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ABSTRACT
Objective The increasing prevalence of obesity and
type 2 diabetes (T2D) demonstrates the failure of
conventional treatments to curb these diseases. The gut
microbiota has been put forward as a key player in the
pathophysiology of diet-induced T2D. Importantly,
cranberry (Vaccinium macrocarpon Aiton) is associated
with a number of beneficial health effects. We aimed to
investigate the metabolic impact of a cranberry extract
(CE) on high fat/high sucrose (HFHS)-fed mice and to
determine whether its consequent antidiabetic effects
are related to modulations in the gut microbiota.
Design C57BL/6J mice were fed either a chow or a
HFHS diet. HFHS-fed mice were gavaged daily either
with vehicle (water) or CE (200 mg/kg) for 8 weeks.
The composition of the gut microbiota was assessed
by analysing 16S rRNA gene sequences with 454
pyrosequencing.
Results CE treatment was found to reduce HFHS-
induced weight gain and visceral obesity. CE treatment
also decreased liver weight and triglyceride accumulation
in association with blunted hepatic oxidative stress and
inflammation. CE administration improved insulin
sensitivity, as revealed by improved insulin tolerance,
lower homeostasis model assessment of insulin resistance
and decreased glucose-induced hyperinsulinaemia during
an oral glucose tolerance test. CE treatment was found to
lower intestinal triglyceride content and to alleviate
intestinal inflammation and oxidative stress. Interestingly,
CE treatment markedly increased the proportion of the
mucin-degrading bacterium Akkermansia in our
metagenomic samples.
Conclusions CE exerts beneficial metabolic effects
through improving HFHS diet-induced features of the
metabolic syndrome, which is associated with a
proportional increase in Akkermansia spp. population.

INTRODUCTION
Type 2 diabetes (T2D) and cardiovascular diseases
(CVD) are well-known consequences of a combin-
ation of pathological conditions defined as the
metabolic syndrome, which comprises obesity,
hyperglycaemia, glucose intolerance, dyslipidaemia,

Significance of this study

What is already known on this subject?
▸ American cranberry (Vaccinium macrocarpon

Aiton), a fruit widely consumed in North
America and an important source of
polyphenols, is recognised as a promising
strategy against the metabolic syndrome.

▸ Cranberry exerts remarkable health-supporting
effects, including anti-inflammatory and
antimicrobial effects.

▸ The gut microbiota composition plays a decisive
role in energy homeostasis by modulating
energy balance, glucose metabolism and the
chronic inflammatory state associated with
obesity-induced insulin resistance.

▸ Increased proportion of the mucin-degrading
species Akkermansia muciniphila has been
linked to the protection from features of the
metabolic syndrome.

What are the new findings?
▸ Cranberry extract (CE) administration decreased

diet-induced weight gain and visceral obesity,
which was associated with lower hepatic,
intestinal and plasma triglyceride accumulation,
blunted inflammation and reduced oxidative
stress.

▸ CE administration improved insulin sensitivity,
as revealed by ameliorated insulin tolerance,
lower homeostasis model assessment of insulin
resistance and decreased glucose-induced
hyperinsulinaemia during an oral glucose
tolerance test.

▸ CE treatment prevented the high fat/high
sucrose (HFHS)-induced increase in circulating
lipopolysaccharide (ie, metabolic endotoxemia).

▸ CE administration was associated with an
important shift in the gut microbiota of mice
by strikingly increasing the relative abundance
of Akkermansia in CE-treated HFHS-fed
animals.
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insulin resistance and hypertension.1 T2D is characterised by a
complex interplay between genetic background and environ-
mental influences, such as dietary habits, which leads to an
insulin-resistant state.2–4 The molecular mechanisms underlying
insulin resistance and the onset of associated metabolic altera-
tions are related to a low-grade subclinical inflammation, trig-
gered by an increased release and action of proinflammatory
cytokines, which can impede insulin receptor signalling in skel-
etal muscle, liver, intestine and adipose tissue.5–10 Moreover,
the intestinal epithelium, along with its colonising bacteria,
represents a first site of interactions between diet and the host
immune system. Such an interaction can impact on the compos-
ition of the gut microbiota,11 which in turn directly affects the
gut-immune homeostasis and intestinal permeability.12 The
intestine and its microbial flora are therefore a potential source
of proinflammatory molecules that can affect whole-body
metabolism, possibly representing an early event that precedes
and predisposes to obesity and insulin resistance.13

Growing evidence supports that the gut microbiota plays a
decisive role in energy homeostasis through modulating energy
balance,14 15 glucose metabolism16–18 and the chronic inflam-
matory state associated with obesity.16–21 The gut microbiota-
derived lipopolysaccharide (LPS), a potent inducer of inflamma-
tion, plays an important role in the onset and progression of
inflammation and related metabolic diseases.17 For instance,
high-fat diet intake has been shown to be associated with ele-
vated portal and systemic circulating levels of LPS (ie, metabolic
endotoxemia).17 22 These findings suggest a link between the
gut microbiota-derived endotoxin and the pathogenesis of non-
alcoholic fatty liver disease (NAFLD), thereby evidencing a key
role for the intestinal microbiota as an orchestrator of the gut–
liver axis. Metabolic endotoxemia is driven by increased intes-
tinal permeability to LPS because of the disruption of the gut
barrier function16 17 23 and/or enhanced LPS transport via chy-
lomicrons particles in response to fat feeding.24 25

High-fat diet has been reported to reshape the gut microbiota,
particularly by increasing the proportion of Firmicutes in rela-
tion to Bacteroidetes,22 26 which is thought to play a key role in
the pathogenesis of obesity-induced metabolic diseases.16 19 27

Furthermore, growing evidence indicates that increased intes-
tinal abundance of Akkermansia spp. can protect against obesity-
linked metabolic syndrome28 and contributes to the beneficial
metabolic effects of gastric bypass surgery and of the antidia-
betic drug metformin.29 30 Akkermansia is a Gram-negative,
strict anaerobe and mucin-degrading bacterium that lives in the
mucus layer of the intestine and represents 1%–3% of the total
gut microbiota.31 Despite steady advances in understanding the
complex pathophysiology of metabolic disorders, obesity and
T2D have grown to worrisome pandemic proportions, therefore
urging the search for new therapeutic approaches.

American cranberry (Vaccinium macrocarpon Aiton) is an
important source of phytochemicals, especially polyphenols,32

and is widely consumed in North America. Its high polyphenol
content is related to an important antioxidant activity,33 34

which is particularly relevant in the context of the gastrointes-
tinal physiology.35 Interestingly, cranberry proanthocyanidins
(PAC) have been recently shown to improve the gut mucus layer
morphology in mice.36 Moreover, cranberries are also related to
anticarcinogenic,37 38 anti-inflammatory39–41 and antimicrobial
effects, the latter being mainly due to changes in the surface
hydrophobicity and biofilm formation of P-fimbriated
Escherichia coli, a species related to urinary tract infection.42 43

Interestingly, cranberry administration has been reported to
ameliorate dyslipidaemia, hyperglycaemia and oxidative stress in
individuals with the metabolic syndrome.44–46 However, the
underlying mechanisms of the beneficial effects of cranberry
consumption remain largely unknown. The main goal of the
present study was to define the metabolic influence of a cran-
berry extract (CE) on high fat/high sucrose (HFHS)-fed mice
and to determine whether its potential health effects are related
to the modulation of the gut microbiota.

