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Abstract The aim of this work was to evaluate the effect of
consumption of extruded maize product added with a low
level of the red seaweed Pyropia columbina on colonic and
systemic oxidative status using a growing Wistar rat model.
Twenty-four (n = 24) male Wistar rats were fed for 60 days
with control (C), extruded maize product group (M), or ex-
truded maize product added with red seaweed P. columbina
(MP) diets. Rats fed whit MP showed higher catalase (CAT)
and glutathione reductase (GR) colon expression than those
fed with M or C. Beneficial effects on intestinal mucosal bar-
rier function were observed, which was manifested in de-
crease of cecal pH (10%) and mucinase activity (67%) and
increase of sIgA content (53%). Rats fed withMP diet showed
lower cyclooxygenase-2 (COX-2; 43%), inducible nitric ox-
ide synthase (iNOS; 49%), and NF-κβ transcription factor
(27%) expression in distal colon than those fed with M or C
diets. Also, MP diet exerted a significant antioxidant effect on
the serum and liver, increasing hepatic redox index, CAT, and
GR activity. Apparent calcium absorption, total skeleton bone
mineral content, and bone mineral density of total body were
the same among groups. The type of dietary fiber and phenolic
compounds from P. columbina could promote antioxidant en-
vironment in growing Wistar rats.
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Introduction

Seaweeds represent a considerable part of the ocean biomass
(mainly located on the coastline), and their use as food dates
back to 2700 BC in China. This practice remains widespread
currently in Eastern countries such as China, Japan, and Korea
(Gressler et al. 2010). In Japanese and Korean cuisine, red
algae include Bnori^ (or Bkim^) and Blaver^ from Pyropia
species. In China, Sargassum fusiforme (Hizikia fusiformis)
(Bhijiki^), Undaria pinnatifida (Bwakame^), Saccharina
japonica (Bmakonbu^), and other species of the brown algae
Saccharina/Laminaria are also consumed. Furthermore,
green algae from Ulva species are consumed as part of tradi-
tional Hawaiian cuisine known as Blimu palahalaha^
(Fitzgerald et al. 2011).

From a nutritional point of view, edible seaweeds are a low-
calorie food, with high concentration of minerals, vitamins,
and proteins, and low lipid content. Also contain large
amounts of polysaccharides (agar, carrageenan, etc.), which
cannot be digested in human gastrointestinal tract, and there-
fore may be regarded as a good source of dietary fiber and a
potential source of prebiotics (Fitzgerald et al. 2011). In this
regard, seaweed fiber has been proven to be health-related and
beneficial, showing antitumor, anticoagulant, antiviral, and
antihypercholesterolemic properties in humans (Hamed et al.
2015). Other putative beneficial health effects have been iden-
tified, such as decreased blood pressure and sugar and anti-
inflammatory, immunomodulatory, and neuroprotective ef-
fects, among others (Figueiredo et al. 2016). A mechanistic
link has been proposed due to the presence in seaweed of
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different bioactive compounds, including sulfated polysaccha-
rides, polyphenols, carotenoids, amino acids, proteins/pep-
tides, and lipids (Holdt and Kraan 2011; Hamed et al. 2015).
In this regard, specific in vivo and in vitro functional proper-
ties have been attributed to red seaweeds proteins/peptides and
polysaccharides because of their unique composition (Cian
et al. 2015). According to this, red seaweeds are a very inter-
esting natural source of compounds with biological activity
that may be used as functional ingredients.

Aside from the scientific interest in the use of algae func-
tional ingredients, there are various challenges ahead that have
to be overcome to use them in new functional foods. Foods
should have good sensorial characteristics in order to be ac-
cepted by the consumers since very few of them are willing to
compromise taste for healthiness in food (Honkanen 2009). In
this regard, Cian et al. (2014a) developed an extruded maize
products added with red seaweed Pyropia columbina in dif-
ferent levels (1.7, 3.5, and 5.2 g (100 g)−1). Sensory analysis
of the extrudates revealed the most suitable addition rate was
3.5 g (100 g)−1, since it allows good sensory characteristics in
terms of color, flavor, and mouth texture. In this work, the
presence and resistance to in vitro gastrointestinal digestion
of bioactive compounds with angiotensin-converting enzyme
inhibition and antioxidant properties of selected product was
evaluated resulting that in vitro bio-accessibility of bioactive
compounds was enhanced in the snacks added with
3.5 g red seaweed (100 g)−1. Currently, no research is avail-
able on antioxidant in vivo effects of extruded products added
with seaweeds. Even less is known about the in vivo effect of
red seaweed P. columbina. Therefore, the aim of this workwas
to evaluate the effect of consumption of extruded maize prod-
uct added with a low level of red seaweed P. columbina on
colonic and systemic oxidative status using a growing Wistar
rat model.

Materials and methods

Reagents

All reagents were obtained from Sigma Chemical Co. (USA).

Raw materials and ingredients

One kilogram of different specimens of Pyropia columbina
was handpicked in Punta Maqueda (Comodoro Rivadavia,
Argentina). The seaweed was processed according to Cian
et al. (2014b). Pyropia columbina composition in dry base
was (as g (100 g)−1): protein, 24.61; fat, 0.25; ash, 6.46; total
dietary fiber, 48.09; and moisture, 12.79. The most abundant
phenolic compounds of P. columbina were epicatechin and
gallic acid. In this regard, Cian et al. (2012) reported that
epicatechin and gallic acid content was 5.20 ± 0.02 and

2.47 ± 0.02 mg kg−1, respectively. Other phenolic compounds
such as cathechin, coumaric acid, quercetin, and kaempferol
accounted for 7.5% of the total content. Additional compo-
nents of P. columbina such as saturated and unsaturated fatty
acids and minerals were reported by Cian et al. (2014c), being
the main saturated and unsaturated fatty acids C16:0 and
C20:5 (n-3), respectively. Commercial maize grits
corresponded to hull and degermined corn. Its composition
in dry base was as follows: (as g (100 g)−1): protein, 8.92;
fat, 0.27; ash, 0.28; total dietary fiber, 6.96; carbohydrates,
76.17; and moisture, 7.39.

