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a b s t r a c t

Rabbit breeding has many critical aspects related to reproduction, production, and animal welfare, which
reduce its profitability as well as consumer attractiveness. Dietary supplementation with n-3 poly-
unsaturated fatty acids (PUFA) seems to be a good nutritional strategy to improve several aspects of
rabbit breeding, enhance animal welfare and produce a new functional food considered healthy for
human consumption. For this reason, the main available scientific research regarding the physiological
effects of n-3 PUFA rich products supplemented to the rabbit diet will be reviewed. In particular, con-
sequences on the reproductive performances of both doe and buck, the productive parameters, and the
meat quality will be analysed.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

Rabbit (Oryctolagus cuniculus) breeding has a long history and
tradition on the Eurasian continent. To date, China is the world's
largest producer, followed by the Democratic People's Republic of
Korea and the European Union (FAO, 2022). Although rabbit
farming has currently slowed in its growth, it still represents a
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sector of great economic importance in several geographical areas
of the world (FAO, 2022; Wu, 2022). Moreover, the rabbit is
nowadays not only intended as a zootechnical species but also as a
pet and experimental animal model, widely used in research
studies to improve both the productive (Menchetti et al., 2015b,
2019) and reproductive performance of this species (Boiti et al.,
1999; Brecchia et al., 2014; Menchetti et al., 2018a), as well to
investigate pathophysiology in humans (Collodel et al., 2015;
Menchetti et al., 2020a) and other animals (Menchetti et al., 2018b;
Zerani et al., 2005). Current research in the cuniculture field is
evaluating the influence of farming systems and diets on rabbit
ethology, welfare, and meat quality (Menchetti et al., 2020d; Wu,
2022). In particular, during the last decade, the scientific commu-
nity has focused on the production of new functional foods and the
improvement of reproductive and productive performance by
adding different nutraceuticals to the rabbit diet (Menchetti et al.,
2019, 2020b). The transformation of rabbit meat into a functional
food could be obtained by supplementing rabbit feed with
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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nutraceutical compounds, such as plant-derived products (Agradi
et al., 2022; Castrica et al., 2020; Menchetti et al., 2020c), prod-
ucts of animal origin (Rodríguez et al., 2017a), and vitamins (Dal
Bosco et al., 2004; Lo Fiego et al., 2004). According to the latest
research, the compounds that gave the most interesting results are
both plant and animal products rich in n-3 polyunsaturated fatty
acids (PUFA). Although several biological matrices have been
tested, most studies have focused on flax-derived products, fish oil,
and algae (Castellini et al., 2019; Curone et al., 2022; Mattioli et al.,
2021).

On the other hand, thanks to their physiological multilevel ef-
fects (Andoni et al., 2021; Mattioli et al., 2021), adding nutraceut-
icals to the rabbit diet can positively influence productive and
reproductive performance as well as animal welfare. This aspect is
particularly interesting, considering the high mortality and
replacement rate of the rabbit does, mainly ascribable to the
reproductive rhythms employed in intensive farming (Castellini
et al., 2010) which reduce the reproductive and productive per-
formance and, thus, the profitability of the farm. Importantly, it is
also an indicator of poor animal welfare (Dalmau et al., 2020).

In this review, the main available scientific literature regarding
the physiological effects of n-3 PUFA rich products supplemented to
the rabbit diet will be discussed, analysing the consequences on the
reproductive performance of both doe and buck, the productive
parameters, and the meat quality.

2. Research methodology

2.1. Literature inclusion criteria

Only peer-reviewed articles or reviews written in English and
from WOS and Scopus indexed journals were included.

2.2. Literature identification

The literature search was performed using the most popular
research databases in the animal and veterinary sciences field:Web
of Science, PubMed, and Google Scholar (consulted until August
2022). The search was conducted utilizing the following keywords:
European rabbit, O. cuniculus, rabbit, polyunsaturated fatty acids, n-
3 fatty acids, omega-3 fatty acids, linseed, linseed oil, flax, fish oils,
fish liver oils, algae, seaweeds. Initially, the relevance of the study
was evaluated considering its title. Subsequently, after a first
skimming, the adequacy of the selected articles was determined by
evaluating the respective abstracts. This first phase of literature
search and identification was performed in parallel by two inde-
pendent researchers with expertise in the field. The articles
selected by both researchers were moved on to the next phase,
whilemanuscripts deemed valid by one author onlywere discussed
among the researchers to find a common decision. Twenty-nine
manuscripts were included in the review at this point. Finally, 5
other manuscripts were identified through backward and forward
search. Ultimately, 34 studies were included. In conclusion, these
manuscripts were stratified first according to the investigated ef-
fects (on reproductive and productive performance or meat qual-
ity), and then to the n-3 PUFA source (Fig. 1). Scientific literature on
n-3 PUFA effects on reproductive performance was also stratified
based on the sex of investigated rabbits.