MATERIALS AND METHODS
Animals
Eight-week-old C57Bl/6J male mice (n=36, Jackson, USA) were
bred, two animals per cage in the animal facility of the Quebec
Heart and Lung Institute. Animals were housed in a controlled
environment (12 h daylight cycle, lights off at 18:00) with food
and water ad libitum. After 2 weeks of acclimation (week 0 and
week 1) on a normal chow diet (Teklad 2018, Harlan), mice
were fed either a chow or a HFHS diet containing 65% lipids,
15% proteins and 20% carbohydrates. Animals were randomly
divided into three groups of 12 mice, and one group (assigned
as CE) received daily doses (200 mg/kg) of CE by gavage,
whereas the other two groups (assigned as chow and HFHS)
received the vehicle (water). Faeces were collected by the end of
weeks 0, 1, 5 and 9 for subsequent metagenomic analysis (see
online supplementary figure S1). Body weight gain and food
intake were assessed twice a week. After 8 weeks of HFHS
feeding, animals were anesthetised in chambers saturated with
isoflurane and then sacrificed by cardiac puncture. Blood was
drawn in EDTA-treated tubes and immediately centrifuged in
order to separate plasma from cells. Subcutaneous and visceral
fat pads were carefully collected along with gastrocnemius
muscle, liver and intestine. All procedures were previously
approved by the Laval University Animal Ethics Committee.

Cranberry extract
Cranberry powdered extract was obtained from Nutra Canada
(Quebec, Canada). Its phenolic characterisation is shown in
table 1. CE was diluted in water at a concentration of 40 mg of
CE powder per mL. The detailed methodology used to perform
the phenolic characterisation of the CE is described in the
online supplementary methods.

Glucose homeostasis
At week 7, animals were 6 h fasted and an insulin tolerance test
(ITT) was performed after an intraperitoneal injection of insulin
(0.75 UI/kg body weight). Blood glucose concentrations were
measured with an Accu-Check glucometer (Bayer) before
(0 min) and after (5, 10, 15, 20, 25, 30 and 60 min) insulin
injection. At the end of week 8, mice were fasted overnight and
an oral glucose tolerance test (OGTT) was performed after
gavage with glucose (1 g/kg body weight). Blood was collected

How might it impact on clinical practice in the
foreseeable future?
▸ To date, this is the first report of a fruit extract exerting a

major effect on the presence of Akkermansia in the intestinal
microbiota of an animal model of diet-induced obesity.

▸ Our findings provide strong evidence that nutritional
manipulation of the gut microbiota by CE administration
may improve metabolism in obese and type 2 diabetic
patients.

▸ Akkermansia may become an interesting biomarker for the
positive impact of phytochemicals and other nutritional
interventions for health.

Gut microbiota
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before (0 min) and after (15, 30, 60, 90 and 120 min) glucose
challenge for glycaemia determination. Additionally, blood
samples (∼30 μL) were collected at each time point during
OGTT for Insulinaemia and C-peptide determination.

Analytical methods
Plasma insulin and C-peptide concentrations were measured
using an ultrasensitive ELISA kit (Alpco, Salem, USA). The
homeostasis model assessment of insulin resistance (HOMA-IR)
index was calculated based on the following formula: fasting
insulinaemia (μUI/mL)×fasting glycaemia (mM)/22.5. Liver and
jejunal triglyceride (TG) as well as cholesterol content was
assessed after chloroform–methanol extraction and enzymatic
reactions with commercial kits (Randox Laboratories, Crumlin,
UK). Phospholipids were measured by the Bartlett technique as
described previously.47 Lipid peroxidation was estimated by
measuring the production of free malondialdehyde (MDA) in
jejunal and hepatic tissues using high-performance liquid chro-
matography with fluorescence detection as described previ-
ously.10 48 Briefly, proteins were first precipitated with a 10%
sodium tungstate solution (Sigma). The protein-free superna-
tants were then reacted with an equivalent volume of 0.5%
(wt/v) thiobarbituric acid solution (Sigma) at 95°C for 60 min.
After cooling to room temperature, the pink chromogene thio-
barbituric acid 2-MDA was extracted with 1-butanol and dried
over a stream of nitrogen at 37°C. The dry extract was then
resuspended in a potassium dihydrogen phosphate-methanol
mobile phase (70:30, pH 7.0) before MDA determination. For
the assessment of the endogenous antioxidant defence, tissue
samples were homogenised in a buffer (50 mM Tris-HCl and
0.1 mM EDTA-Na2 pH 7.8), centrifuged at 10 000 g for 5 min
at 4°C and the supernatants were collected. The activities of
superoxide dismutase (SOD) and glutathione peroxidase (GPx)
were determined as described previously.10 Total SOD activity
was determined as described by McCord and Fridovich49 while
SOD2 activity was examined in the presence of sodium diethyl-
dithiocarbamate (1 mM) that allows defining the contribution of
MnSOD activity. For GPx activity, hepatic or jejunal tissue homo-
genates were added to a phosphate buffered saline buffer (pH 7.0)
containing 10 mM GSH, 0.1 U of G-Red and 2 mM NADPH
with 1.5% H2O2 to initiate the reaction. Absorbance was moni-
tored every 30 s at 340 nm for 5 min. Plasma LPS concentration

was determined using a kit based on a Limulus amebocyte extract
(LAL kit endpoint-QCL1000, Lonza, Switzerland).

Metagenomic analysis
The methods used to analyse the bacterial taxonomic profiles of
the murine gut microbiome are described in the online supple-
mentary methods.

Statistical analyses
Data are expressed as mean±SEM. Statistical analysis was per-
formed using one-way analysis of variance (ANOVA) with a post
hoc Bonferroni multiple comparison test (GraphPad, USA).
Body weight gain and energy intake curves were statistically
compared using two-way repeated measures ANOVA with a
Student–Newman–Keuls post hoc test (Sigmaplot, USA). All
results were considered statistically significant at p<0.05.

RESULTS
Effects of CE on body weight gain, plasma lipid profile
and liver homeostasis
As depicted in figure 1A, B, CE administration to HFHS-fed
animals prevented weight gain and this effect was seen as early
as 7 days post-CE treatment. Although this was associated with
a small reduction in total energy intake, this effect became
significant only from the 24th day onwards (figure 1C, D).
Additionally, CE administration to HFHS-fed mice significantly
reduced the ratio of weight gain/energy intake in comparison
with untreated HFHS animals (figure 1G), suggesting that the
preventive effect of CE on weight gain is mostly related to a
decrease in energy efficiency. Interestingly, the CE-induced
effect on weight gain was particularly evident in visceral adipose
tissue (figure 1E), whereas no significant difference in subcuta-
neous fat mass was found between HFHS-fed control mice and
CE-treated animals (figure 1F). Moreover, CE administration
reduced liver weight (figure 2C) while concomitantly lowering
hepatic TG accumulation (figure 2D) and ameliorating
HFHS-induced hypertriglyceridaemia (figure 2A) and hyper-
cholesterolaemia (figure 2B) in these animals. CE also decreased
liver oxidative stress as indicated by a complete prevention of
HFHS-mediated MDA (figure 2E) and by improvements of anti-
oxidant defence mechanisms, as revealed by restoration of
SOD2 (figure 2G) along with a tendency to improve GPx
(figure 2H) and SOD (figure 2F) activity in the liver of
HFHS-fed mice. Inflammation was also decreased in the liver of
CE-treated HFHS-fed mice, as revealed by normalisation of the
transcription factor NFκB/IκB ratio (figure 2K). This was not
explained by reduced tumour necrosis factor (TNF)-α levels in
the liver (figure 2J), whereas COX2 protein synthesis was
neither affected by the dietary or CE treatments (figure 2I).

