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ABSTRACT 

ω-3 Polyunsaturated fatty acids (PUFAs) reduce risk factors for cardiovascular diseases 

(CVD) and other pathologies that involve low-grade inflammation. They have recently 

been shown to exert complementary functional effects with proanthocyanidins. As the 

reduction of health-promoting gut bacteria such as lactobacillus and bifidobacteria has 

been linked to a number of alterations in the host, the aim of this study was to determine 

whether PUFAs and proanthocyanidins also cooperate in maintaining well-balanced 

microbiota. To this end, rats were supplemented for 6 months with eicosapentaenoic 

acid (EPA)/docosahexaenoic acid (DHA) 1:1 (16.6 g/kg feed); proanthocyanidin-rich 

grape seed extract (GSE, 0.8 g/kg feed); or both. Plasma adiponectin, cholesterol, and 

urine nitrites were measured. Gut bacterial subgroups were evaluated in fecal DNA by 

qRT-PCR. Short-chain fatty acids (SCFAs) were determined in feces by gas 

chromatography. Body and adipose tissue weights were found to be higher in the 

animals given ω-3 PUFAs, while their energy intake was lower. Plasma cholesterol was 

lower in ω-3 PUFA supplemented groups, while adiponectin and urine nitrites were 

higher. ω-3 PUFAs reduced the population of Lactobacillales and L. acidophilus after 6 

months of supplementation. GSE significantly reduced L. plantarum and B. longum. 

The combination of ω-3 PUFAs and GSE maintained the health-promoting bacteria at 

levels similar to those of the control group. Acetic acid was increased by the ω-3 PUFA 

individual supplementation, while the combination with GSE kept this value similar to 

the control value. In conclusion, while individual supplementations with ω-3 PUFAs or 

GSE modify the populations of Lactobacillus, Bifidobacterium and microbial products 

(SCFAs), their combination maintains the standard proportions of these bacterial 

subgroups and their function while also providing the cardiovascular benefits of ω-3 

PUFAs. 

 

KEYWORDS: microbiota, proanthocyanidins; EPA/DHA; Lactobacillus; 

Bifidobacterium 
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HIGHLIGHTS  

 ω-3 PUFAs reduce the populations of gut Lactobacilliales and L. acidophilus 

 ω-3 PUFAs reduce the concentration of the microbial product acetic acid in 

feces 

 GSE reduces the populations of gut Lactobacillus plantarum and 

Bifidobacterium longum 

 ω-3 PUFAs promote weight gain and fat accumulation in healthy rats 

 Combined, ω-3 PUFAs and GSE maintain balanced gut bacteria and short-chain 

fatty acids 
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1. INTRODUCTION 

ω-3 Polyunsaturated fatty acids (ω-3 PUFAs) and polyphenols are bioactive compounds 

present in common foodstuffs (Quideau, Deffieux, Douat-Casassus, & Pouysegu, 2011; 

Tapiero, Ba, Couvreur, & Tew, 2002). Eicosapentaenoic acid (EPA, 20:5, n-3) and 

docosahexaenoic acid (DHA, 22:6, n-3) are the major ω-3 PUFAs of marine origin. 

Different ω-3 PUFAs may have different effects, many of them related to the prevention 

of cardiovascular diseases (CVD). We recently showed that mixtures of EPA and DHA 

at different proportions have different effects on CVD risk factors in rats: EPA/DHA 

1:1 and 2:1 decrease inflammation, while oxidative stress is more effectively reduced by 

a 1:2 mixture in obese hypertense rats (Molinar-Toribio et al., 2015). The 1:1 mixture 

was the most effective at reducing protein carbonylation (Méndez et al., 2013) and CVD 

risk markers (Lluís et al., 2013) in rats fed a standard diet. The molecular mechanism 

through which ω-3 PUFAs exert their preventive effects include shift of lipids from the 

ω-6 to the ω-3 metabolic pathway and the modulation of genes associated with both 

lipid catabolism and anabolism (Poudyal, Panchal, Diwan, & Brown, 2011). 