Preparation of extruded maize products added with red
seaweed P. columbina

Commercial maize grits and red seaweed P. columbina were
blended in the following ratios: 100:0 and 96.5:3.5 corre-
sponding to maize (M) and maize plus P. columbina (MP)
samples, respectively. Extrusion was carried out with a 20
DN Brabender single screw extruder using 4:1 compression
ratio screw, 150 rpm, 16.5 g (100 g)−1 grits moisture, 175 °C
barrel temperature, and 160 °C die temperature. The feeding
rate of the extruder was at full capacity. Experimental samples
were taken after stationary state was established. Extruded M
and MP products were ground to obtain flours with a particle
size lower than 1.5 mm using a hammer mill (Retsch, Haan,
Germany). The composition of extrudedM andMP flours has
been reported by Cian et al. (2014a).

Animals and diets

Twenty-four (n = 24) male Wistar rats (43.0 ± 4.5 g) were
obtained from the Animal Service Laboratory, Facultad de
Farmacia y Bioquímica, UBA (Argentina). Throughout the
experiment, animals were allowed free access to deionized
water and food and were housed in individual stainless steel
cages in a temperature (21 ± 1 °C) and humidity (60 ± 10%)
controlled room with a 12-h light–dark cycle. They were fed
with the following diets (n = 8 per group) during a 60-day
period (Table 1).

– Control group (C): rats fed with a semi-synthetic diet
prepared according to the American Institute of
Nutrition Diet (AIN 93) (Reeves et al. 1993), having
5 g cellulose (100 g)−1 diet as source of fiber (Table 1).

– Extruded maize product group (M): rats fed with the AIN
93 (Reeves et al. 1993), containing 4.8 g dietary fiber
(100 g)−1 diet and 12.27 mg total phenolic compounds
(100 g)−1 diet provided by extruded maize flour.

– Extruded maize product added with red seaweed P.
columbina group (MP): rats fed with the AIN 93
(Reeves et al. 1993), containing 4.89 g dietary fiber
(100 g)−1 diet and 54.25 mg total phenolic compounds
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(100 g)−1 diet provided by extruded maize added with red
seaweed P. columbina flour.

Chemical composition of diets was determined using the
AOAC (1995) procedures and energy was calculated using
Atwater factors (Maynard 1994) (Table 1). The analysis of
diets confirmed that they were isocaloric and supplied a sim-
ilar amount of macronutrients, calcium (0.5 g (100 g)−1 diet),
and phosphorus (0.3 g (100 g)−1 diet).

This study was carried out in accordance with the National
Institute of Health Guide for the Care and Use of Laboratory
Animals and approved by the Committee of Health Guide for
the Care and Use of Laboratory Animals of the Facultad de
Bioquímica y Farmacia, UBA (Buenos Aires, Argentina).

Sampling procedures

Body weights (BW) were recorded once a week and food
intakes, every 3 days throughout the experience. Total intakes
were calculated. Feed efficiency of diets was determined as
the relationship between weight gained by the animal and
food consumed, i.e., weight gain/food intake (Albarracín
et al. 2016a).

At the end of the experience, rats were anesthetized with an
intraperitoneal injection of 0.1 mg (100 g)−1 BWof ketamine
hydrochloride, with 0.1 mg (100 g)−1 BW of acepromazine
maleate. An abdominal incision was made; blood was

withdrawn from the abdominal aorta and centrifuged at
3000–3500 rpm for 20 min at 4 °C. Serum samples were
stored at −80 °C and examined within the following 3 days.
The liver was excised, weighed, divided in small portions, and
stored at − 80 °C for analysis. Cecal contents were weighed
and their pH was measured (IQ Scientific ISFET Handheld
pH/mV Meter, Cole Parmer, USA). Then, a 1/4 cecal content
dilution with 0.01 mol L−1 PBS buffer (pH 7.3) was per-
formed. Samples were shaken and centrifuged at 3000×g for
20 min and then cecal enzymes, reducing power (RP), and
total phenolic compounds (TPC) from supernatant were ana-
lyzed. An aliquot of the supernatant was combined with 4 μL
of protease inhibitor (Protease Inhibitor Cocktail P8340,
Sigma-Aldrich, USA) in order to analyze secretory IgA
(sIgA) content by ELISA. All samples were stored in freezer
at − 80 °C for later analysis. The colon section was dissected.
Sections (2 cm) of colon (proximal and distal) were routinely
processed and paraffin embedded. Sections were cut, stained
with hematoxylin and eosin (H&E), and processed for immu-
nohistochemical staining. The right femurs were removed ac-
cording to Albarracín et al. (2014).

Analytical methods

Triglycerides and total cholesterol

Pieces of 250 mg of liver were extracted with chloroform-
methanol (2:1) mixture. Aliquots were evaporated and total

Table 1 Ingredients, proximal
composition and energy of
control (C), extruded maize (M),
and extruded maize + Pyropia
columbina (MP) diets

Ingredient (g kg−1 diet) C M MP

Casein 200.0 124.6 120.9

Mineral mix (AIN-93M-MX) 35.0 34.2 34.2

Vitamin mix (AIN-93-VX) 10.0 10.0 10.0

L-Cystine 3.0 3.0 3.0

Vitamin A 1.0 1.0 1.0

Soybean oil 69.0 67.0 66.8

Choline bitartrate 71.0 71.0 71.0

Cellulose 50.0 – –

Extruded maize flour – 689.2 –

Extruded maize + Pyropia columbina flour – 693.1

Maize dextrine 561.0 – –

Composition (g (100 g)–1) C M MP

Crude protein (N × 6.25) 17.10 ± 0.26 16.74 ± 0.19 16.84 ± 0.18

Crude lipid 7.00 ± 0.02 6.99 ± 0.01 6.97 ± 0.02

Available carbohydrates 59.30 ± 0.28 59.70 ± 0.22 59.68 ± 0.25

Total dietary fiber 5.00 ± 0.14 4.80 ± 0.10 4.89 ± 0.08

Ash 2.20 ± 0.01 2.21 ± 0.07 2.33 ± 0.08

Moisture 9.40 ± 0.12 9.57 ± 0.13 9.32 ± 0.06

Energy (kcal kg−1) 3686.0 3686.7 3688.1

Data are expressed as mean ± SD (n = 3)
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cholesterol and triglycerides (TG) were analyzed using enzy-
matic methods (commercial kits: Colestat Enzimático and TG
Color GPO/PAP AA, Wiener Lab (Rosario, Argentina), re-
spectively). Serum total cholesterol and TG were determined
using the kits mentioned before.