3. The metabolism of n-3 PUFA in mammals

Linoleic (LA, C18:2 n-6) and a-linolenic (ALA, C18:3 n-3) acids
are essential fatty acids for vertebrates and are the precursors of
two non-interconvertible PUFA families (n-6 PUFA and n-3 PUFA,
respectively), which are obtained through desaturation and
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lengthening cascade reactions of the carbon chain. The interme-
diate and final products of these cascade reactions are the very
long chain PUFA (VLC-PUFA), which have important biological
roles in the living organism (Burdge, 2018). Two VLC-PUFA, the
arachidonic (ARA, C20:4 n-6) and the eicosapentaenoic (EPA,
C20:5 n-3) acids, are precursors of eicosanoids such as prosta-
glandins and thromboxanes (Saini and Keum, 2018). Docosahex-
aenoic (DHA, C22:6 n-3) and docosapentaenoic (DPA, C22:5 n-3)
acids are the main constituents of the membrane phospholipids in
the retina, brain, reproductive tissues, and gametes (Burdge,
2018). EPA and DHA are considered conditionally essential fatty
acids because, even if many vertebrates are physiologically able to
synthesize them from ALA, the conversion rate can be so low that
dietary integration is needed (Givens, 2009). In the terrestrial
ecosystems, only a few organisms, such as lichens and soil algae,
are able to synthesize de novo large amounts of n-3 VLC-PUFA
(Burdge, 2018). Terrestrial plants, which are at the base of the
food chain, are not able to synthesize de novo n-3 VLC-PUFA, but
only ALA and AL, which are mainly found in photosynthetic
membranes, tissues and seeds such as flaxseed (Burdge, 2018). For
this reason, terrestrial herbivores, such as rabbits, must rely on
their own conversion to meet the n-3 VLC-PUFA requirements
(Pilecky et al., 2021). On the other hand, the main sources of n-3
VLC-PUFA for humans, which are at the top of the food chains, are
fish and marine algae, while the requirements for the n-6 VLC-
PUFA are met by meat ingestion (Burdge, 2018). Moreover, in
humans, a lower n-6 PUFA to n-3 PUFA ratio has been widely
proven to be more desirable to decrease the risk of different
chronic and inflammatory diseases and mental disorders (Husted
and Bouzinova, 2016). However, the n-6/n-3 ratio of ingested
PUFA has dramatically increased in recent decades, reaching
20e15:1 ratios in Western countries (Husted and Bouzinova,
2016). In the light of the above, the production of functional
food enriched with n-3 could be a new complementary strategy to
reduce the incidence of several pathologies and to improve human
health.

4. The effect of n-3 PUFA on reproductive performance

Cuniculture, is based on the continuous breeding and growth of
animals, and, as a result, its success is strictly dependent on the
reproductive performance (Rommers et al., 2004). The reproduc-
tive success of rabbit does is influenced by the parity order as it is
known that nulliparous have higher fertility than both primiparous
andmultiparous (Martínez-Paredes et al., 2012). Themain cause for
the reduction of fertility in rabbit does could be attributed to the
intensive reproductive rhythms, which induce a negative energy
balance (Fortun-Lamothe, 2006; Martínez-Paredes et al., 2012;
Menchetti et al., 2015a, 2015b) in addition to genital tract infections
(Boiti et al., 1999; Brecchia et al., 2010, 2014; Collodel et al., 2015;
Menchetti et al., 2018a). These reproductive issues affect predom-
inantly females rather than males, in a percentage of 90% to 10%,
respectively. Nevertheless, the rabbit buck's reproductive perfor-
mances are as pivotal as the female's in order to reach good
conception and fertility rates. In the last two decades, different
research groups have investigated the supplementation of nutra-
ceuticals in the rabbit diet to improve the reproductive perfor-
mance of both bucks and does (Andoni et al., 2021; Delgado et al.,
2018). Among the different nutraceuticals tested, n-3 PUFA have
given interesting results, considering their physiological role in
cellular membranes, particularly the ones of the gametes, inflam-
matory and immune cells (Burdge, 2018). The following are the
most relevant studies regarding the use of flax and its derivatives,
fish oil, and algae as a source of n-3 PUFA for the improvement of
reproductive performance in rabbit.



Fig. 1. Main experimental studies investigating n-3 PUFA diet supplementation effects in rabbits.
The studies, which have shown significant effects on the male (A) and female (B) reproductive and productive (C) performance and meat quality (D), are reported. For each aspect, the main effects found in scientific literature have been
listed on the base of the n-3 PUFA source (i.e., flaxseed, fish oil or algae) supplemention. The numbers in superscript refer to the experimental studies reporting the specific effect, according to the following legend: 1Castellini et al.
(2019); 2Mourvaki et al. (2010); 3Diaz-Fontdevila and Bustos-Obregon (1993); 4Gliozzi et al. (2009); 5Kokoli et al. (2017); 6Kní�zatov�a et al. (2021); 7Okab et al. (2013); 8Elkomy and El-Speiy (2015); 9Mattioli et al. (2019); 10Rebollar et al.
(2014); 11Rodríguez et al. (2017b); 12Rodríguez et al. (2018); 13Mordenti et al. (2010); 14Benatmane et al. (2011); 15Bianchi et al. (2006); 16, Dal Bosco et al. (2004); 17Du et al. (2013); 18Tariq et al. (2017); 19Kouba et al. (2008); 20Matics
et al. (2017); 21Trebu�sak et al. (2011); 22Casado et al. (2013); 23Rodríguez et al. (2017a); 24Rodríguez et al. (2019); 25Petracci et al. (2009); 26Bernardini et al. (1999); 27Bianchi et al. (2003); 28Bianchi and Cavani (2009); 29Cavani et al.
(2003); 30Peiretti et al. (2010). PUFA ¼ polyunsaturated fatty acids; ADG ¼ average daily gain; FCR ¼ feed conversion ratio; SFA ¼ saturated fatty acids; MUFA ¼ monounsaturated fatty acids.
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4.1. N-3 PUFA effect on reproductive performance in rabbit buck

