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Flaxseeds are a significant dietary source of a-linolenic acid, dietary fibre and lignans. The aim of
this review is to describe current knowledge concerning the therapeutic and physiological effects of
dietary flaxseeds on the gastrointestinal system. We reviewed in vitro, in vivo and clinical studies pub-
lished between 1976 and 2016 and examining the gastrointestinal activity of lignans, omega-3 fatty
acids and fibre in dietary flaxseeds. We searched PubMed/MEDLINE using the keywords ‘lignans’,
‘flaxseeds’, ‘fibre’, ‘omega 3 fatty acids” and ‘gastrointestinal’ alone or combined. The results indicate
that flaxseed lignans and omega-3 fatty acids may be effective for preventing and reducing colon can-

cer, modulating constipation and diarrhoea through the synergic activity of lignans, fibre and omega-3
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fatty acids, and reducing bowel inflammation through downregulation by omega-3 fatty acids of the

expression of pro-inflammatory cytokines. In addition, a positive effect on the gut microbiota has been observed both in experimental in vivo

studies and in clinical trials, probably through lignan activity, although the exact mechanism of action has not been elucidated. Our review

suggests dietary flaxseeds may have beneficial effects on the gastrointestinal system.

Introduction

Oestrogens bind oestrogen receptors (ERs), displaying dif-
ferent effects in different target cells and tissue. Oestrogen
biosynthesis by the ovaries is reduced with ageing, with
some withdrawal symptoms seen during menopause [1]. To
reduce these side effects (hot flushes, vaginal atrophy, skin
and adnexa dystrophy, bone loss and changes in cardiovas-
cular and metabolic function), hormone replacement thera-
py (HRT) or botanical dietary supplements which simulate
oestrogen activity are prescribed. However, HRT involves
some risks such as the development and/or progression of
breast and uterine cancer.

Phytoestrogens, a group of oestrogen-like naturally de-

rived compounds [2, 3] found in animal and human food
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[4, 5], are becoming very popular because they bind ERs
with weak oestrogenic activity potential [6], thus possibly
increasing breast cancer risk. However, their agonistic activ-
ity competes with their very active oestrogenic activity to
produce an antioestrogenic effect [7]. Hence, they could
protect against premenopausal breast cancer but increase
breast cancer risk after the menopause [8].

The two main classes of phytoestrogens found in the human
diet are isoflavones (daidzein, genistein and glycitein) and
lignans (enterodiol and enterolactone). The isoflavone daid-
zein can be metabolized by intestinal bacteria into O-des-
methylangolensin (ODMA) and, in approximately 30-50%
of individuals, into equol. Isoflavones are primarily found
in soy and soy products, while lignans are found in cereals,
flaxseeds, nuts, coffee, tea, fruit and vegetables [9, 10].
Flaxseeds (Linum usitatissimum), also known as linseeds,
are flat, oval-shaped seeds with a pointed tip, ranging in
colour from deep brown (usually of Canadian origin) to
light yellow (golden; usually of US origin). Seed colour is
determined by the amount of pigment in the seed coat.
Brown and golden flaxseeds have a similar nutrient profile
and differences between them are probably a result of dif-
ferences in environmental and growing conditions rather

than seed colour [11].
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Flaxseeds are the main source of a-linolenic acid (ALA) and
the richest dietary source of lignans [12]. The availability of
a rich source of ALA has recently led to investigations of the
potential value of flaxseeds in the human diet [13]. Flax-
seeds are also an important source of dietary fibre (35-45%),
with the proportion of soluble to insoluble fibre varying be-
tween 1:4 and 2:3 [14]. Flaxseeds are sold as whole seed,
ground seed and partially defatted flaxseed meal (PDFM),
with PDFM containing the highest content of dietary fibre in
common forms of flaxseeds [15].

In addition, the lignans entenolactone and enterodiol are
metabolized by microbiota and may have anticancer effects
[16-18].

Flaxseeds contain approximately 30% dietary fibre, one
third of which is water soluble. The majority of the water-sol-
uble fibre belongs to a group of heterogenic polysaccharides
consisting of neutral arabinoxylans and highly acidic rham-
nose-containing polysaccharides present on the outside of
the seed coat (the mucilage), which form highly viscous
solutions when mixed with water [19]. Consequently, these
polysaccharides are easily extractable using only water, and
have been effective in reducing the digestibility of fat [20,
21] and in improving faecal fat excretion [22]. In addition,
the soluble fibre, mainly in the form of mucilage, forms a
gel-like substance in contact with water and may contribute
to stool softening, while the insoluble fibre is assumed to
be responsible for the faecal bulking effect observed with

flaxseed use [11].

