Elsevier Editorial System(tm) for Research
in Veterinary Science
Manuscript Draft

Manuscript Number: RVSC-15-823R3

Title: The different effects of linseed and fish oil supplemented diets
on insulin sensitivity of rabbit does during pregnancy

Article Type: Research Paper
Section/Category: Endocrinology

Keywords: insulin sensitivity; ALA, EPA and DHA; HOMA-IR; gestational
diabetes; reproductive performance; rabbit

Corresponding Author: Dr. Laura menchetti,
Corresponding Author's Institution: University of Perugia
First Author: Laura menchetti

Order of Authors: Laura menchetti; Claudio Canali; Cesare Castellini;
Cristiano Boiti, prof; Gabriele Brecchia

Abstract: This study investigates the effects of linseed (rich in a-
linolenic acid (ALA)) and fish oil (rich in eicosapentaenoic (EPA) and
docosahexaenoic acid (DHA)) supplementation on the insulin resistance of
pregnant rabbits. Two months before insemination, the rabbits (15
animals/group) were fed different diets: commercial standard (group C),
supplemented with 10% extruded linseed (group L), and 3% fish oil (group
FO). The L group does showed both the highest feed intake before AI
(P<0.01) and the highest body weight (BW) throughout pregnancy (P<0.001).
The L does yielded less milk than the C does (P<0.001); however, no
differences were observed in either weight or size of litter at weaning.
Regardless of diet, insulin concentrations and HOMA-IR values were higher
during the first half of pregnancy (P<0.001). Nevertheless, the L does
showed higher mean insulin concentrations than FO rabbits (P<0.01) and
the lowest glucose clearance (P<0.01l) during pregnancy. On the other
hand, pregnant FO rabbits showed the lowest glucose concentrations
(P<0.05) and the lowest Homeostasis model assessment values for insulin
resistance (HOMA-IR, P<0.05) as well as a faster restoration of baseline
glucose levels following glucose load (P<0.001). Before and during
pregnancy, the BW of the rabbits was positively related to fasting
sample- and tolerance test-derived indices of insulin resistance (P<0.05)
suggesting that a high pre-pregnancy BW predisposes to gestational
insulin resistance. Linseed supplementation increased BW and predisposed
to insulin resistance during pregnancy; whereas, fish oil improved
insulin sensitivity without significant changes in BW.

Suggested Reviewers:



*Revision Note

Revision Note

Title: " The different effects of linseed and fish oil supplemented diets on insulin sensitivity of
rabbit does during pregnancy"

Ms. No. RVSC-15-823

Authors: Menchetti L., Canali C., Castellini C., Boiti C., Brecchia G.

To the Editor-in-Chief
Research in Veterinary Science

We thank the editor and referees for providing constructive comments and help in improving the
contents of our paper. The paper has been strongly revised by full professional revision and the
bibliography has been updated.

The file “Manuscript PUFA-IR_rev3_highlighted” shows the revisions.

Specific comments
Reviewer #5:
Dear Authors,

The manuscript entitled "The different effects of linseed and fish oil supplemented diets on insulin
sensitivity of rabbit does during pregnancy" is an interesting and improved paper, but English is too
poor and difficult to read, therefore needs to be improved. I suggest to have it professionally
revised.

A complete revision of the English language was carried out by two English mother tongue
specialized translators (Eleanor Fabri and Dr Alda Quattrone).



*Highlights (for review)

1 Highlights

2 1. We evaluate the effects of n-3 PUFA supplementation during pregnancy in rabbit
3 2. Linseed supplementation negatively influences gestational insulin resistance

4 3. Fish oil supplementation improves insulin sensitivity

5 4. Rabbit’s BW, before and during pregnancy, is related to insulin resistance indices



*Manuscript
Click here to view linked References

10

11

12

The different effects of linseed and fish oil supplemented diets on insulin sensitivity of rabbit

does during pregnancy

L. Menchetti®”, C. Canali?, C. Castellini®, C. Boiti?, G. Brecchia®

# Dipartimento di Medicina Veterinaria, Universita di Perugia, Via S. Costanzo 4, 06121 Perugia, Italy

> Dipartimento di Scienze Agrarie, Alimentari e Ambientali, Universita di Perugia, Borgo XX Giugno,

74, 06121 Perugia, Italy

“Corresponding author Laura Menchetti, Tel. +39 075 5857641; Fax: +39 075 58577738; e-mail:

lallymen@libero.it


http://ees.elsevier.com/rvsc/viewRCResults.aspx?pdf=1&docID=11143&rev=3&fileID=229184&msid={E39512B5-7E41-4C04-A0A0-3D8E3811228F}

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32
33

Abstract
This study investigates the effects of linseed (rich in a-linolenic acid (ALA)) and fish oil (rich in
eicosapentaenoic (EPA) and docosahexaenoic acid (DHA)) supplementation on the insulin resistance
of pregnant rabbits. Two months before insemination, the rabbits (15 animals/group) were fed different
diets: commercial standard (group C), supplemented with 10% extruded linseed (group L), and 3% fish
oil (group FO). The L group does showed both the highest feed intake before Al (P<0.01) and the
highest body weight (BW) throughout pregnancy (P<0.001). The L does yielded less milk than the C
does (P<0.001); however, no differences were observed in either weight or size of litter at weaning.
Regardless of diet, insulin concentrations and HOMA-IR values were higher during the first half of
pregnancy (P<0.001). Nevertheless, the L does showed higher mean insulin concentrations than FO
rabbits (P<0.01) and the lowest glucose clearance (P<0.01) during pregnancy. On the other hand,
pregnant FO rabbits showed the lowest glucose concentrations (P<0.05) and the lowest Homeostasis
model assessment values for insulin resistance (HOMA-IR, P<0.05) as well as a faster restoration of
baseline glucose levels following glucose load (P<0.001). Before and during pregnancy, the BW of the
rabbits was positively related to fasting sample- and tolerance test-derived indices of insulin resistance
(P<0.05) suggesting that a high pre-pregnancy BW predisposes to gestational insulin resistance.
Linseed supplementation increased BW and predisposed to insulin resistance during pregnancy;
whereas, fish oil improved insulin sensitivity without significant changes in BW.

Key words: insulin sensitivity; ALA, EPA and DHA; HOMA-IR; gestational diabetes; reproductive

performance; rabbit
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1. Introduction

Using n-3 polyunsaturated fatty acids (n-3 PUFAS) as functional foods became popular when the
low incidence of cardiovascular disease in Eskimo population (Bang et al., 1980) was attributed to their
fish - rich diet which is high in both EPA (20:5n-3) and DHA (22:6n-3). These long-chain PUFAs can
be obtained indirectly from other sources, such as linseed which is rich in ALA (18:3n-3). In fact,
humans and animals are able to convert ALA into EPA and DHA through a series of elongations and
desaturations. A-desaturases are the rate-limiting enzymes in both n-3 and n-6 PUFA metabolisms
(Das, 2005). n-3 PUFAs are generally associated with anti-inflammatory and cardioprotective effects
(Djoussé et al., 2012; Oh et al., 2011; Soulimane-Mokhtari et al., 2008). Moreover, fatty acids provide
energy, are structural and functional components of cell membranes, and affect signal transduction
pathways as well as gene transcription.

Intakes of ALA or preformed EPA and DHA may have specific and potentially independent effects
on physiological and pathological processes; indeed, dietary ALA has multiple metabolic fates, and the
conversion efficiency to its longer chain counterparts is generally poor (Burdge, 2006; McCloy et al.,
2004).

The effects of n-3 PUFA on reproduction have been evaluated mainly in ruminants. However,
conflicting results were obtained for in vivo dietary supplementations, while the effects on pregnancy
rates and embryo survival are still not fully known (for a general review, see Wathes et al., 2007). To
our knowledge, only one study has been carried out regarding the effect of n-3 PUFA supplementation
on the reproductive performance of rabbit does (Rebollar et al., 2014).

Conversely, the effects of EPA and DHA on metabolic diseases of humans and animals are well
documented; for example, rodents and rabbits fed with EPA and DHA supplements showed reduced
body weight and insulin resistance (lvanova et al., 2014; Pérez-Matute et al., 2007). Several meta-

analyses confirm an association between fish oil supplementation and reduced risk of type 2 diabetes in
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humans (Djoussé et al., 2012; Zhang et al., 2013). However, these studies have some limitations.
Firstly, differential effects of EPA/DHA and ALA on disease susceptibility have not been fully
elucidated despite the potential differences in their metabolism. Secondly, the role of n-3 PUFAS in
insulin sensitivity during pregnancy remains largely unknown. A Cochrane meta-analysis found no
significant effects of fish oil supplements on pregnancy complications in women (Makrides et al.,
2006). Finally, although the rabbit is a suitable model for studying reproductive disorders and the
influence of nutrition during pregnancy (Brecchia et al., 2014, 2006, Menchetti et al., 2018, 20153,
2015b), strategies for improving gestational insulin resistance in this species have not yet been
evaluated.

In order to fill these gaps, we evaluated the effects of supplementation with two different sources of
n-3 PUFAsS, extruded linseed and fish oil, on insulin sensitivity of rabbit does during pregnancy. To this
purpose, both fasting sample-derived indices of insulin resistance and intravenous glucose tolerance

tests were used.

2. Materials and methods

2.1. Animals and diets

A total of 45 multiparous (third to fifth parity order) hybrid rabbit does were housed at the
experimental farm of the Department of Agricultural, Food and Environmental Sciences of the
University of Perugia. The does were kept individually in flat deck cages; the temperature ranged from
+15 to +28 °C, and the light schedule was 16 L:8 D. Two months before artificial insemination (Al),
the rabbits were randomly assigned to one of three groups (15 animals/group): C group was fed with

commercial standard diet, L group with 10% extruded linseed supplementation (Nlest®, Valorex), and
4
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FO group with 3% fish oil supplementation (Nordos ®).Vitamin E (200 mg/kg feed, synthetic alpha-
tocopheryl acetate) was included in all diets. The feeding program of the rabbit does was continued
until weaning (35" day post-partum). Lactation was controlled until day 20 post-partum by opening the
nest once a day for 5-10 minutes. After the 20™ day of lactation, the nest was opened and the kits were
given access to solid food. The feed intake of the rabbit does was recorded daily until the end of
controlled lactation (20" day). The diets (Table 1 and 2) were isoenergetic, isonitrogenous, and
formulated according to the current dietary recommendations for rabbit does (De Blas and Mateos,
1998). The rabbit does received 130 g/d of food from the beginning of the experiment until the day of
AT subsequently, they had ad libitum access to food.

Ovulation was induced by injecting 0.8 pg of synthetic GnRH (Receptal, Hoechst-Roussel Vet,
Milan, Italy) just before Al (Brecchia et al., 2006). Al was performed with 0.5 ml of diluted fresh
semen. The day of Al was named day 0. Pregnancy was diagnosed by manual palpation 10 days after
Al and non-pregnant does were submitted to successive Al after 21 days. Two cycles of Al were

performed in order to achieve 10 pregnancies per group.

2.2 Body weight and reproductive performance

From the beginning of the experiment until weaning, the BW of overnight fasted rabbits was
recorded weekly between 8:00 and 10:00 A.M.. The following productivity indices were calculated:
fertility (number of parturitions/number of inseminations x 100), prolificacy (total number of born and
stillborn kits per doe), litter weight at kindling as well as perinatal and pre-weaning mortality. In

addition, litter size and weight were recorded at days 20 and 35 (weaning). The perinatal period
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comprised the first 48 h after parturition. The pre-weaning mortality rate was calculated as the
percentage of weaned Kits/litter size following the perinatal period. Daily milk production was
measured from parturition until day 20 of lactation by weighing the doe immediately before and after

suckling.

2.3. Fasting sample-derived insulin resistance indices

2.3.1. Blood sampling and measurements of insulin and glucose

Blood samples were taken from 10 randomly selected fasted pregnant does/group between 8:00 and
10:00 A.M at days 0, 7, 14, 21, and 28 after Al. Blood samples were collected from the marginal ear
vein and placed in EDTA containing tubes. The tubes were centrifuged at 3000xg for 15 min, and the
plasma was stored frozen until assayed for hormones and metabolites.