Impact of CE on diet-induced insulin resistance
We next determined the impact of CE treatment on glucose
homeostasis and insulin sensitivity. Although CE-treated
HFHS-fed mice did not display improved fasting glycaemia,
these animals showed significant lower fasting insulinaemia com-
pared with untreated HFHS-fed animals (figure 3A, B), suggest-
ing that CE improved insulin sensitivity in these animals. We next
performed insulin and OGTTs in order to further examine the
effect of CE on insulin sensitivity and glucose homeostasis.
CE-treated HFHS mice displayed improved insulin sensitivity in
comparison to HFHS controls as revealed by ITTs (figure 3C,
D). Although CE administration did not improve HFHS-induced
glucose intolerance (figure 3E, F), the lower plasma insulin and
C-peptide levels measured during the OGTTs further confirmed

Table 1 Chemical characterisation of cranberry extract

Extract content
(g/100 g dry
weight)

Relative
polyphenol
content* (%)

Daily intake
(mg/kg body
weight)

Total polyphenols 37.4±0.2 74.8±0.5
Phenolic acids 3.1±0.0 12.0±0.1 6.2±0.0
Flavonols 9.4±0.1 36.5±0.6 18.8±0.2
Total anthocyanins 3.3±0.0 12.6±0.0 6.6±0.0
Total proanthocyanidins 10.0±0.2 38.9±0.7 20.0±0.4

DP 1–3 6.1±0.1 23.7±0.2 12.2±0.2
DP >3 3.9±0.2 15.2±0.5 7.8±0.4
Sugars 6.2±0.2 12.4±0.4

Glucose 4.9±0.1 9.8±0.1
Fructose 1.2±0.2 2.4±0.4

Fibres 2.5 5.0

*The relative polyphenol content has been calculated on the basis of the individually
measured polyphenol content. Monomers, dimers and trimers of proanthocyanidin
(DP 1–3). Oligomeric and polymeric proanthocyanidins (DP >3). The results are
expressed as mean±SD.
DP, Degree of polymerisation.
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that CE treatment improves insulin sensitivity (figure 3G, J). This
conclusion is also supported by the lower HOMA-IR index
values of the CE-treated HFHS-fed mice compared with their
vehicle-treated HFHS controls (figure 3K).

Influence of CE administration on diet-induced intestinal
inflammation and metabolic endotoxemia
Diet-induced obesity has been previously reported to cause
metabolic endotoxemia, oxidative stress and low-grade

inflammation that is associated with increased intestinal perme-
ability, as revealed by elevated circulating LPS levels.16 17 In
accordance with previous studies, 8 weeks of HFHS feeding
produced a twofold increase in circulating LPS, which was
fully prevented by CE administration (figure 4A). This finding
was associated with a CE-induced reduction in jejunal TGs
(figure 4B). To further assess the impact of CE administration
on intestinal oxidative stress and inflammation, we investigated
lipid peroxidation and the expression of key inflammatory

Figure 1 Effects of cranberry extract (CE) administration on body composition. Mice were fed either a chow or a high-fat/high sucrose (HFHS) diet
for 8 weeks. HFHS-fed animals were treated with daily oral doses of CE (200 mg/kg). Chow and HFHS fed control mice were gavaged with vehicle
(water). (A) Weight gain curves; (B) total weight gain; (C) energy intake curves; (D) total energy intake; (E) visceral (F) subcutaneous fat mass and
(G) energy efficiency (ie, ratio between body weight gain and energy intake). n=11–12 (A, B, E and F); n=6–7 (D and E). Data are expressed as the
mean±SEM. *p<0.05 versus chow controls; #p<0.05 versus HFHS controls.

Gut microbiota
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modulators in the jejunum of chow, HFHS and CE-treated
HFHS animals. No significant changes were noted in MDA
and SOD among groups (figure 4C, D). However, CE treat-
ment was found to prevent the decrease in SOD2 activity by
HFHS (figure 4E) without any effects on GPx (figure 4F).
Importantly, CE administration fully prevented HFHS
diet-induced intestinal inflammation, as evidenced by the
reduced COX2 and TNF-α protein expression as well as by
the normalisation of NFκB/IκB ratio (figure 4G, E).

Effects of CE administration on the gut microbiota
The overall composition of the bacterial community in the dif-
ferent groups was assessed by analysing the degree of bacterial
taxonomic similarity between metagenomic samples at the
genus level. Bacterial communities were clustered using principal
component analysis (PCA), which distinguished microbial com-
munities based both on diet/treatment and time of faecal sam-
pling (weeks 0, 1, 5 and 9). As shown in figure 5A, PCA
disclosed that distinct diets promoted the main alterations in the

Figure 2 Effect of cranberry extract (CE) administration on plasma and liver lipid profiles, hepatic inflammation and oxidative stress. CE
administration to high fat/high sucrose (HFHS)-fed mice prevented diet-induced increase in plasma triglycerides (A) and total cholesterol (B), whereas
liver weight (C) and hepatic triglyceride accumulation (D) were reduced after CE treatment. Moreover, CE decreased liver oxidative stress as indicated
by a complete prevention of HFHS-mediated malondialdehyde (MDA) levels (E) and by improvements of antioxidant defence mechanisms, as
revealed by restoration of superoxide dismutase(SOD2) (G) and a tendency to improve glutathione peroxidase (GPx) (H) and SOD (F) activity in the
liver of HFHS-fed mice. A trend towards lessening cyclooxygenase-2 protein expression (I) and a significant reduction in the NFκB/IκB ratio (K) were
found after CE treatment. CE administration did not affect TNF-α protein synthesis ( J) in the liver. n=11–12 (A–D); n=6–7 (E-K). Data are expressed
as the mean±SEM. *p<0.05 versus chow controls; #p<0.05 versus HFHS controls.
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gut microbiota of mice. From week 5 onwards, chow-fed mice
metagenomes clustered very distinctly from those of HFHS-fed
animals. On the other hand, after 5 and 9 weeks of CE

administration, samples from CE-treated HFHS-fed mice
formed a cluster that was different from metagenomes derived
from untreated HFHS-fed animals. These results indicate that

Figure 3 CE administration increases insulin sensitivity, alleviates diet-induced hyperinsulinaemia and improves insulin resistance in HFHS-fed
mice. Mice were 12 h fasted for fasting glycaemia (A) and fasting insulinaemia (B) determination. Mice were 6 h fasted and an insulin tolerance test
(C) was performed after an intraperitoneal injection of insulin (0.75 UI/kg body weight). (D) Area under the curve for insulin tolerance tests. Animals
were fasted overnight (12 h) and an oral glucose tolerance test (E) was performed after gavage with glucose (1 g/kg body weight). (F) Area under
the curve for OGTTs. Blood samples were collected at each time point during OGTT for insulinaemia (G and H) and C-peptide (I and J)
determination. (K) HOMA-IR index. n=11–12 (A, E and F); n=7–8 (B–D, G–K). Data are expressed as the mean±SEM. *p<0.05 versus chow controls;
#p<0.05 versus HFHS controls. MDA, malondialdehyde; GPx, glutathione peroxidase; CE, Cranberry extract; HFHS, high fat/high sucrose; OGTT, oral
glucose tolerance test; HOMA-IR, Homeostasis model assessment of insulin resistance; ITT, insulin tolerance test.
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CE administration had a substantial effect on the gut microbial
composition of HFHS-fed mice. Further analysis at the phylum
level revealed that the proportion of sequences assigned to
Firmicutes was significantly increased in metagenomes of
HFHS-fed animals, whereas reads assigned to Bacteroidetes
were reduced in these samples. A similar trend observed for the
Bacteroidetes phylum in metagenomes from untreated
HFHS-fed animals was found in samples from CE-treated
HFHS-fed mice. Furthermore, the relative abundance of

Verrucomicrobia was significantly higher at week 9 compared
with week 1 in metagenomes of CE-treated mice (figure 5B and
see online supplementary figure S2). Finally, pretreatment with
CE (ie, 1 week before day 0 of HFHS feeding, see online sup-
plementary figure S1) was not associated with specific changes
in the baseline metagenome (week 1) of CE mice compared
with untreated groups (see online supplementary figure S4).