Proteins

Protein content was determined according to Lowry et al.
(1951), using bovine serum albumin (A7906, Sigma-
Aldrich) as a standard.

Total phenolic compounds

Total phenolic compounds (TPC) of cecal content were deter-
mined according to Cian et al. (2014b), using Folin–Ciocalteu
reagent. A standard curve with serial gallic acid solutions (0–
100 mg L−1) was used for calibration. Results were expressed
as mg gallic acid equivalent g−1 cecal content.

Reducing power

The reducing power (RP) was determined according to Cian
et al. (2014a). The absorbance was measured at 700 nm. A
standard curve with ascorbic acid solut ions (0–
0.0564 mg mL−1) in phosphate buffer was used. The RP of
serum and cecal content was expressed as mg ascorbic acid
equivalent g−1 protein and mg ascorbic acid equivalent g−1

cecal content, respectively.

Cecal enzymes (mucinase, β-glucosidase,
and β-glucuronidase)

Mucinase activity of cecal content was determined according
to Shiau and Chang (1983). Reducing sugar release by en-
zyme activity was measure by the Somogyi (1952). A stan-
dard curve with glucose solutions (0–150 mg L−1), was used
for calibration. The result was expressed as μmol glucose g−1

cecal content h−1. β-glucosidase and β-glucuronidase activi-
ties of cecal content were determined according to Albarracín
et al. (2016b), using a calibration curve with p-nitrophenol as a
standard. The result was expressed as μmol p-nitrophenol g−1

cecal content h−1.

Secretory immunoglobulin A

Secretory immunoglobulin A (sIgA) of cecal content was de-
termined by ELISA (enzyme-linked immunosorbent assay)
(BD Biosciences, CA, USA). The absorbance was recorded
at 450 nmwith a microplate reader (BiochromAsys UVM340
Microplate Reader, UK). The result was expressed as μg sIgA
g−1 cecal content.

Assay of thiobarbituric acid reactive substances

Thiobarbituric acid reactive substances (TBARS) were ana-
lyzed according to Albarracín et al. (2016a) was used. The
results were expressed as μmol malondialdehyde (MDA)
g−1 protein, using MDA molar extinction coefficient
(1.56 × 105 L mol−1 cm−1). The same method was used for
serum and the results were expressed as μmol MDA g−1

protein.

Catalase, glutathione reductase, and glutathione peroxidase
activity in the liver

Liver catalase (CAT), glutathione reductase (GR), and glutathi-
one peroxidase activity (GPx) were analyzed according to
Albarracín et al. (2016a). CAT activity was calculated using the
slope of the absorbance vs. time (s) curve in a logarithmic scale
(log 10). Results were expressed as μmol s−1 g−1 protein using
H2O2 molar extinction coefficient (0.0394 L mmol−1 cm−1). GR
activity was expressed as nmol NADPH min−1 mg−1 protein
using the slope of the absorbance vs. time (s) curve, NADPH
molar extinction coefficient (3.732 nmol mL−1 cm−1), 0.6 cm
length of multi well plate, 190 μL final reaction volume, and
protein content of liver homogenate. GPx activity was calculated
using the slope of absorbance vs. time (s) curve, NADPH molar
extinction coefficient (4.354 μmol L−1 cm−1), 0.7 cm length of
multi well plate, 200 μL final reaction volume, and protein con-
tent of liver homogenate. Results were expressed as nmol
NADPH min−1 mg−1 protein.

GSSG and GSH contents

Liver GSSG and GSH contents were determined by the fluo-
rometric method according to Albarracín et al. (2016b). GSSG
and GSH contents were expressed as μg g−1 of liver. Redox
index was calculated as the ratio of GSH and GSSG.

Assessment of apoptosis

Apoptotic cells in colonic sections were detected using termi-
nal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) procedure (Gavrieli et al. 1992). In brief, colonic
sections after deparaffinization and rehydration were perme-
abilized with proteinase K (20 μg mL−1) for 15 min at 37 °C.
Thereafter, the sections were quenched of endogenous perox-
idase activity using 3% hydrogen peroxide for 10 min. After
thorough washing with PBS, the sections were incubated with
equilibration buffer for 10 min and then terminal
deoxynucleotidyl transferase reaction mixture was added to
the sections, except for the negative control, and incubated
at 37 °C for 1 h. The reaction was stopped by immersing the
sections in saline-sodium citrate buffer for 15 min. The incor-
porated biotinylated nucleotides were detected by
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streptavidin-HRP (1:500) for 30 min at room temperature, and
after repeated washings, sections were incubated with DAB
until color development (5–10 min). The sections were then
mounted after dehydration and counterstained with methyl
green. The TUNEL labeling index (%) was calculated as
the number of apoptotic cells × 100/total number of cells/
crypt column height. For the quantification of the TUNEL
labeling index at least 50 perpendicular well-oriented
crypts were examined and counted for each animal at
400× magnification. These studies were performed using
a Leica DM LB2 microscope and a digital Leica DFC 320
camera (Leica, Spain).

