
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Food &
Function

www.rsc.org/foodfunction

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name  

ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

a.
 Department of Biomedical Sciences, University of Cagliari, Cittadella Universitaria, 

Km 4.5 SS 554, 09042 Monserrato (CA), Italy. E-mail: anrosa@unica.it; Fax: 

++39/070/6754032; Tel: ++39/070/6754124;  
b.
 Department of Chemical and Geological Sciences, University of Cagliari, Cittadella 

Universitaria, SS 554, Km 4.5, 09042 Monserrato, Cagliari, Italy. 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

A diet enriched with Mugil cephalus processed roes modulates 

tissue lipid profile in healthy rats: a biochemical and chemometric 

assessment  

A. Rosa,
 *a

 A. Atzeri
a
, D. Putzu

a
 and P. Scano

b 

The effect of a diet enriched with mullet bottarga on the lipid profile (total lipids, total cholesterol, unsaturated fatty acids, 

α-tocopherol, and hydroperoxides) of plasma, liver, kidney, brain, and perirenal adipose tissues of healthy rats was 

investigated. Rats fed a 5 days 10% bottarga enriched-diet showed body weights and tissue total lipid and cholesterol 

levels similar to those of animals fed control diet. Univariate and multivariate results showed that bottarga enriched-diet 

modified the fatty acid profile in all tissues, except brain. Significant increases of n-3 PUFA, particularly EPA, were observed 

together with 20:4 n-6 decrease in plasma, liver, and kidney. Perirenal adipose tissue showed a fat accumulation that 

reflected diet composition. The overall data suggest that mullet bottarga may be considered a natural bioavailable source 

of n-3 PUFA and qualify it as a traditional food product with functional properties and potential functional ingredient for 

preparation of n-3 PUFA enriched foods. 

Introduction  

A number of epidemiological, clinical, and experimental 

studies indicate the pleiotropic effects of long chain omega-3 

(or n-3) polyunsaturated fatty acids (n-3 PUFA), in particular 

eicosapentaenoic acid (EPA, 20:5 n-3) and docosahexaenoic 

acid (DHA, 22:6 n-3), in cardiovascular disease prevention, 

tumor growth and metastasis decrease, reduction of the risk of 

insulin resistance, and prevention of age-related cognitive 

decline.
1-4

 Humans, like most animals, have a very limited 

ability to synthetize these fatty acids from the essential 

precursor α−linoleic acid (18:3 n-3), thus the dietary intake of 

these functional constituents is a key aspect of human 

nutrition.
1,3,5,6

 The current recommended intake is 250 mg/day 

EPA + DHA for the general population, with an additional 100–

200 mg DHA a day for pregnant women (European Food Safety 

Authority (EFSA).
7
 The main dietary sources of these n-3 PUFA 

are fish and fish oils.
5,6,8

 Marine oils are obtained from the 

flesh of fatty fish (sardines, mackerel, herring, tuna, and 

salmon), liver of white lean fish (cod and halibut) and blubber 

of marine mammals (seals and whales).
8,9

 Individuals who do 

not eat fish or fish oils (eg, vegans and non-fish-eating 

vegetarians and meat-eaters) could be at risk of low or 

inadequate n-3 PUFA status.
5 

Therefore, the use of 

nutraceutical and functional foods containing n-3 PUFA has 

become a topic of great interest for the health of the world 

population.
9,10 

 Nowadays, there is a great production in 

Europe and USA of functional food products enriched with n-3 

PUFA (such as milk and derivatives, eggs, juices, bread and 

bakery products, etc.) and, in most cases, fish oil is the main 

natural source of these beneficial health components.
8
 In view 

of all these factors and since the supply of wild fish is under 

threat and supplies are compromised, there is an obvious need 

for an alternative, sustainable sources of high quality EPA and 

DHA.
6
  

Eggs of aquatic organisms, usually referred to as “roes”, are 

highly valued gourmet products, consumed raw or as salted, 

smoked, boiled or canned products.
11

 Fish roe products 

contain significant amount of lipids having high levels of long 

chain n-3 PUFA (30-50% of total fatty acids).
12,13 

Salted-dried 

fish roes are one of the most popular form of roe products in 

many countries. Among these, the salted and semi-dried 

mullet (Mugil genus) ovary product is a food delicacy produced 

in several world countries, with the name of bottarga in 

Italy,
14,15 

 avgotaracho in Greece,
16 

and karasumi in Japan.
12

 In 

recent works we have studied the lipid composition,
14,17-18 

oxidative stability,
18-19

 browning processes,
20

 water-soluble 

low molecular weight metabolite profile,
21,22

 and biological 

activity
19,21 

of bottarga (as whole and grated products) 

manufactured in Sardinia (Italy), that has a long tradition in 

making a high quality bottarga. The total lipid content of 

bottarga samples is estimated to be in the range 220-325 mg/g 

edible portion and its lipid fraction is characterized by a high 

portion of wax esters (ca. 50–65% of lipid classes), 

triacylglycerols, phospholipids, and cholesterol.
14,18 

Mullet 

bottarga represents an important natural, stable source of 

health beneficial EPA and DHA, that amount to 10-13 mg/g 

and 20-33.5 mg/g of edible portion, respectively (13-25% of 
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total fatty acids).
14,18,19