Aim and searching criteria

We reviewed in vitro, in vivo and clinical studies published
between 1976 and 2016 on the gastrointestinal effects of lig-
nans, omega-3 fatty acids and fibre in dietary flaxseeds. We
searched PubMed/MEDLINE, using the keywords ‘lignans’,
‘flaxseeds’, ‘fibre’, ‘omega 3 fatty acids’ and ‘gastrointesti-
nal’ alone or combined. This review aims to describe current
knowledge concerning the therapeutic effects of flaxseeds
on the gastrointestinal system, their physiological mecha-
nism of action in specific pathological conditions, and fu-

ture therapeutic perspectives.
Results and Discussion

Flaxseeds in colon cancer

Different classes of lignans have been shown to inhibit tum-
origenesis [23, 24]. Among these, nordihydroguaiaretic acid
(NDGA), a well-known lignan from the resinous exudate of

the creosote bush (Larrea tridentata (DC.) Coville, Zygophyl-

laceae) has been shown to prevent both activation of carcin-
ogens and tumour promotion in mouse skin [23, 25] and the
bladder [26], and it has been suggested that this effect may
extend to colorectal cancer [27]. The development of colo-
rectal cancer may be influenced by oestrogenic exposure, so
phytoestrogens may act through hormonal mechanisms to
reduce cancer risk by binding to ERs [28] or interacting with
enzymes involved in sex steroid biosynthesis and metabo-
lism [29]. The main in vitro and in vivo experimental studies
are summarized in Table 1, while clinical studies on dietary
flaxseed application and evidence are described in Table 2.
Sung et al [30] demonstrated that at 100 pM concentra-
tion, the lignans enterolactone and enterodiol significantly
reduced the proliferation of four human colon tumour cell
lines (LS174T, Caco-2, HCT-15, T-84) after 8-10 days of
incubation, but with a major specificity for enterolactone,
which was more than twice as effective as enterodiol at the
same concentration.

Furthermore, an experimental in vivo study evaluated the
effects of feeding flaxseed oil and flaxseed meal on azox-
ymethane (AOM)-induced aberrant crypt foci (ACF) in Fis-
cher 344 male rats [31]. Study rats were divided into seven
groups and were fed an AIN 93G diet (control, C), C+7% or
14% soybean oil, C+7% or 14% flaxseed oil, or C+10% or
20% flaxseed meal. At 7 and 8 weeks of age, all rats then re-
ceived 16 mg/kg body weight of AOM. After euthanasia with
CO, at 17 weeks of age, results indicated that flaxseed meal
and flaxseed oil reduced the incidence of ACF, which are
putative precursor lesions in colon cancer, in the distal co-
lon by 88% and 77% and in the proximal colon by 86% and
87%, with total reductions of 87.5% and 84%, respectively.
Glutathione-S-transferase (GST) activity was significantly
(p<0.05) higher in rats fed C+7% and 14% flaxseed oil and
C+10% and 20% flaxseed meal, as compared to rats fed
C+7% and 14% soybean oil diets. These findings confirmed
that flaxseed oil and flaxseed meal reduced the incidence of
AOM-induced ACF formation and may therefore be effective
chemopreventive agents.

Bommareddy et al [32] investigated the effects of dietary
flaxseeds versus corn meal on the development of colon
cancer. Forty-eight male Fischer rats were divided into two
groups of 24 each, and their diet was supplemented with
either 15% corn meal or 15% flaxseed meal. The authors
induced carcinogenesis by subcutaneous injection of AOM
(15 mg/kg) once a week for 3 consecutive weeks. After 35
weeks, the site, size and number of tumours were noted and
the fatty acid composition of the gastrointestinal tract was

analysed.
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Table 1 - In vitro and in vivo studies of dietary flaxseed supplementation