Inmunohistochemical staining

Before immunostaining, the sections were deparaffinized,
rehydrated, and then treated in 3% hydrogen peroxide in
methanol to inhibit peroxidase activity. They were then boiled
in a microwave oven in 0.01 mol L−1 sodium citrate buffer
(pH 6.0) for 20 min. To avoid background staining, blocking
serum was derived from the same species in which the sec-
ondary antibody had been raised. After that, the sections were
incubated with the following primary antibodies overnight at
4 °C: mouse monoclonal anti-proliferating cell nuclear anti-
gen (anti-PCNA; PC-10) (1/50; Lab Vision Corporation,
Bionova Científica SL, Madrid, Spain), rabbit polyclonal
anti-COX-2 (1/200), anti-iNOS, anti-CuZnSOD (1/200),
anti-GPx-1 (1/200), anti-GR (1/200), anti-CAT (1/200), anti-
Nrf2 (1/50), and anti-NF-κβ (Santa Cruz Biotechnology,
Quimigen, Spain). After washing with PBS, the sections were
covered for 30min at room temperature with biotinylated goat
anti-mouse or goat anti-rabbit (1:400) as secondary antibodies
(Santa Cruz Biotechnology). Immunochemical staining was
performed for 30 min using streptavidin-biotin-conjugated
horseradish peroxidase (HRP) (Sigma-Aldrich, Spain) and
visualized by incubation with 3,3′-diaminobenzidine (DAB)
(Sigma-Aldrich) for 10 min at room temperature. The sections
were counterstained with Harris’s hematoxylin, dehydrated,
and mounted. Brown color indicates specific protein immu-
nostaining and light blue color indicates nuclear hematoxylin
staining. Positive and negative controls were used during the
optimization of the methods.

For quantification of the PCNA labeling index % (LI), at
least 20 perpendicular well-oriented crypts were examined in
each animal under light microscopy at 400× magnification. LI
was calculated as the number of positive nuclei × 100/total
number of cells/crypt column height.

The staining intensity of epithelial COX-2, iNOS, SOD,
CAT, GR, and GPx expression were evaluated according to
a semi-quantitative immunohistochemical scoring system as
follows: scores 0–4: 0, none; 1, equivocal; 2, low; 3, moder-
ate; 4 and above intense. The number of nuclear Nrf2 positive
cells was quantified by a percentage score with grading

between 0 and 4: 0, no nuclear staining; 1, 1–10%; 2, 10–
30%; 3, 30–60%; and 4, 60–100% positive cells. An addition-
al evaluation was performed in which the stained cells were
attributed either to the basal, the middle, or the luminal crypt
compartments.

The crypt length was measured from H&E slices and was
determined as a distance (μm) between the basal side of the
lamina epithelialis at the bottom of the crypt and the apical
side of the lamina epithelialis at the top of the crypt. Only
crypts with an open longitudinal crypt axis were analyzed.

Total skeleton bone mineral content, bone mineral density,
apparent calcium absorption, and femur calcium content

Before the end of the experiment total skeleton bone mineral
content (BMC) and bone mineral density (BMD) were deter-
mined in vivo under light anesthesia (0.1 mg (100 g)−1 body
weight of ketamine hydrochloride + 0.1 mg (100 g)−1 body
weight of acepromazine maleate) with a total body scanner by
dual-energy X-ray absorptiometry (DXA) provided with a
specifically designed software for small animals (DPX
Alpha, Small Animal Software, Lunar Radiation Corp.,
USA) as previously described by Albarracín et al. (2014).
BMC and BMD were expressed as mg g−1 body weight and
mg cm−2, respectively.

Feces were dried under infrared light and pounded. Diets
and feces were processed by wet ash with nitric acid using
Parr bombs. Calcium concentration in diets, feces, and bones
was determined using an atomic absorption spectrophotome-
ter. In the case of femurs, the amount of calcium was
expressed as the total content (Albarracín et al. 2014).

Food intake was determined and feces were collected and
weighted during the last 3 days of the experiment and were
used to calculate apparent calcium absorption (%) as [(daily
calcium intake − fecal calcium excretion) / daily calcium in-
take] × 100.

Statistical analysis

Data were presented as the arithmetic mean ± S.E.M
(Standard Error of the Mean) for each treatment group
(n = 8). One-way analysis of variance (ANOVA) was per-
formed and the statistical differences among samples were
determined using the LSD test (least significant difference).
Significance was accepted at p < 0.05.

The data obtained of the semi-quantitative immunohis-
tochemical staining were comparatively analyzed using the
Kruskal–Wallis test and multiple comparisons were made
by applying Tukey’s test. The level of significance was set
to 5% (p < 0.05) on all tests. Results were expressed as
means with their standard errors. All statistical analyses
were performed with the Statgraphics Plus version 5.1 soft-
ware (Statgraphics, USA).
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Results

Effects on food intake and weight gain

Table 2 shows total intake, daily intake, body weight gain
(BWG), and feed efficiency of rats fed with C, M, and MP
diets. Animals fed with MP diet had lower total and daily
intake than M and C diets, resulting in a lower BWG along
60 days. However, there were no significant differences in
feed efficiency among diets.

Effect on cecum environment and colon mucosa

As shown in Table 2, rats fed with MP showed higher cecal
content, sIgA, RP and TPC than those consuming M and C
diets. In this regard, RP and TPC of MP diet was 114 and
1000% higher than that found for M and C diets, respectively.
However, rats fed with MP showed lower cecal pH and
mucinase activity than M and C diets. In spite of this, there
were not significant differences in β-glucosidase and β-
glucuronidase activity among diets.

Figure 1 shows the expression of copper zinc superoxide
dismutase (CuZnSOD), catalase (CAT), glutathione reductase
(GR), glutathione peroxidase (GPx), and Nrf2 transcription
factor in proximal and distal colon of rats fed with C, M, and
MPdiets. Rats fedwhitMP showed lower CuZnSOD and higher
CATexpression thanM and C diets (Fig. 1a, b), both in proximal
and distal colon. In addition, GR and Nrf2 transcription factor
expression increased in the proximal and distal colon, whereas
GPx expression did not change (Fig. 1c–e). Finally, SOD/CAT
ratio ofMPwas lower than that found forM andC diets (Fig. 1f).

Regarding cyclooxygenase-2 (COX-2), inducible ni-
tric oxide synthase (iNOS), and NF-κβ transcription
factor expression, there were not significant differences
between diets in proximal colon (p < 0.05), but all of
them were lower in Wistar rats fed with MP in distal
colon (Table 3). On the other hand, no significant dif-
ference in crypt depth (cells/hemicryts), proliferating
cell nuclear antigen (PCNA) and TUNEL in proximal
and distal colon of rats fed with C, M, and MP were
observed (Table 3).