Consequently, ω-3 PUFAs help maintain the normal levels of systemic biomarkers of 

CVD, such as plasma cholesterol and triglycerides, oxidative stress, and blood pressure 

(Poudyal et al., 2011). Despite hypertension and other CVD risk factors having been 

linked to gut dysbiosis (Yang et al., 2015) and the possibility that they may be averted 

by probiotics (Miremadi, Sherkat, & Stojanouska, 2016), the effect of ω-3 PUFAs on 

gut microbiota has hardly been studied. Studies of the effects of ω-3 PUFAs on 

microbiota have mainly focused on the major bacterial phyla Bacteroidetes and 

Firmicutes. ω-3 PUFAs from flaxseed seem to decrease the proportion of Bacteroidetes 

(Liu, Hougen, Vollmer, & Hiebert, 2012), and those from fish oil lower the population 

of Firmicutes(Yu et al., 2014). A reduction in the Bacteroidetes/Firmicutes ratio has 

been linked to weight gain and other metabolic conditions, such as insulin resistance, in 

part by the synthesis of short-chain fatty acids (SCFAs) (Canfora, Jocken, & Blaak, 

2015): end products of the fermentation of indigestible dietary components of the host 

diet.  

Polyphenols are a family of phytochemicals and are widespread in plant foods; they 

have a common structure including at least two phenol groups (Bravo, 1998; Quideau et 

al., 2011). Dietary polyphenols and their metabolites exert a beneficial effect through a 

combination of mechanisms that may include the reduction of inflammation and 
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oxidative stress (Pan, Lai, & Ho, 2010; Salvadó, Casanova, Fernández-Iglesias, Arola, 

& Bladé, 2015), as well as inhibition of intestinal glycosidases and of glucose 

transporters that reduce postprandial glycaemia (Williamson, 2013). Moreover, 

polyphenols can modulate the intestinal microbial composition and modify the 

metabolic activity of gut bacteria in humans (Duda-Chodak, 2012). Proanthocyanidins 

are oligomeric and polymeric flavan-3-ols composed mainly of (epi)catechin and its 

gallic acid esters. (−)-Epicatechin and (+)-catechin from tea and cocoa protect 

commensal anaerobes and probiotics such as Bifidobacterium spp. and Lactobacillus 

spp., and they also inhibit potential pathogenic bacteria in humans (Lee, Jenner, Low, & 

Lee, 2006). Similarly, flavan-3-ols from grape products reduce the growth of 

Clostridium spp., while increasing the populations of other subgroups such as 

Lactobacillus, in rats (Dolara et al., 2005). This effect on Lactobacillus as well as on 

other groups such as Bifidobacterium has also been reported in humans after daily 

intake of red wine for one month (Queipo-Ortuño et al., 2012). 

 

It has recently been shown that ω-3 PUFAs and proanthocyanidins exert collaborative 

functional effects such as a reduction of plasma insulin, leptin, and perigonadal fat 

accumulation in obese rats (Ramos-Romero et al., 2016), and decrease C-reactive 

protein concentration in rats with hypercholesterolemia (Sekhon-Loodu et al., 2014). As 

alterations in these variables have been associated with a reduction in health-promoting 

gut bacteria such as lactobacillus and bifidobacteria (Arboleya, Watkins, Stanton, & 

Ross, 2016; Cani et al., 2007; Guardamagna et al., 2014), we decided to study whether 

ω-3 PUFAs and proanthocyanidins also cooperate in maintaining the levels of 

putatively beneficial gut bacteria. Thus, the aim of this study is to explore the possible 

complementary function of a combination of dietary ω-3 PUFAs (EPA/DHA 1:1) and 

proanthocyanidins in a grape seed extract (GSE) on the proportions of health-promoting 

bacteria in rats.  
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2. MATERIALS AND METHODS 

2.1 Animals 

A total of twenty-eight female Wistar-Kyoto rats from Charles River Laboratories 

(Wilmington, MA, USA), aged 8-10 weeks, were used. Female rats were chosen for 

consistency with our previous studies of ω-3 PUFAs (Lluís et al., 2013; Molinar-Toribio 

et al., 2015; Ramos-Romero et al., 2016; Taltavull et al., 2014). All animal handling 

was carried out in the morning to minimize the effects of circadian rhythms. All the 

procedures strictly adhered to the European Union guidelines (EU Directive 

2010/63/EU) for the care and management of laboratory animals, and were approved by 

the CSIC Subcommittee for Bioethical Issues (reference no. CEEA-12-007). 