VLC-PUFA are synthetised in large amounts in testes and gam-
etes of male mammals (among 30% and 50% of the total fatty acids,
according to the species) (Burdge, 2018). In particular, the rabbit
differs from themajority of other mammals because its sperm has a
low presence of DHA, and in turn has a higher level of n-6 DPA,
especially with regard to the spermatozoa tail (Mourvaki et al.,
2010). Unsaturated phospholipids are of pivotal importance for
the spermatozoa plasmatic membrane because they confer fluidity,
which assures flexibility to the tail. Indeed, the lipid composition of
the membrane regulates themobility and communication activities
of the cell (Castellini et al., 2019). Moreover, the lipid composition
of the spermatozoa plasmatic membrane strongly influences the
processes of capacitation, acrosome reaction, binding to the zona
pellucida, and oocyte fusion (Flesch and Gadella, 2000). The in-
clusion of n-3 PUFA in the diet of different species has been shown
to affect their sperm characteristics (Lin et al., 2016; Samadian et al.,
2010; Van Tran et al., 2017). In these studies, the main aspect to be
taken into account, is the quantity of n-3 PUFA supplemented,
because higher doses correspond to a higher spermatozoa sus-
ceptibility to lipid peroxidation, and lower reproductive perfor-
mances (Burdge, 2018). Indeed, sperm has a cytoplasmatic low
antioxidant activity. For this reason, it is usually suggested to sup-
plement the n-3 PUFA enriched diets with antioxidants such as
vitamins E and C. Finally, the period during which the nutraceutical
is supplemented should be taken into consideration. A specific
amount of time, covering all the spermatogenesis process, is
needed to change the spermatozoa plasmatic membrane fatty acid
composition. In rabbits, spermatogenesis takes about 50 d from the
formation of spermatogonial stem cells to the presence of the same
cells in the ejaculated semen (Swierstra and Foote, 1965).

To date, research conducted on the rabbit buck has focused on
the evaluation of the effect of a diet enriched with flaxseed, fish oil,
and algae, associated or not with antioxidants, on the phospholipid
fatty acid profile of the spermatozoa and seminal fluid, semen
quality and oxidative status of seminal plasma and sperm.
Mourvaki et al. (2010) and Castellini et al. (2019) administered diets
supplemented with 5% and 10% of extruded flaxseed, respectively,
to New Zealand White (NZW) male adult rabbits. In both cases, the
diet was also enriched with high doses of a-tocopheryl-acetate
(200 mg/kg). The vitamin E addition to the diet aims to prevent the
increased susceptibility of spermatozoa to lipid peroxidation as a
consequence of the n-3 PUFA supplementation (Castellini et al.,
2003). The period of adaptation lasted between 50 and 60 d. Both
investigations proved that the flaxseed enriched diet modified the
fatty acid profile of sperm, increasing the n-3 PUFA fraction (mainly
due to ALA and DHA) and decreasing the n-6 PUFA. The significant
increase in DHA testifies the ability of the male gonads to efficiently
convert ALA to its VLC-PUFA derivatives. Moreover, the increase in
the n-3 PUFA in the plasmatic membrane causes the increment in
the membrane fluidity and, thus, the improvement of the motion
traits of cells in both studies. Regarding the oxidative stability of the
sperm, these studies showed opposite results. The worse oxidative
status found in the study by Castellini and colleagues (2019),
however, could be attributed to the double percentage of flaxseed
supplemented in the diet (10%) compared to the research from
Mourvaki et al. (2010) (5%), considering that both diets contained
the same over-nutritional amount of vitamin E. Moreover, the study
with the higher flaxseed supplementation (10%) also showed an
increase in the testosterone blood concentration, ascribable to the
phytoestrogens present in the extruded flaxseed, which, acting as
hormones, could increase the sex-hormone-binding-globulin syn-
thesis, and, as a consequence, the testosterone production
(Castellini et al., 2019). On the other hand, Mourvaki et al. (2010)
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also investigated the modifications in the prostatic granules,
whose role is to block sperm capacitation. They found an increase
in the number of prostatic granules in the flaxseed rabbit group and
hypothesized that this was linked to the increase in the resistance
to acrosome reaction of spermatozoa (Mourvaki et al., 2010).