Systemic effect

As shown in Table 4, the lower values of triglycerides (TG)
and total cholesterol in serum and liver corresponded to rats
fed withMP. On the other hand, MP diet showed higher serum
and liver RP than M and C diets. Also, serum and liver
TBARS of rats fed with MP diet were significantly lower than
those found for M and C (Table 4), indicating an antioxidative
environment. In line with this, rats fed with MP diet showed
higher GSH than those fed with M or C diets (Fig. 2a), GSSG
being lower than that found for C (Fig. 2b). According with
this, redox index (GSH/GSSG) obtained for MP was
significantly higher than that of M and C (Fig. 2c).
Moreover, a direct relationship between RP and redox index
(r2 = 0.99) was observed. Rats fed with MP diet presented
increased GR activity coupled with unmodified activity of
GPx (Fig. 2d, e) and higher CAT activity than M and C diets
(Fig. 2f).

As shown in Table 4, there were not significant dif-
ferences in total skeleton bone mineral content (BMC),

Table 2 Total intake, daily intake, body weight gain (BWG), feed efficiency, cecal content, cecal moisture, cecal pH, mucinase,β-glucosidase, andβ-
glucuronidase activity, secretory immunoglobulin A (sIgA), reducing power (RP), and total phenolic compounds (TPC) in rats fed with control (C),
extruded maize (M), and extruded maize + Pyropia columbina (MP) diets

Diets C M MP p value

Total intake (g 60 days−1) 948.2 ± 9.9b 978.9 ± 15.2b 735.9 ± 11.6a 0.0000

Daily intake (g day−1) 17.3 ± 0.5b 17.7 ± 0.3b 15.9 ± 0.3a 0.0006

BWG (g 60 days−1) 271.3 ± 15.9b 271.4 ± 11.0b 217.9 ± 7.9a 0.0077

Feed efficiency (g body weight g−1 diet) 0.26 ± 0.01a 0.26 ± 0.01a 0.26 ± 0.01a 0.3596

Cecal content (mg g−1 body weight) 5.54 ± 0.11a 5.23 ± 0.03a 7.32 ± 0.01b 0.0004

Cecal moisture (%) 15.33 ± 0.02a 15.61 ± 0.01a 18.32 ± 0.01b 0.0015

Cecal pH 7.06 ± 0.06c 6.74 ± 0.11b 6.35 ± 0.13a 0.0001

Mucinase (μmol glucose g−1 cecal content h−1) 100.87 ± 3.49a 97.35 ± 2.63a 33.20 ± 2.12b 0.0012

β-D-Glucosidase (μmol p-nitrophenol g−1 cecal content h−1) 3.61 ± 0.04a 3.00 ± 0.39a 3.59 ± 0.81a 0.7005

β-D-Glucuronidase (μmol p-nitrophenol g−1 cecal content h−1) 6.85 ± 0.11a 7.14 ± 0.38a 6.51 ± 0.24a 0.3781

sIgA (μg g−1 cecal content) 11.55 ± 2.32a 14.34 ± 0.84a 24.71 ± 1.96b 0.0000

RP (mg ascorbic acid g−1 cecal content) 121.50 ± 9.31a 125.90 ± 10.3a 268.97 ± 6.67b 0.0001

TPC (mg gallic acid equivalent g−1 cecal content) 0.12 ± 0.01a 0.18 ± 0.00a 1.76 ± 0.03b 0.0020

Data are expressed as mean ± SEM, (n = 8 per group). Different letters mean significant differences between samples analyzed by LSD test (p < 0.05).
Italic values indicates significance by LSD test
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bone mineral density (BMD), and apparent calcium ab-
sorption among diets. Also, there were not significant
differences in femur calcium content among diets (p
value: 0.5098), being 23.22 ± 0.57, 21.45 ± 2.65, and
22.26 ± 3.23 mg (100 g)−1 for C, M, and MP diets,
respectively.

Discussion

Effects on food intake and weight gain

Tsuge et al. (2004) found the ingestion of diet containing 5 g
sulfated galactans (100 g)−1 diet from P. yezoensis decreased
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Fig. 1 Copper zinc superoxide
dismutase (Cu Zn SOD) (a),
catalase (CAT) (b), glutathione
reductase (GR) (c), glutathione
peroxidase (GPx) (d), Nrf2
transcription factor (e), and Cu Zn
SOD/CAT ratio (f) in proximal
and distal colon of rats fed with
control (C), extruded maize (M),
and extruded maize + Pyropia
columbina (MP) diets. Data are
expressed as mean ± SEM, (n = 8
per group). Different letters mean
significant differences between
samples analyzed by Tukey’s test
(p < 0.05)

Table 3 Cyclooxygenase 2 (COX-2), inducible nitric oxide synthase (iNOS), NF-κβ transcription factor, crypt depth (cells/hemicryts), proliferating
cell nuclear antigen (PCNA), and deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) in the proximal and distal colon of rats fedwith control
(C), extruded maize (M), and extruded maize + Pyropia columbina (MP) diets

C proximal M proximal MP proximal C distal M distal MP distal p value

COX-2 (immunoreactivity score) 1.14 ± 0.24b 0.75 ± 0.25b 0.88 ± 0.30b 0.88 ± 0.13b 1.00 ± 0.17b 0.50 ± 0.19a 0.0001

iNOS (inmunoreactivity score) 1.00 ± 0.27b 1.13 ± 0.18b 1.05 ± 0.25b 1.13 ± 0.30b 1.07 ± 0.37b 0.58 ± 0.38a 0.0025

NF-κβ (inmunoreactivity score) 1.38 ± 0.65b 1.50 ± 1.27b 1.28 ± 0.63b 1.31 ± 1.16b 1.35 ± 0.30b 0.95 ± 0.84a 0.0018

CRYPT DEPTH (cells/hemicryts) 32.17 ± 1.56a 31.93 ± 0.84a 31.79 ± 1.11a 30.67 ± 1.44a 30.83 ± 1.65a 30.29 ± 1.00a 0.3320