Plasma insulin concentrations were determined by the double antibody technique using an insulin
IRMA kit (Immunotech s.r.o., Prague, Czech Republic). The limit of sensitivity was 1.35 pU/ml and
intra- and inter-assay coefficients of variations were 4.0 and 4.8%, respectively. Glucose was analysed
with the hexokinase method using the Glucose GLUC-HK kit from RANDOX (Randox Laboratories
Limited, Country Antrim, UK). The limit of sensitivity was 0.71 mmol/l, and intra- and inter-assay

coefficients of variations were 3.6 and 5.1%, respectively.

2.3.2 Determination of fasting-derived blood indices
Fasting-derived blood indices were steady-state measures of insulin resistance that did not require

the administration of exogenous glucose, which included fasting Glucose Concentrations (in mmol/l),
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Insulin Concentrations (in pU/ml) as well as mathematical models based on these measures. These
models included Glucose-to-Insulin Ratio and Homeostasis model assessment for insulin resistance
(HOMA-IR) calculated as follows: [insulin concentration x (glucose concentration /18)}22.5 (Menchetti

et al., 2015a).

2.4. Glucose Tolerance test-derived indices

2.4.1. Intravenous glucose tolerance test

Intravenous glucose tolerance tests were performed on 5 randomly selected does/group between
8:00 and 10:00 A.M. on day 21 of pregnancy. The rabbits were fasted overnight (at least 16 h). A
single bolus of glucose (0.6 g/kg of body weight) was rapidly infused into the ear marginal vein
through an 18G catheter. A small drop of capillary blood was collected by puncturing the ear just
before glucose administration and subsequently after 5, 10, 30, 60, and 120 min. Blood glucose
(mmol/l) was measured with a calibrated glucometer (OneTouch ® UltraEasy, LifeScan Europe,
Johnson & Johnson, Zug, Switzerland), using test strips from the same supplier. The inter-assay

coefficient of variation for glucose was < 5%.

2.4.2. Determination of kinetic parameters of glucose

The pharmacokinetics of the glucose load was analysed using a one-compartment open model. The
elimination rate constant was calculated from the slope of the line during the elimination phase by
linear regression analysis of the semilogarithmic plot of glucose concentration versus time. The half-

life of the exogenous glucose load was obtained as follows: (In 2 /elimination rate constant); the
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apparent volume of distribution was obtained as the ratio between dose and plasma concentrations after
bolus administration; whereas, the clearance was obtained as the volume of distribution x elimination
rate constant. The area under the concentration-time curve (AUC) was calculated by the linear

trapezoidal method using GraphPad Prism version 5.01 software (Inc., San Diego, CA, USA).

2.5. Statistical analysis

The data were analysed with the linear mixed model procedures. In these models, the animals were
treated as the random factor; whereas, the cycle of Al and time (day pre or post Al) were treated as
repeated factors. The models evaluated the effect of time (9 and 5 levels during pre- and post- Al,
respectively), group (3 levels: C, FO, and L), and interaction between time and group. In order to
evaluate the responses to the glucose tolerance test, the time factor (minutes after glucose
administration) had 6 levels: 0, 5, 10, 30, 60, 120 min after loading. In models including BW as
predictor and indices of insulin resistance as dependent variables, the b-parameters were estimated in
order to investigate the relationship between BW and insulin resistance. In order to limit the influence
of longitudinal changes in the BW of does caused by foetal growth, the stage of pregnancy (3 levels: Al
= day 0; Early-mid pregnancy = days 7 and 14; Late pregnancy = days 21 and 28) was included in the
model used for analysing the relationships between BW and fasting sample-derived indices. Only
group effect was considered to evaluate reproductive and kinetic parameters. The number of kits was
included as covariate whenever appropriate. Parity order was not included as a covariate as the
preliminary analyses did not show any significant effect. Diagnostic graphics were used to check

assumptions and outliers. Logarithmic transformations were used whenever appropriate (insulin
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concentration, glucose-to-insulin ratio, HOMA-IR). The results were expressed as estimated marginal
means + standard error (SE). The logarithms were back transformed. Chi-square tests were used to
analyse fertility and mortality rates. Statistical analyses were performed with SPSS Statistics version 20

(IBM, SPSS Inc., Chicago, IL, USA). We defined P < 0.05 as significant and P < 0.1 as a trend.

3. Results

3.1. Feed intake, BW, and productive performance

The BW of does at the beginning of the experiment was 4.07+0.05 kg in C, 4.04+0.05 kg in L, and
4.12+0.05 kg in FO groups. From the beginning of the experiment until Al, feed intake was higher in L
group than in C and FO groups (P < 0.01; Table 3). The BW of all rabbits increased during the 2
months prior to Al (time effect P < 0.05); however, the weight gain was higher in L group (group effect
P < 0.001). The rabbits of L group were heavier at Al than at the beginning of the experiment
(+0.25+0.11 kg; P < 0.05). Their BW at Al was also higher when compared to the rabbits in the other
groups (+0.25+0.11 kg; P < 0.05; Table 3).

Following Al, feed intake was unaffected by either dietary regimen or litter size; however, it was
affected by the physiological phase (P < 0.001; Table 3). From Al until day 27 of pregnancy, the mean
daily feed intake was 150+0, 144+2, and 144+2 g for C, FO and L groups, respectively. During the last
three to four days before parturition, feed intake decreased by 13%. Feed intake increased progressively
during the first 20 days of lactation from 128+8 to 318+8 g/d in all groups (P < 0.001) and was affected

by litter size (P < 0.001; Table 3).
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The BW during pregnancy differed between groups (P < 0.001; Fig. 1) with higher mean values
observed in L does (P < 0.001) than in C and FO groups.

During the trial, three does (one from group C and two from group FO) died or were excluded due
to severe health problems. However, no differences were found between groups regarding the mortality
rate of does (6.7%, 13.3% and 0.0% in C, FO and L groups, respectively; P = 0.762).

Fertility did not differ between groups (Table 3). The length of pregnancy did not differ among
groups (Table 3) although it was negatively related to litter size (b = -0.21, P < 0.001). Perinatal
mortality was higher (P < 0.001; Table 3) in C and FO groups than in L group due to the death of 2
litters in group FO and 1 litter in group C. No differences were observed for both weight and size of
litter between groups (Table 3). Milk yield was lower in L than C group (Table 3) while there were no

differences either in weight or size of litter at day 20 of lactation and at weaning (Table 3).

3.2. Insulin sensitivity

3.2.1. Fasting-derived indices

Plasma glucose concentrations were affected by time (P < 0.01), group (P < 0.001) and interaction
time x group (P < 0.01; Table 4). Plasma glucose concentrations ranged from 4.2 to 10.0 mmol/l, and
decreased from early (7.2+0.2 mmol/l at day 7 of pregnancy) to late pregnancy (6.2+0.2 mmol/l at day
28 of pregnancy; P < 0.001). Glycaemia during pregnancy was lower in FO group (6.2+0.1 mmol/l)
than in C (+9%, P < 0.001) and L (+5%, P < 0.05) groups. Pairwise comparisons for each day showed

significant differences on days 7 and 21 of pregnancy (Table 4).
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Insulin concentrations ranged from 2.0 to 26.9 uU/ml and were affected by time (P < 0.001), group
(P < 0.01), and interaction time x group (P < 0.05; Table 4). Insulin concentrations were higher in mid
pregnancy (12.0+£0.5 pU/ml at day 14) than in late pregnancy (3.9+0.2 pU/ml at day 28; P < 0.01).
Mean insulin concentrations during pregnancy were higher in L group (7.9+£0.3 pU/ml; +32%, P <
0.01) than FO group (5.4+0.2 pU/ml). Pairwise comparisons showed significant differences at days 14
and 28 of pregnancy (Table 4).

The glucose-to-insulin ratio was affected by time (P < 0.001) as it was lower on day 14 (0.6+0.1)
and higher on day 28 (1.8+£0.1) than at Al (1.1+0.1; P < 0.01). It was also affected by group x time
interaction (P < 0.01; Table 4). In early pregnancy (day 7), the glucose-to-insulin ratio was lower in L
group, while at the end of pregnancy (day 28) the ratio was higher in FO than in C group (Table 4).

During pregnancy, HOMA-IR values (Table 4) were affected by group (P < 0.01) and by time as
they were higher in early- and mid-pregnancy than in late-pregnancy (P < 0.001). A trend was observed
for time x group effect (P < 0.1). Does belonging to FO group had lower estimated marginal means of
HOMA-IR during pregnancy (0.08+£0.01) than C (-38%, P < 0.05) and L groups (-62%, P < 0.01).
Pairwise comparisons on each day of this study showed lower HOMA-IR in FO at days 7 and 14
compared to L, and at day 28 compared to C group (Table 4).

Parameters of models including BW as predictor and fasting-derived indices as dependent variables
showed a significant positive relationship between the BW and plasma insulin concentrations of does

(log transformation: b =0.22, P < 0.05) and HOMA-IR (log transformation: b = 0.23, P < 0.01; Fig. 2).

3.2.2. Glucose Tolerance test-derived indices

11
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Regardless of nutritional regimen, the intravenous administration of glucose caused a rapid increase
in blood glucose concentrations. Glucose reached the highest value 5 min post-administration (P <
0.001) and returned to baseline values at 60 min.

The rabbits belonging to FO group showed lower glucose concentrations 60 min post-loading than C
(+14%, P < 0.001) and L (+14%, P < 0.001) groups (Table 5). The rabbits of the L group showed
higher glucose half-life than C does (+10%, P < 0.05) and the lowest clearance (P < 0.01; Table 5). The
elimination-rate constant was affected by group (P < 0.05) and tended to be lower in pregnant L does
than in C does (-11%; Sidak correction: P < 0.1). A trend of differences was found in AUC (P < 0.1
Table 5).

In order to investigate the relationship between BW and insulin resistance measured with the
glucose tolerance test, we calculated the parameters of models including BW at Al or at day 21 of
pregnancy as predictor and test-derived indices as dependent variables. Significant relationships were
observed between BW at day of test (day 21 of pregnancy) and some glucose tolerance test-derived
indices: the higher the value of BW, the higher the values of AUC (b = 219.1, P < 0.05; Fig. 3) and
maximum concentration of glucose (b = 5.3, P < 0.05), while clearance decreased (b =- 0.2, P <0.1).
When BW at Al was included in the model, significant relationships were found with AUC (b = 259.6,

P < 0.01; Fig. 3) and maximum glucose concentration (b = 5.6, P < 0.05).

4. Discussion
For the first time in rabbits, we evaluated the effects of n-3 PUFA on gestational insulin resistance,

using diets supplemented with extruded linseed which is rich in ALA, and fish oil rich in preformed
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EPA and DHA. The different n-3 PUFA diets affected body weight and milk production as well as
fasting- and glucose tolerance test-derived indices of insulin resistance.

According to Rebollar et al. (2014), n-3 PUFA supplementation did not affect significantly the
fertility of rabbits; however, in our study, the does who received extruded linseed showed low fertility
(46%). Linseed can, in fact, influence reproductive functions in several ways; for example, it is a rich
source of phytoestrogens (Tou et al., 1999) and contains ALA which inhibits PGF2a synthesis (Pérez-
Matute et al., 2007; Wathes et al., 2007). However, the differences that we observed in fertility were
not significant and suboptimal rates were recorded for all groups.

Moreover, Rebollar et al. (2014) showed that n-3 PUFA supplementation reduced the number of
stillborn and increased the weight and size of live born kits. Although the rabbits supplemented with
linseed showed lower perinatal mortality and milk yield, both the number and weight of the offspring at
weaning remained unaffected. The different experimental protocols and diets may explain the
inconsistencies between the results. The lower percentage of perinatal mortality of does receiving
extruded linseed was due to the death of litters belonging to the control and fish oil groups, while the
reduction in milk yield was unexpected. In cows supplemented with linseed, unchanged or increased
milk yields has been reported (Jahani-Moghadam et al., 2015; Zachut et al., 2010). In our study, the
low milk production of linseed supplemented does could be attributed to their excessive BW at
insemination (Rommers et al., 2004); however, further studies are required to confirm this hypothesis.

A diet rich in n-3 PUFAs was associated with an increase in gestational length in rats and humans
through alterations of prostaglandins or adrenal steroid synthesis (Wathes et al., 2007). Although a

similar involvement of prostaglandins and cortisol on pregnancy and parturition can be hypothesized in
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rabbits (Boiti et al., 2006; Menchetti et al., 2015a), in agreement with Rebollar et al. (2014), we cannot
confirm the influence of PUFAs on the duration of rabbit pregnancy.