The HFHS diet-induced rise in the relative abundance of
Firmicutes was mostly explained by an increase of reads assigned

Figure 4 Cranberry extract (CE) administration reduced circulating lipopolysaccharide (LPS) and ameliorated oxidative stress and inflammation
in the jejunum. CE-treated mice displayed reduced circulating LPS levels in comparison with untreated high fat/high sucrose (HFHS)-fed mice (A).
Jejunal triglyceride accumulation (B) were lessened in CE-treated mice; however, no changes were detected in malondialdehyde (MDA) levels (C).
CE administration increased SOD2 activity (E), whereas SOD (D) and glutathione peroxidase (GPx) (F) activities were unchanged after CE treatment.
Cylooxygenase-2 (G) and TNF-α (H) protein expression, as well as the NFκB/IκB ratio (I), were significantly reduced in CE-treated mice as compared
with HFHS controls. n=6–7 (A–I). Data are expressed as the mean±SEM. *p<0.05 versus chow controls; #p<0.05 versus HFHS controls.
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Figure 5 Metagenomic analysis. Faeces were harvested at the end of the two first weeks of adaptation (week 0 and week 1), when all groups
were pre-fed a chow diet. Faeces were also collected at the end of week 5 and week 9, representing respectively 4 and 8 weeks of high fat/high
sucrose (HFHS) feeding for HFHS and cranberry extract (CE) mice. Chow animals were fed a normal chow diet throughout the study (see online
supplementary figure S1 for further details). (A) Principal component analysis (PCA) of gut microbiota metagenomes. The PCA analysis focus on
grouping sampled faecal communities with respect to diet/treatment (chow, HFHS, CE) and time of stool sampling (weeks 0, 1, 5, or 9) using
principal components. This plot shows the degree of bacterial taxonomic similarity between metagenomic samples at the genus level; the closer the
spatial distance between samples, the more similar they are with respect to both axes (PC1 and PC2). Chow: green dots; HFHS: yellow triangles;
CE: red squares. Samples with the highest taxonomic similarity are clustered together and illustrated in the plot by a grey circle. Samples
representing the most dissimilar bacterial communities in comparison with the cluster of metagenomes included in the grey circle are identified by a
yellow (HFHS) or red (CE) circle. (B) Relative abundance distribution of operational taxonomic unit (OTU) sequences (97% level). Percentages of total
OTU sequences taxonomically assigned to bacterial phyla from faecal metagenomes of chow, HFHS or CE mice at weeks 0, 1, 5 and 9. (C) Statistical
comparisons of gut metagenomic profiles at the genus level. Plots showing significant differences in abundance of reads assigned to a given
bacterial genus between week 1 and week 9 for chow, HFHS and CE diets. The bar graphs on the left side display the mean proportion of
sequences assigned to each genus. The dot plots on the right side display the difference in mean proportions between week 1 and week 9 with
associated q-value. Error bars on both sides of dots represent the 95% CIs. Only features (genus) with a q-value of >0.05 and a difference between
proportions value >1 were considered.
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to species from the genus Oscillibacter (figure 5C), whereas the
decreased proportion of Bacteroidetes found at week 9 was asso-
ciated with a reduction in sequences assigned to the Barnesiella
genus and other unclassified members of the
Porphyromonadaceae family. Importantly, CE administration was
associated with a striking 30% increase in the relative abun-
dance of Akkermansia in the CE-treated mice metagenome at
week 9 (figure 5C).

DISCUSSION
There is growing evidence that the consumption of fruits and
plant-derived foods is inversely correlated with several features
of the metabolic syndrome, thus reducing the risk of T2D and
CVD.50– 53 Despite the positive health effects possibly arising
from the presence of vitamins, minerals and dietary fibres in
fruits, there is a growing body of literature now supporting a
key role for polyphenols in the protection against obesity-related
diseases.54 55 Given that cranberry is one of the fruits with the
highest phenolic content,56 which includes a remarkable
amount of PAC,32 57 we have elected to explore its impact on
several components of the metabolic syndrome. We found that
CE administration prevents HFHS-induced weight gain and
reduced visceral adiposity. Moreover, the effect on weight gain
was observed before any difference in caloric intake was noticed
and was mostly linked to reduced energy efficiency. CE gavage
fully prevented the development of fatty liver disease, as
revealed by reduced TG accumulation and blunted hepatic
inflammation, which was associated with restoration of antioxi-
dant defence mechanisms. These preventive effects on visceral
obesity and liver steatosis were associated with improved insulin
sensitivity, as revealed by lower fasting and postglucose insuli-
naemia, improved insulin tolerance and a lower HOMA-IR
index in CE-treated HFHS-fed mice. Glucose tolerance per se
was not improved by CE treatment, but this may be explained
by the high glucose challenge during the OGTT, which is quite
important as compared with the glucose load generated by a
complex meal, thus possibly overwhelming the ability of the
tissues to uptake more glucose, even in the context of an
improved insulin sensitivity.

Phenolic phytochemicals are generally poorly absorbed, and
this has been put forward to suggest that these compounds are
possibly acting primarily at the level of intestinal absorption.58 59

Furthermore, several reports have demonstrated that the gut
microbiota has a causal role in the pathogenesis of obesity and
T2D.12 28 30 60 This prompted us to investigate the impact of
CE administration on the gut microbiota in the present study.
Our results show that HFHS feeding induced a dramatic shift in
the gut microbiota of mice by increasing the proportion of
Firmicutes and decreasing the proportion of Bacteroidetes. This
diet-induced reshape in the microbial community of HFHS-fed
mice is a typical characteristic of obesity-driven dysbiosis and is
in agreement with previous publications,11 60–62 as was the
finding of an increased presence of the genus Oscillibacter in
obese mice.63

The beneficial effects of CE treatment on metabolic pheno-
types were associated with a robust modulation in the relative
abundance of Akkermansia spp., as suggested by the higher rep-
resentation (30%) of reads assigned to this genus in CE meta-
genome at week 9 in comparison with week 1. To the best of
our knowledge, this is the first report of a fruit extract exerting
such a major effect on the presence of Akkermansia in the intes-
tinal microbiota of an animal model of diet-induced obesity.
Interestingly, administration of green tea polyphenols to
high-fat-fed mice has also been recently associated with an

increase in the proportion of Akkermansia,64 whereas
Kemperman et al65 showed that complex polyphenols from
black tea and from a grape juice/red wine mixture, in the
context of a simulator of the human intestinal microbial ecosys-
tem (ie, SHIME), increased the relative proportion of
Akkermansia. Moreover, the metabolic benefits of gastric bypass
surgery and of the antidiabetic drug metformin have been also
linked to an increased intestinal abundance of this bacter-
ium.29 30 We found that the CE-mediated increase in the relative
abundance of Akkermansia was associated with the prevention
of the HFHS-induced rise in circulating LPS and abrogation of
intestinal inflammation in these animals. Although we have not
directly established the causal relationship between CE-induced
increase in the relative proportion of Akkermansia population
and the improved features of the metabolic syndrome in
CE-treated HFHS-fed mice, it has been already reported that
oral administration of Akkermansia (ie, as a probiotic) reverses
high-fat-diet-induced metabolic disorders28 and could also
mimic the antidiabetic effects of metformin in diabetic mice.30

Importantly, our results further suggest that the CE-related
increase in Akkermansia population might be sufficient to
prevent the negative metabolic phenotype associated with
obesity-driven dysbiosis without major modifications in the pro-
portions of Firmicutes and Bacteroidetes.