 Furthermore, the salted and dried 

mullet roe is a source of high quality proteins (35-45% of fresh 

weight), and the moisture and ash content of this product are 

25 and 3% of fresh weight, respectively.
16

 Preliminary results 

have also shown the ability of bottarga lipids to reduce viability 

in colon adenocarcinoma cells and to induce a significant 

modification of the fatty acid composition in normal and 

cancer colon cells with a selective increase in n-3 PUFA levels, 

indicating the cellular bioavailability of these bioactive food 

components.
19,21

 The bioavailability of n-3 PUFA may be 

influenced by the lipid structures in which they are 

incorporated (free fatty acids bound in ethyl esters, 

triacylglycerols, or phospholipids), and by the food matrix.
23,24

 

Several studies have reported the in vivo bioavailability (in 

humans or animal models) of n-3 PUFA from fish oils, algal oils, 

enriched foods, and fish roe oils.
23-27 

Only a few studies have 

been conducted to assess the bioavailability of n-3 PUFA in 

form of synthetic wax esters or from wax esters-rich marine 

oil.
28,29

  

Broadly, the present research aims to investigate the effect 

of a diet enriched in mullet bottarga (10%), a food product 

commonly consumed in the Mediterranean region, on the lipid 

profile of plasma, liver, kidney, brain, and perirenal adipose 

tissue of healthy rats, in order to evidence the short-term (5 

days) in vivo bioavailability of n-3 PUFA when given in the form 

of wax esters-rich marine food and to assess the extent to 

which DHA and EPA are absorbed into studied tissues. Results 

of this study will rely not only on statistical significance based 

on univariate tests but also on a multivariate approach aimed 

to picture the modification of the overall fatty acid profile in 

the studied tissues. 

2. Materials and Methods 

2.1. Materials 

Standards of fatty acids and fatty acid methyl esters, 

cholesterol, triolein, trilinolein, Desferal (deferoxamine 

mesylate salt), and all solvents used, of the highest available 

purity, were purchased from Sigma–Aldrich (Milan, Italy). The 

methanolic HCl (3 N) was purchased from Supelco (Bellefonte, 

PA). cis,trans-13-Hydroperoxyoctadecadienoic acid (c,t-13-

HPODE) and cis,trans-9-hydroperoxyoctadecadienoic acid (c,t-

9-HPODE) were obtained from Cascade (Cascade Biochem. 

Ltd., London, U.K.).  All of the other chemicals used in this 

study were of analytical grade. Grated bottarga sample of 

mullet was kindly supplied by the company “Stefano Rocca 

s.r.l.” located in Sardinia (Quartucciu, Italy); ingredients 

reported in the label were mullet roe and salt. 

 

2.2. Animals and diets 

All animal procedures were performed in accordance with the 

European Communities Council Directive of 22 September 

2010 (2010/63/EU) for animal care, including adequate 

measures to minimize pain or discomfort. Adult male Wistar 

rats were purchased from Charles River Italy (Calco, Italy). The 

rats (initial body weight, 110 to 130 g) were housed in solid 

bottom polycarbonate cages with wire tops in a room 

maintained at 22±2 °C and had free access to tap water and 

food, with a 12-h dark/12-h light photoperiod regime. Rats 

were divided into two experimental groups with comparable 

mean body weight. One group (n = 10) received a control rat 

chow diet GLP-4RF25 (rat food pellets; Standard Diet, 

Mucedola, Milan, Italy; containing 3.5% fat, w/w) (Ctrl diet) for 

11 days, another group (n = 8) received for 5 days (from day 6 

to 11) a diet supplemented with 10% mullet bottarga (Diet 

Bott 10%). This amount of bottarga has been chosen in order 

to increase of 6 times the level of n-3 fatty acids 

(EPA+DHA+22:5 n-3) in the experimental diet (0.5%, w/w) with 

respect to Ctrl diet (0.084%). To prepare the experimental diet, 

GLP-4RF25 pellets were ground into a homogenous powder 

(900 g), which was then mixed with the commercial grated 

mullet bottarga (100 g) and distilled water (50 mL). Addition of 

bottarga was compensated for by the removal of 10 g GLP-

4RF25/100 g diet. This mixture was thoroughly blended and 

then formed into approximately 8×16 mm flat rectangles and 

air dried for 6 h at room temperature to make the 

experimental diet into pellets. Experimental diet was mixed 

weekly, vacuum-sealed, and stored at 4 °C. The body weight of 

the rats was monitored during the study period. 

 

2.3. Tissues and blood samples 

Animals were deeply anaesthetized and heparinized blood, 

liver, kidney, brain, and perirenal adipose (PA) tissue were 

collected. The blood was immediately centrifuged at 4 °C for 

10 min at 500 × g to obtain plasma. Tissues were snap-frozen 

in liquid nitrogen, and stored at -80 °C until further analysis. 

The total time from tissue harvest to freezing was less than 5 

min. 