Higher feed intake and BW increase occurred with the linseed supplemented diet during the pre-
pregnancy period. Previous studies did not find significant effects of linseed supplementation on the
performance of growing rabbits (Dal Bosco et al., 2004; Kouba et al., 2008), probably because different
diet composition and animals at different ages were evaluated. The pregnant rabbits supplemented with
linseed remained heavier throughout pregnancy. High BW values may have negatively influenced their
fertility rate (Cardinali et al., 2008) as well as their insulin sensitivity (Pérez-Matute et al., 2007;
Skvarca et al., 2013).

High insulin resistance was observed in all rabbits during the first half of pregnancy. Insulin
resistance indices as well as glucose and insulin concentrations decreased in late pregnancy probably
due to an increased transfer of maternal glucose to the foetuses. Our previous study (Menchetti et al.,
2015a) showed increased HOMA-IR values in mid-pregnant rabbits although different categories of
does (primiparous vs. pluriparous) and different experimental protocols were used. The reduced insulin
sensitivity during pregnancy irrespective of dietary regimen confirms the data obtained for other animal
species and women (Cardinali et al., 2017; Ciampelli et al., 1998; Corson et al., 2008; Skvarca et al.,
2013). The pregnancy-dependent insulin resistance is probably due to the high concentrations of
oestrogen, progesterone, and hormones from the placenta, but the exact mechanism is not fully
understood. A certain reduction in insulin sensitivity during pregnancy has an adaptive role in saving
glucose for foetal growth (Cardinali et al., 2017; Ciampelli et al., 1998; Menchetti et al., 2015a).

However, when a pregnant woman is unable to produce an adequate amount of insulin to compensate
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for this insulin resistance, this physiological phenomenon becomes a pathological condition called
gestational diabetes mellitus. Gestational diabetes is associated not only with various complications
during pregnancy and birth, but also with increased risk of type 2 diabetes mellitus and cardiovascular
diseases for both mothers and their offspring (Chu et al., 2007; Nasu-Kawaharada et al., 2013).

In this study, compared to the does of the control group, linseed supplementation increased the
indices of insulin resistance and the half-life of the exogenous glucose while it decreased its clearance,
thus suggesting a reduced insulin sensitivity and an impaired glucose tolerance. Studies on the effects
of ALA on insulin sensitivity are few and contradictory. Several authors (Correia-Santos et al., 2015;
Makni et al., 2011; Shomonov-Wagner et al., 2015) showed that in pregnant rats and mice, ALA
supplementation decreased glycaemia and stimulated secretion of insulin; on the contrary, no
improvement in insulin sensitivity was observed by lIbrahim et al. (2009). In agreement with our
findings, Andersen et al. (2008) found lower insulin sensitivity in rats fed with ALA compared to rats
receiving EPA or DHA. These discrepancies could be due to differences in experimental protocol or
physiological stage, animal model or diet composition. Moreover, several mechanisms may be
involved in the contradictory actions of linseed. Several authors claim that the beneficial properties of
ALA are primarily linked to their role as a substrate for the synthesis of EPA and DHA (Burdge, 2006;
Das, 2005; McCloy et al., 2004). The activity of the enzymes involved in the endogenous conversion of
ALA into EPA and DHA is modulated by both dietary and genetic factors such as n-3/n-6 PUFA ratio
and genotype (Burdge, 2006; Dal Bosco et al., 2012; Das, 2005). Dal Bosco et al. (2014) found a poor
desaturase activity in rabbits selected for productive performance that could also characterize the

hybrid used in our study. Das (2005) argued that a genetic predisposition to low activity of A-6 and A-5
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desaturase increases the risk of type 2 diabetes. On the other hand, Fukumitsu et al. (2008) found that
linseed lignans increased the expression of PPARy and adiponectin mRNASs resulting in the
improvement of insulin resistance. However, linseed contains phytates that can have anabolic effects,
probably related to iron reduction and zinc increase as well as hyper-glycaemia (Figueiredo et al.,
2009; Szkudelski, 2005; Taneja et al., 2012). Moreover, the preferential usage of ALA in humans and
rodents is not EPA/DHA conversion but (i) f-oxidation and recycling of carbon for de novo fatty acid
synthesis and (ii) direct storage into adipose tissue (Burdge, 2006; McCloy et al., 2004).

For the first time in rabbits, our findings showed an association between insulin resistance and
excess weight during pregnancy. Interestingly, as demonstrated in women (Chu et al., 2007; Skvarca et
al., 2013), this relationship was also found with the BW at the time of Al, thus confirming that the pre-
pregnancy BW is a significant predictor of insulin sensitivity during pregnancy. Obesity is associated
with a reduction in insulin sensitivity in rodents (Pérez-Matute et al., 2007; Samuelsson et al., 2008),
and leads to a 3-fold increased risk of gestational diabetes mellitus in women (Chu et al., 2007).
Gestational diabetes seems to be caused by post-receptor defects that reduce insulin receptor
autophosphorylation and translocation of GLUT4 from intracellular vesicles to the cell surface (Shao et
al., 2002). Several factors including adiponectin, leptin (Skvarca et al., 2013), tumour necrosis factor-o
(TNF-a; Pérez-Matute et al., 2007; Uysal et al., 1997), and oestrogens (Barros et al., 2008) are involved
in the mechanisms associating obesity, pregnancy, and insulin resistance. Since linseed contains
lignans and phytates that can alter the adipogenesis, the bioavailability of minerals, and oestrogen

levels, we can also speculate a role of these components on insulin resistance of L does.
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Contrary to the results obtained with linseed supplement, the FO enriched diet improved insulin
sensitivity as indicated by the response to glucose load and the fasting sample-derived indices during
pregnancy. Positive effects of EPA and DHA supplementation were observed in pregnant sows (Corson
et al., 2008) and diabetic pregnant rats (Nasu-Kawaharada et al., 2013; Soulimane-Mokhtari et al.,
2008). Several mechanisms may explain the effects of EPA and DHA on insulin sensitivity such as the
increase in the number and affinity of insulin receptors (Das, 2005), and the modulation of PPARs
which both result in an increase in GLUT4 and adiponectin (Pérez-Matute et al., 2007). Improved
insulin resistance can be also secondary to the reduction in the adipose mass via increased expression
of enzymes involved in B-oxidation and via reduced expression of enzymes promoting lipogenesis
(Ivanova et al., 2014; Pérez-Matute et al., 2007). Unlike the linseed group, the rabbits fed with fish oil
supplements showed no differences in BW compared to the rabbits fed with a control diet, thus
suggesting that the improvement of insulin sensitivity caused by EPA and DHA did not depend on the
amount of adipose mass. However, several hypotheses can be made concerning the EPA/DHA-
dependent effects on the function of adipose tissue. For example, since insulin resistance is associated
with the chronic inflammation of insulin sensitive tissues, EPA and DHA could have reversed adipose
inflammation through the down-regulation of nuclear factor-kappa B, Toll-like receptors and TNFa
(Oh et al., 2011; Pérez-Matute et al., 2007; Uysal et al., 1997). The different effect on the expression of
these genes between preformed dietary DHA and their precursor ALA could contribute to their
differential effects on insulin resistance.

Their similarities with women confirm rabbits as valid experimental models for gestational diabetes.

Other authors have successfully used the rabbit for studying metabolic syndromes induced by
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castration (lvanova et al., 2014) and high-fat diets (Maneschi et al., 2013). In fact, this nutritional
treatment induces all metabolic syndrome features, including hyperglycemia and glucose intolerance,
hypertension, dyslipidemia and increased visceral fat weight (Maneschi et al., 2013). Further studies
should be carried out to assess the effect of high-fat diets on the insulin resistance of pregnant rabbits as

well as the risk of metabolic syndromes following gestational diabetes.

5. Conclusions

Supplementation with linseed rich in ALA and fish oil rich in EPA and DHA, had differential
effects on insulin sensitivity during pregnancy. Pregnant rabbits fed with linseed showed elevated BW
and reduced milk production as well as high fasting plasma glucose concentration and poor response to
the glucose load. The deterioration of insulin sensitivity in the linseed group seems to be due to their
excessive weight gain since we demonstrated a positive correlation between BW, both before and
during pregnancy, and gestational insulin resistance. Conversely, preformed EPA and DHA provided
by fish oil did not affect BW but improved insulin sensitivity. Further studies using the rabbit as
experimental model are needed to clarify the activities of linseed components, the metabolic fates of

ALA, and the mechanisms involved in obesity-associated insulin resistance during pregnancy.

Acknowledgements

This work is part of the PhD program in “Animal health, livestock production and food safety”

XXVIII cycle carried out by Dr L. Menchetti and supported by Operational Programme of the Umbria

18



373

374

375

376

377

378

379
380

Region (POR Umbria FSE 2007/2013 Asse Capitale Umano — Obiettivo specifico "I" Progetto
"Promozione della ricerca e dell'Innovazione") and by University of Perugia. This work was partly
supported by project "Effetti di una integrazione alimentare con a. linolenico sulla qualita seminale, il
benessere feto-placentare e le funzioni riproduttive nel coniglio™ — cod. 2015.0373.021 granted by
Fondazione Cassa di Risparmio di Perugia. The authors would like to thank Giovanni Migni
(Experimental section of Dept. of Agricultural, Food and Environmental Sciences, Perugia, Italy) for

providing technical assistance and Eleanor Fabri and Dr Alda Quattrone for the English revision.

19



381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

References

Andersen, G., Harnack, K., Erbersdobler, H.F., Somoza, V., 2008. Dietary eicosapentaenoic acid and
docosahexaenoic acid are more effective than alpha-linolenic acid in improving insulin sensitivity
in rats. Ann. Nutr. Metab. 52, 250-256. d0i:10.1159/000140518

Bang, H.O., Dyerberg, J., Sinclair, H.M., 1980. The composition of the Eskimo western food in north.
Am. J. Clin. Nutr. 33, 2657-2661.

Barros, R.P.D.A., Morani, A., Moriscot, A., Machado, U.F., 2008. Insulin resistance of pregnancy
involves estrogen-induced repression of muscle GLUT4. Mol. Cell. Endocrinol. 295, 24-31.
doi:10.1016/j.mce.2008.07.008

Boiti, C., Besenfelder, U., Brecchia, G., Theau-Clément, M., Zerani, M., 2006. Reproductive
physiopathology of the rabbit doe, in: Meartens, L., Coudert, P. (Eds.), Recent Advances in Rabbit
Sciences. Merelbeke (Belgium), pp. 3-21.

Brecchia, G., Bonanno, A., Galeati, G., Federici, C., Maranesi, M., Gobbetti, A., Zerani, M., Boiti, C.,
2006. Hormonal and metabolic adaptation to fasting: Effects on the hypothalamic-pituitary-
ovarian axis and reproductive performance of rabbit does. Domest. Anim. Endocrinol. 31, 105—
122. doi:10.1016/j.domaniend.2005.09.006

Brecchia, G., Menchetti, L., Cardinali, R., Castellini, C., Polisca, A., Zerani, M., Maranesi, M., Boiti,
C., 2014. Effects of a bacterial lipopolysaccharide on the reproductive functions of rabbit does.
Anim. Reprod. Sci. 147, 128-134. doi:10.1016/j.anireprosci.2014.04.009

Burdge, G.C., 2006. Metabolism of alpha-linolenic acid in humans. Prostaglandins Leukot. Essent. Fat.
Acids 75, 161-168. doi:10.1016/j.plefa.2006.05.013

Cardinali, L., Troisi, A., Verstegen, J.P., Menchetti, L., Elad Ngonput, A., Boiti, C., Canello, S., Zelli,
R., Polisca, A., 2017. Serum concentration dynamic of energy homeostasis hormones, leptin,

insulin, thyroid hormones, and cortisol throughout canine pregnancy and lactation.

20



405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

Theriogenology 97, 154-158. doi:10.1016/j.theriogenology.2017.04.040
Cardinali, R., Dal Bosco, A., Bonanno, A., Di Grigoli, A., Rebollar, P.G., Lorenzo, P.L., Castellini, C.,
2008. Connection between body condition score, chemical characteristics of body and
reproductive traits of rabbit does. Livest. Sci. 116, 209-215. doi:10.1016/j.livsci.2007.10.004
Chu, S.Y., Callaghan, W., Kim, S., Schmid, C., Lau, J., England, L., Dietz, P., 2007. Maternal Obesity
and Risk of Gestational Diabetes Mellitus. Diabetes Care 30, 2070-2076.