Applica- T f th T f D i f
Reference pplica ype of the ype o ose and time o Outcomes
tion study control treatment
Sﬁfgztrzgn_tacl(;ﬂm l??hsf}? Zzzie:r:trzlt'loo-n Significant reduction in proliferation of the four human colon
Sung Antitumour TReT CZ“ lines Not available Iactonegand enterodiol: | tumour cell lines, but with a major specificity for enterolacto-
et al (1998) [30] activity (LS174T, Caco-2 810 10- da incubatior; ne, which was more than twice as effective as enterodiol at the
HCT1 5/T-84) ! period Y same concentration
Experimental in All rats received 16 Flaxseed meal and flaxseed oil reduced the incidence of
vivo study; Fischer |AIN 93G diet |mg/kg body weight of  |aberrant crypt foci (ACF), which are putative precursor lesions
Colon 344 male rats; (control, C)  |azoxymethane (AOM) at|in the development of colon cancer in the distal colon by 88%
Williams et al cancer C+7% and 14% group, C+7% |7 and 8 weeks of age to |and 77%, in the proximal colon by 86% and 87% with a total
(2007) [31] revention flaxseed oil group |and 14% induce carcinogenesis. |reduction of 87.5% and 84%, respectively. Glutathione-S-
p and C+10% and soybean oil  |Supplementation for 17 |transferase (GST) activities were significantly (p<0.05) higher
20% flaxseed meal |group weeks (see details for |in rats fed C+7% and 14% flaxseed oil and C+10% and 20%
group each group) flaxseed meal, as compared to rats fed C+ soybean oil diets.
Experimental in All rats received subcu- A R .
e e a——y e —— Colon cancer incidence, multiplicity and tumour size were
’ 0, o, 2
Colon male Fischer rats;  |supplemented |AOM (15 mg/kg) once a LU A 265, o2 et 013, G 44.'4 e B3 e (i e
Bommareddy . b - corn and flaxseed meal groups, respectively. The flaxseed meal
cancer experimental group |with 15% week for 3 consecutive i . .
et al (2006) [32] prevention |supplemented with |corn meal diet|weeks to induce carci- group exhibited hlgher _]evels of omega-3 fatty ac@s. (.:.OXJ
15% flaxseed meal |(24 rats) e and COX-2 expression in the flaxseed group was significantly
diet (24 rats) eitnm Fop ’35 weeks lower (p<0.05) as compared to the corn group
Sii/%e;[t?;n.tgl lrr; o Flaxseed significantly reduced crypt multiplicity (10.50+3.5)
Dawle r);;,ts-pexge- Carcinogenesis was compared with TNDF treatment (34.00+11.0); flaxseed indu-
Colon X Y ra; p Non-supple- |induced by injections  |ced the expression of p53 and p21, whereas TNDF triggered
Hernandez-Salazar rimental groups:
etal (2013) [33] | Cancer flaxseed aroun and mented group |of AOM; 2 tablespoons |the p21-independent expression of p53; TNDF induced mito-
prevention - non%di epstible (AOM group); |of flaxseed daily and 2 |chondrial apoptosis because the TNDF+AOM group exhibited
fraction (TNgDF) tablespoons of TNDF  |increased caspase-3 expression, decreased bcl-2 expression
group and increased bax expression
Experimental in Control . l d sionificantly d d |
vivo study; male in  |groups: con- Dietary flaxseed significantly decreased (p<0.05) colon cancer
A | size and number of foci compared to controls; lignans were
Colon Apc(Min) mice; ex- |trol (AIN-93M X X
Bommareddy cancer erimental groups: |meal), com | Not available detected in the serum and colon samples in the flaxseed meal
et al (2009) [34] . p Sroups: ! group, and COX-1 and COX-2 expression in the gut biopsies
prevention |flaxseed meal and |meal and corn ey
. . were significantly lower (p<0.05) as compared to the corn
flaxseed oil supple- |oil supple- meal aro
mented diets mented diets sroup
4 Weeks: BD, BD sup- Specific and total activities of beta-glucuronidase in the
lementéd w,ith 5 50? caecum were significantly related to the levels of flaxseed
Colon Experimental in Control group: };00/ or 10.0% fI{;xs;:d (r=0.539, p<0.008 and r=0.599, p<0.002, respectively) and
Jenab et al (1999) cancer vivo study; seven  |basal high-fat O‘r BIOD with .daiol va e/ SDG (r=0.567, p<0.007 and r=0.435, p<0.04, respectively).
[35] . groups of 6 female |(20%) diet f Y 8avag Urinary mammalian lignan excretion also increased with
prevention of 0.75,1.50r3.0mg |, ing fl lovel h ionifi Iv re-
rats (BD) group of secoisolariciresinol | increasing axseed or SDG levels and thus was significantly re:
diglycoside (SDG) lated to the specific activity (r=0.38, p<0.017) and total activity
&Y (r=0.429, p<0.007) of beta-glucuronidase
:E:Bie\:)m;:;al' guspt’i)le;/en;sgtznol/}/[th M- and H-PDFM significantly increased small intestinal transit
o et atedyr;muse T (v.v/\;)/ arotia[l defaotted rates in the constipation model mice; the overall amount of ad-
Xu et al (2012) [12] tion p modelp(induced se arou flaxsee%s me;/I (PDFM ministered PDFM markedly shortened the time to defecation;
by atropine-dinhe- group (L., M- and H-PDFM)) M- and H-PDFM significantly increased stool frequency and
ngxy]atpe) p for/14 tevs weight in both normal and constipation model mice
Flaxseeds reduced the diarrhoeal score in mice by 39%,
0, 0,
Palla et al (2015) | . Experimental in D, 2 S | Dol B2 et el 67 (00, STleel Sty
(44] Diarrhoea Vivo studv: mice Normal mice K respectively, the intestinal secretions from insulated gut loops
i J by 24.12%, 28.09% and 38.8%, and intestinal motility by
31.66%, 46.98% and 56.2%
Cheshmehkani .CO[O“ E?<per|men.tal, n . Increased colon free-fatty acid receptor-4 (FFAR4) expression;
inflamma-  |vivo study; Sprague- |Control diet |7 Weeks ; )
etal (2015) [48] tion i reduction of TNF-o. expression
g‘gqtg; F:;] Bzoelilr:;g Colon Experimental, in
—— (2’014) inflamma-  |vivo study; C57BL/6 |Control diet |10% flaxseed diet Increased inflammatory bowel disease activity index
150] tion mice
Turnover Increased crypt depth in comparison with both groups supple-
. mented with sunflower oil (p<0.05 and p<0.001, respectively)
of both Experimental, h ing dav. Signifi d in villus heigh
it in vivo study; on the weaning day. Significant decrease in villus height ;
Jonecova et al aEd lamina |piglets fed w,ith Normal diets Flaxseed diet; from 10 |(p<0.01) and crypt depth (p<0.01) 21 days after weaning in
(2015) [54] ronria Eagxseed dietand a |sunflower ol days before to 21 days |comparison with the sunflower oil group. Significantly higher
Eellrs) of flaxseed+sunflower after weaning proliferative activity in the mucosal connective tissue, in the
ey group with flaxseed supplementation in comparison with the
the colon |oil diet ) .
mucosa sunflower oil group was observed on the day of weaning, as