 

2.4. Lipid extraction and saponification 

Total lipids (TL) were extracted from portions of grated mulled 

bottarga (60 mg), Ctrl diet (100 mg), Diet Bott 10% (100 mg), 

liver (500 mg), kidney (500 mg), brain (500 mg), PA tissue (30 

mg) and from an aliquot (0.5 ml) of plasma by the Folch 

procedure,
30

 using 12 mL of the mixture CHCl3:MeOH 2:1 (v/v). 

After addition of 4 mL H2O and centrifugation at 900g for 1 h, 

the CHCl3 fraction was separated from the MeOH/H2O mixture. 

Total lipids in CHCl3 fraction were quantified by the method of 

Chiang.
31

 The dried CHCl3 fractions, containing the lipids, from 

each sample were dried down and dissolved in EtOH. 

Separation of lipid components (total cholesterol, α-

tocopherol, and fatty acids) was obtained by mild 

saponification as previously reported.
21

 The unsaponifiable 

(total cholesterol and α-tocopherol) and saponifiable (fatty 

acids and conjugated diene fatty acid hydroperoxides HP) 

fractions were collected, the solvent evaporated, and a portion 

of the dried residues, dissolved in MeOH and CH3CN with 

0.14% CH3COOH (v/v), respectively, was injected into the high-

performance liquid chromatograph (HPLC).
21

 The recovery of 

fatty acids and cholesterol during the saponification was 

calculated using an external standard mixture prepared by 

dissolving 1 mg of triolein, trilinolein, and cholesterol in EtOH 

and processed as samples. All solvent evaporation was 

performed under vacuum. An aliquot of dried fatty acids from 
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saponification was methylated
21,32

 with 1 mL of methanolic HCl 

(3 N) for 30 min at room temperature. After the addition of n-

hexane and H2O, samples were centrifuged for 20 min at 900g. 

The hexane phase with fatty acid methyl esters was collected 

and aliquots of the samples were injected into the GC system. 

 

2.5. HPLC analyses 

Analyses of α-tocopherol, total cholesterol, unsaturated fatty 

acids, and oxidative products were carried out with an Agilent 

Technologies 1100 liquid chromatograph (Agilent 

Technologies, Palo Alto, CA) equipped with a diode array 

detector (DAD) (Agilent Technologies). Cholesterol and α-

tocopherol, detected at 203 nm and 292 nm, respectively, 

were measured with the use of an Inertsil ODS-2 column, 150 

× 4.6 mm, 5 µm particle size (Superchrom, Milan, Italy), and 

MeOH as the mobile phase, at a flow rate of 0.7 mL/min. 

Analyses of unsaturated fatty acids (detected at 200 nm) and 

HP (detected at 234 nm), were carried out with a XDB-C18 

Eclipse (150 mm × 4.6 mm, 3.5 µm particle size) (Agilent 

Technologies) equipped with a Zorbax XDB-C18 Eclipse (12.5 

mm × 4.6 mm, 5 µm particle size) guard column (Agilent 

Technologies), with a mobile phase of CH3CN/H2O/CH3COOH 

(75/25/0.12, v/v/v), at a flow rate of 2.3 mL/min.
21

 The 

temperature of the column was maintained at 37 °C. The 

identification of fatty acids and HP was made using standard 

compounds and the second derivative and conventional UV 

spectra, generated with the Agilent OpenLAB Chromatography 

data system. Calibration curves of all of the compounds were 

constructed using standards and were found to be linear, with 

correlation coefficients > 0.995. 

 

2.6. GC analyses 

Fatty acid methyl esters were measured on a gas 

chromatograph Hewlett-Packard HP-6890 (Hewlett-Packard, 

Palo Alto, CA) with a flame ionization detector and equipped 

with a cyanopropyl methylpolysiloxane HP-23 FAME column 

(30 m × 0.32 mm × 0.25 µm) (Hewlett-Packard). Nitrogen was 

used as a carrier gas at a flow rate of 2 mL/min.; the oven 

temperature was set at 175 °C; the injector temperature was 

set at 250 °C; the detector temperature was set at 300 °C. The 

fatty acid methyl esters were identified by comparing the 

retention times to those of standard compounds. The relative 

composition of individual fatty acid was calculated as a 

percentage of the total amount of fatty acids (g %), using the 

Hewlett-Packard A.05.02 software.  

 

2.7. Statistical analyses 

Graph Pad INSTAT software (GraphPad software, San Diego, 

CA) was used to calculate the means and standard deviations. 

Evaluation of the statistical significance of differences between 

the two groups was performed using Student's unpaired t-test 

with Welch's correction. 