Ciampelli, M., Lanzone, A., Caruso, A., 1998. Insulin in obstetrics: A main parameter in the
management of pregnancy. Hum. Reprod. Update 4, 904-914. doi:10.1093/humupd/4.6.904
Correia-Santos, A.M., Vicente, G.C., Suzuki, A., Pereira, A.D., dos Anjos, J.S., Lenzi-Almeida, K.C.,
Boaventura, G.T., 2015. Maternal use of flaxseed oil during pregnancy and lactation prevents
morphological alterations in pancreas of female offspring from rat dams with experimental

diabetes. Int. J. Exp. Pathol. 96, 94-102. doi:10.1111/iep.12126

Corson, A.M., Laws, J., Litten, J.C., Dodds, P.F., Lean, I.J., Clarke, L., 2008. Effect of dietary
supplementation of different oils during the first or second half of pregnancy on the glucose
tolerance of the sow 1045-1054. d0i:10.1017/S1751731108002188

Dal Bosco, A., Castellini, C., Bianchi, L., Mugnai, C., 2004. Effect of dietary alpha-linolenic acid and
vitamin E on the fatty acid composition, storage stability and sensory traits of rabbit meat. Meat
Sci. 66, 407-413. doi:10.1016/S0309-1740(03)00127-X

Dal Bosco, A., Mugnali, C., Roscini, V., Paci, G., Castellini, C., 2014. Effect of genotype on estimated
indexes of fatty acid metabolism in rabbits. World Rabbit Sci. 22, 21-28.
doi:10.4995/wrs.2014.1465

Dal Bosco, A., Mugnai, C., Ruggeri, S., Mattioli, S., Castellini, C., 2012. Fatty acid composition of
meat and estimated indices of lipid metabolism in different poultry genotypes reared under

organic system. Poult. Sci. 91, 2039-2045. doi:10.3382/ps.2012-02228
21



429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

Das, U.N., 2005. A defect in the activity of delta 6 and delta 5 desaturases may be a factor predisposing
to the development of insulin resistance syndrome. Prostaglandins Leukot. Essent. Fat. Acids 72,
343-350. doi:10.1016/j.plefa.2005.01.002

De Blas, C., Mateos, G., 1998. Nutrition of the Rabbit, CABI. ed. C. De Blas and J. Wiseman, Oxon,
UK.

Djoussé, L., Akinkuolie, A.O., Wu, J.H.Y., Ding, E.L., Gaziano, J.M., 2012. Fish consumption, omega-
3 fatty acids and risk of heart failure: a meta-analysis. Clin. Nutr. 31, 846-53.
doi:10.1016/j.clnu.2012.05.010

Figueiredo, M.S., de Moura, E.G., Lisboa, P.C., Troina, A.A., Trevenzoli, I.H., Oliveira, E.,
Boaventura, G.T., da Fonseca Passos, M.C., 2009. Flaxseed supplementation of rats during
lactation changes the adiposity and glucose homeostasis of their offspring. Life Sci. 85, 365-371.
doi:10.1016/j.1fs.2009.06.018

Fukumitsu, S., Aida, K., Ueno, N., Ozawa, S., Takahashi, Y., Kobori, M., 2008. Flaxseed lignan
attenuates high-fat diet-induced fat accumulation and induces adiponectin expression in mice. Br.
J. Nutr. 100, 669-676. doi:10.1017/S0007114508911570

Ibrahim, A., Basak, S., Ehtesham, N.Z., 2009. Impact of maternal dietary fatty acid composition on
glucose and lipid metabolism in male rat offspring aged 105 d. Br. J. Nutr. 102, 233-241.
doi:10.1017/S0007114508198993

Ivanova, Z., Bjgrndal, B., Grigorova, N., Roussenov, A., Vachkova, E., Berge, K., Burri, L., Berge, R.,
Stanilova, S., Milanova, A., Penchev, G., Vik, R., Petrov, V., Georgieva, T.M., Bivolraski, B.,
Georgiev, I.P., 2014. Effect of fish and krill oil supplementation on glucose tolerance in rabbits
with experimentally induced obesity. Eur. J. Nutr. doi:10.1007/s00394-014-0782-0

Jahani-Moghadam, M., Mahjoubi, E., Dirandeh, E., 2015. Effect of linseed feeding on blood

metabolites, incidence of cystic follicles, and productive and reproductive performance in fresh

22



453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

Holstein dairy cows. J. Dairy Sci. 98, 1828-35. doi:10.3168/jds.2014-8789

Kouba, M., Benatmane, F., Blochet, J.E., Mourot, J., 2008. Effect of a linseed diet on lipid oxidation,
fatty acid composition of muscle, perirenal fat, and raw and cooked rabbit meat. Meat Sci. 80,
829-834. doi:10.1016/j.meatsci.2008.03.029

Maertens, L., Moermans, R., De Groote, G., 1988. Prediction of the apparent digestible energy content
of commercial pelleted feeds for rabbits. J. Appl. Rabbit Res 11, 60—67.

Makni, M., Sefi, M., Garoui, E.M., Fetoui, H., Boudawara, T., Zeghal, N., 2011. Dietary
polyunsaturated fatty acid prevents hyperlipidemia and hepatic oxidant status in pregnant diabetic
rats and their macrosomic offspring. J. Diabetes Complications 25, 267-274.
doi:10.1016/j.jdiacomp.2011.02.002

Makrides, M., Duley, L., Olsen, S.F., 2006. Marine oil, and other prostaglandin precursor,
supplementation for pregnancy uncomplicated by pre-eclampsia or intrauterine growth restriction.
Cochrane Database Syst. Rev. 3, CD003402. doi:10.1002/14651858.CD003402.pub2

Maneschi, E., Vignozzi, L., Morelli, A., Mello, T., Filippi, S., Cellai, I., Comeglio, P., Sarchielli, E.,
Calcagno, A., Mazzanti, B., Vettor, R., Vannelli, G.B., Adorini, L., Maggi, M., 2013. FXR
activation normalizes insulin sensitivity in visceral preadipocytes of a rabbit model of mets. J.
Endocrinol. 218, 215-231. doi:10.1530/JOE-13-0109

McCloy, U., Ryan, M. a, Pencharz, P.B., Ross, R.J., Cunnane, S.C., 2004. A comparison of the
metabolism of eighteen-carbon 13C-unsaturated fatty acids in healthy women. J. Lipid Res. 45,
474-485. doi:10.1194/jIr.M300304-JLR200

Menchetti, L., Barbato, O., Filipescu, L.E., Traina, G., Leonardi, L., Polisca, A., Troisi, A., Guelfi, G.,
Piro, F., Brecchia, G., 2018. Effects of local lipopolysaccharide administration on the expression
of Toll-like receptor 4 and pro-inflammatory cytokines in uterus and oviduct of rabbit does.

Theriogenology 107, 162-174. doi:10.1016/j.theriogenology.2017.10.046
23



477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

Menchetti, L., Brecchia, G., Canali, C., Cardinali, R., Polisca, A., Zerani, M., Boiti, C., 2015a. Food
restriction during pregnancy in rabbits: Effects on hormones and metabolites involved in energy
homeostasis and metabolic programming. Res. Vet. Sci. 98, 7-12. doi:10.1016/j.rvsc.2014.11.017

Menchetti, L., Brecchia, G., Cardinali, R., Polisca, A., Boiti, C., 2015b. Food restriction during
pregnancy: effects on body condition and productive performance of primiparous rabbit does.
World Rabbit Sci. 23, 1-8. doi:10.4995/wrs.2015.1703

Nasu-Kawaharada, R., Nakamura, A., Kakarla, S.K., Blough, E.R., Kohama, K., Kohama, T., 2013. A
maternal diet rich in fish oil may improve cardiac Akt-related signaling in the offspring of diabetic
mother rats. Nutrition 29, 688-692. doi:10.1016/j.nut.2012.11.017

Oh, D.Y., Talukdar, S., Bae, E., Imamura, T., Morinaga, 2011. GPR120 is an Omega-3 Fatty Acid
Receptor Mediating Potent Anti-Inflammatory and Insulin Sensitizing Effects. Cell 142, 687—698.
doi:10.1016/j.cell.2010.07.041.GPR120

Pérez-Matute, P., Pérez-Echarri, N., Martinez, J.A., Marti, A., Moreno-Aliaga, M.J., 2007.
Eicosapentaenoic acid actions on adiposity and insulin resistance in control and high-fat-fed rats:
role of apoptosis, adiponectin and tumour necrosis factor-alpha. Br. J. Nutr. 97, 389-398.
doi:10.1017/S0007114507207627

Rebollar, P.G., Garcia-Garcia, R.M., Arias-Alvarez, M., Millan, P., Rey, A. 1., Rodriguez, M.,
Formoso-Rafferty, N., De la Riva, S., Masdeu, M., Lorenzo, P.L., Garcia-Rebollar, P., 2014.
Reproductive long-term effects, endocrine response and fatty acid profile of rabbit does fed diets
supplemented with n-3 fatty acids. Anim. Reprod. Sci. 146, 202—-209.
doi:10.1016/j.anireprosci.2014.02.021

Rommers, J.., Meijerhof, R., Noordhuizen, J.P.T.., Kemp, B., 2004. Effect of feeding program during
rearing and age at first insemination on performances during subsequent reproduction in young

rabbit does. Reprod. Nutr. Dev. 44, 321-332. doi:DOI: 10.1051/rnd:2004037
24



501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

Samuelsson, A.M., Matthews, P.A., Argenton, M., Christie, M.R., McConnell, J.M., Jansen, E.H.J.M.,
Piersma, A.H., Ozanne, S.E., Twinn, D.F., Remacle, C., Rowlerson, A., Poston, L., Taylor, P.D.,
2008. Diet-induced obesity in female mice leads to offspring hyperphagia, adiposity,
hypertension, and insulin resistance: A novel murine model of developmental programming.
Hypertension 51, 383-392. doi:10.1161/HYPERTENSIONAHA.107.101477

Shao, J., Yamashita, H., Qiao, L., Draznin, B., Friedman, J.E., 2002. Phosphatidylinositol 3-Kinase
Redistribution Is Gestational Diabetes Mellitus. Diabetes 51, 19-29.

Shomonov-Wagner, L., Raz, A., Leikin-Frenkel, A., 2015. Alpha linolenic acid in maternal diet halts
the lipid disarray due to saturated fatty acids in the liver of mice offspring at weaning. Lipids
Health Dis. 14, 14. d0i:10.1186/s12944-015-0012-7

Skvarca, A., Tomazic, M., Blagus, R., Krhin, B., Janez, A., 2013. Adiponectin/leptin ratio and insulin
resistance in pregnancy. J. Int. Med. Res. 41, 123-8. d0i:10.1177/0300060513476409

Soulimane-Mokhtari, N. a., Guermouche, B., Saker, M., Merzouk, S., Merzouk, H., Hichami, A.,
Madani, S., Khan, N. a., Prost, J., 2008. Serum lipoprotein composition, lecithin cholesterol
acyltransferase and tissue lipase activities in pregnant diabetic rats and their offspring receiving
enriched n-3 PUFA diet. Gen. Physiol. Biophys. 27, 3-11.

Szkudelski, T., 2005. Phytic acid-induced metabolic changes in the rat. J. Anim. Physiol. Anim. Nutr.
(Berl). 89, 397-402. doi:10.1111/j.1439-0396.2005.00532.x

Taneja, S.K., Jain, M., Mandal, R., Megha, K., 2012. Excessive zinc in diet induces leptin resistance in
Wistar rat through increased uptake of nutrients at intestinal level. J. Trace Elem. Med. Biol. 26,
267-272. doi:10.1016/j.jtemb.2012.03.002

Tou, J.C., Chen, J., Thompson, L.U., 1999. Dose, timing, and duration of flaxseed exposure affect
reproductive indices and sex hormone levels in rats. J. Toxicol. Environ. Health. A 56, 555-570.

doi:10.1080/00984109909350177
25



525  Uysal, K.T., Wiesbrock, S.M., Marino, M.W., Hotamisligil, G.S., 1997. Protection from obesity-

526 induced insulin resistance in mice lacking TNF-alpha function. Nature 389, 610-614.