well as 3 days later (both p<0.05)
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s Type of Dose and time of
Reference | Application | Type of the study control treatment Outcomes
4 Weeks; 14 patients
received two tablespo-
Open randomized ons of whole flaxseeds | Patients fed whole flaxseeds did not reach statistical
C controlled trial; 40 daily; 13 patients re- significance versus ground flaxseeds (p=0.62), whole flaxseeds
ockerell et — ) No flaxseed . )
Constipation | patients affected ) ceived two tablespoons | only (p=0.12) and ground flaxseeds only (p=0.10) regarding
al (2012) [11] L diet . . . .
by irritable bowel of ground flaxseeds improvement in symptom severity and changes in stool fre-
syndrome (IBS) daily;13 subjects quency or consistency
did not receive any
flaxseeds as control
Phase III,
randomized,
placebo-controlled, A flaxseed bar (provi-
Pruthi Postmeno- double-blind trial; 8 P! Significant reduction in hot flashes of 50% in patients treated
ruthi et al Placebo ding 410 mg of lignans) | = . . . .
(2012) [47] pausal hot 188 postmenopau- s o e e with flaxseefi balf, gastrointestinal side effects were probably
flashes sal women with K due to the high fibre content (20%) of the flaxseed bar
or without breast WeeKs
cancer affected by
hot flashes
6 Weeks; daily intake | Reduction in serum C-peptide and insulin release during an
Gut micro- Randomized Lactobacillus | of either L. paracasei oral glucose tolerance test (p<0.05) and improved insulin
Brahe et a/ biota modu- controlled trial; 58 | paracesei F19 | F19 (9.4 x 10'° colony- | sensitivity measured by the Matsuda index (p<0.05) in the
(2015) [53] lation obese postmeno- group; place- | forming units), flaxseed | flaxseed group. Quantitative modifications of 33 metageno-
pausal women bo group mucilage (10 g) or mics species (p<0.01), including decreased relative abundan-
placebo ce of eight Faecalibacterium species in the flaxseed group
Increase in blood enterolignans; significant increase in faecal
excretion of propionate and glycerol; diversity and composi-
Modulation tion of dominant faecal bacteria remained individual specific
Lagkouvardos | of gut faecal Ob . 1 Week of flaxseed throughout the study. Enterolactone production was linked to
) servational non- | No control ) ) . .
etal (2015) | species and trolled stud o supplementation (0.3 g/ | the abundance of two molecular species (Ruminococcus bromii
[55] blood meta- | <" uay group kg/day flaxseeds) and Ruminococcus lactaris); the relative sequence abundance
bolites of one Gemmiger species (Ruminococcaceae) and of Copro-
coccus comes (Lachnospiraceae) correlated positively with
blood levels of LDL cholesterol and triglycerides, respectively