 

2.8. Chemometrics 

The HPLC fatty acid profiles were submitted to multivariate 

statistical data analysis (MVA). For each analyzed tissue, a 

matrix was build up, where rows are the samples and columns 

the fatty acid concentrations expressed as percentage of the 

total amount of fatty acids (g %) for each sample. When MVA 

was carried out for all tissues at once, due to the different 

total fatty acid concentrations, to make samples comparable 

the HPLC data were normalized to 100 row-wise. Data were 

mean centered and unit scaled column-wise. The MVA tools 

here employed were: a) PCA for sample distribution overview; 

b) pair wise PLS-DA and its OPLS-DA variant to stress 

differences among the Ctrl diet and Diet Bott 10% sample 

groups. Internal cross-validation was used. PLS-DA’s R2Y and 

Q2Y parameters indicate the classification power of models, 

and of models in cross-validation, respectively. The used 

visualization tools were: a) the PLS-DA and OPLS-DA score plot, 

in the latter the interclass variability is expressed in the first 

(predictive component) reported in the x-axis, while intra-class 

variability is expressed in the component orthogonal to the 

first (y-axis); b) the PLS-DA loading plot and the OPLS-DA 

column loading plot. In this latter, vertical axis reports the 

loading values in the predictive component, and error bars 

indicate the error, for each variable, in cross-validation.
33

 

3. Results 

3.1. Lipid composition of mullet bottarga and diets 

Lipid fraction was extracted from grated mullet bottarga 

sample used for diet supplementation (total lipids, TL, 

380.0±2.7 mg/g of the edible portion) and fatty acids, 

hydroperoxides HP, total cholesterol, and α-tocopherol 

concentrations were measured. Fig. 1 shows the 

chromatographic profile (Fig. 1A) and the fatty acid 

composition (expressed as % of total fatty acids) (Fig. 1D) of 

bottarga sample by GC. Bottarga showed a concentration of 

approximately 17% of saturated fatty acids (SFA) (mainly 

palmitic acid 16:0 and stearic acid 18:0), 37% of 

monounsaturated (MUFA) (mainly palmitoleic acid 16:1 n-7, 

oleic acid 18:1 n-9, and cis-vaccenic acid 18:1 n-7), and 40% of 

polyunsaturated (PUFA) (mainly EPA and DHA). By HPLC, the 

levels of total cholesterol, α-tocopherol, EPA, DHA, 22:5 n-3, 

and HP in bottarga sample were detected as follows: 

7.39±0.69 mg/g, 67.13±3.50 µg/g, 20.03±0.35 mg/g, 

20.74±0.17 mg/g, 11.62±0.48 mg/g, and 0.64±0.10 µmoles/g 

of the edible portion.  

Then, the lipid fraction was analyzed in Ctrl diet and diet 

supplemented with 10% bottarga. The diets were 

characterized by comparable values of TL (40.46 and 32.34 

mg/g in Ctrl diet and Diet Bott 10%, respectively), α-

tocopherol (approximately 38 µg/g), and oxidative products 

(approximately 2 µmoles/g of HP), while experimental diet 

contained a higher amount of total cholesterol (0.83 mg/g) 

than Ctrl diet (0.13 mg/g), as reported in Table 1. Quali-

quantitative information on the individual fatty acids that 

compose the diet lipids was obtained by GC and HPLC-DAD 

analyses. Fig. 1 shows the fatty acid chromatographic profile 

and composition (expressed as % of total fatty acids) of Ctrl 

diet (Fig. 1B and 1E) and Diet Bott 10% (Fig. 1C and 1F) by GC. 

The Ctrl diet lipids showed a relative concentration of 

approximately 18% of SFA (mainly 16:0 and 18:0, 13 and 3%, 
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respectively), 24% of MUFA (mainly 18:1 n-9, 22%), and 56% of 

PUFA, mainly constituted by linoleic acid 18:2 n-6 and linolenic 

acid 18:3 n-3, 48 and 5%, respectively, with low amount of the 

EPA and DHA (0.9 and 2%, respectively). The bottarga 

supplementation increased the MUFA amount (28%, especially 

16:1 n-7) and reduced total PUFA level (51%) in the diet, even 

though increased the levels of EPA (4%) and DHA (4%). The 

absolute levels of the main unsaturated fatty acids determined 

by HPLC for lipids in both diets are reported in Table 2. The 

amounts of EPA and DHA in Ctrl diet were detected as 

0.25±0.12 mg/g and 0.59±0.03 mg/g, respectively, while values 

of 1.85±0.10 mg/g and 2.15±0.11 mg/g were measured in Diet 

Bott 10%. 

 

3.2. Animal weights 

After 11 days, the animals increased their weight of 

approximately 1.5 times and there were no statistically 

significant differences in the growth performance between 

different treatments, final average body weight of groups 

being 184±10 g and 191±12 g, for Ctrl diet and Diet Bott 10% 

groups, respectively. 

 

3.3. Total lipid, total cholesterol, and αααα-tocopherol 

composition of tissues 

Lipid components were extracted from rat tissues and the 

levels of TL, total cholesterol, and the liposoluble antioxidant 

α-tocopherol were analyzed. Fig. 2 shows the values of TL 

measured in liver, kidney, brain (Fig. 2A), plasma, and PA tissue 

(Fig. 2B) of rats alimented with Ctrl diet and Diet Bott 10%. No 

statistically significant differences were observed in TL amount 

in plasma, liver, and brain of the two groups, nevertheless the 

Diet Bott 10% group showed lower and higher TL level (P < 

0.05) in kidney and PA tissue, respectively, compared with the 

Ctrl group. Remarkably, feeding of the diet containing 10% 

bottarga for the period of 5 days did not result in an increase 

of total cholesterol levels in plasma, liver, brain, and PA tissue 

of experimental rat group, while a lower cholesterol level was 

measured in kidney of Diet Bott 10% group (P < 0.05) 

compared to the Ctrl group (Fig. 2C). α-Tocopherol levels (Fig. 