PCNA (%) 58.56 ± 1.69b 58.39 ± 2.99b 58.60 ± 1.89b 50.15 ± 2.29a 48.97 ± 2.65a 54.96 ± 1.75a 0.3946

TUNEL (%) 0.66 ± 0.12a 1.03 ± 0.25a 0.90 ± 0.08a 0.68 ± 0.17a 0.79 ± 0.25a 0.68 ± 0.12a 0.8056

Data are expressed as mean ± SEM (n = 8 per group). Different letters mean significant differences between samples analyzed by Tukey’s test (p < 0.05).
Italic values indicates significance by LSD test
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Table 4 Triglycerides (TG), total cholesterol, thiobarbituric acid
reactive substances (TBARS), and reducing power (RP) in serum and
liver weight; triglycerides (TG), total cholesterol, redo index
(GSSG/GSH), and reducing power (RP) in liver and apparent calcium

absorption; total skeleton bone mineral content g−1 body weight (BMC);
and bone mineral density of total body (BMD) of rats fed with control
(C), extruded maize (M), and extruded maize + Pyropia columbina (MP)
diets

Diets p value

C M MP

Serum TG (g L−1) 0.85 ± 0.01b 0.87 ± 0.01b 0.16 ± 0.01a 0.0001

Total cholesterol (g L−1) 0.46 ± 0.06b 0.49 ± 0.04b 0.21 ± 0.03a 0.0015

TBARS (nmol malondialdehyde g−1 protein) 57.2 ± 4.2b 57.8 ± 1.9b 39.4 ± 2.2a 0.0002

RP (mg ascorbic acid equivalent g−1 protein) 1.20 ± 0.1a 1.21 ± 0.1a 2.01 ± 0.1b 0.0022

Liver TG (μmol g−1 tissue) 30.76 ± 1.30c 25.43 ± 2.16b 20.10 ± 1.15a 0.0012

Total cholesterol (mg g−1 tissue) 7.78 ± 0.32c 6.40 ± 0.20b 5.13 ± 0.32a 0.0002

TBARS (nmol malondialdehyde g−1 protein) 225.2 ± 5.5b 206.4 ± 8.5b 152.5 ± 5.8a 0.0001

RP (mg ascorbic acid equivalent g−1 protein) 18.1 ± 1.2a 21.3 ± 0.6a 28.6 ± 1.2b 0.0010

Calcium balance BMC (mg g−1 body weight) 11.79 ± 0.46a 10.28 ± 2.62a 11.32 ± 3.40a 0.6558

BMD (mg cm−2) 259.75 ± 2.09a 258.17 ± 4.22a 259.13 ± 7.02a 0.9141

Apparent calcium absorption (%) 72.71 ± 6.62a 71.45 ± 6.97a 67.27 ± 10.19a 0.5597

Data are expressed as mean ± SEM, (n = 8 per group). Different letters mean significant differences between samples analyzed by LSD test (p < 0.05).
Italic values indicates significance by LSD test
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Fig. 2 Glutathione content
(GSH) (a), glutathione disulfide
content (GSSG) (b), redox index
(GSH/GSSG) (c), glutathione
reductase activity (GR) (d),
glutathione peroxidase activity
(GPx) (e), and catalase activity
(CAT) (f) in the liver of rats fed
with control (C), extruded maize
(M), and extruded maize +
Pyropia columbina (MP) diets.
MDA:malondialdehyde. Data are
expressed as mean ± SEM, (n = 8
per group). Different letters mean
significant differences between
samples analyzed by LSD test
(p < 0.05)

J Appl Phycol



food intake and body weight gain respect to control diet
(cellulose) in Sprague-Dawley rats. Similar results were found
by Dvir et al. (2000) who investigated the effects of 6.7 g
dietary f iber (100 g)−1 die t f rom red microalga
Porphyridium sp. on gastrointestinal physiology and lipid me-
tabolism in male Sprague-Dawley rats. They observed signif-
icantly lower weight gain in polysaccharide-fed rats with re-
spect to control (cellulose), attributing this effect to the high
viscosity of the intestinal contents following food consump-
tion. Thus, the increased viscosity from gel formation with
some algae-polysaccharides may promote satiety with de-
layed gastric emptying, increased viscosity of digest and
slowed nutrient absorption in the small intestine (Kumar and
Brown 2013). Taking into account that the main sulfated
galactans of P. columbina are porphyrans (Cian et al.
2014b), the lower food intake and BWG in rats fed with MP
could be due to satiating effects of these polysaccharides.

As mentioned before, there were not significant differences
in feed efficiency among diets. This also was observed by
Gudiel-Urbano and Goñi (2002) who studied the effect of
edible seaweeds (Undaria pinnatifida and Pyropia ternera)
on metabolic activity of intestinal microflora in rats fed with
diets supplemented with cellulose, Nori, or Wakame.

Effect on cecum environment and colon mucosa

The increase in cecal content of rats fed with MP is due to the
high amount of water held by the cecum content in compari-
son with M and C diets, being cecal moisture of MP higher
than that found for M and C diets. Diets supplemented with
red seaweed such asMastocarpus stellatus (3.2 g dietary fiber
(100 g)−1 diet) and P. tenera (5 g dietary fiber (100 g)−1 diet)
showed considerable in vivo water retention and swelling ca-
pacity (Gudiel-Urbano and Goñi 2002; Gómez-Ordóñez et al.
2012), increasing weight and moisture of cecal content in
seaweed-fed rats than control (cellulose). These hydrating
properties were associated to the soluble fiber provided by
red seaweeds (sulfated galactans). Thus, the higher moisture
of MP cecal content could be associated to dietary fiber of
P. columbina mainly composed by porphyrans and carra-
geenans as soluble fiber (Cian et al. 2014b). Other diets con-
taining red and brown seaweeds such as Gigartina pistillata,
Himanthalia elongata, and Saccharina latissima produced
similar effects in cecal parameters of Wistar rats (Villanueva
et al. 2014; Jiménez-Escrig et al. 2013). On the other hand, the
reduction of cecal pH in rats fed with MP could be associated
to short chain fatty acids (SCFAs) production from colonic
fermentation such as acetate, propionate, and butyrate.
Jiménez-Escrig et al. (2013) found SCFAs in the cecum were
significantly higher in the seaweed-fed group than in the con-
trol. Also, molar proportions of both acetic and propionic were
significantly higher in the seaweed-fed group than in the con-
trol (29.8 ± 5.7 and 15.8 ± 2.4 vs. 10.6 ± 1.6 and 19.9 ± 1.6%,

respectively). Similar results were found for healthy Wistar
rats fed with red seaweed M. stellatus, the molar proportion
of acetate and propionate being significantly higher than for
the control (Gudiel-Urbano and Goñi 2002; Gómez-Ordóñez
et al. 2012). Thus, seaweed diet modulated the distribution of
SCFAs through promotion of a relative increased level of
acetic and propionic acids in the cecum, reducing intraluminal
pH (Villanueva et al. 2014).