Table 2 - Clinical studies of dietary flaxseed supplementation

Expression of cyclooxygenase (COX)-1 and COX-2 and se-
rum and colon concentrations of lignans were also investi-
gated. Tumours were found in 82.6% and 29.4% of the corn
meal and flaxseed groups, respectively. There were an aver-
age of 1.3 and 0.3 tumours with an average size of 44.4 and
5.3 mm?, respectively, in the two groups. Higher levels of
omega-b6 fatty acids were found in colon and serum samples
from the corn meal group, while higher levels of omega-3
were found in the flaxseed group, in addition to a significant
reduction in COX-1 and COX-2 expression (p<0.05). Aug-
mentation of omega-3 fatty acids and a reduction in COX-
1 and COX-2 levels by lignans and omega-3 fatty acids in
dietary flaxseed meal may be effective for preventing colon
cancer.

A further study investigated the effect of two tablespoons of
flaxseed daily and its total non-digestible fraction (TNDF)
on the expression of genes involved in AOM-induced colon
cancer in Sprague-Dawley rats [33]. Results suggest an asso-
ciation between cell cycle gene expression and the antioxi-
dant activity of dietary flaxseed in colon cancer prevention.
Specifically, flaxseed was more effective for preventing co-
lon cancer by reducing crypt multiplicity compared to TDNF
treatment (10.50+3.5 and 34.00+11.0, respectively). The
flaxseed and TNDF diets induced cell cycle arrest but in dif-

ferent ways: while flaxseed activated the expression of p53
and p21, the TNDF diet induced p21 independently of p53
expression. Moreover, the unusual expression of apoptosis-
related genes (e.g., an increase in caspase-3 and a reduction
in bcl-2) found in the TNDF+AOM-treated group suggested
mitochondrial apoptosis was induced by the TNDF diet.

A review by Bommareddy et al [34] confirmed colorectal
cancer was prevented by dietary flaxseed in the AOM mouse
model by augmenting colon levels of lignans and reducing
expression of COX-1 and COX-2 in the colon. Apc(Min)
mice were divided into five groups and fed a control diet
(AIN-93M meal), corn meal, flaxseed meal, corn oil or flax-
seed oil. At the end of the study, the group fed the flaxseed
meal showed significantly reduced (p<0.05) colon cancer
size and number of foci compared to controls. Higher lev-
els of lignans were also found in the serum and colon of
the flaxseed meal group in addition to minor expression of
COX-1 and COX-2 enzymes in colon biopsies, compared to
the group fed the corn meal diet (p<0.05).

Flaxseeds may also prevent colon cancer by reducing bacte-
rial beta-glucuronidase activity, which increases colon can-
cer risk [35, 36]. An in vivo experimental study conducted
by Jenab et al [35] considered a basal hyper lipid concen-
trated diet (20%) (HLCD), HLCD supplemented with 2.5%,
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5.0% or 10.0% flaxseed, or HLCD supplemented with 0.75,
1.5 or 3.0 mg of secoisolariciresinol diglucoside (SDQ),
which is the main lignan precursor in mammals. The diets
were administered daily for 4 weeks to seven groups of six
female rats each. At the end of the study, caecum beta-glu-
curonidase enzyme activity was significantly higher in mice
fed flaxseed and SDG, while urinary levels of lignans were
positively correlated with the specific activity of the beta-
glucuronidase enzyme. These findings support the hypoth-
esis that flaxseeds prevent colon cancer by promoting the

intestinal absorption of lignans.

