Janati Idrissi
etal.,, 2022; Nehra etal.,, 2012; Wonnacott etal., 2010).
However, how and why DHA promotes oocyte maturation and
female reproduction remain unknown. Our study utilized two
unique genetic models of zebrafish, elovi2 mutants deficient in
DHA and fat1 transgenics rich in DHA, to demonstrate the role
of endogenously synthesized DHA in proper oocyte
maturation and female reproduction. Notably, our results
showed that endogenously synthesized DHA promoted oocyte
maturation and quality by stimulating progesterone production
and activating the HPG axis (Figure 6).
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Figure 4 DHA regulates transcription of cyp71a1 and activates HPG axis

A, B: Schematic of reporter plasmids for cyp77a7 promoter activity analysis. Luciferase assay showed only cyp771a1: luc-2 exhibited promoter
activity in HEK293T cells. C: Luciferase assay of cyp77a? promoter in HEK293T cells. GPR120 increased cyp17a1 promoter activity and DHA
regulated activity of cyp77a7: luc-2 when co-transfected with GPR120 in HEK293T cells. D: Luciferase assay of cyp?71a? promoter in WT and
elovi2”- embryos at 6 hpf. E: Luciferase assay of different types of cyp77a? promoters in WT, fat1, and elov/2” embryos at 6 hpf. F, G: Real-time
gPCR of gene expression in HPG axis in brain and gonads of WT, fat1, and elovi2” zebrafish. H: P5 content in WT, fat1, and elovi2” zebrafish
females on day after ovulation. At least four fish were measured per group. All values are mean+SD. Student’s t-tests were used in panels B, D, H.
Multiple t-tests-one per row were used in panels C, E, F, G. : P<0.05; ™: P<0.01; ™": P<0.001.

Vertebrate reproduction is influenced by many factors, such as maternal materials (Gu etal.,, 2015) and steroids
including external factors such as stress (Agarwal et al., 2012) (Krisher, 2013; Ojeda etal., 1979; Zhou, 2013). Previous
and nutrition (Masoudi et al., 2016), as well as internal factors, research using both in vitro models and dietary experiments in

184  www.zoores.ac.cn



>
_
@
S
<
N

elovi2"ffat1 C

Number of
ovulated eggs
o

5]

Female GSI (%)

o

elovi2” elovi2” /fat1

o
(=]

‘S § 80 m elovi2”

o w W clov/2” /fat1
Q

® —= 60

< O

85 40

O«

P20

&3

o

PO PVO vo MO
F elovi2'"- elovi2"/fat1 1 élovIZ/" L el’ow\(lz’;gaﬂ elovi2  elovi2”/fat1
o Q09)
» ® '

Oh
[ ]

2h

J K

E b=
3 Cy;:ZZa1 M Normal g 15F = ctrl
S — @ B Defective E — B +cyp71al MO
‘» o £10 *k
@ = s L |
o S 3
3 £ E
505
£ 2
S o0
YA 4 N v & YoA YA
& g g \’\"’\\ K\ ,\»\‘\"’\\ 04\,,(\'5‘ 04\'1,(,@
® ¢ ® ¢ ® ¢ g g
o4 04 04 o o
) o & 3 3