2D) were significantly lower in liver and kidney of the group 

fed the Diet Bott 10% compared to the Ctrl group (P < 0.01). 

Decreased α-tocopherol levels were also observed in plasma 

and PA tissue of rats alimented with Diet Bott 10%, although 

this reduction was not statistically significant; no difference 

was observed between groups for brain α-tocopherol levels. 

 

Treatment 
TL 

(mg/g) 

TC 

(mg/g) 

α-Toc 

(µg/g) 

HP 

(µmoles/g) 

Ctrl diet 40.36 ± 1.25 0.13 ± 0.01 38.10 ± 2.65 2.50 ± 0.78 

Diet Bott 10% 32.34 ± 1.35 0.83 ± 0.06 38.12 ± 1.99 1.70 ± 0.08 

Fig. 1 Gaschromatographic (GC) fatty acid profile of lipids obtained from bottarga (A), control diet (B), and diet supplemented with 10% bottarga (C). Relative 

values of the fatty acids (expressed as %) measured in bottarga (D), control diet (E), and diet supplemented with 10% bottarga (F); data are the means and 

standard deviations over 4 samples. 
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Table. 1 Levels of total lipids (TL) (expressed as mg/g diet), total cholesterol (TC) (mg/g), α-tocopherol (α-Toc) (µg/g), and conjugated diene fatty acid 

hydroperoxides (HP) (µmoles/g) measured in control diet (Ctrl diet) and diet supplemented with 10% bottarga (Diet Bott 10%). Data are the means and standard 

deviations (sd) over 4 samples. 
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3.4. Fatty acid profile of tissues 

The fatty acid profiles and HP concentration were then 

analyzed in rat tissues. Dietary fatty acids altered tissue fatty 

acid composition and the main differences between the two 

groups were observed for the unsaturated fatty acids. The 

absolute amount of unsaturated fatty acids measured by 

HPLC-DAD in tissues of rats alimented with Ctrl diet and Diet 

Bott 10% are reported in Fig. 3A, 3B, 3C, and 3D for plasma, 

liver, kidney, and PA tissue, respectively. The main unsaturated 

fatty acids in plasma, liver, and kidney of control rats were 

18:2 n-6, 20:4 n-6, 18:1 n-9, and DHA. Plasma fatty acid profile 

(Fig. 3A) of the Diet Bott 10% group showed significantly 

greater levels of the n-3 PUFA: EPA and 22:5 n-3 (P < 0.001), as 

compared to Ctrl diet group; an evident, but not significant 

increase was also observed for DHA. No significant differences 

were observed in plasma level of 16:1 n-7, 18:1 n-9, and 18:2 

n-6 between groups, nevertheless the Diet Bott 10% group 

showed lower level of 20:4 n-6 (P < 0.01) than Ctrl group. 

Similar modification in unsaturated fatty acid profile was 

observed in the livers (Fig. 3B) of Diet Bott 10% group, with a 

significant increase in the levels of EPA, 22:5 n-3 (P < 0.001), 

and DHA (P < 0.05), accompanied by a marked reduction (28%) 

of 20:4 n-6 amount, with respect to the Ctrl diet group. An 

increased level of 16:1 n-7 was found in the liver of rats fed 

with the experimental diet, although no effect of the diet was 

observed for 18:1 n-9 and 18:2 n-6. EPA (P < 0.001) and DHA (P 

< 0.05) significantly increased in the kidney (Fig. 3C) of Diet 

Bott 10% group, and 20:4 n-6 was also decreased but to a 

lesser extent than in the plasma and liver. An increasing 

significant level of all measured n-3 PUFA was shown in PA 

tissue (Fig. 3D) of Diet Bott 10% group with respect to control 

animals. The levels of unsaturated fatty acids in the brain (data 

not shown) of rats fed the Diet Bott 10% were generally 

identical to those of the control group, except for EPA that 

significantly increased (from 3.58 ± 0.27 to 6.19 ± 0.93 µg/g 

brain, P < 0.01). 

 Ctrl diet Diet 10% bott 

Fatty acid (mg/g) (mg/g) 

16:1 n-7 0.15 ± 0.02 2.43 ± 0.17 

 16:2  - 0.11 ± 0.01 

 16:3  - 0.08 ± 0.00 

 16:4  - 0.04 ± 0.01 

 18:1 n-7 +  18:1 n-9  7.30 ± 0.39 8.77 ± 0.23 

 18:2 n-6 15.22 ± 0.92 14.09 ± 0.13 

 18:3 n-3 1.76 ± 0.08 1.91 ± 0.07 

 18:3 n-6 0.01 ± 0.00 0.09 ± 0.01 

 18:4 n-3 0.03 ± 0.00 0.20 ± 0.01 

 20:3 n-3 + 20:3 n-6  0.04 ± 0.01 0.15 ± 0.03 

 20:4 n-6   0.05 ± 0.00 0.24 ± 0.02 

 20:5 n-3 0.25 ± 0.12 1.85 ± 0.10 

 22:5 n-3  - 1.10 ± 0.21 

 22:6 n-3 0.59 ± 0.03 2.15 ± 0.11 

Fig. 2 Values of the total lipids (TL) measured in liver, kidney, brain (A), plasma, and perirenal adipose (PA) tissue (B) and values of total cholesterol (C) 

and α-tocopherol (D) measured in tissues of rats alimented with control diet (Ctrl diet) and diet supplemented with 10% bottarga (Diet Bott 10%). ** = P 

<  0.01; * = P <  0.05.  