Flaxseeds and functional gastrointestinal diseases
Flaxseeds display beneficial effects in functional gastrointesti-
nal diseases such as irritable bowel syndrome (IBS) and colitis
[371, and have a laxative effect in both healthy [37, 38] and
constipated individuals [39], but there are only a small num-
ber of controlled trials. Xu et al [12] assessed whether PDFM
facilitated faecal output in normal mice and in an experimen-
tal constipated mice model (induced by atropine-diphenox-
ylate) after supplementation with 2.5%, 5% and 10% (w/w)
PDFM (L-, M- and H-PDFM) for 14 days. Results showed that
M- and H-PDFM significantly increased small intestinal tran-
sit times in the constipated mice, while the overall amount of
administered PDFM markedly shortened time to defecation,
and M- and H-PDFM significantly increased stool frequency
and weight in both the normal mice and the constipated
mice. These findings suggest that the high concentration of
fibre in PDFM has a role in increasing small intestinal tran-
sit times. In addition, bacterial fermentation of dietary fibre
in the intestine also produces short-chain fatty acids such as
acetate, propionate and butyrate [40]. There is a large body
of evidence that suggests that physiological concentrations
of these short-chain fatty acids significantly increase colonic
motility and stimulate colonic transit through various mecha-
nisms [41, 42]. Finally, an additional laxative effect might be
due to oil remnants in the flaxseed meal [14].

An open randomized controlled trial [11] compared the
clinical effectiveness of whole flaxseeds to ground flaxseeds
for the treatment of 40 patients affected by IBS. For 4 weeks,
14 patients received two tablespoons of whole flaxseeds
daily, 13 patients received two tablespoons of ground flax-
seeds daily, and 13 subjects did not receive any flaxseeds as
control. Symptom severity and bowel habit were assessed
before and at the end of the study. Results showed that im-
provements in symptom severity and changes in stool fre-
quency or consistency did not reach statistical significance

in patients administered whole flaxseeds versus ground flax-

Nutrafoods (2017) 16:1-9

seeds (p=0.62), whole flaxseeds versus control (p=0.12) or
ground flaxseeds versus control (p=0.10). These findings did
not show any substantial difference in clinical effectiveness
between whole flaxseeds and ground flaxseeds for the treat-
ment of patients with IBS.

The mechanisms by which flaxseeds improve symptoms of
wind and bloating in IBS are not well understood, but the
improvement is presumed to be due to effects exerted not by
fibre and omega-3 fatty acids but by ALA and lignans. The
laxative activity of flaxseeds is also controlled by a weak his-
taminergic effect activating the cholinergic pathway which
also shows antidiarrhoeal activity, putatively through K&
channel activation [43].

Another hypothesis suggests that the antidiarrhoeal effect of
flaxseeds is mediated by inhibition of calcium channels, dis-
playing antimotility and antisecretory activity [44]. In fact,
since calcium channel blockers are known to have a non-
specific spasmolytic effect, they are expected to block the
effect of all agonists including acetylcholine, histamine and
5-HT [45].

An experimental in vivo study investigated the antidiarrhoeal
and antimicrobial activity of flaxseeds in infectious and non-
infectious diarrhoea in mice [44]. At doses of 100, 300 and
500 mg/kg, flaxseed extract reduced the diarrhoeal score
in mice by 39%, 63.9% and 68.34%, intestinal secretions
from insulated gut loops by 24.12%, 28.09% and 38.8%,
and intestinal motility by 31.66%, 46.98% and 56.2%, re-
spectively.

Flaxseed extract, when tested on isolated rabbit jejunum
preparations, caused a dose-dependent inhibition of both
spontaneous and high K* (80 mM)-induced contractions,
and shifted the concentration-response curves of calcium to
the right with suppression of the maximum response.

In another study, flaxseed consumption in rats caused inhibi-
tion of some proteolytic digestive enzymes, such as trypsin
and chymotrypsin, and a reduction in protein utilization, in
addition to negative effects on rat growth and a reduction
in intestinal villi height, indicating flaxseeds should not be
considered a complete source of protein [46].

Flaxseed extract administered at 12.5 mg/ml shows antimi-
crobial activity towards different bacterial species, includ-
ing vancomycin-resistant Enterococcus faecalis, Escherichia
coli K1, methicillin-resistant Staphylococcus aureus, Bacil-
lus cereus, Pseudomonas aeruginosa and Salmonella typhi,
with efficacy ranging from 100% to 26% [44]. At the lower
concentration of 10 mg/ml, the extract was not effective in
suppressing E. coli K1, exhibiting only bacteriostatic activ-

ity against P. aeruginosa and S. typhi. The effectiveness of
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flaxseed extract against Gram positive and Gram negative
bacteria, including drug-resistant pathogens, suggests the
presence of constituents that could serve as a source of new
and better antimicrobial compounds.