Other studies have investigated the effect of a fish oil enriched
diet on the reproductive performance of rabbit buck (Castellini
et al., 2003, 2019; Diaz-Fontdevila and Bustos-Obregon, 1993;
Gliozzi et al., 2009; Kokoli et al., 2017). The first study was con-
ducted in 1993 by Diaz-Fontdevila et al. and investigated the effect
of a fish oil supplemented diet on the sperm quality of 4-month-old
NZW rabbits divided into 4 equal groups and fed a control diet and
3 experimental diets: (1) a cholesterol-enriched control diet, (2) a
cholesterol-PUFA-enriched diet, and (3) a PUFA-enriched diet. PUFA
enriched diets consisted of 7.8% (wt:wt) of fish oil containing 22.6%
of EPA and 9.7% of DHA. After 60 d of treatment, all the experi-
mental diets decreased the kinetics of the acrosomal reaction in live
sperm compared to the control. In the case of the only-PUFA-
enriched diet group, the authors hypothesized that the elevation
in the triglycerides and total lipids in the seminal plasma could
explain the reduction in spermatozoa efficiency. However, the high
percentage of fish oil inclusion in the diet has to be taken into ac-
count. Similar results were obtained by Castellini et al. (2003),
which investigated the effect of a diet enriched with 2% fish oil
(containing at least 25% of EPA and DPA, and 12.6% of DHA) and/or
vitamin E (200 mg/kg) and C (0.5 g/L). The experiment was con-
ducted on 30-d-old NZW male rabbits and the diets were admin-
istered for 120 d before semen collection. Results showed that the
supplemented diet did not affect the volume and concentration of
the ejaculate, as well as the characteristics of the fresh spermato-
zoa. However, an increase in the susceptibility of semen to perox-
idation after storage was shown, which was reduced only when
both vitamins E and C were also included in the diet. Modifications
in the spermatozoa membrane phospholipids were also demon-
strated, with a significant decrease in ARA and an increase in DHA,
EPA, and ALA in the rabbits with n-3 PUFA enriched diet. That could
probably impair the acrosomal reaction, reducing the fertilization
capacity of the semen. These results are consistent with another
study by Kokoli et al. (2017) which investigated the effect of a diet
enriched with 2% fish oil (containing 9% EPA and 12.5% DHA) for 4
consecutive months on 14 NZW male adult rabbits. Results by
Gliozzi et al. (2009) were only partially in agreement with the
previously mentioned studies on the fatty acid composition of
sperm phospholipids. They involved 5-months-old rabbits fed a
diet enriched with 1.5% fish oil (containing 8.3% of EPA, 4.6% of DPA,
and 9.4% of DHA) and/or vitamin E (200 mg/kg). The sperm eval-
uations were made between 26 to 28 and 37 to 39 weeks of age,
thus, after 42 and 119 d from the beginning of the treatment,
respectively. The increase of DHA and decrease of LA in the fatty
acid composition of spermwere consistent with what was found in
the previous study by Castellini et al. (2019). However, the total
PUFA and saturated fatty acids decreased and increased respec-
tively, contrary to what Castellini et al. (2003) reported. Moreover,
controversially, semen susceptibility to lipid peroxidation was not
affected by any of the dietary treatments (Gliozzi et al., 2009).

A few studies have evaluated the effect of a selected samples of
macroalgae on the reproductive performance of rabbit bucks
(Kní�zatov�a et al., 2021; Okab et al., 2013). They showed no patho-
logical signs in both rabbit genders due to the dietary supple-
mentation and improvement of some sperm fertility characteristics
and prolificacy in does. Despite their encouraging results, these
pilot investigations have some limitations, which do not allow to
rely on their findings.

Thus, from the analysis of the reported literature, it can be stated
that manipulation of the spermatozoa phospholipids fatty acid
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profile in rabbit buck can be achieved by diet enrichment with n-3
PUFA for at least an amount of time equal to the spermatogenesis
interval. Flaxseed and algae's use must be further investigated,
given the encouraging results so far collected. On the other hand,
fish oil seems to cause impaired spermatozoa functionality per se,
and to avoid this negative effect, it must be administeredwith over-
nutritional antioxidant levels.

4.2. N-3 PUFA effect on reproductive performance in rabbit doe

Rabbit breeding productivity heavily depends on the repro-
ductive performance of the rabbit does. Thus, to maximize the
reproduction cycle, the cuniculture breeding systems rely on 3 as-
pects: (1) reproduction cycle intensive rhythms, (2) use of artificial
insemination, and (3) adoption of more prolific strains (Castellini,
2007). In commercial rabbit production, however, the main cause
of culling female rabbits is infertility, which means that the doe
refuses service or that there have been 2 to 3 unsuccessful in-
seminations (Rosell and de la Fuente, 2009). Indeed, the breeding
intensification has led to an alteration of the metabolic and hor-
monal status of the female rabbits, due to the overlap of lactation
and pregnancy (Fortun-Lamothe, 2006; Martínez-Paredes et al.,
2012; Menchetti et al., 2015a, 2015b). This situation is associated
with a negative energy balance and hormonal antagonism, which
impairs the physiological functioning of the reproductive system
(sexual receptivity, ovulation, fertilization, implantation, and em-
bryo survival) (Castellini, 2007). Specifically, primiparous does are
most affected by this metabolic imbalance because they have to
sustain lactation, pregnancy, and body growth at the same time
(Parigi Bini and Xiccato, 1998). In this context, n-3 PUFA cover a
pivotal role during early pregnancy and the growth of the fetuses,
also concerning the visual system and cognitive development. Most
lipids are transferred to the fetus via placenta both directly from the
diet or through lipolysis (Burdge, 2018). In particular, the rabbit
does store n-3 PUFA in different concentrations based on the
localization of the adipose tissue. Specifically, the periovarian adi-
pose tissue is rich in EPA, DPA and DHA, and could be considered an
optimal reservoir of ready-to-use n-3 essential PUFA, available to be
employed in physiologic and metabolic ovarian processes (Rebollar
et al., 2014). The studies so far conducted on female rabbits fed with
enriched n-3 PUFA diets have, indeed, given interesting results,
highlighting the important and multilevel involvement of these
lipids in every stage of the reproductive cycle.