 

2.2 Experimental design 

The rats were housed two to three per cage under controlled conditions of humidity 

(60%), and temperature (22ºC ± 2ºC) with a 12 h light-12 h dark cycle. The rats were 

randomly divided into 4 dietary groups (n=7/group): STD, the control group; ω-3, a 

group supplemented with EPA/DHA 1:1 (16.6 g/kg feed); GSE, a group supplemented 

with 0.84 g GSE/kg feed; and ω-3 + GSE, a group supplemented with both EPA/DHA 

1:1 and GSE. The experimental diets were pelletized in-house by lyophilization from 

frozen emulsions. To prevent oxidation and contamination by fungi, the dry pellets were 

vacuum-packed and stored at 4°C until use. To ensure that all the diets were isocaloric, 

appropriate amounts of soybean oil was added to the feed preparations that were not 

supplemented with ω-3 PUFAs. To guarantee a proper mixture of the different 

components and an adequate consistency of the final pellet, soybean lecithin and 

porcine gelatin were added. The feed compositions are shown in Table 1. Following the 

reported conversion of animal doses into human equivalent doses (Reagan-Shaw, Nihal, 

& Ahmad, 2008), the ω-3 PUFA supplementation was equivalent to 0.15 mL ω-3 

PUFAs/kg human and day; and GSE supplementation was equivalent to 6.7-9.5 mg 

GSE/kg human and day. The standard diet Global 2014 was from Harlan Teklad Inc. 

(Indianapolis, IN, USA). Porcine gelatin type A 240/60 was from Juncà (Girona, Spain). 

Soybean lecithin Topcithin 50™ was from Cargill (Barcelona, Spain). EPA/DHA 1:1 

was obtained by mixing appropriate quantities of the commercial fish oils AFAMPES 

121 EPA (A.F.A.M.S.A., Vigo, Spain), EnerZona Omega 3 RX (Milan, Italy) and 

Oligen liquid DHA 80% (IFIGEN-EQUIP 98, S.L., Barcelona, Spain). The EPA/DHA 
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1:1 ratio was chosen on the basis of previous results (Méndez et al., 2013; Molinar-

Toribio et al., 2015). Soybean oil, obtained from unrefined organic soya beans (first 

cold pressing), was from Clearspring Ltd (London, UK). The GSE Grajfnol® was from 

JF-Natural Products (Tianjin, China). The GSE consisting of fine Grajfnol® powder 

contains 98% grape seed (poly)phenols with the following composition: total 

proanthocyanidins (UV), ≥95%; oligomeric proanthocyanidins, ≥60%; procyanidin 

dimer B2 (HPLC), ≥1.8%; ash, −1.5%; weight loss on drying, −5.0%. All the groups 

had free access to water and feed. 

 

2.3 Data and sample collection  

Body weight and feed intake were measured after 0, 6, 12, 18 and 24 weeks of the 

experiment. Feed intake per kg of body weight and day was estimated by dividing the 

total intake per cage by the total weight of the animals in that cage and the number of 

days. Energy intake was calculated as estimates of metabolizable energy based on the 

Atwater factors, assigning 4 kcal/g protein, 9 kcal/g fat, and 4 kcal/g available 

carbohydrate.  

For urine collection, during weeks 14-16 of the experiment, the rats were 

randomized and placed in metabolic cages and deprived of food for 18 h and all the 

urine produced during that period was collected. Fecal samples were collected by 

abdominal massage at week 23 at the same time in the morning. 

At the end of the experiment, the rats were fasted overnight and anesthetized 

intraperitoneally with ketamine and xylacine (80 and 10 mg/kg body weight, 

respectively). Blood was collected by cardiac puncture and stored at −80ºC until 

analysis. Perigonadal adipose tissue samples were washed with 0.9% NaCl solution, 

dried and weighed. 

 

2.4 CVD-related markers in plasma and urine 

Systolic and diastolic blood pressures were measured after week 24 of the 

experiment. The rats were restrained in a rat pocket and maintained at 32 ºC. Systolic 

and diastolic blood pressure were measured by the tail-cuff method, using a non-

invasive automatic blood pressure analyzer (Panlab; Barcelona, Spain) as previously 

described (Bunag, 1973). To obtain stable responses and to reduce variability associated 

with circadian rhythms, the operations were performed in a quiet place and always at 

the same time in the morning. Data are presented as the mean of four measurements. 
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Plasma total cholesterol, HDL-cholesterol (HDLc), LDL-cholesterol (LDLc), and 

triglycerides were measured using a spectrophotometric method and the corresponding 

kits from Spinreact (Girona, Spain) as described by Bucolo et al. (Bucolo & David, 

1973; Méndez et al., 2013). Plasma adiponectin was measured using the ELISA kit 

from Millipore (Billerica, MA, USA).  

The stable end product of NO, NO2
-
, was quantified in urine by a modification of 

the Griess reaction. Briefly, the urine was lyophilized from frozen samples and 

concentrated 5-fold. The concentrates (50 μL) were mixed with sulfanilamide 1% in 1.2 

N HCl (60 μL) and 0.3% aqueous N-(1-naphthyl)ethylene-diamine dihydrochloride 

0.3% (60 μL) for 10 min at room temperature. Absorbance was measured 

spectrophotometrically at 550 nm. The concentration of NO2
-
 was calculated using a 

calibration curve made using NaNO2. 