Hepatic TG accumulation is a measure of steatosis, which in
combination with oxidative stress and inflammation may lead to
NAFLD, the most important cause of liver disease in Western
countries that usually develops in the setting of insulin resistance
and obesity.66 LPS derived from the gut microbiota reaches the
portal circulation and thus can access the liver to affect host
metabolic physiology in critical ways.67 Elevated levels of circu-
lating LPS in obese individuals have been shown to be a conse-
quence of nutrient overload and high-fat-induced changes in the
gut microbiota.17 Furthermore, metabolic endotoxemia (ie,
increased circulating LPS after an obesogenic diet) is explained
by the transport of LPS from the gut lumen by newly synthe-
sised chylomicrons from enterocytes in response to fat
feeding24 25 and by a gut microbiota-dependent disruption of
the gut barrier, thus favouring LPS leakage.16 17 23 Interestingly,
besides the fact that Akkermansia uses mucins as a food supply,
it seems to be crucial for the mucus layer integrity.28 68

Akkermansia administration as a probiotic was reported to
reduce systemic LPS levels in high-fat-fed mice, which is pos-
sibly associated with the ability of Akkermansia to preserve the
mucus layer thickness, therefore reducing gut permeability and
LPS leakage.28 Taken together, these observations suggest that
CE, by increasing the presence of Akkermansia, may reduce
intestinal permeability and LPS leakage, therefore ameliorating
insulin resistance in diet-induced obese mice. Accordingly, the
ability of CE to blunt circulating LPS levels may be accounted
for the reduced hepatic TG accumulation and protection from
hepatic oxidative stress and inflammation in HFHS-fed mice.

Intestinal inflammation is growingly recognised to play a major
role in the early deterioration of glucose and lipid metabolism in
models of obesity and insulin resistance.13 Remarkably, CE
administration was found to completely suppress NFκB activa-
tion in the intestine of HFHS-fed mice. NFκB is a central regula-
tor of metabolic inflammation and controls the production of
several proinflammatory cytokines, including TNF-α. CE treat-
ment reduced the amount of TNF-α in the intestine and also
decreased COX2 protein expression, an enzyme crucial for the
synthesis of several proinflammatory molecules. Additionally, CE
administration was found to increase the activity of SOD2, sug-
gesting that it could exert some of its effects through promoting
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oxidant defence mechanisms in the intestine. It has been sug-
gested that interactions between diet and enteric bacteria are
necessary for inducing inflammatory changes in the intestine and
to impact on diet-induced obesity and insulin resistance.13

Therefore, our observations suggest that CE treatment, acting as
a prebiotic, may be a novel strategy against intestinal inflamma-
tion and the prevention of the metabolic syndrome.

The mechanisms by which phenolic phytochemicals may
exert prebiotic effects and reshape the gut microbiota with bene-
fits to the host are still unclear. It has been suggested that
Akkermansia can display a rapid growth rate in order to monop-
olise the resources when competition is low following an
important ecological disruption (eg, gastric bypass surgery,
caloric restriction, antibiotic therapy).69 CE is very rich in poly-
phenols, particularly phenolic acids, flavan-3-ols (eg, catechin,
epicatechin) and PAC (table 1). These molecules have been
shown to possess remarkable antibacterial activity43 70 71 and
can potentially reshape the gut microbiota ecology of obese
mice. One explanation is that this latter effect could be asso-
ciated with a reduction in the abundance of species capable of
holding Akkermansia in check, thus favouring a rise in its pro-
portion. In fact, a polyphenol extract of wine and grapes stimu-
lated the growth of Akkermansia while exerting profound
antimicrobial activity in the transversal colon of a gut biofer-
mentor model.65 Moreover, this hypothesis is supported by the
fact that broad-spectrum antibiotic treatment increases the pro-
portion of Akkermansia in humans.72 Another explanation is
that CE, through their high PAC content, influences the produc-
tion of mucin and thereby provides ample trophic resources for
Akkermansia to thrive. Indeed, cranberry PAC have been shown
to increase the differentiation of goblet cells and to preserve the
production of luminal mucin 2 (Muc2) in mice fed through
elemental enteral nutrition, a treatment known to decrease the
mucosal barrier.36 Conversely, we found that CE administration
is associated with increased Kruppel-like factor 4 (Klf4)—a
marker of goblet cells—and Muc2 mRNA expression in the
proximal colon (see online supplementary figure S3), which sup-
ports the hypothesis that these condensed tannins are able to
stimulate mucus production and therefore create an ecological
niche for the mucus-eating bacterium Akkermansia. Importantly,
since it has been reported that Akkermansia administration per
se can re-establish the mucus layer integrity in diet-induced
obese mice,28 it is possible that a direct trophic effect of CE on
Akkermansia precedes the positive effects found on the mucus
layer integrity. Finally, Akkermansia contributes to the restor-
ation of antimicrobial peptides such as regenerating islet-derived
protein 3 γ (RegIIIγ).28 Although our results did not show a stat-
istically significant modulation of Reg3g by CE treatment, we
did observe a trend for modulation of this antimicrobial marker
that would suggest that CE stimulates the induction of anti-
microbial defences, which is possibly linked with higher
Akkermansia muciniphila abundance in these animals. Further
investigations are definitely warranted in order to better under-
stand the prebiotic effects of CE on Akkermansia.

The use of Akkermansia as a probiotic in humans, although a
promising strategy, may find some barriers. For instance, besides
the fact that the safety of Akkermansia administration to
humans is currently unknown, its in vitro culture is technically
complex and time-consuming, suggesting that the production of
Akkermansia as a commercial-scale probiotic may be costly.
Therefore, finding alternative methods to increase the presence
of Akkermansia spp. in the gut microbiota seems a valid, safe
and likely more cost-effective approach. In addition, given the
fact that cranberries are already highly consumed (especially in

North America), using CE as a prebiotic might be an interesting
strategy to ease adherence to the treatment compared with the
introduction of a novel probiotic strain. Moreover, the dose
used in this study in mice may represent a feasible dose in
humans. By applying the US Food and Drug Administration’s
guidelines to establish the human equivalent dose based on
body surface area,73 we found that a 16 mg/kg dose would be
the human equivalent of a 200 mg/kg dose in mice. This is per-
fectly achievable by supplementation or by incorporating CE in
other food products.

While our study provides evidence for the beneficial meta-
bolic effects of CE treatment, some limitations must be acknowl-
edged. First, while we have found that the CE treatment
improves insulin sensitivity, based on ITT analysis, HOMA-IR
and fasting and postglucose insulin levels, future studies that use
the euglycemic clamp technique together with isotopic tracers
could be performed to further confirm this effect of CE and to
determine the contribution of the liver and peripheral tissues to
this phenotype. Moreover, we acknowledge that the pooling of
samples used to analyse the metagenomic bacterial diversity of
the mice constitutes another limitation of this study, but allowed
us to focus on the shifts occurring within the dominant phylo-
types due to the different treatments.

In summary, we found that CE treatment protects from
diet-induced obesity, liver steatosis and insulin resistance in
HFHS-fed mice. This effect was associated with alleviation of
metabolic endotoxemia and intestinal inflammation. Our study
further suggests that the ability of CE administration to raise the
relative proportion of Akkermansia is playing a key role in this
protective effect, leading us to propose that fruit polyphenols
may prevent obesity and the metabolic syndrome through a pre-
biotic effect on the gut microbiota.
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SUPPLEMENTARY METHODS 

 

Metagenomic analysis 

Bacterial DNA extraction 

DNA is extracted as described in [1] using a combination of physical cell-disruption 

(Bead-beater) and silica column purification using QIAamp DNA Stool Mini Kit 

(QIAGEN, Missisauga, ON, Canada) [1]. Briefly, approximately 100 mg of feces are 

manually crushed in ASL buffer (QIAGEN) and mixed with 0.4 g of 0.1 mm zirconium 

beads. Homogenisation is carried out in a MiniBeadBeater (Biospec Products, 

Bartlesville, OK, USA) to break bacterial cells. After centrifugation (1 min, 20 000 g), 

supernatant is treated with an InhibitEx reagent (QIAGEN) in order to remove PCR 

inhibitors present in large quantities in the feces. RNA and proteins are degraded using 

RNAse (Roche Diagnostics, Indianapolis, IN, USA) and proteinase K (QIAGEN). DNA 

Purification is then carried out using QIAamp DNA Stool Mini Kit (QIAGEN) according 

to supplier’s recommendations. Total extracted DNA is quantified with a ND-1000 

Nanodrop (Nanodrop Technologies, Wilmington, DE, USA). All extracted DNA samples 

were pooled according to dietary/treatment conditions (Chow, HFHS, and CE) and time 

of sampling (weeks 0, 1, 5 and 9) which resulted in a total of 12 DNA samples.  