Regarding the litter-correlated parameters, a first study found
higher litter body size and weight at birth in litters from mothers
that received the flaxseed-supplemented diet (Elkomy and El-
Speiy, 2015). Three mL of flaxseed were administered to does for
7 d previous artificial insemination (Elkomy and El-Speiy, 2015).
Three other studies evaluated the use of fish oil as a feed sup-
plement (Rebollar et al., 2014; Rodríguez et al., 2017b, 2018). In all
these investigations, a commercial n-3 PUFA supplement derived
from salmon oil and containing 35% of n-3 PUFA was supple-
mented to rabbit does in the amount of 15 g/kg (Rebollar et al.,
2014; Rodríguez et al., 2017b) or 60 g/kg (Rodríguez et al., 2018).
In the last case, the diet was also supplemented with about
40 mg/kg of vitamin E, instead of 200 mg/kg as in the other 2
investigations. Results from these studies showed no variation
(Rebollar et al., 2014) or, in agreement with Elkomy and El-Speiy
(2015) even an increase in the kit body sizes (Rodríguez et al.,
2017b, 2018). This aspect could have positively affected the new-
borns, increasing their survival rate in the first days of life when
the localization of nipples is pivotal. However, in contrast with
Elkomy and El-Speiy (2015) the litter weight at weaning of sec-
ondiparous does that received the n-3 PUFA enriched diet was
reduced compared to the control group (Rodríguez et al., 2018).
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The authors hypothesized that n-3 PUFA tend to decrease the
dimension of abdominal adipose tissue compared to diets rich in
MUFA and SFA (Rodríguez et al., 2018). However, an investigation
evaluating the effect of both flaxseed (10%) and fish oil (3%)
enriched diets on rabbit does, showed a positive effect of both
treatments on only the number of weaned rabbits by pluriparous
does (Mattioli et al., 2019).

Regarding the effect of seaweed, the first study by Mordenti
et al. (2010) evaluated the reproductive and litter performance of
nulliparous does given an n-3 PUFA enriched diet with 4 g/kg of
marine algae (Schizochytrium spp.) rich in DHA (this amount
contributed 750 mg/kg). Regarding the reproductive performance,
the only significant results were mean kit weight at birth and at
weaning, which decreased in the litters born to mothers that
received the supplemented diet. This result could be due to a
reduction in the diet palatability caused by the presence of sea-
weeds in the feed, which could have negatively affected the
reproductive performance of the doe, and, as a consequence, the
litter growth. This problem was also evidenced by another study
which supplemented the diet of does with 0%, 1% or 2% of the green
algae Ulva lactuca (Okab et al., 2013). A decrease in the does mean
body weight was shown and ascribed to not only the low digestible
nutrients present in the supplemented algae and their high ashes
content but also to the reduced palatability of the diet. Thus,
regarding the condition of the litters born to mothers that received
an n-3 PUFA-supplemented diet, the available scientific literature is
not consistent, although feed palatability might be a concern.
Moreover, in this context, interesting future research could take
into account the fatty acid profile modification in does’ milk. N-3
PUFA enriched diets have usually shown an increase in PUFA and
SFA, and specifically in some n-3 PUFA (ALA or DPA and DHA, with
flaxseed or fish oil supplementation, respectively) (Mattioli et al.,
2019; Rodríguez et al., 2018).

Regarding the other reproductive parameters, the does
fertility rate was increased by both flaxseed and fish oil dietary
treatment in 2 studies. These studies were performed on pluri-
parous does, which usually show poor reproductive performance
due to the overlap of lactation and gestation (Mattioli et al., 2019;
Rodríguez et al., 2018). Sexual receptivity may also benefit from
fish oil and flaxseed supplementation, as shown by Elkomy and
El-Speiy (2015) and Mattioli et al. (2019). These aspects could
be related to the modification in the hormonal pattern, demon-
strated in different studies, even if with different, and sometimes
contrasting, results (Elkomy and El-Speiy, 2015; Okab et al., 2013;
Rebollar et al., 2014; Rodríguez et al., 2017b, 2018). In this matter,
different investigations have evaluated the concentration of
blood estrogen in the rabbit doe, starting from the day of
insemination until 32 d post-partum (Elkomy and El-Speiy, 2015;
Okab et al., 2013; Rodríguez et al., 2017b). All the investigations
found an increase in estrogens linked to the administered n-3
PUFA-enriched diet. However, the most interesting hormones to
be evaluated are progesterone and prostaglandins. N-3 PUFA are
also precursors of the prostaglandins of the 3-series, which have
a lower but similar activity compared to PGF2a. However, at the
same time, n-3 PUFA are responsible for inhibiting the synthesis
of eicosanoids deriving from ARA, and, thus, they also reduce the
production of PGF2a. PGF2a has a luteolytic activity, and its
production can directly influence progesterone synthesis by the
corpus luteum in the ovary. Regarding this topic, the scientific
literature is quite inconsistent, because results and speculation
have been made in opposite directions (Elkomy and El-Speiy,
2015; Mattioli et al., 2019; Rebollar et al., 2014; Rodríguez
et al., 2017b, 2018). Thus, further studies are needed to clarify
the effective influence of n-3 PUFA diet integration on the
gonadal axis hormonal secretion.
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5. The effect of n-3 PUFA on productive performance