 

2.5 Fecal Microbial Subgroups 

The levels of total bacteria, the Bacteroidetes and Firmicutes phyla, the 

Lactobacillales and Bifidobacteriales orders, and the Lactobacillus plantarum, 

Lactobacillus acidophilus and Bifidobacterium longum species were determined in fecal 

DNA by quantitative real-time polymerase chain reaction (qRT-PCR). 

Total DNA was extracted from feces using the QIAamp® DNA Stool Mini Kit 

from QIAGEN (Hilden, Germany). The DNA concentration was quantified using a 

Nanodrop 8000 Spectrophotometer (ThermoScientific, Waltham, MA, USA). All DNA 

samples were diluted to 20 ng/µL. 

qRT-PCR cycling conditions were as follows: 5 s at 95ºC; then 45 cycles of: 5 s at 

95ºC, 30 s at the primer-specific annealing temperature (Table 2), and 30 s at 72ºC 

(extension).  

Following amplification, to determine the specificity of the qRT-PCR reactions, 

melting curve analysis was carried out by treatment for 2 s at 95ºC and for 15 s at 65ºC, 

followed by a temperature gradient up to 95ºC at a rate of 0.11ºC/s, with five 

fluorescence recordings per ºC. The relative DNA abundances for the different genes 

were calculated from the second derivative maximum of their respective amplification 

curves (Cp, calculated in triplicate), considering Cp values to be proportional to the dual 

logarithm of the inverse of the specific DNA concentration, following the equation: 

[DNAa]/[DNAb] = 2
Cpb-Cpa

(Pfaffl, 2001). Total bacteria were normalized as 16S rDNA 

gene copies per mg of wet feces (copies/mg).  
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2.6 Short-Chain Fatty Acids in Feces 

SCFAs (acetic acid, propionic acid, butyric acid and pentanoic acid) were analyzed 

by gas chromatography in feces after week 23 using the method proposed by Schwiertz 

(Schwiertz et al., 2010) with some modifications. Briefly, fecal samples were freeze-

dried and weighed (~50 mg dry matter with 10
-4

 g precision). A solution of oxalic acid 

(0.1 M) and the internal standard, caproic acid (0.1 mM), in acetonitrile/water 3:7, was 

added to each sample (0.025 mL/mg dry feces). Then, SCFAs were extracted using a 

horizontal shaker (30 min, 4ºC) and the suspension was centrifuged (15 min, 16000 g, 

4ºC). The supernatant was passed through a nylon filter (0.45 µm) into a GC vial. 

SCFAs were analyzed using a Shimazdu (Kyoto, Japan) gas chromatograph (GC2025) 

with an automatic injector (AOC20i) at 240ºC, with a flame ionization detector 

(Shimazdu 2025) at 240ºC, equipped with an HP-Innowax capillary column (Agilent, 

Santa Clara, CA, USA) (30 m x 0.25 mm i.d. x 0.25 μm f.d.). The injection volume was 

1 μL, the carrier gas was helium at a flow of 1 mL/min and the mode of injection was 

splitless. The oven temperature program was 50ºC (3 min) then slope 8ºC/min to 180ºC 

(0 min) and slope 50ºC/min to 200ºC (5 min). Other conditions were: gas helium flow, 

30 mL/min; hydrogen flow, 40 mL/min; and airflow 400 mL/min.  

 

2.7 Statistical analysis 

The results are expressed as mean values with their standard errors (SEM). After 

verifying the variance equality and the normal distribution, statistical significance was 

determined by ANOVA for repeated measures of body weight or one-way ANOVA 

with each group as variable, and Tukey’s multiple comparison test was used for mean 

comparisons. Differences were considered significant when P<0.05. All data 

manipulation and statistical analysis was performed using Graph Pad Prism 5 (Graph 

Pad Software, Inc., San Diego, CA, USA). 
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3. RESULTS 

3.1 Feed/energy intakes, body weight and perigonadal adipose tissue  

The rats fed the ω-3 PUFAs enriched diets (ω-3 and ω-3+GSE groups) had 

consumed significantly (P<0.05) less feed and energy than the STD group after 24 

weeks (Supplementary Material Table S1). 

Body weight was similar for all groups at the beginning of the experiment (144.0 g, 

SEM 2.6). After 24 weeks of the diets, the animals supplemented with ω-3 PUFAs had 

significantly higher (P<0.05) body weights (ω-3 275.7 g, SEM 9.0 g; ω-3+GSE 275.6 g, 

SEM 8.1) than the other groups (STD 254.4 g, SEM 5.4; and GSE 262.1 g, SEM 4.5) 

(Figure 1a). Similarly, perigonadal fat was significantly higher in animals supplemented 

with ω-3 PUFAs (P<0.01) than in non-supplemented and GSE-supplemented rats 

(Figure 1b). 