 

16S rRNA gene amplification and purification 

For each pooled DNA sample, a fragment of the V6-V8 hypervariable region of the 

bacterial 16S rRNA gene was amplified by PCR with bar-coded primers adapted from 

existing rRNA primers as described in Comeau et al. [2]. The PCR reaction mixture 

contained 1 µL of template DNA, 200 µM of each dNTP (Feldan Bio), 1X HF 

polymerase buffer (NEB), 0.2 µM of each 454 primer (Invitrogen), 0.4 mg/mL BSA 

(Fermentas), 1 U of Phusion High-Fidelity DNA polymerase (NEB). The PCR program 

was as follows: an initial cycle at 98°C during 30 s, followed by 30 cycles of denaturation 

at 98°C for 10 s, annealing at 55°C for 30 s, extension at 72°C for 30 s, with a final 

extension of 72°C during 5 min. PCR products were purified using the QIAquick PCR 

purification kit (QIAGEN). The concentration of the samples was evaluated 



spectrophotometrically using a NanoDrop ND-1000 (Thermo scientific). Final amplicon 

mean length varied between 497-507 bp for all samples. 

 

454 pyrosequencing 

Sequencing of the 12 bar-coded amplicons was conducted using 1/8
th

 plate on a single 

run of Roche 454 GS-FLX Titanium platform at the IBIS (Institut de Biologie Intégrative 

et des Systèmes - Université Laval). The pyrosequencing run yielded 132611 sequences 

with numbers of reads varying between 4560 and 8745 per sample.  

 

Raw sequence pre-processing quality control and re-sampling 

After de-multiplexing of the raw 454 reads by the Roche MID (multiplex identifier) 

script, a series of sequence processing was carried out with Mothur [3] to remove low 

quality reads. Briefly, sequences were filtered using the following restrictions: presence 

of one or more uncertain bases (N); too short (<150 bp after adaptor and bar-code 

removal) or too long reads (greater than expected amplicon size); sequences that begin 

with low quality (incorrect F primer) or containing homopolymers longer than 8 

nucleotides. All bases beyond the R primer were trimmed. According to Huse et al., those 

quality control steps have shown to reduce 454 sequencing reads error rates <0.2% [4]. 

Mothur was used to identify and eliminate chimeric reads and sequences considered as 

contaminants (with mitochondrial or chloroplastidial origin). Reads that passed the above 

quality filter were then aligned against SILVA reference alignments using the k size = 9 

parameter. Then, aligned reads were manually screened to remove all misaligned 

sequences. All aligned reads were randomly re-sampled according to their respective bar-

code to equalize the number of reads between all samples. After re-sampling, each of the 

12 samples contained 2566 reads which was equal to the smallest amount of sequences 

originally found in the bar-coded samples. The raw sequencing data have been deposited 

in the NCBI Sequence Read Archive (SRA) (http://www.ncbi.nlm.nih.gov/sra/) under the 

Bioproject ID PRJNA239219. 

 

 

 

http://www.ncbi.nlm.nih.gov/sra/


OTU detection 

Sequences that successfully passed pre-processing and filtering steps were used in 

Mothur to generate a pair wise distance matrix from which reads were then clustered into 

OTUs (Operational Taxonomic Units) using the furthest-neighbor algorithm and 

specifying a distance cutoff value of 0.03. The sequence identity threshold of 97% allows 

reasonable discrimination of sequences at the species- or at least genus-level [5, 6, 7]. 

The choice of a clustering distance of 0.03 is also judicious considering that the 

intragenomic distance between 16S rRNA gene copies is typically less than 0.03, and 

thereby avoiding classifying replicate 16S rRNA gene sequences from the same genome 

into different OTUs [8]. Singletons (OTUs with a unique sequence occurring only once 

among all reads) were discarded at this step. 

 

OTU identification 

Taxonomical classification of OTUs was carried out in Mothur with the Wang method 

[9] and a 50% bootstrap cut-off value. This strategy has been shown to be ≥95% accurate 

at the genus level on real and simulated pyrosequencing reads [4, 10, 11], even for much 

shorter sequences (around 80 pb) than those produced in this study [10]. As described in 

Comeau et al., representative sequences of each OTU were taxonomically assigned 

comparing them to a customized collection of reference sequences based on the 

Greengenes  [2, 12] and the RDP databases [13], and trimmed to the V6-V8 region. 

 

Statistical comparisons of metagenomic samples 

We employed the Statistical Analysis of Metagenomic Profiles (STAMP; version 2.0.0) 

statistical probability model to identify biologically relevant differences between 

metagenomic communities [14]. This model allows choosing appropriate statistical 

methods to evaluate differences in the proportions of sequences assigned to different 

taxonomic groups between metagenomes, while considering effect sizes and confidence 

intervals in assessing biologically relevant differences. Statistically significant 

differences between taxonomic profiles (at the genus-level) of multiple metagenomic 

samples obtained after different dietary and temporal conditions were calculated using 

Principal Component Analysis (PCA), using ANOVA model combined with the Tukey-



Kramer method as Post-hoc test, and the Storey's false-discovery-rate (FDR) or 

Benjamini-Hochberg FDR method as a multiple-hypothesis test correction. Two-way 

comparisons of taxonomic distributions (at the phylum- or genus-level) between 

metagenomic samples were tested within STAMP, using the Fisher's exact test associated 

with the Newcombe-Wilson method for calculating confidence intervals (nominal 

coverage of 95%). To indicate the percentages of false positives (reported by q values) 

that should be expected among all significant taxonomic units illustrated on extended 

error bar plots, a Storey or Benjamini-Hochberg FDR approach was employed. Two 

filters were applied to all analyses performed with STAMP to remove features with a q 

value of >0.05 or an effect size <1.  

 

Real Time PCR 

Total RNA was extracted from jejunum and proximal colon and purified using the 

RNeasy Microarray Tissue Mini Kit (Qiagen). Purified RNA was used for cDNA 

synthesis using a reverse transcription PCR kit (Applied Biosystems). Real-time PCR 

was performed using the SYBR Green Jump-Start Gene Expression Kit (Sigma) with 

1:10 diluted cDNA product from the reverse transcription. Hprt (hypoxanthine guanine 

phosphoribosyl transferase) was used as the housekeeping gene. Data were calculated 

according to the 2
-ΔΔCt

 method. Primer sequences for targeted mouse gene are available in 

Table S3. 

 

Cranberry extract and phenolic characterization 

Plant material and chemicals 

Standardized cranberry (Vaccinium macrocarpon Aiton) extract was provided by Nutra 

Canada (Quebec, Canada). The phenolic standards were obtained from Sigma-Aldrich 

(MO, USA) except for cyanidin 3-glucoside, which was purchased from Extrasynthèse 

(France). 

 

Total phenolic content determination 

The total phenolic content of cranberry extract was determined using Folin-Ciocalteu 

method, using gallic acid as standard. In a 96-well plate, 100 µl of a water-diluted Folin-



Ciocalteu reagent (1/10) and 80 µl of sodium carbonate solution (75 g/l) were added to 20 

µl of a 20% MeOH 0.1% TFA solution of the extract. After incubation for 1h at room 

temperature, the absorbance was measured at 765 nm using a BMG Labtech Fluostar 

Omega microplate reader. 

 

Characterization of anthocyanins and procyanidins  

Anthocyanins were characterized by reverse-phase analytical HPLC using an Agilent 

1100 series system equipped with a diode array detector. The separation was performed 

on a Phenomenex Develosil C18 reverse-phase column (250 mm x 4 mm, 5 μm particle 

size), protected with an Ultrasep C18 guard column, using a previously described 

methodology [15]. Anthocyanins were quantified using cyanidin 3-glucoside as standard. 