Productive performance in cuniculture is defined by different
parameters related to the health status, growth rate, and metabolic
efficiency of the fattening rabbits. In particular, weaning is
considered the most critical period for the insurgence of gastroin-
testinal diseases which impair the growth rate of animals and
require drug use (Curone et al., 2022). However, antimicrobial
resistance is becoming aworldwide issue and thus the EUmembers
are incentivizing research on new alternatives to antimicrobials
(More, 2020). In this context, the modulation of the intestinal
microbiota through diet supplements, including n-3 PUFA, could be
an alternative strategy to improve productive performance and the
general health status of the animals (Cotozzolo et al., 2020;
Cremonesi et al., 2022; Curone et al., 2022; Menchetti et al., 2018b).
For these reasons, it is fundamentally important to study new
biological compounds that could be used in livestock husbandry to
improve their immune system as well as their health and welfare.
The supplementation with n-3 PUFA has been investigated as a
possible alternative treatment, considering that, thanks to immu-
nomodulatory properties, they regulate several homeostatic and
inflammatory processes (Castellini et al., 2022; Dennis and Norries,
2015; Mattioli et al., 2021; Menchetti et al., 2020b). Only studies
which used isoenergetic diets to evaluate the effect of an n-3 PUFA-
enriched feed were considered for reliable results as the utilization
of non-isoenergetic diets can lead to biased results (Trebu�sak et al.,
2011).

In general, the studies so far conducted on fattening rabbits have
found little influence of n-3 PUFA on the productive performance of
the animals, independently whether flaxseed (Benatmane et al.,
2011; Bianchi et al., 2006; Dal Bosco et al., 2004; Du et al., 2013;
Eiben et al., 2010; Kouba et al., 2008; Matics et al., 2017; Trebu�sak
et al., 2011), fish oil (Rodríguez et al., 2017a, 2019) or seaweeds
are used (Dalle Zotte et al., 2013).

The first study conducted utilizing flaxseed as an n-3 PUFA
source was by Dal Bosco et al. (2004). This investigation evaluated
the effect of an 8% flaxseed enriched diet (with 200 mg/kg of a-
tocopheryl acetate) on the productive performance of fattening
rabbits from 45 d of life until slaughter (at 85 d). No differences
were found with respect to the control group. The samewas shown
in other studies evaluating the effect of flaxseed at different con-
centrations between 3% and 9% on final body weight, average daily
gain, feed intake, and feed conversion ratio (Benatmane et al., 2011;
Bernardini et al., 1999; Bianchi et al., 2006; Eiben et al., 2010; Kouba
et al., 2008; Matics et al., 2017; Trebu�sak et al., 2011, 2019). How-
ever, a decrease in mortality between 5 and 11 weeks was shown in
the study byMatics et al. (2017) which evaluated the effect of a 1 to
4 weeks duration diet enriched with 3% flaxseed oil. This result
confirmed the study by Casado et al. (2013).

With regard to the use of fish oil in the fattening rabbit diet, 2
studies by Rodríguez et al. (2017a, 2019) have investigated the ef-
fect of salmon oil derivate rich in EPA and DHA, supplemented at
1.5% in the diet of rabbits weaned at 25 or 30 d of age. The diet was
administered to rabbit does and their litters until slaughtering. In
the first study, no effect was found on the productive performances
(Rodríguez et al., 2017a), whereas in the second one, a decrease in
the average daily gain, as well as hot and chilled carcass weight, was
shown (Rodríguez et al., 2019). However, the morbidity was found
significantly lower in the fish oil-supplemented group compared to
the control one, and this result could be linked to the inflammation
regulation actuated by n-3 PUFA and their metabolites (Rodríguez
et al., 2019).

Finally, some investigations have assessed the effect of seaweed
inclusion in the fattening rabbit diet. The study by Dalle Zotte et al.
(2013) showed no effect of Spirulina alga (Arthrospira platensis) on
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the productive performance of companion rabbits. However, this
investigation was conducted on pet animals, and the results about
productive performance could be biased because these rabbit
breeds are not selected for fattening. A second study evaluated the
supplementation of 4 g/kg of marine algae (Schizochytrium spp.)
rich in DHA (this amount contributed 750 mg/kg of DHA) to
nulliparous does and their litters until slaughtering (Mordenti et al.,
2010). This study showed positive effects, with an increase in the
average daily gain and a decrease in the feed conversion ratio in
fattening rabbits born to mothers which received the enriched diet
(independently from the diet they were fed during growing and
finishing periods). These results suggested that the addition of n-3
PUFA in the rabbit does diet could modify their milk composition
and strengthen the litter's defence mechanisms. Indeed, manipu-
lation of the fatty acid profile of rabbit does’ milk via diet has been
shown in different studies (Mattioli et al., 2019; Rodríguez et al.,
2018).