Table. 2 Values (expressed as mg/g diet) of the main unsaturated fatty acids 

measured in control diet (Ctrl diet) and diet supplemented with 10% bottarga 

(Diet Bott 10%). Data are the means and standard deviations (sd) over 4 

samples. 
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 Fig. 4A shows the values of EPA, DHA, 22:5 n-3, and 20:4 n-6 

(expressed as % Ctrl group value) measured in the brain, 

plasma, kidney, liver, and PA tissue of rats alimented with Diet 

Bott 10%. Bottarga supplementation induced a marked 

increase of EPA content in all the analyzed tissues, in the 

order: PA tissue > liver > kidney > plasma > brain. Also the level 

of 22:5 n-3 and DHA increased in different tissues, except in 

the brain, though to a lesser extent than EPA. In our 

experimental conditions, no significant differences were 

observed in the levels of the oxidative products HP between 

Ctrl and Diet Bott 10% groups in all the studied tissues (data 

not shown). 

 

3.5. Chemometrics 

Following an holistic approach, to highlight differences in the 

HPLC fatty acid profile between the 2 diets, multivariate 

statistical analysis were performed. At first, an overview of 

sample distribution was obtained by performing a PCA for 

each studied tissue, as result nor outliers neither deviating 

features were observed (data not shown). Consequently, for 

each tissue, a pair-wise OPLS-DA of Ctrl diet group vs. Diet Bott 

10% group was performed. Samples distribution in the 

predictive and orthogonal components is depicted as score 

scatter plot, in Figs. 5A, 5B, 5C, and 5D for plasma, liver, 

kidney, and PA tissue, respectively. Here, we can see that Diet 

Bott 10% and Ctrl diet samples lie in different areas, along the 

predictive component (x-axis), of the plots. Scattering of 

samples along the orthogonal component (y-axis) indicated 

intra-class variability. The R2Y and Q2Y values of the pair-wise 

OPLS-DA models are reported in the caption of the 

corresponding figures. Higher values of both parameters 

indicate that a better separation between the 2 groups exists. 

These parameters confirmed that diet enriched with bottarga 

modified the overall fatty acid profile in all the studied tissues. 

The higher Q2Y values for liver and kidney suggest that in 

these latter tissues modifications are more consistent. For 

each tissue, the most discriminant variables, i.e. those fatty 

acids that mostly changed between Diet Bott 10% group and 

Ctrl diet group, were reported as loading column plot in Figs. 

5A, 5B, 5C, and 5D for plasma, liver, kidney, and PA tissue, 

respectively. Here we can see that generally EPA and 22:5 n-3 

were the fatty acids that increased upon bottarga diet, and 

20:4 n-6 and 22:4 n-6 those that decreased. In kidney only EPA 

shows an increase (Fig. 5C). In PA tissue model (Fig. 5D) it is 

clearly visible that all fatty acids increased upon bottarga 

enriched diet, with EPA and DHA the most affected. In this 

regard, it is worth to report the Pearson’s correlation 

coefficients, they were r= -0.66, -0.87, -0.70, for EPA vs. 20:4 n-

6, in plasma, liver, and kidney respectively; while, for all these 

latter tissues, no correlations between DHA and 20:4 n-6 were 

observed (r values between -0.16 and -0.35). In PA tissue, 

r=0.84 for EPA vs. 20:4 n-6 and r=0.82 for DHA vs. 20:4 n-6, 

were calculated.  

A snapshot of lipid profiles of all tissues and of diets, at 

once, is given in Fig. 4B and C. Here, the score plot (Fig 4B) and 

loading (Fig. 4C) plots of the PLS-DA of HPLC fatty acid 

normalized data are reported. In the score we can see that 

along a diagonal that pass through the center, control diet and 

Fig. 3 Values of unsaturated fatty acids measured in the plasma (expressed as µg/ml) (A), liver (B), kidney (C), and perirenal adipose (PA) tissue (D) 

(expressed as mg/g of tissue) of rats alimented with control diet (Ctrl diet) and diet supplemented with 10% bottarga (Diet Bott 10%); *** = P <  0.001; ** 

= P <  0.01; * = P <  0.05. 
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enriched diet samples are in the opposite part, and that 

samples of plasma and liver of rats feed enriched-diet are 

closer to enriched-diet samples. In the corresponding 

multivariate space in the loading plot EPA and 20:4 n-6 are in 

the opposite corners. As to brain and PA tissue, samples are 

pulled far apart from others by a higher relative concentration 

of 18:1 n-9. 