527 doi:10.1038/39335

528  Wathes, D.C., Abayasekara, D.R.E., Aitken, R.J., 2007. Polyunsaturated fatty acids in male and female
529 reproduction. Biol. Reprod. 77, 190-201. doi:10.1095/biolreprod.107.060558

530  Zachut, M., Arieli, A, Lehrer, H., Livshitz, L., Yakoby, S., Moallem, U., 2010. Effects of increased

531 supplementation of n-3 fatty acids to transition dairy cows on performance and fatty acid profile in
532 plasma, adipose tissue, and milk fat. J. Dairy Sci. 93, 5877-5889. doi:10.3168/jds.2010-3427

533 Zhang, M., Picard-Deland, E., Marette, A., 2013. Fish and marine omega-3 polyunsatured fatty acid

534 consumption and incidence of type 2 diabetes: A systematic review and meta-analysis. Int. J.
535 Endocrinol. 2013, 20-22. doi:10.1155/2013/501015

536

537

26



538

539

540

541
542
543
544
545

546

fish oil (FO), and extruded linseed (L).

Table 1. Formulation and chemical composition of control (C) and enriched diets supplemented with

Diet

unit C FO L
Ingredients
Barley % 17.0 17.0 17.0
Bran % 7.0 7.0 5.0
Dehydrated alfalfa meal % 50.0 50.0 50.00
Soybean meal 44% % 18.0 18.00 13.00
Soybean oil % 3.0 - -
Extruded flaxseed % - - 10.0
Nordos ® % - 3.0 -
Beet molasses % 1 1 1
Calcium diphosphate % 1.35 1.35 1.35
Vitamin-mineral premix* % 1.2 1.2 1.2
Calcium carbonate % 0.7 0.7 0.7
Salt % 0.7 0.7 0.7
DL-methionine % 0.05 0.05 0.05
Analytical data
Crude Protein % 17.80 17.81 17.95
Ether extract % 5.55 5.63 6.02
Crude fiber % 14.90 14.44 14.88
Ash % 9.70 9.59 9.68
Starch* % 11.2 11.1 10.8
NDF* % 29.10 29.10 30.00
ADF* % 19.80 19.80 20.45
ADL* % 4.30 4.30 4.45
Digestible Energy** Mj/kg 9.85 9.85 9.81

* Per kg diet: vitamin A 11,000 1U; vitamin D3 2000 1U; vitamin B1 2.5 mg; vitamin B2 4 mg; vitamin B6 1.25 mg;
vitamin B12 0.01 mg; alpha-tocopherol acetate 50 mg; biotine 0.06 mg; vitamin K 2.5 mg; niacin 15 mg; folic acid 0.30 mg;
D-pantothenic acid 10 mg; choline 600 mg; Mn 60 mg; Fe 50 mg; Zn 15 mg; 1 0.5 mg; Co 0.5 mg.
* Calculated
** Estimated by Maertens et al. (1988)
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547  Table 2. Main fatty acid composition (expressed as percentage of total fatty acids) of diets.
548

Diets

Fatty acids C FO L
SFAs 20.0 18.4 18.7
MUFAs 18.5 16.6 17.1
C18:2n-6 (LA) 39.0 32.2 33.3
C18:3n-3 (ALA) 22.2 29.2 30.6
C20:5n-3 (EPA) 0.2 1.0 0.2
C22:6n-3 (DHA) 0.1 2.2 0.1
PUFAs 61.5 65.0 64.2

n-6 39.0 32.2 33.3

n-3 22.5 32.8 30.9
LCPn-3 0.3 3.2 0.3
n-6/n-3 1.73 0.98 1.08

549

550



551  Table 3. Reproductive performance in C (control diet), FO (supplemented with fish oil), and L

552 (supplemented with extruded linseed) rabbits (n = 15/groups).

553
Parameter Unit C FO L P-value
Baseline' BW kg 4.1+0.1 4.01£0.1 4.1+0.1 0.752
Feed intake during pre-
e g/d 124,+1 122,+1 128p+1 0.001
pregnancy period
BW at Al kg 4.15+0.1 4.15+0.1 4.45+0.1 0.046
Fertility % 59.1 66.7 45.8 0.357
Feed intake during
g/d 14742 142+2 143+2 0.316
pregnancy
Duration of gestation d 31.9+0.3 31.7+0.3 32.240.3 0.498
Litter size at kindling? n 6.3+0.9 7.0£0.8 7.3+£0.7 0.660
Litter weight at kindling g 368497 445+189 504+74 0.426°
Perinatal mortality® % 31.2, 40.2, 9.6p 0.0001
Litter sizeat20d n 6.3+0.6 6.9+0.6 7.0£0.5 0.631
Litter weight at 20 d kg 2.1+0.1 2.0£0.1 1.8+0.1 0.264°
Feed intake during 5
) g/d 2364 241+3 24514 0.217
lactation
Milk production® g/d 15345, 142+4,, 13745, 0.0001°
Litter size at weaning® n 6.1+2.8 6.3+2.2 6.8+2.2 0.216
Litter weight at weaning® kg 4.90.2 4.620.2 4.7+0.2 0.740°
Pre-weaning mortality % 2.3 10.2 7.6 0.310

554  Values in the same row not sharing the same subscript are significantly different (a, b: P<0.05; A, B: P<0.1;
555  Sidak correction). Bold P-values are significant at the 0.05 level.

556 ' Two month before Al

557  ?Kits dead during perinatal period not included

558  ®Death of entire litter included

559  *Estimated marginal means from 0 to 20" day of lactation

560  °35 days post-partum

561  °Corrected for the number of Kits

562
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Table 4. Fasting derived indices of insulin resistance during pregnancy. C = control diet; FO = maternal

diet supplemented with fish oil; L = maternal diet supplemented with extruded linseed (n = 10/group).

Values are estimated marginal means + SE.

Group P-value
Index Days of Time X
pregnancy C FO L Time Group
Group
0 7.08+0.26, 6.55+0.30, 6.32+0.25,
Fasting 7 8.46+0.34;, 6.12+0.30, 7.00£0.39,
glucose 14 6.60+0.25, 6.62+0.30, 6.64+0.25, 0.003 0.0001 0.001
(mmol/l) 21 6.42+0.25, 5.55+0.30, 6.95+0.25;
28 6.31+0.25, 6.01+0.30, 6.37+0.25,
0 4.91+0.33, 6.15+0.45, 8.14+0.60,
Fasting 7 6.05+0.63, 6.53+0.68, 12.86+1.33,
insulin* 14 11.25+0.904, 9.18+0.74, 16.95+1.24, | 0.0001 0.006 0.010
(nU/ml) 21 5.88+0.40, 4.76+0.38, 4.39+0.30,
28 5.84+0.40p 2.54+0.20, 4.06+0.284,
0 1.51+0.26, 1.04+0.26, 0.87+0.26,
Glucose- 7 1.48+0.33; 1.15+0.33 0.58+0.33,
to-Insulin 14 0.64+0.26, 0.74+0.26, 0.55+0.26, 0.0001 0.087 0.004
Ratio* 21 1.12+0.22, 1.28+0.26, 1.94+0.22,
28 1.15+0.22, 2.42%0.26y 1.76£0.23y
0 0.09+0.01, 0.11+0.01, 0.13+0.01,
7 0.13+0.014, 0.10+0.01, 0.22+0.02,
HOMA.-
- 14 0.19+0.024 0.15+0.01, 0.26+0.02, | 0.0001 0.004 0.059
21 0.09+0.01, 0.07+0.01, 0.07+0.01,
28 0.09+0.01, 0.04+0.00, 0.06+0.004

Values in the same row not sharing the same subscript are significantly different at P< 0.05 (Sidak correction).

Bold P-values are significant at the 0.05 level.

HOMA-IR = Homeostasis model assessment for insulin resistance

* Back-transformed values.

30



572

573

574

575

576
577
578
579
580
581
582

Table 5. Intravenous Glucose tolerance test -derived indices obtained in does at day 21 of pregnancy. C

= control diet; FO = maternal diet supplemented with fish oil; L = maternal diet supplemented with

extruded linseed (n = 5/group). Values are estimated marginal means + SE.

Parameter C FO L P-value
Glucose 60 min (mmol/l) 6.39,+0.02 5.60, £0.01 6.36,+0.01 0.0001
AUC ((mmol/l) x min) 1104+20 1102+13 1154+15 0.085
Ke (%6/min) 1.335+0.03 1.25,5 £0.06 1.19, £0.04 0.038
t1, (Min) 52.00, £1.12 55.43,, £2.70 58.32, +1.48 0.031
Vg (dI/kg) 1.36+0.06 1.38+0.05 1.27+0.06 0.388
Cmax (mmol/l) 24.53+1.16 24.30£1.00 26.24+1.08 0.391
CL (ml//kg/min) 1.67,+0.05 1.75,+0.04 1.43,+0.04 0.002

Values in the same row not sharing the same subscript are different (a, b: P<0.05; A, B: P < 0.1). Adjustment for
multiple comparisons: Sidak. Bold P-values are significant at the 0.05 level.
Glucose 60 min = glucose concentrations 60 min post-loading; AUC = area under the concentration time curve;
Ke = elimination rate constant; t,, = half-life; V4 = apparent volume of distribution; Csx = maximum

concentration; CL = clearance.
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Figure 1. Body weight of rabbit does (n=10/group) during pregnancy. C = control diet; FO = maternal
diet supplemented with fish oil; L = maternal diet supplemented with extruded linseed. VValues are

means + SE. P < 0.1, *P < 0.05 supplemented groups versus control group for each gestational day.

Figure 2. Relationship between Homeostasis model assessment for insulin resistance (HOMA-IR) and
body weight of does (BW). The points of scatter plot show the BW of the rabbits and the corresponding
values of HOMA-IR recorded on day 0 (AL empty circle), in early-mid-pregnancy (days 7 and 14 post
Al, gray triangle), and in late pregnancy (days 21 and 28 post Al, black square). In the model including
BW as predictor and HOMA-IR as dependent variable, the parameters showed that insulin resistance
measured by HOMA-IR increases with the increase in BW (b after log transformation = 0.23, P <

0.01). This relationship was most evident in early-mid pregnancy.

Figure 3. Relationship between area under the concentration-time curve (AUC) and body weight of
does (BW). The points of scatter plot show the BW of the rabbits recorded on day 0 (Al, empty circle)
and day 21 of pregnancy (black square), and the value of AUC measured on day 21. In the model
including BW as predictor and AUC as dependent variable, parameters showed that insulin resistance
on day 21 of pregnancy measured by AUC increases with the increase in BW at Al (b = 259.6, P <

0.01) and on day 21 of pregnancy (b =219.1, P < 0.05).
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Abstract
This study investigates the effects of linseed (rich in a-linolenic acid (ALA)) and fish oil (rich in
eicosapentaenoic (EPA) and docosahexaenoic acid (DHA)) supplementation on the insulin resistance
of pregnant rabbits. Two months before insemination, the rabbits (15 animals/group) were fed different
diets: commercial standard (group C), supplemented with 10% extruded linseed (group L), and 3% fish
oil (group FO). The L group does showed both the highest feed intake before Al (P<0.01) and the
highest body weight (BW) throughout pregnancy (P<0.001). The L does yielded less milk than the C
does (P<0.001); however, no differences were observed in either weight or size of litter at weaning.
Regardless of diet, insulin concentrations and HOMA-IR values were higher during the first half of
pregnancy (P<0.001). Nevertheless, the L does showed higher mean insulin concentrations than FO
rabbits (P<0.01) and the lowest glucose clearance (P<0.01) during pregnancy. On the other hand,
pregnant FO rabbits showed the lowest glucose concentrations (P<0.05) and the lowest Homeostasis
model assessment values for insulin resistance (HOMA-IR, P<0.05) as well as a faster restoration of
baseline glucose levels following glucose load (P<0.001). Before and during pregnancy, the BW of the
rabbits was positively related to fasting sample- and tolerance test-derived indices of insulin resistance
(P<0.05) suggesting that a high pre-pregnancy BW predisposes to gestational insulin resistance.
Linseed supplementation increased BW and predisposed to insulin resistance during pregnancy;
whereas, fish oil improved insulin sensitivity without significant changes in BW.