 

3.2 Risk Factors of CVD 

Blood pressure and plasma total cholesterol, HDLc, LDLc, triglycerides and 

adiponectin were measured after 24 weeks of supplementation (Table 3). Systolic and 

diastolic blood pressures were similar between the groups at the end of the study. 

Plasma cholesterol was significantly (P<0.01) lower in animals supplemented with ω-3 

PUFAs (ω-3 and ω-3+GSE groups) than in the other two groups (STD and GSE). All 

the groups presented similar concentrations of plasma HDLc and triglycerides. Plasma 

LDLc levels presented some differences (Table 3), but they were all below 1.28 

mmol/L, which may be considered a reference value (Ihedioha, Noel-Uneke, & 

Ihedioha, 2013). Plasma adiponectin was higher in the groups supplemented with ω-3 

PUFAs than in the STD group; while this difference was significant only for animals 

supplemented with both ω-3 PUFAs and GSE.  

Urine nitrites were similar between the groups and slightly higher (P=0.123) in 

animals fed ω-3 PUFAs compared to those in the STD group (Table 3). 

 

3.3 Proportions of Fecal Bacterial Populations  

The proportions of the major bacterial phyla (Figure 2), and selected probiotics 

(Figure 3) were determined in fecal DNA. The percentages of Bacteroidetes and 

Firmicutes were similar in the groups supplemented with ω-3 PUFAs and/or GSE 

(Figure 2a, b). 
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The population of Lactobacillales was significantly (P<0.01) lower in the ω-3 group 

than in the STD group; while supplementation with proanthocyanidins (GSE and ω-

3+GSE groups) did not modify the proportion of Lactobacilli (Figure 3a). The 

percentage of Bifidobacteriales was similar in all the groups (Figure 3d). The proportion 

of L. acidophilus was lower (P<0.001 vs STD) in animals supplemented with ω-3 

PUFAs, independently of the presence of proanthocyanidins (Figure 3b). The 

proportions of L. plantarum (Figure 3c) and B. longum (Figure 3e) were lower (P<0.05 

vs STD) in animals supplemented with GSE; while the combination of GSE with ω-3 

PUFAs did not affect the levels of these populations.  

 

3.4 Short-chain fatty acids 

SCFAs were determined in feces from rats supplemented for 23 weeks (Table 4). 

The animals supplemented only with ω-3 PUFAs showed increased SCFA content with 

respect to the other groups; with the concentration of acetic acid being significantly 

higher (P<0.05). The valeric acid concentration was significantly (P<0.05) lower in the 

groups supplemented with GSE. 
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4. DISCUSSION 

The present study focuses on the effect of the combination of ω-3 PUFAs 

(EPA/DHA 1:1) and proanthocyanidins (mostly oligomers consisting of 2 to 4 (−)-

epicatechin units in GSE) on gut health-promoting commensal bacteria, and the possible 

influence of their combination on the functional effects of ω-3 PUFAs on CVD risk 

factors. The 1:1 proportion of ω-3 PUFAs was chosen on the basis of previous results 

with healthy and rats affected by CVD (Lluís et al., 2013; Méndez et al., 2013; Molinar-

Toribio et al., 2015). In the present study, we show that GSE may enhance the effects of 

ω-3 PUFAs on CVD risk factors. The reduction in plasma cholesterol by ω-3 PUFAs 

agrees with previous studies where fish oil supplementation decreased total plasmatic 

fatty acids in healthy rats (Méndez et al., 2013). Plasma cholesterol is inversely related 

to adiponectin levels, as reverse cholesterol transport is accelerated by adiponectin 

through increasing high-density lipoprotein assembly in the liver (Matsuura et al., 

2007). Here, we show that plasma adiponectin increased in animals fed ω-3 PUFAs, and 

increased even further when GSE was added to the supplementation (Table 3). Plasma 

adiponectin levels are related to the endothelial vasodilation response (Ouchi et al., 

2003), probably because adiponectin stimulates the production of NO (Z. V. Wang & 

Scherer, 2008), which partially agrees with our results from urine nitrites (ω-3 groups 

show nonsignificant higher values than the STD group). 