4. Discussion  

In the Mediterranean countries, bottarga, the salted and semi-

dried product of mullet roe, is considered a food delicacy, 

commonly eaten grated with spaghetti or cut into thin slices 

with extra virgin olive oil. It has been proposed as rich source 

of health beneficial n-3 PUFA, containing high amounts of EPA 

and DHA.
14,18,19

 Moreover, bottarga may be regarded as 

natural marine source of n-3 PUFA more stable than other 

sources like fish oils and their ethyl ester derivatives due to the 

fact that a significant amount of n-3 PUFA in mullet roe are 

wax esters components,
14

 and it was reported that wax esters 

enriched in n-3 fatty acids have a low degree of susceptibility 

to oxidation.
18,22,28 

Similar to other nutrients, the bioavailability 

of n-3 PUFA is highly variable and determined by numerous 

factors.
23

 In particular, the bioactivity of n-3 PUFA may be 

influenced by the lipid structures in which they are 

incorporated: phospholipids and free fatty acids have 

increased bioavailability compared to triacylglycerols and ethyl 

ester forms of n-3 PUFA.
7,25

 Previous studies have 

demonstrated the in vivo bioavailability of n-3 PUFA when 

given to animals in the form of synthetic wax esters
28

 or wax 

ester-rich oil extracted from marine copepod Calanus 

finmarchicus.
29

 

There is an increased demand for new bioavailable sources of 

high quality n-3 PUFA for human consumption, and mullet 

bottarga is a traditional promising product in this regard. We 

studied, for the first time, the effect of a diet enriched with 

10% mullet processed roes on the lipid profile of healthy rat 

tissues. The short-term treatment (5 days) has been chosen in 

order to avoid potential adverse effects of this wax ester-rich 

food in rats, like gastrointestinal disturbances
34

. Feces of 

animals fed bottarga enriched diet appeared normal by visual 

inspection during all days of treatment, as previously observed 

for mice fed with wax ester-rich oil from C. finmarchicus.
29

 

The results of this study evidenced the modulating effects 

of bottarga lipids on rat tissue lipid profile and the tissue 

bioavailability of mullet roe n-3 PUFA. The analysis of fatty acid 

composition of bottarga lipids demonstrated a high content of 

EPA (20 mg/g of edible portion), 22:5 n-3 (12 mg/g), and DHA 

(21 mg/g), resembling the fatty acid composition of grated 

bottarga published earlier.
14,18,19

 The diet supplemented with 

10% bottarga was characterized by comparable values of TL, α-

tocopherol, and HP, with higher amount of total cholesterol, 

16:1 n-7, EPA (2 mg/g), 22:5 n-3 (1 mg/g) and DHA (2 mg/g) 

than Ctrl diet. Diet Bott 10% did not affect body weight and 

similar TL levels were measured in plasma, liver, kidney, and 

brain of animals fed experimental diet, with a slight fat 

deposition in PA tissue. It is worth noting that bottarga diet, in 

spite of the fact that contained a total cholesterol amount 6-

fold greater than Ctrl diet, did not increase cholesterol levels in 

all studied rat tissues, probably due to the n-3 PUFA-induced 

down-regulation of transporter proteins that regulated 

intestinal cholesterol.
35

 A little increase in total cholesterol 

level was observed in plasma lipids of mouse fed, for 1 week, 

with a diet rich in herring roe lipids (HR-L) (containing high 

amount of phospholipids rich in EPA and DHA), although  HR-L 

contained 9% cholesterol.
13

 The lower α-tocopherol levels 

measured in tissues of rats fed the Diet Bott 10% compared to 

Ctrl animals could be explained by the possible consumption of 

this liposoluble antioxidant for the protection of PUFA, which 

were more abundant in the experimental diet, from oxidative 

degradation. Moreover, the marked reduction in α-tocopherol 

levels observed in liver and kidney with respect to plasma and 

PA tissue could be due to a tissue-specific metabolism of this 

liposoluble compounds.     

B

C

0

100

200

300

400

500

600

700

800

Brain Plasma Kidney Liver PA tissue

F
a
tt
y
 a
ci
d
 (
%
 c
o
n
tr
o
l) EPA

DHA

 22:5 n-3

 20:4 n-6 A

Ctrl diet

Diet Bott 10%

Fig. 4 Values of EPA, DHA, 22:5 n-3, and 20:4 n-6 (expressed as % Ctrl 

group value) measured in the brain, plasma, kidney, liver, and perirenal 

adipose (PA) tissue of rats alimented with diet supplemented with 10% 

bottarga (Diet Bott 10%) (A). PLS-DA of HPLC fatty acid data, normalized to 

100, for Ctrl diet vs. Diet Bott 10% groups (5 components, R2Y= 0.75, 

Q2Y=0.68). Score plot along the first 2 components. B=brain, L=liver, 

K=kidney, PA=perirenal adipose tissue, P=plasma, D=diet (B), and loading 

scatter plot (C); ** = P <  0.01; * = P <  0.05. 
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Diet Bott 10% significantly influenced the unsaturated fatty 