Procyanidins were characterized by normal-phase analytical HPLC using an Agilent 

1260/1290 infinity system equipped with a fluorescence detector. The separation was 

performed at 35°C on a Phenomenex Develosil Diol column (250 mm x 4.6 mm, 5 μm 

particle size), protected with a Cyano SecurityGuard column, using a published 

methodology [16]. The fluorescence was monitored at excitation and emission 

wavelengths of 230 and 321 nm. Procyanidins with degrees of polymerization (DP) from 

1 to >10 were quantified using external calibration curve of epicatechin, taking into 

account their relative response factors in fluorescence [17].  

 

Characterization of phenolic acids and flavonoids 

Phenolic acids and flavonoids were analyzed using a Waters Acquity UHPLC-MS/MS 

equipped with an H-Class quaternary pump system, a flow through needle (FTN) sample 

manager system, a column manager and a TQD mass spectrometer equipped with a Z-

spray electrospray interface. The separation was achieved at 40°C on an Agilent Plus C18 

column (2.1 mm x 100 mm, 1.8 µm) with a flow rate of 0.4 ml/min. The mobile phase 

consisted of 0.1% formic acid in ultrapure water and acetonitrile (solvent A and B 

respectively) was used with following gradient conditions: 0-4.5 min, 5-20% B; 4.5-6.45 

min, 20% B; 6.45-13.5 min, 20-45% B; 13.5-16.5 min, 45-100% B; 16.5-19.5 min, 100% 

B; 19.5-19.52 min, 100-5% B; 19.52-22.5 min, 5% B. The MS/MS analyses were carried 

out in negative mode using following electrospray source parameters: electrospray 



capillary voltage: 2.5 kV, source temperature: 140°C, desolvation temperature: 350°C, 

cone and desolvation gas flows:  80 l/h and 900 l/h respectively. Data were acquired 

through multiple reaction monitoring (MRM) using Waters Masslynx V4.1 software. 

Phenolic standards were analyzed using the same parameters and used for the 

quantification. 

 

Characterization of simple sugars and fibers 

Sugars were extracted from cranberry extract using 80% ethanol. After heating at 70°C 

for 10 minutes, the solution was centrifuged (5 minutes, 3000 rpm, 4°C), evaporated and 

resuspended in ultrapure water. The characterization was achieved by HPLC using a 

Waters 600 system equipped with a LKB Bromma 2142 refractometer. The separation 

was performed on a Waters Sugar Pak column (300 mm x 6.5 mm, 10 µm particle size) 

with an isocratic elution with EDTA 5 mg/l at a flow rate of 0.5 ml/min. Total dietary 

fibers were determined using the AOAC 985.29 procedure. 

 

Data analysis 

All phenolic characterizations were carried out in triplicate and results were expressed as 

mean ± standard deviation (SD). 

 

Immunoblot Analysis  

Tissues were frozen with liquid nitrogen and then crushed in order to obtain 

homogeneous powdered samples. Proteins were denatured in a buffer containing SDS 

and ß-mercaptoethanol, separated on a 7.5% SDS-PAGE and electroblotted onto Hybond 

nitrocellulose membranes (Amersham, Canada). Bradford assay (Bio-Rad, Ontario, 

Canada) was used to determine the protein concentration of each sample. Signals were 

detected with an enhanced chemiluminescence system for antigen-antibody complexes. 

Unspecific binding sites in the membranes were blocked by defatted milk proteins. 

Membranes were then incubated with the following primary antibodies: 1:1000 

polyclonal anti-COX-2 (70 kDa; Novus, Canada); 1:10000 polyclonal anti-NF-kB (65 

kDa; Santa Cruz Biotechnology, USA); 1:5000 polyclonal anti-IkB (39 kDa; Cell 

Signaling, USA); 1/5000 polyclonal anti-tumor   necrosis factor (TNF)-α (26 kDa; R&D, 



Canada) and 1:40000 monoclonal anti-β-actin (42 kDa; Sigma, USA). The relative 

amount of primary antibody was detected with specie-specific horseradish peroxidase-

conjugated secondary antibody (Jackson, USA). Blots were developed and the protein 

mass was quantitated by densitometry using an HP Scanjet scanner equipped with a 

transparency adapter and the UN-SCAN-IT gel 6.1 software. 
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Supplementary Figure S1. Experimental Design. Eight-week-old C57Bl/6J male 
mice (n=36, Jackson, USA) were bred two animals per cage in a controlled 
environment with food and water ad libitum. After two weeks of acclimation (week 0 
and week 1) on a normal-chow diet (Teklad 2018, Harlan), mice were fed either a 
chow or a high-fat high-sucrose (HFHS) diet containing 65% lipids, 15% proteins and 
20% carbohydrates. Animals were randomly divided in three groups of 12 mice, and 
one group (assigned as CE) started to receive daily doses (200 mg/kg) of cranberry 
extract (CE) by gavage, whereas the other two groups (assigned as Chow and HFHS) 
received the vehicle (water). Feces were collected by the end of weeks 0, 1, 5 and 9 
for subsequent metagenomic analysis. Body weight gain and food intake were 
assessed twice a week. After 8 weeks of HFHS feeding, animals were anesthetized in 
chambers saturated with isoflurane and then sacrificed by cardiac puncture. Tissues 
and blood were collected for subsequent analysis. 

 
 
 
 
 
 
 
 
 
 
 
 
 



Supplementary Figure S2. Statistical comparisons of gut metagenomic profiles at 
the phylum level. Plots showing significant differences in abundance of reads 
assigned to a given bacterial phylum between week 1 and week 9 for Chow, HFHS 
and CE mice. The bar graphs on the left side display the mean proportion of 
sequences assigned to each phylum. The dot plots on the right side display the 
difference in mean proportions between the week 1 and week 9 with associated q-
value. Error bars on both sides of dots represent the 95% confidence intervals. Only 
features (genus) with a q-value of >0.05 and a difference between proportions value 
>1 were considered. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplementary Figure S3. Muc2, Klf4 and Reg3g mRNA expression in the jejunum 
and proximal colon. Mucin 2 (Muc2), Kruppel-like factor 4 (Klf4) and Regenerating 
islet-derived 3 gamma (Reg3g) mRNA expressions were analysed by qPCR. Total 
RNA was extracted from jejunum and proximal colon and used for cDNA synthesis. 
Hprt (hypoxanthine guanine phosphoribosyl transferase) was used as the 
housekeeping gene. Data were calculated according to the 2-ΔΔCt method. Primer 
sequences for targeted mouse gene are available in Table S3. n=6-8. Data are 
expressed as the mean ±SEM. *p<0.05 vs. Chow controls; #p<0.05 vs. HFHS 
controls. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplementary Figure S4. Statistical comparisons of gut metagenomic profiles 
during adaptation period (week 0 and week 1). Plots showing significant differences 
in abundance of reads assigned to a given bacterial genus between week 0 and week 
1 for Chow, HFHS and CE groups. The bar graphs on the left side display the mean 
proportion of sequences assigned to each genus. The dot plots on the right side 
display the difference in mean proportions between week 0 and week 1 with 
associated q-value. Error bars on both sides of dots represent the 95% confidence 
intervals. Only features (genus) with a q-value of >0.05 and a difference between 
proportions value >1 were considered. 

 
 
 
 



Table S1.  Relative abundance of genera in CHOW, HFHS and CE groups. 