Key words: insulin sensitivity; ALA, EPA and DHA; HOMA-IR; gestational diabetes; reproductive

performance; rabbit
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1. Introduction

Using n-3 polyunsaturated fatty acids (n-3 PUFAS) as functional foods became popular when the
low incidence of cardiovascular disease in Eskimo population (Bang et al., 1980) was attributed to their
fish - rich diet which is high in both EPA (20:5n-3) and DHA (22:6n-3). These long-chain PUFAs can
be obtained indirectly from other sources, such as linseed which is rich in ALA (18:3n-3). In fact,
humans and animals are able to convert ALA into EPA and DHA through a series of elongations and
desaturations. A-desaturases are the rate-limiting enzymes in both n-3 and n-6 PUFA metabolisms
(Das, 2005). n-3 PUFAs are generally associated with anti-inflammatory and cardioprotective effects
(Djoussé et al., 2012; Oh et al., 2011; Soulimane-Mokhtari et al., 2008). Moreover, fatty acids provide
energy, are structural and functional components of cell membranes, and affect signal transduction
pathways as well as gene transcription.

Intakes of ALA or preformed EPA and DHA may have specific and potentially independent effects
on physiological and pathological processes; indeed, dietary ALA has multiple metabolic fates, and the
conversion efficiency to its longer chain counterparts is generally poor (Burdge, 2006; McCloy et al.,
2004).

The effects of n-3 PUFA on reproduction have been evaluated mainly in ruminants. However,
conflicting results were obtained for in vivo dietary supplementations, while the effects on pregnancy
rates and embryo survival are still not fully known (for a general review, see Wathes et al., 2007). To
our knowledge, only one study has been carried out regarding the effect of n-3 PUFA supplementation
on the reproductive performance of rabbit does (Rebollar et al., 2014).

Conversely, the effects of EPA and DHA on metabolic diseases of humans and animals are well
documented; for example, rodents and rabbits fed with EPA and DHA supplements showed reduced
body weight and insulin resistance (lvanova et al., 2014; Pérez-Matute et al., 2007). Several meta-

analyses confirm an association between fish oil supplementation and reduced risk of type 2 diabetes in

3
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humans (Djoussé et al., 2012; Zhang et al., 2013). However, these studies have some limitations.
Firstly, differential effects of EPA/DHA and ALA on disease susceptibility have not been fully
elucidated despite the potential differences in their metabolism. Secondly, the role of n-3 PUFAS in
insulin sensitivity during pregnancy remains largely unknown. A Cochrane meta-analysis found no
significant effects of fish oil supplements on pregnancy complications in women (Makrides et al.,
2006). Finally, although the rabbit is a suitable model for studying reproductive disorders and the
influence of nutrition during pregnancy (Brecchia et al., 2014, 2006, Menchetti et al., 2018, 2015a,
2015b), strategies for improving gestational insulin resistance in this species have not yet been
evaluated.

In order to fill these gaps, we evaluated the effects of supplementation with two different sources of
n-3 PUFAsS, extruded linseed and fish oil, on insulin sensitivity of rabbit does during pregnancy. To this
purpose, both fasting sample-derived indices of insulin resistance and intravenous glucose tolerance

tests were used.

2. Materials and methods

2.1. Animals and diets

A total of 45 multiparous (third to fifth parity order) hybrid rabbit does were housed at the
experimental farm of the Department of Agricultural, Food and Environmental Sciences of the
University of Perugia. The does were kept individually in flat deck cages; the temperature ranged from
+15 to +28 °C, and the light schedule was 16 L:8 D. Two months before artificial insemination (Al),
the rabbits were randomly assigned to one of three groups (15 animals/group): C group was fed with

commercial standard diet, L group with 10% extruded linseed supplementation (Nlest®, Valorex), and
4
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FO group with 3% fish oil supplementation (Nordos ®).Vitamin E (200 mg/kg feed, synthetic alpha-
tocopheryl acetate) was included in all diets. The feeding program of the rabbit does was continued
until weaning (35" day post-partum). Lactation was controlled until day 20 post-partum by opening the
nest once a day for 5-10 minutes. After the 20™ day of lactation, the nest was opened and the kits were
given access to solid food. The feed intake of the rabbit does was recorded daily until the end of
controlled lactation (20" day). The diets (Table 1 and 2) were isoenergetic, isonitrogenous, and
formulated according to the current dietary recommendations for rabbit does (De Blas and Mateos,
1998). The rabbit does received 130 g/d of food from the beginning of the experiment until the day of
Al subsequently, they had ad libitum access to food.

Ovulation was induced by injecting 0.8 pg of synthetic GnRH (Receptal, Hoechst-Roussel Vet,
Milan, Italy) just before Al (Brecchia et al., 2006). Al was performed with 0.5 ml of diluted fresh
semen. The day of Al was named day 0. Pregnancy was diagnosed by manual palpation 10 days after
Al and non-pregnant does were submitted to successive Al after 21 days. Two cycles of Al were

performed in order to achieve 10 pregnancies per group.

2.2 Body weight and reproductive performance

From the beginning of the experiment until weaning, the BW of overnight fasted rabbits was
recorded weekly between 8:00 and 10:00 A.M.. The following productivity indices were calculated:
fertility (number of parturitions/number of inseminations x 100), prolificacy (total number of born and
stillborn kits per doe), litter weight at kindling as well as perinatal and pre-weaning mortality. In

addition, litter size and weight were recorded at days 20 and 35 (weaning). The perinatal period
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comprised the first 48 h after parturition. The pre-weaning mortality rate was calculated as the
percentage of weaned Kits/litter size following the perinatal period. Daily milk production was
measured from parturition until day 20 of lactation by weighing the doe immediately before and after

suckling.

2.3. Fasting sample-derived insulin resistance indices

2.3.1. Blood sampling and measurements of insulin and glucose

Blood samples were taken from 10 randomly selected fasted pregnant does/group between 8:00 and
10:00 A.M at days 0, 7, 14, 21, and 28 after Al. Blood samples were collected from the marginal ear
vein and placed in EDTA containing tubes. The tubes were centrifuged at 3000xg for 15 min, and the
plasma was stored frozen until assayed for hormones and metabolites.

Plasma insulin concentrations were determined by the double antibody technique using an insulin
IRMA kit (Immunotech s.r.o., Prague, Czech Republic). The limit of sensitivity was 1.35 pU/ml and
intra- and inter-assay coefficients of variations were 4.0 and 4.8%, respectively. Glucose was analysed
with the hexokinase method using the Glucose GLUC-HK kit from RANDOX (Randox Laboratories
Limited, Country Antrim, UK). The limit of sensitivity was 0.71 mmol/l, and intra- and inter-assay

coefficients of variations were 3.6 and 5.1%, respectively.

2.3.2 Determination of fasting-derived blood indices
Fasting-derived blood indices were steady-state measures of insulin resistance that did not require

the administration of exogenous glucose, which included fasting Glucose Concentrations (in mmol/l),
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Insulin Concentrations (in pU/ml) as well as mathematical models based on these measures. These
models included Glucose-to-Insulin Ratio and Homeostasis model assessment for insulin resistance
(HOMA-IR) calculated as follows: [insulin concentration x (glucose concentration /18)}22.5 (Menchetti

et al., 2015a).

2.4. Glucose Tolerance test-derived indices

2.4.1. Intravenous glucose tolerance test

Intravenous glucose tolerance tests were performed on 5 randomly selected does/group between
8:00 and 10:00 A.M. on day 21 of pregnancy. The rabbits were fasted overnight (at least 16 h). A
single bolus of glucose (0.6 g/kg of body weight) was rapidly infused into the ear marginal vein
through an 18G catheter. A small drop of capillary blood was collected by puncturing the ear just
before glucose administration and subsequently after 5, 10, 30, 60, and 120 min. Blood glucose
(mmol/l) was measured with a calibrated glucometer (OneTouch ® UltraEasy, LifeScan Europe,
Johnson & Johnson, Zug, Switzerland), using test strips from the same supplier. The inter-assay

coefficient of variation for glucose was < 5%.

2.4.2. Determination of kinetic parameters of glucose

The pharmacokinetics of the glucose load was analysed using a one-compartment open model. The
elimination rate constant was calculated from the slope of the line during the elimination phase by
linear regression analysis of the semilogarithmic plot of glucose concentration versus time. The half-

life of the exogenous glucose load was obtained as follows: (In 2 /elimination rate constant); the
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apparent volume of distribution was obtained as the ratio between dose and plasma concentrations after
bolus administration; whereas, the clearance was obtained as the volume of distribution x elimination
rate constant. The area under the concentration-time curve (AUC) was calculated by the linear

trapezoidal method using GraphPad Prism version 5.01 software (Inc., San Diego, CA, USA).

2.5. Statistical analysis

The data were analysed with the linear mixed model procedures. In these models, the animals were
treated as the random factor; whereas, the cycle of Al and time (day pre or post Al) were treated as
repeated factors. The models evaluated the effect of time (9 and 5 levels during pre- and post- Al,
respectively), group (3 levels: C, FO, and L), and interaction between time and group. In order to
evaluate the responses to the glucose tolerance test, the time factor (minutes after glucose
administration) had 6 levels: 0, 5, 10, 30, 60, 120 min after loading. In models including BW as
predictor and indices of insulin resistance as dependent variables, the b-parameters were estimated in
order to investigate the relationship between BW and insulin resistance. In order to limit the influence
of longitudinal changes in the BW of does caused by foetal growth, the stage of pregnancy (3 levels: Al
= day 0; Early-mid pregnancy = days 7 and 14; Late pregnancy = days 21 and 28) was included in the
model used for analysing the relationships between BW and fasting sample-derived indices. Only
group effect was considered to evaluate reproductive and kinetic parameters. The number of kits was
included as covariate whenever appropriate. Parity order was not included as a covariate as the
preliminary analyses did not show any significant effect. Diagnostic graphics were used to check

assumptions and outliers. Logarithmic transformations were used whenever appropriate (insulin
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concentration, glucose-to-insulin ratio, HOMA-IR). The results were expressed as estimated marginal
means + standard error (SE). The logarithms were back transformed. Chi-square tests were used to
analyse fertility and mortality rates. Statistical analyses were performed with SPSS Statistics version 20

(IBM, SPSS Inc., Chicago, IL, USA). We defined P < 0.05 as significant and P < 0.1 as a trend.

3. Results

3.1. Feed intake, BW, and productive performance

The BW of does at the beginning of the experiment was 4.07+0.05 kg in C, 4.04+0.05 kg in L, and
4.12+0.05 kg in FO groups. From the beginning of the experiment until Al, feed intake was higher in L
group than in C and FO groups (P < 0.01; Table 3). The BW of all rabbits increased during the 2
months prior to Al (time effect P < 0.05); however, the weight gain was higher in L group (group effect
P < 0.001). The rabbits of L group were heavier at Al than at the beginning of the experiment
(+0.25+0.11 kg; P < 0.05). Their BW at Al was also higher when compared to the rabbits in the other
groups (+0.25+0.11 kg; P < 0.05; Table 3).

Following Al, feed intake was unaffected by either dietary regimen or litter size; however, it was
affected by the physiological phase (P < 0.001; Table 3). From Al until day 27 of pregnancy, the mean
daily feed intake was 150+0, 144+2, and 144+2 g for C, FO and L groups, respectively. During the last
three to four days before parturition, feed intake decreased by 13%. Feed intake increased progressively
during the first 20 days of lactation from 128+8 to 318+8 g/d in all groups (P < 0.001) and was affected

by litter size (P < 0.001; Table 3).
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The BW during pregnancy differed between groups (P < 0.001; Fig. 1) with higher mean values
observed in L does (P < 0.001) than in C and FO groups.

During the trial, three does (one from group C and two from group FO) died or were excluded due
to severe health problems. However, no differences were found between groups regarding the mortality
rate of does (6.7%, 13.3% and 0.0% in C, FO and L groups, respectively; P = 0.762).

Fertility did not differ between groups (Table 3). The length of pregnancy did not differ among
groups (Table 3) although it was negatively related to litter size (b = -0.21, P < 0.001). Perinatal
mortality was higher (P < 0.001; Table 3) in C and FO groups than in L group due to the death of 2
litters in group FO and 1 litter in group C. No differences were observed for both weight and size of
litter between groups (Table 3). Milk yield was lower in L than C group (Table 3) while there were no

differences either in weight or size of litter at day 20 of lactation and at weaning (Table 3).