Controversially, abdominal distension, flatulence, diarrhoea
and nausea were reported in a phase Ill, randomized, place-
bo-controlled, double-blind trial with flaxseed administra-
tion in 188 postmenopausal women with or without breast
cancer affected by hot flashes [47]. Consumption of a flax-
seed bar providing 410 mg of lignans or a placebo bar for 6
weeks significantly reduced hot flashes by 50%, but gastro-
intestinal side effects were also recorded, probably due to

the high fibre content (20%) of the flaxseed bar.

Flaxseeds and bowel inflammation

It has also been reported that flaxseeds have intestinal anti-
inflammatory activity. Cheshmehkani et al [48] identified
free-fatty acid receptor-4 (FFAR4), one the receptors of ome-
ga-3 fatty acids, on the colon mucosa of Sprague-Dawley
rats, as a modulator of anti-inflammatory and insulin-sensi-
tizing effects in response to polyunsaturated fatty acids such
as ALA which occur naturally in flaxseeds. The mechanism
involves stimulation by FFAR4 of secretion of the insulin
secretagogue glucagon-like peptide-1 (GLP-1) from the gas-
trointestinal tract, which acts as a dietary sensor to regulate
energy availability. The administration of a flaxseed diet for
7 weeks results in increased colon FFAR4 expression, and in
reduced expression of the pro-inflammatory cytokine TNF-a
compared to animals fed a control diet.

Controversially, an experimental in vivo study reported that
a 10% flaxseed diet increased the inflammatory bowel dis-
ease activity index in 2% dextran sulphate sodium (DSS)-
treated C57BL/6 mice [49, 50].

Despite the well-documented anti-inflammatory properties
of omega-3 polyunsaturated fatty acids, supplementation
with flaxseed abolished the anti-inflammatory effect of Lacto-
bacillus plantarum, except for IL-2 levels in rats treated with
the pro-carcinogen N,N-dimethylhydrazine (DMH) [51]. This
effect probably depends on the high content of ALA (40-
60%) in flaxseed and their metabolites. Nemcova et a/ [52]
reported that flaxseeds rich in polyunsaturated fatty acids
may support the immunomodulatory effects of L. plantarum
specifically through the stimulatory effect of the probiotic on

adhesion of £. coli K88 to the intestinal mucosa of piglets.

Flaxseeds and gut microbiota
Flaxseeds modulate gut microbiota. A randomized controlled

trial evaluated the effect of interventions with Lactobacillus

paracasei F19 or flaxseed mucilage on the gut microbiota
and metabolic risk markers in 58 obese postmenopausal
women [53]. L. paracasei F19 (9.4x10'% colony-forming
units), flaxseed mucilage (10 g) or placebo was administered
daily for 6 weeks. Quantitative metagenomics analysis of
faecal DNA was performed to identify changes in the gut
microbiota. Results showed that dietary flaxseed mucilage
consumed over 6 weeks reduced serum C-peptide and insu-
lin release during an oral glucose tolerance test (p<0.05) and
improved insulin sensitivity measured by the Matsuda in-
dex (p<0.05). Comparison of gut microbiota composition at
baseline and after 6 weeks of treatment with flaxseed muci-
lage showed quantitative modifications of 33 metagenomics
species (p<0.01), including decreased relative abundance of
eight Faecalibacterium species, but this effect was not seen
in patients supplemented with L. paracasei F19. Gut micro-
biota modulation and insulin sensitivity improvement might
be a good therapeutic option in the clinical setting.

A further study in piglets investigated the effect of 30-day
supplementation with flaxseed and lactobacilli compared
with control supplementation based on sunflower oil [54].
Analyses of jejunal mucosa after the study showed that flax-
seed and lactobacilli supplementation significantly reduced
villus height and crypt depth but resulted in increased cell
proliferation in the epithelial and lamina propria as com-
pared with control piglets (p<0.01 and p<0.05, respectively).
In contrast, a further study investigated the impact of flax-
seed supplementation (0.3 g/kg/day flaxseeds for 1 week) on
faecal bacterial species and their associations with faecal
and blood metabolites in nine healthy subjects [55]. An in-
crease in blood enterolignans and a significant increase in
faecal excretion of propionate and glycerol was noted. The
diversity and composition of microbial species in individual
stool was generally conserved during the study period. Fur-
thermore, the presence of Ruminococcus bromii and Rumi-
nococcus lactaris was mostly correlated with enterolactone
production, while the presence of faecal Bacteroidales was
associated with an increased concentration of some acids,
such as acetic, isovaleric and isobutyric, in stool, and a re-
duced concentration of serum triglycerides. Finally, some
bacterial species, such as Ruminococcaceae and Lachno-
spiraceae, were directly correlated with elevated serum lev-
els of LDL cholesterol and triglycerides, respectively. These
findings do not support the hypothesis that flaxseed supple-
mentation alters the faecal metabolome and dominant bac-
terial communities, but do suggest that Ruminococcaceae
may be involved in the regulation of enterolignan produc-

tion and blood lipids.
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Dietary flaxseed as functional food