L

N -5559~-5550 nt
Original s—TCATATTGGG s TR

m WT
elovi2”
W clov/2” ffat1
1 1

A210bp

Mutant m
L

0.0 0.2 0.4 0.6 0.8 1.0
Relative luciferase activity
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A: Number of eggs laid by elovi2” (n=14) and elovi2”/fat1 (n=16) female zebrafish. B: Overview of dissected ovaries from elovi2” and elovi2”/fat1
zebrafish on day after ovulation at 180 dpf. Scale bar, 1 mm. C: GSI of elovi2” (n=10) and elovi2”/fat1 (n=7) zebrafish on day after ovulation. D:
H&E staining of elovi2” and elovi2”/fat1 ovaries. Scale bar: 100 pym. E: Follicle quantification of elovi2” and elovi2”/fat1 ovaries on day after
ovulation. At least three ovaries were measured per group. F, G: Representative images and quantitative results of GVBD assay of elovi2” and
elovi2”/fat1 follicles. Scale bar: 1 mm. H: Real-time qPCR of cyp71a? expression in elovi2” and elovi2”/fat1 eggs. |: Representative images of
embryo morphology and anti-a-tubulin staining of elovi2” and elovi2”/fat1 embryos with normal development or knockdown of cyp?1at. J:
Statistical analysis of elovi2” and elovi2”/fat1 embryo phenotypes with normal development or knockdown of cyp17a71. Approximately 130 embryos
were measured per group at 10 hpf. K: Quantitative analysis of anti-a-tubulin staining of elovi2”* and elovI2”/fat1 embryos with normal development
or knockdown of cyp77a1. At least five embryos per group were measured at 6 hpf. L: Schematic of reporter plasmids for cyp77a1 promoter activity
analysis and luciferase assay of different types of cyp77at promoters in WT, elovi2”, and elovi2”/fat1 embryos at 6 hpf. All values are mean+SD.
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Endogenously synthesized DHA promotes oocyte maturation and oocyte quality by promoting progesterone production and, in turn, activating the

HPG axis.

animals has demonstrated that DHA supplementation can
positively regulate reproduction by enhancing HPG axis
activation and steroid production (Maillard etal., 2018; Qi
et al., 2019; Tocher, 2003; Tran et al., 2016; Wonnacott et al.,
2010; Xu etal, 2017). Nevertheless, the underlying
mechanism remains poorly elucidated. In the present study,
we showed that DHA promoted the synthesis of the precursor
of steroid hormones, P5, which, in turn, activated the HPG
axis pathway to ensure normal oogenesis. Based on
luciferase reporter assays in vitro, cultured cells, and in vivo
embryos, our study further demonstrated that DHA may
directly regulate the promoter activity of the cyp?1a? gene,
which encodes the cholesterol side-chain cleavage enzyme
(Hsu etal.,, 2006b; Wang etal., 2022). Cyp11a1 converts
cholesterol to P5, which then binds the microtubule plus end-
tracking protein, cytoplasmic linker protein 1 (CLIP-170),
stabilizing microtubules in early embryos (Hsu et al., 2006b;
Weng etal.,, 2013). In this study, we found that oocyte-
originated DHA regulated cyp77af promoter activity during
oocyte maturation, thereby promoting oocyte quality. Together
with our recent work (Wang et al., 2022), this study reinforces
the conclusion that P5 not only promotes early embryonic
development but also promotes oocyte development and
maturation. Given the recent generation of fat? transgenic
common carp (Cyprinus carpio) (Zhang etal,, 2019b),
analyzing reproduction and oocyte quality in DHA-rich
common carp would be of interest.

DHA has been implicated in the maintenance of spindle
shape and size and microtubule morphology stability in
vertebrate oocytes during meiosis (Nehra etal., 2012). In
addition, DHA is reported to protect neural structural plasticity
by prevention of tubulin loss (Loehfelm et al., 2020; Pusceddu
et al., 2016; Serrano-Garcia et al., 2018). These observations
suggest that DHA plays an important role in stabilizing
microtubule structure. The dynamic assembly of microtubules
in the yolk is also critical for normal embryonic development in
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fish (Jesuthasan & Strahle, 1997; Sun et al., 2001; Tran et al.,
2012). Our findings indicated that DHA enhances microtubule
assembly stability through the up-regulation of cyp11at
transcription and P5 synthesis, both pivotal during oogenesis
and early embryonic development.

In vitro and in vivo experiments have shown that DHA can
mediate intracellular signaling in mammals via the G protein-
coupled receptor GPR120 (Han et al., 2018; Hilgendorf et al.,
2019; Hirasawa et al., 2005; Shin et al., 2019). DHA can bind
GPR120 to stimulate PKC and MAP kinase, eventually acting
on the genome SRE to regulate gene expression (Oh et al.,
2010). Our study suggests that DHA can regulate zebrafish
cyp11a1 promoter activity through a GPR120-like pathway in
293T cells and zebrafish embryos. Future investigations
should aim to identify the GPR120-like receptor potentially
mediating DHA ligand-receptor signaling in fish.
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