Differences found in the activity of cecal enzymes
(mucinase, β-glucosidase, and β-glucuronidase) among diets
can be due to the type of fiber provided by red seaweed. In this
regard, the type and fermentation of dietary fiber can affect the
composition of colonic microbiota and modify the fermenta-
tive activity of bacteria (Gómez-Ordóñez et al. 2012). In
agreement with this, Gudiel-Urbano and Goñi (2002) reported
a significant decrease ofβ-glucuronidase, azoreductase, nitro-
reductase, and nitrate reductase in rats fed with brown sea-
weed U. pinnatifida diet respect to the cellulose-fed group
(control). However, the intake of red seaweed P. tenera diet
did not affect β-glucosidase activity.

It is noteworthy that mucinase hydrolyses the protective
mucin coat in the intestinal wall and exposes the underlying
mucosa to the luminal carcinogens that are released by β-
glucuronidase activity. Thus, increased gut microfloral β-
glucuronidase and mucinase activity are considered pre-
cancer events associated with increased risk of colon cancer
(Devasena and Menon 2003; Goñi et al. 2005). Therefore, a
reduction of mucinase activity could be associated with a ben-
eficial effect on the intestinal environment. Sulfated galactans
such as porphyrans from red seaweeds are considered as po-
tential prebiotics, since they escape digestion in the small in-
testine, but undergo bacterial fermentation in the bowel, thus
beneficially affecting the intestinal microbiota (Kumar and
Brown 2013; Macfarlane et al. 2006). The administration of
whole red seaweeds (Sarcodiotheca gaudichaudii and
Chondrus crispus) to chicken has been described to affect
the intestinal mucosa, enhancing villus height and villus sur-
face area, as well as the intestinal microbiota, increasing the
abundance of beneficial bacteria (e.g., Bifidobacterium
longum and Streptococcus salivarius) and, importantly, reduc-
ing the prevalence of Clostridium perfringens. These micro-
biota modifications were accompanied by higher SCFAs con-
centrations, pointing to an overall prebiotic effect of the sea-
weeds (Kulshreshtha et al. 2014). In line with this, MP diet
increased sIgA respect to M and C diets, which could imply a
beneficial effect on intestinal mucosal barrier function. Similar
results were found for pigs fed with seaweeds (Katayama et al.
2011). In these works, the beneficial effect on intestinal mu-
cosal barrier function was associated to an increase in sIgA by
activation of gut immunity.

MP diet had higher contents of TPC thanM and C diets (69
vs. 34 and 0 mg gallic acid equivalent (100 g)−1 diet for MP,
M, and C, respectively). Furthermore, iota, kappa, and lambda
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carrageenans from red seaweeds have in vitro and in vivo
antioxidant activities (Cian et al. 2014b; Gómez-Ordóñez
et al. 2012; Jiménez-Escrig et al. 2012). Thus, the antioxidant
capacity (RP) found in cecum could be related to phenolic
content and sulfated polysaccharides from red seaweed
P. columbina. A similar effect was found for Wistar rats fed
with diets containing red and brown seaweed such as
M. stellatus and S. latissima, respectively (Gómez-Ordóñez
et al. 2012; Jiménez-Escrig et al. 2013). Since a high exposure
to exogenous reactive oxygen species is described in the gut
environment, it is likely that an increase of RP in this com-
partment would have a positive health influence (Jackson
et al. 2002). Overall, these results suggest that the use of
P. columbina as a source of dietary fiber with antioxidant
compounds such as polyphenols would promote a beneficial
reducing environment inside the cecum.

López-Oliva et al. (2013) evaluated the effect of grape an-
tioxidant dietary fiber on oxidative environment of the distal
colonic mucosa in Wistar rats. They found a reduction in the
activities and expression of SOD and suggested that polyphe-
nols from grape antioxidant dietary fiber possibly elicits a
decrease in the dismutation of O2

− to H2O2 in the colonic
mucosa and improved the content and activity of cytosolic
CAT, increased GR activity and expression and did not mod-
ified GPx activity in colonic mucosa, indicating that induction
of CAT could be an important mechanism whereby grape
antioxidant dietary fiber acts to reduce H2O2 in mucosa of
treated rats. Taking into account that TPC of MP was higher
than the other diets, the diminution of CuZnSOD expression
coupled with the increased GR and CAT expression, and un-
modified GPx expression could be due to phenolic com-
pounds from P. columbina, yielding a system that can elimi-
nate H2O2 faster than it is formed. In agreement with this, Nrf2
transcription factor expression in proximal and distal colon of
rats fed with MP was higher than other diets. This transcrip-
tion factor regulates the inducible expression of numerous
detoxifying and antioxidant genes. It binds to a specific
DNA sequence known as ARE (antioxidant response ele-
ment) that can be activated by several electrophiles com-
pounds of diverse chemical nature (Königsberg Fainstein
2007). These results suggest that MP diet upregulates the ex-
pression of antioxidant enzymes. In agreement, SOD/CAT
ratio of MP was lower than that found for M and C diets,
indicating an enhancement of the antioxidant status of rat co-
lonic mucosa at proximal and distal colon levels.