3.2. Insulin sensitivity

3.2.1. Fasting-derived indices

Plasma glucose concentrations were affected by time (P < 0.01), group (P < 0.001) and interaction
time x group (P < 0.01; Table 4). Plasma glucose concentrations ranged from 4.2 to 10.0 mmol/l, and
decreased from early (7.2+0.2 mmol/l at day 7 of pregnancy) to late pregnancy (6.2+0.2 mmol/l at day
28 of pregnancy; P < 0.001). Glycaemia during pregnancy was lower in FO group (6.2+0.1 mmol/l)
than in C (+9%, P < 0.001) and L (+5%, P < 0.05) groups. Pairwise comparisons for each day showed

significant differences on days 7 and 21 of pregnancy (Table 4).
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Insulin concentrations ranged from 2.0 to 26.9 uU/ml and were affected by time (P < 0.001), group
(P < 0.01), and interaction time x group (P < 0.05; Table 4). Insulin concentrations were higher in mid
pregnancy (12.0+£0.5 pU/ml at day 14) than in late pregnancy (3.9+0.2 uU/ml at day 28; P < 0.01).
Mean insulin concentrations during pregnancy were higher in L group (7.9+£0.3 uU/ml; +32%, P <
0.01) than FO group (5.4+0.2 pU/ml). Pairwise comparisons showed significant differences at days 14
and 28 of pregnancy (Table 4).

The glucose-to-insulin ratio was affected by time (P < 0.001) as it was lower on day 14 (0.6+0.1)
and higher on day 28 (1.8+£0.1) than at Al (1.1+0.1; P < 0.01). It was also affected by group x time
interaction (P < 0.01; Table 4). In early pregnancy (day 7), the glucose-to-insulin ratio was lower in L
group, while at the end of pregnancy (day 28) the ratio was higher in FO than in C group (Table 4).

During pregnancy, HOMA-IR values (Table 4) were affected by group (P < 0.01) and by time as
they were higher in early- and mid-pregnancy than in late-pregnancy (P < 0.001). A trend was observed
for time x group effect (P < 0.1). Does belonging to FO group had lower estimated marginal means of
HOMA-IR during pregnancy (0.08+£0.01) than C (-38%, P < 0.05) and L groups (-62%, P < 0.01).
Pairwise comparisons on each day of this study showed lower HOMA-IR in FO at days 7 and 14
compared to L, and at day 28 compared to C group (Table 4).

Parameters of models including BW as predictor and fasting-derived indices as dependent variables
showed a significant positive relationship between the BW and plasma insulin concentrations of does

(log transformation: b = 0.22, P < 0.05) and HOMA-IR (log transformation: b = 0.23, P < 0.01; Fig. 2).

3.2.2. Glucose Tolerance test-derived indices

11
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Regardless of nutritional regimen, the intravenous administration of glucose caused a rapid increase
in blood glucose concentrations. Glucose reached the highest value 5 min post-administration (P <
0.001) and returned to baseline values at 60 min.

The rabbits belonging to FO group showed lower glucose concentrations 60 min post-loading than C
(+14%, P < 0.001) and L (+14%, P < 0.001) groups (Table 5). The rabbits of the L group showed
higher glucose half-life than C does (+10%, P < 0.05) and the lowest clearance (P < 0.01; Table 5). The
elimination-rate constant was affected by group (P < 0.05) and tended to be lower in pregnant L does
than in C does (-11%; Sidak correction: P < 0.1). A trend of differences was found in AUC (P < 0.1
Table 5).

In order to investigate the relationship between BW and insulin resistance measured with the
glucose tolerance test, we calculated the parameters of models including BW at Al or at day 21 of
pregnancy as predictor and test-derived indices as dependent variables. Significant relationships were
observed between BW at day of test (day 21 of pregnancy) and some glucose tolerance test-derived
indices: the higher the value of BW, the higher the values of AUC (b = 219.1, P < 0.05; Fig. 3) and
maximum concentration of glucose (b = 5.3, P < 0.05), while clearance decreased (b =- 0.2, P <0.1).
When BW at Al was included in the model, significant relationships were found with AUC (b = 259.6,

P < 0.01; Fig. 3) and maximum glucose concentration (b = 5.6, P < 0.05).

4. Discussion
For the first time in rabbits, we evaluated the effects of n-3 PUFA on gestational insulin resistance,

using diets supplemented with extruded linseed which is rich in ALA, and fish oil rich in preformed
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EPA and DHA. The different n-3 PUFA diets affected body weight and milk production as well as
fasting- and glucose tolerance test-derived indices of insulin resistance.

According to Rebollar et al. (2014), n-3 PUFA supplementation did not affect significantly the
fertility of rabbits; however, in our study, the does who received extruded linseed showed low fertility
(46%). Linseed can, in fact, influence reproductive functions in several ways; for example, it is a rich
source of phytoestrogens (Tou et al., 1999) and contains ALA which inhibits PGF2a synthesis (Pérez-
Matute et al., 2007; Wathes et al., 2007). However, the differences that we observed in fertility were
not significant and suboptimal rates were recorded for all groups.

Moreover, Rebollar et al. (2014) showed that n-3 PUFA supplementation reduced the number of
stillborn and increased the weight and size of live born kits. Although the rabbits supplemented with
linseed showed lower perinatal mortality and milk yield, both the number and weight of the offspring at
weaning remained unaffected. The different experimental protocols and diets may explain the
inconsistencies between the results. The lower percentage of perinatal mortality of does receiving
extruded linseed was due to the death of litters belonging to the control and fish oil groups, while the
reduction in milk yield was unexpected. In cows supplemented with linseed, unchanged or increased
milk yields has been reported (Jahani-Moghadam et al., 2015; Zachut et al., 2010). In our study, the
low milk production of linseed supplemented does could be attributed to their excessive BW at
insemination (Rommers et al., 2004); however, further studies are required to confirm this hypothesis.

A diet rich in n-3 PUFAs was associated with an increase in gestational length in rats and humans
through alterations of prostaglandins or adrenal steroid synthesis (Wathes et al., 2007). Although a

similar involvement of prostaglandins and cortisol on pregnancy and parturition can be hypothesized in
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rabbits (Boiti et al., 2006; Menchetti et al., 2015a), in agreement with Rebollar et al. (2014), we cannot
confirm the influence of PUFAs on the duration of rabbit pregnancy.

Higher feed intake and BW increase occurred with the linseed supplemented diet during the pre-
pregnancy period. Previous studies did not find significant effects of linseed supplementation on the
performance of growing rabbits (Dal Bosco et al., 2004; Kouba et al., 2008), probably because different
diet composition and animals at different ages were evaluated. The pregnant rabbits supplemented with
linseed remained heavier throughout pregnancy. High BW values may have negatively influenced their
fertility rate (Cardinali et al., 2008) as well as their insulin sensitivity (Pérez-Matute et al., 2007;
Skvarca et al., 2013).

High insulin resistance was observed in all rabbits during the first half of pregnancy. Insulin
resistance indices as well as glucose and insulin concentrations decreased in late pregnancy probably
due to an increased transfer of maternal glucose to the foetuses. Our previous study (Menchetti et al.,
2015a) showed increased HOMA-IR values in mid-pregnant rabbits although different categories of
does (primiparous vs. pluriparous) and different experimental protocols were used. The reduced insulin
sensitivity during pregnancy irrespective of dietary regimen confirms the data obtained for other animal
species and women (Cardinali et al., 2017; Ciampelli et al., 1998; Corson et al., 2008; Skvarca et al.,
2013). The pregnancy-dependent insulin resistance is probably due to the high concentrations of
oestrogen, progesterone, and hormones from the placenta, but the exact mechanism is not fully
understood. A certain reduction in insulin sensitivity during pregnancy has an adaptive role in saving
glucose for foetal growth (Cardinali et al., 2017; Ciampelli et al., 1998; Menchetti et al., 2015a).

However, when a pregnant woman is unable to produce an adequate amount of insulin to compensate
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for this insulin resistance, this physiological phenomenon becomes a pathological condition called
gestational diabetes mellitus. Gestational diabetes is associated not only with various complications
during pregnancy and birth, but also with increased risk of type 2 diabetes mellitus and cardiovascular
diseases for both mothers and their offspring (Chu et al., 2007; Nasu-Kawaharada et al., 2013).

In this study, compared to the does of the control group, linseed supplementation increased the
indices of insulin resistance and the half-life of the exogenous glucose while it decreased its clearance,
thus suggesting a reduced insulin sensitivity and an impaired glucose tolerance. Studies on the effects
of ALA on insulin sensitivity are few and contradictory. Several authors (Correia-Santos et al., 2015;
Makni et al., 2011; Shomonov-Wagner et al., 2015) showed that in pregnant rats and mice, ALA
supplementation decreased glycaemia and stimulated secretion of insulin; on the contrary, no
improvement in insulin sensitivity was observed by lIbrahim et al. (2009). In agreement with our
findings, Andersen et al. (2008) found lower insulin sensitivity in rats fed with ALA compared to rats
receiving EPA or DHA. These discrepancies could be due to differences in experimental protocol or
physiological stage, animal model or diet composition. Moreover, several mechanisms may be
involved in the contradictory actions of linseed. Several authors claim that the beneficial properties of
ALA are primarily linked to their role as a substrate for the synthesis of EPA and DHA (Burdge, 2006;
Das, 2005; McCloy et al., 2004). The activity of the enzymes involved in the endogenous conversion of
ALA into EPA and DHA is modulated by both dietary and genetic factors such as n-3/n-6 PUFA ratio
and genotype (Burdge, 2006; Dal Bosco et al., 2012; Das, 2005). Dal Bosco et al. (2014) found a poor
desaturase activity in rabbits selected for productive performance that could also characterize the

hybrid used in our study. Das (2005) argued that a genetic predisposition to low activity of A-6 and A-5
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desaturase increases the risk of type 2 diabetes. On the other hand, Fukumitsu et al. (2008) found that
linseed lignans increased the expression of PPARy and adiponectin mRNASs resulting in the
improvement of insulin resistance. However, linseed contains phytates that can have anabolic effects,
probably related to iron reduction and zinc increase as well as hyper-glycaemia (Figueiredo et al.,
2009; Szkudelski, 2005; Taneja et al., 2012). Moreover, the preferential usage of ALA in humans and
rodents is not EPA/DHA conversion but (i) f-oxidation and recycling of carbon for de novo fatty acid
synthesis and (ii) direct storage into adipose tissue (Burdge, 2006; McCloy et al., 2004).

For the first time in rabbits, our findings showed an association between insulin resistance and
excess weight during pregnancy. Interestingly, as demonstrated in women (Chu et al., 2007; Skvarca et
al., 2013), this relationship was also found with the BW at the time of Al, thus confirming that the pre-
pregnancy BW is a significant predictor of insulin sensitivity during pregnancy. Obesity is associated
with a reduction in insulin sensitivity in rodents (Pérez-Matute et al., 2007; Samuelsson et al., 2008),
and leads to a 3-fold increased risk of gestational diabetes mellitus in women (Chu et al., 2007).
Gestational diabetes seems to be caused by post-receptor defects that reduce insulin receptor
autophosphorylation and translocation of GLUT4 from intracellular vesicles to the cell surface (Shao et
al., 2002). Several factors including adiponectin, leptin (Skvarca et al., 2013), tumour necrosis factor-o
(TNF-a; Pérez-Matute et al., 2007; Uysal et al., 1997), and oestrogens (Barros et al., 2008) are involved
in the mechanisms associating obesity, pregnancy, and insulin resistance. Since linseed contains
lignans and phytates that can alter the adipogenesis, the bioavailability of minerals, and oestrogen

levels, we can also speculate a role of these components on insulin resistance of L does.
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Contrary to the results obtained with linseed supplement, the FO enriched diet improved insulin
sensitivity as indicated by the response to glucose load and the fasting sample-derived indices during
pregnancy. Positive effects of EPA and DHA supplementation were observed in pregnant sows (Corson
et al., 2008) and diabetic pregnant rats (Nasu-Kawaharada et al., 2013; Soulimane-Mokhtari et al.,
2008). Several mechanisms may explain the effects of EPA and DHA on insulin sensitivity such as the
increase in the number and affinity of insulin receptors (Das, 2005), and the modulation of PPARs
which both result in an increase in GLUT4 and adiponectin (Pérez-Matute et al., 2007). Improved
insulin resistance can be also secondary to the reduction in the adipose mass via increased expression
of enzymes involved in B-oxidation and via reduced expression of enzymes promoting lipogenesis
(Ivanova et al., 2014; Pérez-Matute et al., 2007). Unlike the linseed group, the rabbits fed with fish oil
supplements showed no differences in BW compared to the rabbits fed with a control diet, thus
suggesting that the improvement of insulin sensitivity caused by EPA and DHA did not depend on the
amount of adipose mass. However, several hypotheses can be made concerning the EPA/DHA-
dependent effects on the function of adipose tissue. For example, since insulin resistance is associated
with the chronic inflammation of insulin sensitive tissues, EPA and DHA could have reversed adipose
inflammation through the down-regulation of nuclear factor-kappa B, Toll-like receptors and TNFa
(Oh et al., 2011; Pérez-Matute et al., 2007; Uysal et al., 1997). The different effect on the expression of
these genes between preformed dietary DHA and their precursor ALA could contribute to their
differential effects on insulin resistance.