Thus, in summary, it seems that n-3 PUFA supplemented diet
administered to fattening rabbits did not affect their productive
performance, independently from the source. However, some
interesting effects have been shown on the mortality and/or
morbidity of growing rabbits, and that aspect should be further
investigated along with the influence of n-3 PUFA on the milk,
immune status and gutmicrobiota, pivotal pillars during the critical
weaning period.

6. The effect of n-3 PUFA on meat quality

Rabbit meat is extremely lean and low in calories. It has an
excellent percentage of high biological value proteins and at the
same time a very low quantity of cholesterol. SFAs are the pre-
dominant fatty acids, although rabbit meat contains high amounts
of MUFA and PUFA, compared to other livestock meats (Poławska
et al., 2013). For these characteristics, rabbit meat is highly appre-
ciated by consumers, at least in some geographical areas (i.e.
Europe, Mediterranean Africa, Asia, and some Latin American
countries) (McNitt et al., 2013). However, to date, the rabbit sector
is experiencing a hard economic crisis due to structural weak-
nesses, progressive and constant reductions in consumption, and
rising criticism by Western consumers related to animal welfare
conditions and other ethical issues. Moreover, the price of rabbit
meat is still higher compared to other kinds of meat such as poultry
or pork (Hoffman et al., 2004). A very important factor for some
consumers in choosing meat is the welfare of the animals raised. In
this context, the use of rabbit meat as a functional food could be
important to relaunch the rabbit sector and the supplementation of
n-3 PUFA is a strategy widely tested to produce functional food.
Importantly, these molecules could also improve the rabbit's health
and welfare. Monogastric animals have proved to be the most
successful in the production of functional food, thanks to their
direct absorption of lipids supplemented in the diet without
alteration in the digestive system. However, the main issue faced by
researchers in enriching animal-derived products with n-3 PUFA is
the increase of their oxidative status (O'Keefe et al., 1995). Inde-
pendently from the species involved, this problem has been shown
to negatively affect the shelf-life of the final product and the pur-
chase by the consumer, because of the off-flavors originating from
lipid peroxidation, and further technologic processing (Ahn et al.,
1996). For these reasons, many studies have investigated the
oxidative status of the products along with the fatty acid profile
modifications in animal tissues (Benatmane et al., 2011; Dal Bosco
et al., 2004; Kowalska and Biela�nski, 2009). To avoid or reduce
these issues, many authors have added antioxidants, such as
vitamin E (Dal Bosco et al., 2004). Finally, it is important to deter-
mine the amount of time needed to modify, via an enriched diet,
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the fatty acid profile of the products. For flaxseed supplementation
in the rabbit, it has been established at 2 to 3 weeks before
slaughtering (Matics et al., 2017).

To date, in the cuniculture research field, many investigations
have been conducted to evaluate the possible production of a
functional food through the administration of n-3 PUFA-enriched
diets to fattening rabbits. The great majority of the investigations
used flaxseed as a source of ALA, with a supplementation between
1.6% and 16% (Benatmane et al., 2011; Bernardini et al., 1999;
Bianchi et al., 2003, 2006; Bianchi and Cavani, 2009; Cavani et al.,
2003; Dal Bosco et al., 2004; Du et al., 2013; Eiben et al., 2010;
Kouba et al., 2008; Matics et al., 2017; Peiretti et al., 2010; Petracci
et al., 2009; Tariq et al., 2017; Trebu�sak et al., 2011). A few studies
evaluated the effect of fish oil on rabbit meat quality (Bernardini
et al., 1999; Kowalska and Biela�nski, 2009; Rodríguez et al., 2017a,
2019), and, to our knowledge, just 2 studies used seaweed as n-3
PUFA sources (Mordenti et al., 2010; Peiretti and Meineri, 2011).

In general, the results about the physico-chemical characteris-
tics of the rabbit meat (usually evaluated on the loin meat) showed
a few effects. Only a few authors have found an increase in themeat
redness due to the flaxseed-supplemented diet (at 8%) (Bianchi
et al., 2006; Cavani et al., 2003). The chemical composition of the
supplemented rabbit meat was in general not affected by the n-3
PUFA diet inclusion, even if some studies reported an increase in
the lipid percentage (Peiretti and Meineri, 2011; Tariq et al., 2017).