Besides CVD risk factors, the first observable effects of ω-3 PUFAs were changes 

in feed intake and body weight, independently of GSE supplementation. Our results for 

feed intake corroborate the satiety effect induced by ω-3 PUFAs, previously reported by 

other authors (Parra et al., 2008). Despite the fact that ω-3 PUFAs reduced feed intake, 

they increased body weight gain in our animals (Figure 1), an effect also detected in 

normoweight women who consume ω-3 PUFAs (Iso et al., 2001). The body weight 

increase induced by ω-3 PUFA intake in normoweight individuals could be related to a 

post-prandial increase of the chylomicron response (Griffo et al., 2014) and to the lower 

response of cholecystokinin and GLP-1, associated with faster gastric emptying of fat 

(Robertson et al., 2002). Moreover, ω-3 PUFAs may promote fat accumulation through 

the stimulation of adipocyte growth and differentiation via expression of peroxisome 

proliferator-activated receptor γ (PPARγ) (Chambrier et al., 2002). The weight gain 

observed in lean animals supplemented with ω-3 PUFAs is in apparent contradiction 

with the observations of other authors who report the anti-obesogenic effect of ω-3 
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PUFAs in obese individuals (Buckley & Howe, 2010; Lorente-Cebrián et al., 2013). 

This anti-obesogenic effect of ω-3 PUFAs seems to be related to a reduction in obesity-

associated low-grade inflammation (Calder, 2013; Flock, Rogers, Prabhu, & Kris-

Etherton, 2013). This state has been linked to metabolic endotoxemia, commonly 

derived from gut dysbiosis, in turn typically induced by an energy-dense diet 

(Kaliannan, Wang, Li, Kim, & Kang, 2015). The anti-obesogenic effect of ω-3 PUFAs 

may only be evident within a pro-inflammatory environment and not in normoweight 

individuals with well-balanced microbiota. Fat gain induced by ω-3 PUFAs in lean rats 

may be viewed as a beneficial contribution to the physiological role of adipose tissue as 

a fuel reservoir that keeps fat from being deposited in organs. 

A reduction in the population of probiotic bacteria is a risk factor for the 

development of many intestinal conditions, including diarrhea, obesity, irritable bowel 

syndrome, inflammatory bowel disease, and even tumors (Gareau, Sherman, & Walker, 

2010; Guarner & Malagelada, 2003). Our results show that ω-3 PUFAs and 

proanthocyanidins induced changes in the proportions of several subgroups and species 

of probiotics (Figure 3). The reduction of Lactobacillales induced by ω-3 PUFAs is in 

agreement with the fact that polyunsaturated fatty acids reduce the adherence of most 

probiotic lactobacilli (Kankaanpaa, Yang, Kallio, Isolauri, & Salminen, 2004). 

Specifically, the incorporation of a given PUFA into bacterial fatty acids is clearly 

observed when lactobacilli are cultured in broth supplemented with that particular fatty 

acid, and these changes seem to influence microbial adhesion to intestinal surfaces 

(Kankaanpaa et al., 2004). Proanthocyanidins in GSE counteracted this reduction in 

Lactobacillales, possibly by promoting the growth of lactobacilli as observed in rats 

given tea and wine phenolics (Dolara et al., 2005; Lee et al., 2006). The effects of 

polyphenols on the adhesion and viability of probiotics are complex, and depend on the 

chemical structure of the phenolic compound and on the membrane composition 

(proteins, enzymes and lipids) of any particular species (Bustos et al., 2012; Parkar, 

Stevenson, & Skinner, 2008; Parkar, Trower, & Stevenson, 2013). These pleiotropic 

effects can modify cell permeability and finally result in the loss of protons, other ions, 

and macromolecules (Bustos et al., 2012). Specifically, epicatechin and other 

proanthocyanidin monomers inhibit the growth of Lactobacillus rhamnosus (Parkar et 

al., 2008) and the adhesion of both Lactobacillus plantarum and Lactobacillus 

acidophillus to enterocytes (Bustos et al., 2012) in vitro. This inhibitory effect on some 

Lactobacillus species is in agreement with our results, which show a reduction in the 
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populations of Lactobacillus plantarum and Bifidobacterium longum as result of GSE 

supplementation. Combined supplementation with ω-3 PUFAs and GSE also 

counteracted the effect of ω-3 PUFAs on the excreted concentration of acetic acid, an 

SCFA product of bacterial metabolism. Acetic acid contributes to lipogensis via acetyl-

CoA and regulates levels of plasma cholesterol (Fushimi et al., 2006), in agreement 

with the present results on body weight gain (Figure 1) and cholesterolemia (Table 3). 