Flaxseed is becoming important as a functional food, de-
fined as a food or food ingredient that may provide physi-
ological benefits and help prevent and/or cure disease [56],
based on in vitro studies on cell lines, in vivo studies on ani-
mal models and human clinical studies [57]. Consequently,
it is necessary to examine the bioactive ingredients of each
nutritional component in functional foods and the biochem-
ical and pathophysiological basis of metabolic imbalance or
diseases that these natural compounds can modify.

Flaxseed currently has new prospects as a functional food be-
cause of the consumer’s growing interest in foods with health
benefits. Owing to its excellent nutritional profile and poten-
tial health benefits, it has become an attractive ingredient in
diets specifically designed for particular health benefits [58].
Flaxseed is considered to be a functional food owing to the
presence of three main active constituents: ALA, lignans and
dietary fibre [59]. ALA is one of the essential polyunsaturated
fatty acids and is reported to exhibit anti-inflammatory, an-
tithrombotic and anti-arrhythmic properties [60]. In addition,
public health organizations recommend that omega-3 fatty
acids be incorporated into the diet. In this context, flaxseed
is the best omega-3 fatty acid source for non-fish eaters. Con-
sequently, flaxseed has been proposed as a nutritional addi-
tive for different foods, such as baked cereal products, ready-
to-eat cereals, fibre bars, salad toppings, meat extenders,
bread, muffins and spaghetti [61, 62]. Lignans contain phy-
toestrogens which have been reported to reduce the risk of
hormone-dependent cancers, heart disease and osteoporosis
[63, 64]. Finally, the water-binding capacity of the insoluble
fibre in flaxseed increases intestinal bulk, which is effective
for the treatment of bowel inflammation and functional gas-
trointestinal diseases. Soluble fibre from flaxseed mucilage
increases the viscosity of intestinal contents and delays gas-
tric emptying and nutrient absorption [65].

Clinical trials have confirmed that flaxseed contains impor-
tant quantities of compounds with functional and bioactive
properties which are effective for disease prevention and
have therapeutic benefits. This encourages the development
of new branded healthy and functional foods using flax-
seeds, flaxseed oil and flaxseed cake. However, more in vivo
studies are required to validate the health benefits of flax-
seed constituents and to determine the minimum amount of
flaxseed required for its therapeutic potential to be realised
in various population groups, including pregnant and lactat-
ing women, and to determine possible side effects. Rapid,
reproducible and economic techniques for the analysis of

nutraceuticals from flaxseed need to be developed.

Nutrafoods (2017) 16:1-9

Conclusions

Our review suggests a potential beneficial effect of flaxseeds
in gastroenterology. For instance, flaxseed lignans and ome-
ga-3 fatty acids may be effective for preventing or reducing
colon cancer, for modulating constipation and diarrhoea
by the synergic activity of lignans, fibre and omega-3 fatty
acids, and for reducing bowel inflammation through down-
regulation by omega-3 fatty acids of the expression of pro-
inflammatory cytokines.

Finally, positive modulation of the gut microbiota has been
observed both in experimental in vivo studies and in clini-
cal trials, probably due to lignan activity, although the exact
mechanism of action has not yet been elucidated. The large
numbers of experimental in vitro and in vivo studies in animal
models suggest that dietary flaxseed may be used in human
clinical practice, for instance for gastrointestinal diseases, al-
though the number of clinical randomized controlled studies
is very small. However, the results discussed in this review
have confirmed the clinical importance of dietary flaxseed in
cancer, in constipation and in modulation of the gut microbi-
ota for relieving symptoms and improving quality of life. Nu-
traceuticals are increasing being administered in combination
with normal drug treatment for gastrointestinal disease and
can provide significant symptomatic improvement. Regular
daily flaxseed intake is very effective due to its reported ben-

efits, particularly its preventive action against bowel cancer.
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