NF-κβ increases expression of the genes for many cyto-
kines, enzymes, and adhesion molecules, one of them is for
iNOS. The expression of this enzyme is increased in colonic
epithelial cells in patients with ulcerative colitis reflected by
an increased amount of nitric oxide. COX-2, another inducible
enzyme regulated by NF-κβ, is responsible for the increased
production of prostaglandins and thromboxane in inflamma-
tory diseases (Barnes and Karin 1997). It has been shown that

red seaweed compounds such as porphyrans and proteins ex-
ert anti-inflammatory effects. Protein fractions of
P. columbina exert induction of anti-inflammatory IL-10 se-
cretion in isolated macrophages and T lymphocytes (Cian
et al. 2012). Also, a glycoprotein isolated from P. yezoensis
inhibits pro-inflammatory cytokine (TNF-α and IL-1β) pro-
duction in LPS-stimulated RAW 264.7 mouse macrophages.
This effect was accompanied by the inhibition of NO and
ROS production and expression of iNOS and COX-2
(Perez-Recalde et al. 2014). Furthermore, porphyrans from
P. yezoensis and P. tenera inhibit the expression of iNOS in
LPS-stimulated RAW264.7 cells, indicating an anti-
inflammatory activity (Jiang et al. 2012; Isaka et al. 2015).
In this way, the lower cyclooxygenase-2 (COX-2), inducible
nitric oxide synthase (iNOS) and NF-κβ transcription factor
expression in distal colon of rats fed with MP, could indicate
an anti-inflammatory effect in this portion of colon exerted by
porphyrans and proteins of P. columbina.

Finally, crypt depth (cells/hemicryts), proliferating cell nu-
clear antigen (PCNA) and TUNEL in proximal and distal
colon were unaffected by the type of diet, indicating a balance
between proliferation and epithelial cell death to maintain tis-
sue homeostasis.

Systemic effect

Consumption of soluble fiber from seaweeds is associated
wi th changes in l ip id metabo l i sm, inc lud ing a
hypocholesterolemic effect (Figueiredo et al. 2016). The re-
sults obtained in this study could indicate that soluble fiber
provided by P. columbina produce a lipid-lowering effect. In
this regard, the sulfated polysaccharides from Ulva pertusa
reduced serum TG, total cholesterol, and low-density lipopro-
tein cholesterol (LDL-cholesterol) in mice. Moreover, poly-
saccharides from red microalga Porphyridium sp. had a
hypocholesterolaemic effect (Dvir et al. 2000). Also,
Gómez-Ordóñez et al. (2012) reported seaweed intake for
28 days reduced significantly serum and liver TG and total
cholesterol in healthy rats fed with red seaweed M. stellatus,
generating a beneficial effect on lipid metabolism respect to
control (cellulose). The significant decreases of TG and total
cholesterol were attributed to via propionate synthesis by
colonic fermentation. Also, Villanueva et al. (2014) found
the intake of red seaweed G. pistillata diminished the hepatic
TG. Finally, the intake of extruded maize added with red sea-
weed P. columbina diet for 60 days produced a beneficial
effect on lipid metabolism in healthy growing Wistar rats.
Nevertheless, more research is needed in order to elucidate
the lipid-lowering mechanism.

Rats fed with MP produced antioxidative environment in
serum and liver. In this way, it has been suggested that poly-
phenols from seaweeds can reduce the in vivo formation of
reactive species (Iwai 2008), modifying the enzymatic
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antioxidant system (Kim et al. 2008; Figueiredo et al. 2016).
This was also observed in our work, where the enzymatic
activity of GR and CATwas modified, increasing redox index
(GSH/GSSG). This would suggest that phenolic compounds
from MP after gastrointestinal digestion could be potentially
bio-accessible. Note that epicatechin and gallic acid are the
most abundant phenolic compounds of P. columbina (Cian
et al. 2012). In this regard, Cian et al. (2014a) reported that
extruded maize product added with red seaweed P. columbina
showed higher in vitro dialyzability of TPC (0.83 vs.
0.77 mg gallic acid g−1 dialysate) and antioxidant capacity
(36.6 vs. 17.2% DPPH inhibition, 2.4 vs. 2.15 mM TEAC,
45.7 vs. 27.7 mg ascorbic acid L−1 reducing power and 99.4
vs. 79.8% copper-chelating activity) than extruded maize
product (M diet). The highest antioxidant capacity of MP di-
alyzed was attributed to polyphenols and peptides provided by
P. columbina. Therefore, as mentioned before, phenolic com-
pounds and peptides released or generated fromMP after gas-
trointestinal digestion would be bio-accessible and could exert
a systemic antioxidant effects.

Effect on total skeleton bone mineral content, bone mineral
density, apparent calcium absorption, and femur calcium
content

Rats fed with MP diet showed lower cecal pH, indicating that
some fermentation took place, but this was not enough to
increase Ca absorption and bioavailability measured as bone
mineral density. Similar results were found by Villanueva
et al. (2014) in hypercholesterolemic Wistar rats fed with red
seaweed G. pistillata. They found the mineral balance of
Gigartina-fed rats was unaffected, and there were no signifi-
cant difference in the apparent absorption and true retention of
Ca and Mg. On the other hand, the femur is a representative
bone tissue because it is subject to fair remodeling by the
ongoing exercise stimulus (Albarracín et al. 2014). Our results
showed that the intake of MP diet did not modify femur cal-
cium content.

Conclusions

We have demonstrated a diet containing extrudedmaize added
with a low level of red seaweed P. columbina (3.5 g 100 g−1)
exerted a significantly antioxidant effect on colon mucosa,
serum, and liver in growing Wistar rats. Also, a beneficial
effect on intestinal mucosal barrier function was observed,
manifested as a reduction in cecal pH, mucinase activity, and
COX-2, iNOS and NF-κβ transcription factor expression cou-
ple with an increase of sIgA. Interestingly, extruded maize
product diet without P. columbina showed similar results to
those found for control diet, indicating that the type of dietary
fiber and phenolic compounds from P. columbina could

promote several health benefits in growing Wistar rat model,
validating the in vitro results previously observed. Further
research on human trials need to be undertaken before any
health claims for extruded maize product added with red sea-
weed P. columbina as functional foods.
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