Higher concentrations of SCFAs in feces have been observed in overweight and obese 

rats and humans (Byrne, Chambers, Morrison, & Frost, 2015; Canfora et al., 2015; 

Schwiertz et al., 2010).  

 

5. CONCLUSIONS  

In conclusion, supplementation of rats with ω-3 PUFAs increases their weight gain 

and perigonadal fat, reduces the populations of several probiotics and increases the 

levels of acetic acid, a product of bacterial metabolism. Combined supplementation of 

ω-3 PUFAs and proanthocyanidins from grape seed counteracts the effects of the ω-3 

PUFAs on health-promoting lactobacillus and bifidobacterium, and on acetic acid, 

while maintaining their beneficial effects on cholesterolemia. 

 

Acknowledgments: Language revision by Christopher Evans is appreciated.  

Funding: This research was supported by the Spanish Ministry of Science and 

Innovation (through grants AGL2009-12374-C03-01, -02 and -03; and AGL2013-

49079-C2-1,2-R). The Spanish Ministry of Economics and the Panamanian Government 

awarded graduate fellowships to M.H. (BES2014-068592) and E.M.-T. 

(SENACYT/IFRHU), respectively. 

Author Contributions: S.R.-R. and E. M.-T. performed the in vivo experiments; S.R.-

R. and M.H. performed the qRT-PCR experiments; M.P.A. performed the SCFA 

experiments; N.T. and M.R. evaluated the CVD risk factors; S.R.-R. and L.M. analyzed 

the data; S.R.-R. and J.L.T. wrote the paper; S.R.-R., M.R.N., I.M. and J.L.T. conceived 

and designed the experiments. All authors have approved the final article 

Conflicts of Interest: The authors declare no conflict of interest.  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 

TABLES 

Table 1. Composition of experimental diets. 

Ingredients (g) STD ω-3 GSE ω-3 + GSE 

Flour
1
 1000.0 1000.0 1000.0 1000.0 

tert-butylhydroquinone 0.08 0.08 0.08 0.08 

Porcine gelatin 25.0 25.0 25.0 25.0 

Soybean lecithin 6.0 6.0 6.0 6.0 

Soybean oil 17.4 - 17.4 - 

ω-3 PUFAs
2
 - 17.4 - 17.4 

Grajfnol® - - 0.88 0.88 

Protein (% by weight) 16.4 16.4 16.4 16.4 

Carbohydrate (% by weight) 46.6 46.6 46.5 46.5 

Fat (% by weight) 6.2 6.2 6.2 6.2 

Energy from protein (%) 21.3 21.3 21.3 21.3 

Energy from carbohydrate (%) 60.5 60.5 60.5 60.5 

Energy from fat (%) 18.2 18.2 18.2 18.2 

Total energy density (kcal/g)
3
 3.1 3.1 3.1 3.1 

 

1
 Standard flour (Teklad Global 2014). 

2
 The amount of EPA/DHA was 25 mg/kg body 

weight. 
3
 Energy density is estimated as metabolizable energy based on the Atwater 

factors, assigning 4 kcal/g to protein, 9 kcal/g to fat, and 4 kcal/g to available 

carbohydrate. 
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Table 2. qRT-PCR primers and conditions. 

Target bacteria 
Annealing 

temp. (ºC) 
Sequence (5’-3’) 

Positive 

control 
Ref. 

Total Bacteria 65 
F: ACT CCT ACG GGA 

GGC AGC AGT 
1 (Hartman et al., 

2009) 

  
R: ATT ACC GCG GCT 

GCT GGC 
  

Bacteroidetes 62 
F: ACG CTA GCT ACA 

GGC TTA A 

Bacteroides 

fragilis 

(Ismail et al., 

2011) 

  
R: ACG CTA CTT GGC 

TGG TTC A 
  

Firmicutes 52 
F: CTG ATG GAG CAA 

CGC CGC GT  

Lactobacillus 

brevis 

(Haakensen, 

Dobson, Deneer, 

& Ziola, 2008) 

  
R: ACA CYT AGY ACT 

CAT CGT TT  
 

(Muhling, 

Woolven-Allen, 

Murrell, & 

Joint, 2008) 

Lactobacillales 60 
F: AGC AGT AGG 

GAA TCT TCC A 

Lactobacillus 

acidophilus 

(Walter et al., 

2001) 

  
R: CAC CGC TAC ACA 

TGG AG 
  

L. acidophillus 64 
F: AGC TGA ACC AAC 

AGA TTC AC 

Lactobacillus 

acidophillus 

(Walter et al., 

2001) 

  
R: ACT ACC AGG GTA 

TCT AAT CC 
  

L. plantarum 55 
F: GCC GCC TAA GGT 

GGG ACA GAT 

Lactobacillus 

plantarum 

(Walter et al., 

2001) 