The results are more robust as regards the meat fatty acid pro-
file. In several studies the supplementation of rabbit diet with n-3
PUFA has shown to be effective in enriching meat with both n-3
PUFA and n-3 VLC-PUFA, testifying the ability of rabbit tissues to
desaturate and elongate the precursor (ALA) of n-3 VLC-PUFA into
these latter molecules (Benatmane et al., 2011; Bernardini et al.,
1999; Bianchi et al., 2006; Dal Bosco et al., 2004; Du et al., 2013;
Kouba et al., 2008; Matics et al., 2017; Tariq et al., 2017; Trebu�sak
et al., 2011). For this reason, a diet enriched with flaxseed is able
to increase mainly the meat concentration of PUFA, n-3 PUFA, with
particular reference to ALA, and decrease the one of SFA and MUFA
(indeed n-3 PUFA have been proven to exert an inhibitory action on
stearoyl-CoA-desaturase) (Kouba et al., 2008). In enriched n-3 PUFA
meat, the n-3 VLC-PUFA, such as EPA, DPA and DHA, have also
shown increased values compared to the control groups, even if
they always resulted to be present in very low concentrations
(Benatmane et al., 2011; Bernardini et al., 1999; Bianchi et al., 2006;
Dal Bosco et al., 2004; Du et al., 2013; Kouba et al., 2008; Matics
et al., 2017; Tariq et al., 2017; Trebu�sak et al., 2011). A decrease of
the n-6/n-3 ratio has also been achieved, with values indirectly
proportional to the supplemented quantity of flaxseed, reaching
values of 1.5 with feed supplementation higher than 8%, which are
considered very good for human health (Peiretti et al., 2010;
Trebu�sak et al., 2011). Moreover, the atherogenicity and thrombo-
genicity indexes have shown lower and healthier values for the
meat of rabbits that received the flaxseed enriched diet (Dal Bosco
et al., 2004; Peiretti et al., 2010; Rodríguez et al., 2017a). However, it
has to be considered that the fatty acid profile of meat is also
affected by the muscle analysed, from the percentage of n-3 PUFA
inclusion in the diet and its duration, and from the process which
the meat undergoes after slaughtering (Matics et al., 2017).

The few experiments which assessed the effect on meat fatty
acid profile of a fish oil-enriched diet in rabbits have shown a
common increase in PUFA, n-3 PUFA, and n-3 VLC-PUFA, with the
n-6/n-3 ratio reaching 1.61 (Bernardini et al., 1999; Kowalska and
Biela�nski, 2009; Rodríguez et al., 2017a, 2019).

Regarding the utilization of seaweed, the scarce scientific liter-
ature has shown contrasting results depending on the algae sup-
plemented to the diet (Mordenti et al., 2010; Peiretti and Meineri,
2011). Indeed, even if this ingredient can bring high amounts of
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n-3 VLC-PUFA, it could be also responsible for the increase in n-6
PUFA. This could be caused by some species of algae that contain a
high concentration of LA, which increase n-6/n-3 ratio rather than
decreasing it (Peiretti and Meineri, 2011).

However, as previously stated, when enriching a food product
with PUFA, it is essential to consider the possible increased risk for
lipid peroxidation, which could affect not only the health of the
animal but also many aspects related to the final food product. In
the majority of the studies conducted to date, lipid susceptibility to
oxidation has been shown to increase in the meat of rabbits which
received the n-3 PUFA-enriched diet (Benatmane et al., 2011;
Bianchi et al., 2003, 2006; Bianchi and Cavani, 2009; Cavani et al.,
2003; Kowalska and Biela�nski, 2009; Trebu�sak et al., 2011).
Bianchi et al. (2006, 2003), also based on a sensory test, suggested
that the shelf-life limit for industrial storage of n-3 PUFA enriched
meat is 6 months. Different investigations have tried to prevent the
lipid oxidation phenomena by supplementing the feed also with
vitamin E, which is a natural antioxidant. It has been proved that
30 mg/kg of vitamin E in the feed is insufficient to limit the dete-
rioration of the meat, while 100 and 200 mg/kg have been
demonstrated to be effective in the preservation of the product
after 90 d of frozen storage or 8 d of fresh storage, respectively
(Bianchi et al., 2003; Kowalska and Biela�nski, 2009).

In conclusion, flaxseed supplementation for 2 to 3 weeks before
slaughtering, when accompanied by vitamin E addition, seems to
be the most effective, cheap, and sustainable way to obtain an n-3
PUFA enriched rabbit meat, which could be a useful tool to improve
the n-6/n-3 ratio in the human diet. However, further research
should be conducted to establish the correct amount of flaxseed
and vitamin E to be supplemented to obtain a good product both
from a nutritional and a technological point of view.

7. Conclusions and perspectives

To date, the available scientific literature on the use of n-3 PUFA
in rabbit diets has demonstrated the effectiveness of this nutri-
tional strategy to improve several aspects related not only to male
and female reproductive traits (such as spermatozoa structure,
pluriparous does fertility, sexual receptivity, mortality and
morbidity of litters) but also to the fatty acid profile of rabbit meat,
specifically the n-6/n-3 ratio and percentage of essential fatty acids.
Moreover, particularly interesting are also the aspects related to the
modification of the intestinal microbial flora which in turn induces
stimulation of the immune system which reduces the risk of dis-
ease and consequently confers greater profits for the farmer, better
welfare for the animals, and reduced risks for the consumer related
to antibiotic resistance and residues in meat. The n-3 PUFA source
that has given the most interesting results, considering its com-
mercial and economic availability, is flaxseed. Nevertheless, a
concomitant supplementation with some antioxidants, such as
vitamin E should always be taken into account.

Further research will be needed to better understand the
physiological mechanisms which underlie both the improvement
of some aspects and the prevention of the oxidative instability
deriving from n-3 PUFA-enriched animal tissues. In conclusion,
general results suggest that the use of n-3 PUFA and vitamin E in
cuniculture should be incentivized as a tool to relaunch the entire
sector.
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