Their similarities with women confirm rabbits as valid experimental models for gestational diabetes.

Other authors have successfully used the rabbit for studying metabolic syndromes induced by
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castration (lvanova et al., 2014) and high-fat diets (Maneschi et al., 2013). In fact, this nutritional
treatment induces all metabolic syndrome features, including hyperglycemia and glucose intolerance,
hypertension, dyslipidemia and increased visceral fat weight (Maneschi et al., 2013). Further studies
should be carried out to assess the effect of high-fat diets on the insulin resistance of pregnant rabbits as

well as the risk of metabolic syndromes following gestational diabetes.

5. Conclusions

Supplementation with linseed rich in ALA and fish oil rich in EPA and DHA, had differential
effects on insulin sensitivity during pregnancy. Pregnant rabbits fed with linseed showed elevated BW
and reduced milk production as well as high fasting plasma glucose concentration and poor response to
the glucose load. The deterioration of insulin sensitivity in the linseed group seems to be due to their
excessive weight gain since we demonstrated a positive correlation between BW, both before and
during pregnancy, and gestational insulin resistance. Conversely, preformed EPA and DHA provided
by fish oil did not affect BW but improved insulin sensitivity. Further studies using the rabbit as
experimental model are needed to clarify the activities of linseed components, the metabolic fates of

ALA, and the mechanisms involved in obesity-associated insulin resistance during pregnancy.
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fish oil (FO), and extruded linseed (L).

Table 1. Formulation and chemical composition of control (C) and enriched diets supplemented with

Diet

unit C FO L
Ingredients
Barley % 17.0 17.0 17.0
Bran % 7.0 7.0 5.0
Dehydrated alfalfa meal % 50.0 50.0 50.00
Soybean meal 44% % 18.0 18.00 13.00
Soybean oil % 3.0 - -
Extruded flaxseed % - - 10.0
Nordos ® % - 3.0 -
Beet molasses % 1 1 1
Calcium diphosphate % 1.35 1.35 1.35
Vitamin-mineral premix* % 1.2 1.2 1.2
Calcium carbonate % 0.7 0.7 0.7
Salt % 0.7 0.7 0.7
DL-methionine % 0.05 0.05 0.05
Analytical data
Crude Protein % 17.80 17.81 17.95
Ether extract % 5.55 5.63 6.02
Crude fiber % 14.90 14.44 14.88
Ash % 9.70 9.59 9.68
Starch* % 11.2 11.1 10.8
NDF* % 29.10 29.10 30.00
ADF* % 19.80 19.80 20.45
ADL* % 4.30 4.30 4.45
Digestible Energy** Mj/kg 9.85 9.85 9.81

* Per kg diet: vitamin A 11,000 1U; vitamin D3 2000 1U; vitamin B1 2.5 mg; vitamin B2 4 mg; vitamin B6 1.25 mg;
vitamin B12 0.01 mg; alpha-tocopherol acetate 50 mg; biotine 0.06 mg; vitamin K 2.5 mg; niacin 15 mg; folic acid 0.30 mg;
D-pantothenic acid 10 mg; choline 600 mg; Mn 60 mg; Fe 50 mg; Zn 15 mg; | 0.5 mg; Co 0.5 mg.
* Calculated
** Estimated by Maertens et al. (1988)
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547  Table 2. Main fatty acid composition (expressed as percentage of total fatty acids) of diets.
548

Diets

Fatty acids C FO L
SFAs 20.0 18.4 18.7
MUFAs 18.5 16.6 17.1
C18:2n-6 (LA) 39.0 32.2 33.3
C18:3n-3 (ALA) 22.2 29.2 30.6
C20:5n-3 (EPA) 0.2 1.0 0.2
C22:6n-3 (DHA) 0.1 2.2 0.1
PUFAs 61.5 65.0 64.2

n-6 39.0 32.2 33.3

n-3 22.5 32.8 30.9
LCPn-3 0.3 3.2 0.3
n-6/n-3 1.73 0.98 1.08

549
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551  Table 3. Reproductive performance in C (control diet), FO (supplemented with fish oil), and L

552 (supplemented with extruded linseed) rabbits (n = 15/groups).

553
Parameter Unit C FO L P-value
Baseline' BW kg 4.1+0.1 4.01£0.1 4.1+0.1 0.752
Feed intake during pre-
e g/d 124,+1 122,+1 128p+1 0.001
pregnancy period
BW at Al kg 4.15+0.1 4.15+0.1 4.45+0.1 0.046
Fertility % 59.1 66.7 45.8 0.357
Feed intake during
g/d 14742 142+2 143+2 0.316
pregnancy
Duration of gestation d 31.9+0.3 31.7+0.3 32.240.3 0.498
Litter size at kindling? n 6.3+0.9 7.0£0.8 7.3+£0.7 0.660
Litter weight at kindling g 368497 445+189 504+74 0.426°
Perinatal mortality® % 31.2, 40.2, 9.6p 0.0001
Litter sizeat20d n 6.3+0.6 6.9+0.6 7.0£0.5 0.631
Litter weight at 20 d kg 2.1+0.1 2.0£0.1 1.8+0.1 0.264°
Feed intake during 5
) g/d 2364 241+3 24514 0.217
lactation
Milk production® g/d 15345, 142+4,, 13745, 0.0001°
Litter size at weaning® n 6.1+2.8 6.3+2.2 6.8+2.2 0.216
Litter weight at weaning® kg 4.90.2 4.620.2 4.7+0.2 0.740°
Pre-weaning mortality % 2.3 10.2 7.6 0.310

554  Values in the same row not sharing the same subscript are significantly different (a, b: P<0.05; A, B: P<0.1;
555  Sidak correction). Bold P-values are significant at the 0.05 level.

556 ' Two month before Al

557  ?Kits dead during perinatal period not included

558  ®Death of entire litter included

559  *Estimated marginal means from 0 to 20" day of lactation

560  °35 days post-partum

561  °Corrected for the number of Kits

562



563

564

565

566

567
568
569
570
571

Table 4. Fasting derived indices of insulin resistance during pregnancy. C = control diet; FO = maternal

diet supplemented with fish oil; L = maternal diet supplemented with extruded linseed (n = 10/group).

Values are estimated marginal means + SE.

Group P-value
Index Days of Time X
pregnancy C FO L Time Group
Group
0 7.08+0.26, 6.55+0.30, 6.32+0.25,
Fasting 7 8.46+0.34;, 6.12+0.30, 7.00£0.39,
glucose 14 6.60+0.25, 6.62+0.30, 6.64+0.25, 0.003 0.0001 0.001
(mmol/l) 21 6.42+0.25, 5.55+0.30, 6.95+0.25;
28 6.31+0.25, 6.01+0.30, 6.37+0.25,
0 4.91+0.33, 6.15+0.45, 8.14+0.60,
Fasting 7 6.05+0.63, 6.53+0.68, 12.86+1.33,
insulin* 14 11.25+0.904, 9.18+0.74, 16.95+1.24, | 0.0001 0.006 0.010
(nU/ml) 21 5.88+0.40, 4.76+0.38, 4.39+0.30,
28 5.84+0.40p 2.54+0.20, 4.06+0.284,
0 1.51+0.26, 1.04+0.26, 0.87+0.26,
Glucose- 7 1.48+0.33; 1.15+0.33 0.58+0.33,
to-Insulin 14 0.64+0.26, 0.74+0.26, 0.55+0.26, 0.0001 0.087 0.004
Ratio* 21 1.12+0.22, 1.28+0.26, 1.94+0.22,
28 1.15+0.22, 2.42%0.26y 1.76£0.23y
0 0.09+0.01, 0.11+0.01, 0.13+0.01,
7 0.13+0.014, 0.10+0.01, 0.22+0.02,
HOMA.-
- 14 0.19+0.024 0.15+0.01, 0.26+0.02, | 0.0001 0.004 0.059
21 0.09+0.01, 0.07+0.01, 0.07+0.01,
28 0.09+0.01, 0.04+0.00, 0.06+0.004

Values in the same row not sharing the same subscript are significantly different at P< 0.05 (Sidak correction).

Bold P-values are significant at the 0.05 level.

HOMA-IR = Homeostasis model assessment for insulin resistance

* Back-transformed values.
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Table 5. Intravenous Glucose tolerance test -derived indices obtained in does at day 21 of pregnancy. C

= control diet; FO = maternal diet supplemented with fish oil; L = maternal diet supplemented with

extruded linseed (n = 5/group). Values are estimated marginal means + SE.

Parameter C FO L P-value
Glucose 60 min (mmol/l) 6.39,+0.02 5.60, £0.01 6.36,+0.01 0.0001
AUC ((mmol/l) x min) 1104+20 1102+13 1154+15 0.085
Ke (%6/min) 1.335+0.03 1.25,5 £0.06 1.19, £0.04 0.038
t1, (Min) 52.00, £1.12 55.43,, £2.70 58.32, +1.48 0.031
Vg (dI/kg) 1.36+0.06 1.38+0.05 1.27+0.06 0.388
Cmax (mmol/l) 24.53+1.16 24.30£1.00 26.24+1.08 0.391
CL (ml//kg/min) 1.67,+0.05 1.75,+0.04 1.43,+0.04 0.002

Values in the same row not sharing the same subscript are different (a, b: P<0.05; A, B: P < 0.1). Adjustment for
multiple comparisons: Sidak. Bold P-values are significant at the 0.05 level.
Glucose 60 min = glucose concentrations 60 min post-loading; AUC = area under the concentration time curve;
Ke = elimination rate constant; t,, = half-life; V4 = apparent volume of distribution; Csx = maximum

concentration; CL = clearance.
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Figure 1. Body weight of rabbit does (n=10/group) during pregnancy. C = control diet; FO = maternal
diet supplemented with fish oil; L = maternal diet supplemented with extruded linseed. VValues are

means + SE. P < 0.1, *P < 0.05 supplemented groups versus control group for each gestational day.

Figure 2. Relationship between Homeostasis model assessment for insulin resistance (HOMA-IR) and
body weight of does (BW). The points of scatter plot show the BW of the rabbits and the corresponding
values of HOMA-IR recorded on day 0 (AL empty circle), in early-mid-pregnancy (days 7 and 14 post
Al, gray triangle), and in late pregnancy (days 21 and 28 post Al, black square). In the model including
BW as predictor and HOMA-IR as dependent variable, the parameters showed that insulin resistance
measured by HOMA-IR increases with the increase in BW (b after log transformation = 0.23, P <

0.01). This relationship was most evident in early-mid pregnancy.

Figure 3. Relationship between area under the concentration-time curve (AUC) and body weight of
does (BW). The points of scatter plot show the BW of the rabbits recorded on day 0 (Al, empty circle)
and day 21 of pregnancy (black square), and the value of AUC measured on day 21. In the model
including BW as predictor and AUC as dependent variable, parameters showed that insulin resistance
on day 21 of pregnancy measured by AUC increases with the increase in BW at Al (b = 259.6, P <

0.01) and on day 21 of pregnancy (b = 219.1, P < 0.05).
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