acid profile of the analysed tissues. Results of the multivariate 

approach highlighted that the fatty acid profile of tissue 

samples upon diet enriched with bottarga is significantly 

different from that of Ctrl samples, with more robust 

discrimination for liver and kidney tissues when compared to 

plasma and PA tissue. By univariate tests, increased levels of 

EPA, 22:5 n-3, and DHA were detected in all tissues, except the 

brain, in which only EPA increased in a significant manner. The 

brain seems particularly resistant to changes in the fatty acid 

profile of dietary fat, with duration of exposure and dietary 

concentration being key factors to detect significant 

alterations.
36

 The percentage of EPA increase was much higher 

than that of DHA in all the examined tissues of rats fed Diet 

Bott 10%, despite similar quantity in the experimental diet. 

This suggests that EPA was more efficiently absorbed or less 

excreted than DHA. Studies have shown that the DHA level in 

lipid pools has a less steep dose-response curve than EPA, 

which is easy to influence by supplementation.
7
 It is interesting 

to note that the amount of 20:4 n-6 significantly decreased in 

the plasma, liver, and kidney of bottarga group. A recent study 

showed a n-6 PUFA decrease (8.2%) concomitant with the 

increase of EPA and DHA in plasma lipids of young adults after 

two week supplementation with herring roe oil.
7
 A statistically 

significant reduction of 20:4 n-6 has also been observed in 

plasma phospholipids of rats fed for 4 weeks a diet enriched 

with synthetic wax esters.
28

 EPA and DHA are incorporated 

into the phospholipids of cell membranes in a dose-dependent 

way depending on the EPA and DHA intake, and their 

incorporation partly competes with the incorporation of 20:4 

n-6 and EPA also competes with 20:4 n-6 regarding enzymes in 

the eicosanoid metabolism.
37

 The anti-inflammatory activity of 

Fig. 5 OPLS-DA of fatty acid data for Ctrl diet vs. Diet Bott 10% groups. Score plots (upper) along the predictive and the orthogonal components  and 

column plots (lower) of loadings along the predictive component, bars indicated the error in cross-validation, for: plasma (A; R2Y= 0.85, Q2Y=0.61); liver 

(B; R2Y= 0.88, Q2Y=0.83); kidney (C; R2Y= 0.92, Q2Y=0.89); perirenal adipose tissue (D; R2Y= 0.72, Q2Y=0.59). 
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long-chain n-3 PUFA have ben related to the decrease of the 

production of inflammatory eicosanoids, cytokines, and the 

expression of adhesion molecules, and these beneficial health 

compounds act both directly (e.g., by replacing arachidonic 

acid as an eicosanoid substrate and inhibiting 20:4 n-6 

metabolism) and indirectly (e.g., by altering the expression of 

inflammatory genes through effects on transcription factor 

activation) or give rise to a family of anti-inflammatory 

mediators termed resolvins.
38

 The hypothesis that can be 

stressed by these results, i.e. that a diet rich in n-3 PUFA could 

move the enzymatic balance towards the n-3 route, is 

strengthened by the analysis of the correlation coefficients 

and of the OPLS-DA loadings that clearly indicated that the 

observed increase of n-3 PUFA (mainly EPA and 22:5 n-3) in 

samples with enriched diet is correlated to a decrease of n-6 

PUFA. Exception to this observation is the PA tissue where all 

fatty acids increased, EPA and 22:5 n-3 to a major extent, 

suggesting a mere passive storage of fatty acids in this tissue. 

An increase of 20:4 n-6 (not statistically significant), coupled to 

a significant increase of 16:1 n-7, EPA, 22:5 n-3, and DHA, was 

observed in PA tissue, due to their higher amounts in Diet Bott 

10% than in Ctrl diet. Fatty acid composition of the PA tissue 

reflected to a large extend the composition of the diet, as 

previously observed.
29 

This study clearly demonstrated that the enrichment of a 

typical rat chow diet with grated mullet bottarga can induce 

marked changes to the lipid profile of rat tissues and their 

enrichment with n-3 PUFA. Previous study evidenced that wax 

esters-derived n-3 PUFA are absorbed well in vivo in an animal 

model but less than fish oils.
29 

However, further studies are 

needed to compare the bioavailability/tissue incorporation of 

n-3 PUFA by dietary enrichment in the form of bottarga wax 

esters with that induced by a similar enrichment with fish oils. 

5. Conclusions 

The overall data suggest that mullet bottarga may be 

considered a bioavailable source of n-3 PUFA. Bottarga was 

able to increase n-3 PUFA levels in rat plasma, liver, and 

kidney, significantly reducing 20:4 n-6 tissue level, with 

potential positive health implication. The waxy nature of 

bottarga lipids confers oxidative stability to this Mediterranean 

product. Therefore, mullet bottarga qualifies as a traditional 

food product with functional properties and as a traditional 

ingredient for the preparation of n-3 PUFA enriched foods, like 

mozzarella, pasta and vegetables (artichokes, fennel) with 

grated bottarga. 
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