  
R: TTA CCT AAC GGT 

AAA TGC GA 
  

Bifidobacteriales 55 
F: CTC CTG GAA ACG 

GGT GG 

Bifidobacterium 

longum 

(Queipo-Ortuno 

et al., 2013) 

  
R: GGT GTT CTT CCC 

GAT ATC TAC A 
  

B. longum 50 
F: GTT CCC GAC GGT 

CGT AGA G 

Bifidobacterium 

longum 

(R. F. Wang, 

Cao, & 

Cerniglia, 1996) 

  
R: GTG AGT TCC CGG 

CAT AAT CC 
  

1
 Positive control of Total Bacteria was the same as those the result was rated with  
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Table 3 CDV risk factors in rats supplemented with ω-3 PUFAs and/or GSE for 24 

weeks.  

 STD ω-3 GSE ω-3 + GSE 

 Mean SEM Mean SEM Mean SEM Mean SEM 

Systolic pressure 

(mmHg) 

123.5 4.0 123.2 2.4 114.8 3.6 117.2 3.1 

Diastolic pressure 

(mmHg) 

84.0 4.0 96.2 7.0 94.6 7.4 91.3 2.1 

Plasma cholesterol 

(mmol/L) 

4.7
a
 0.2 3.8

bc
 0.1 4.4

ab
 0.1 3.5

c
 0.2 

Plasma HDLc 

(mmol/L) 

1.5 0.1 1.6 0.1 1.5 0.1 1.5 0.1 

Plasma LDLc 

(mmol/L) 

0.4
a
 0.1 0.4

a
 0.0 0.7

b
 0.0 0.6

c
 0.0 

Plasma triglycerides 

(mmol/L) 

1.7 0.1 1.7 0.1 1.9 0.1 1.6 0.1 

Plasma adiponectin 

(µg/mL) 

21.7
a
 2.9 30.0

ab
 2.1 22.0

a
 2.8 32.1

bc
 1.5 

Urine nitrites 

(ng/mL) 

1.3 0.3 2.5 0.9 1.5 0.1 2.1 0.2 

 

Means with different letters differ, P<0.05. Comparisons were performed using one-way 

ANOVA and Tukey’s post-hoc tests.  
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Table 4. Short-chain fatty acids determined in feces from rats supplemented with 

ω-3 PUFAs and/or GSE for 23 weeks. 

 STD ω-3 GSE ω-3 + GSE 

 Mean SEM Mean SEM Mean SEM Mean SEM 

Acetic acid 5.54
a
 1.26 9.10

b
 1.36 6.03

a
 1.62 4.48

a
 1.89 

Propionic acid  1.18 0.43 1.47 0.54 1.11 0.51 1.24 0.63 

Butyric acid  0.26 0.07 0.31 0.11 0.30 0.14 0.24 0.14 

Valeric acid  0.15
ab

 0.07 0.21
a
 0.08 0.09

b
 0.05 0.10

b
 0.02 

 

SCFA content is expressed as mmol of caproic acid equivalents/g dry feces. Means with 

different letters differ, P<0.05. Comparisons were performed using one-way ANOVA 

and Tukey’s post-hoc tests.  
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Figure 1. Body weight (a) and perigonadal fat (b) of rats fed the different diets for 24 

weeks: STD, ○; ω-3, ▲; GSE, ▼; ω-3 + GSE, ♦. The curves corresponding to the ω-3 

and ω-3+GSE groups are superimposed. The data represent means with their standard 

errors. Comparisons were performed using two-way ANOVA for repeated measures (a) 

or one-way ANOVA followed by Tukey’s post-hoc test (b). Means with different letters 

differ, P<0.05.  
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Figure 2.-  

(a)  (b)  

Figure 2. Bacteroidetes (a) and Firmicutes (b) in fecal samples from rats fed the 

different diets (STD, ω-3, GSE, or ω-3 + GSE) for 23 weeks. The data represent 

means with their standard errors. Comparisons were performed using one-way 

ANOVA followed by Tukey’s post-hoc test. 
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Figure 3. Lactobacillales (a), Lactobacillus acidophilus (b), Lactobacillus 

plantarum (c), Bifidobacteriales (d), and Bifidobacterium longum (e) in fecal 

samples from rats fed the different diets (STD, ω-3, GSE or ω-3 + GSE) for 23 

weeks. The data represent means with their standard errors. Comparisons were 

performed using one-way ANOVA followed by Tukey’s post-hoc test. Means with 

different letters differ, P<0.05.  
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