  Relative abundance (%) 

  Treatment  CHOW  HFHS  CE  

 Taxon Week  0 1 5 9 0 1 5 9 0 1 5 9 

Phylum Genus*                         

Actinobacteria Propionibacterium 0,00 0,00 0,08 0,00 0,00 0,00 0,00 0,04 0,00 0,00 0,00 0,04 

Actinobacteria Adlercreutzia 0,04 0,12 0,16 0,08 0,39 0,19 0,12 0,51 0,19 0,16 0,23 0,23 

Bacteroidetes Phocaeicola 0,08 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,04 0,00 0,00 

Bacteroidetes Barnesiella 17,07 9,82 20,03 13,21 10,52 13,45 1,44 1,36 14,30 11,22 1,44 0,70 

Bacteroidetes unclassified 43,22 33,09 22,92 27,28 27,01 24,90 4,64 12,82 34,65 26,66 5,53 8,85 

Bacteroidetes unclassified 0,31 0,19 0,00 0,04 0,16 0,04 0,00 0,04 0,16 0,08 0,00 0,16 

Bacteroidetes unclassified 0,19 0,23 0,00 0,00 0,04 0,04 0,04 0,00 0,00 0,04 0,04 0,00 

Firmicutes Bacillus 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,08 

Firmicutes Staphylococcus 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,04 0,00 

Firmicutes Melissococcus 0,00 0,00 0,04 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Firmicutes Lactobacillus 1,71 2,30 2,49 2,96 8,46 6,12 1,05 0,31 2,65 1,79 1,33 0,12 

Firmicutes unclassified 0,00 0,00 0,04 0,00 0,00 0,00 0,00 0,00 0,00 0,08 0,00 0,00 

Firmicutes Turicibacter 3,66 2,34 0,94 3,55 10,17 4,29 0,31 0,04 4,83 4,56 0,00 0,00 

Firmicutes unclassified 0,04 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Firmicutes unclassified 0,00 0,16 0,47 0,74 0,39 0,12 0,12 0,12 0,58 0,51 0,58 0,90 

Firmicutes Clostridium 0,00 0,00 0,04 0,04 0,12 0,35 1,75 0,19 0,12 0,00 0,00 0,00 

Firmicutes Acidaminobacter 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Firmicutes Anaerovorax 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Firmicutes Eubacterium 0,82 2,38 1,29 1,05 2,14 0,23 0,19 0,35 0,08 5,81 0,19 0,27 

Firmicutes Dehalobacterium 0,00 0,00 0,16 0,12 0,12 0,00 0,00 0,12 0,19 0,00 0,08 0,16 

Firmicutes Eubacterium 0,16 0,19 0,04 0,12 0,27 0,19 0,16 2,49 0,12 0,00 0,39 1,17 

Firmicutes Anaerostipes 0,00 0,00 0,16 0,12 0,00 0,16 0,04 0,00 0,12 0,00 0,00 0,00 

Firmicutes Bacteroides 0,08 0,08 0,19 0,08 0,00 0,00 0,00 0,00 0,04 0,08 0,00 0,00 



Firmicutes Blautia 0,04 0,16 0,16 0,08 0,00 0,12 0,00 0,08 0,00 0,00 0,04 0,00 

Firmicutes Clostridium 7,56 8,61 9,24 12,28 9,47 13,72 7,60 5,18 9,74 12,51 6,27 5,85 

Firmicutes Coprococcus 0,58 1,44 1,64 1,33 2,42 1,79 0,78 3,08 1,40 1,01 3,20 1,60 

Firmicutes Lachnobacterium 0,00 0,08 0,08 0,16 0,00 0,12 0,08 0,19 0,08 0,04 0,27 0,35 

Firmicutes Lachnospira 0,12 0,08 0,12 0,66 0,82 0,27 0,00 0,00 0,16 0,23 0,00 0,00 

Firmicutes Lactonifactor 0,27 0,19 0,51 0,62 0,31 0,35 0,04 0,04 0,16 0,00 0,12 0,00 

Firmicutes Marvinbryantia 0,16 0,04 0,12 0,12 0,04 0,00 0,00 0,00 0,04 0,00 0,00 0,00 

Firmicutes Oscillibacter 2,84 5,42 3,59 4,25 1,75 3,39 10,87 21,40 1,95 3,66 16,41 14,85 

Firmicutes Parasporobacterium 0,23 0,00 0,00 0,04 0,00 0,00 0,12 0,00 0,00 0,08 0,27 0,08 

Firmicutes Robinsoniella 0,04 0,08 0,04 0,08 0,04 0,00 0,08 0,08 0,00 0,00 0,00 0,08 

Firmicutes Roseburia 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,12 

Firmicutes Ruminococcus 0,00 0,08 0,16 0,27 0,23 0,19 10,60 3,55 0,08 0,04 2,30 3,47 

Firmicutes Sporobacterium 0,08 0,16 0,00 0,08 0,12 0,08 0,00 0,00 0,19 0,16 0,00 0,00 

Firmicutes Syntrophococcus 0,04 0,08 0,04 0,16 0,00 0,00 0,00 0,08 0,00 0,23 0,08 0,00 

Firmicutes unclassified 12,35 16,80 21,32 15,94 10,56 13,72 11,50 13,64 12,47 20,46 17,93 14,42 

Firmicutes Dehalobacter 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Firmicutes Clostridium 0,35 0,16 0,12 0,27 0,47 0,31 11,50 6,31 0,27 0,00 7,01 3,04 

Firmicutes Peptostreptococcus 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,04 0,00 0,00 0,00 0,00 

Firmicutes unclassified 0,00 0,00 0,00 0,00 0,00 0,00 0,12 0,16 0,00 0,00 0,19 0,08 

Firmicutes Acetanaerobacterium 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Firmicutes Acetivibrio 0,47 0,82 1,05 1,79 1,29 0,97 1,29 0,39 2,07 0,08 0,23 0,08 

Firmicutes Anaerotruncus 0,04 0,00 0,04 0,04 0,16 0,19 0,23 0,27 0,16 0,16 0,04 0,16 

Firmicutes Bacteroides 0,08 0,19 0,00 0,08 0,04 0,00 0,12 0,12 0,00 0,16 0,04 0,16 

Firmicutes Butyricicoccus 0,00 0,00 0,08 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Firmicutes Clostridium 0,43 0,16 0,31 0,90 0,23 0,62 3,35 1,33 0,47 0,19 0,62 1,40 

Firmicutes Eubacterium 0,04 0,08 0,00 0,04 0,00 0,00 0,00 0,00 0,00 0,04 0,00 0,00 

Firmicutes Flavonifractor 0,00 0,00 0,04 0,00 0,00 0,12 0,23 0,12 0,00 0,00 0,12 0,39 

Firmicutes Hydrogenoanaerobacterium 0,08 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 



Firmicutes Oscillibacter 0,66 1,71 2,49 2,92 0,78 1,05 2,49 3,86 1,87 2,34 4,48 3,12 

Firmicutes Oscillospira 0,94 1,05 1,75 1,64 1,75 1,64 1,17 1,56 0,82 1,13 1,29 1,99 

Firmicutes Papillibacter 0,00 0,00 0,00 0,00 0,08 0,00 0,00 0,04 0,00 0,00 0,19 0,00 

Firmicutes Pseudoflavonifractor 0,27 1,17 0,74 1,25 1,05 0,62 1,29 1,68 0,94 0,35 2,26 1,44 

Firmicutes Ruminococcus 0,04 0,04 0,47 0,39 0,19 0,16 0,19 0,04 0,39 0,16 0,04 0,00 

Firmicutes Sporobacter 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,08 0,00 0,00 0,00 

Firmicutes unclassified* 0,82 1,33 1,21 1,01 0,47 0,66 0,66 1,48 0,94 0,82 2,22 1,75 

Firmicutes unclassified* 0,43 1,56 1,60 0,94 0,62 0,31 1,91 4,60 0,86 1,09 2,18 1,75 

Firmicutes unclassified* 0,04 0,04 0,12 0,16 0,00 0,16 0,04 0,08 0,08 0,00 0,00 0,00 

Firmicutes unclassified* 1,05 0,51 0,23 0,70 2,49 1,17 0,04 0,08 1,01 0,90 0,19 0,12 

Proteobacteria Methylobacterium 0,00 0,00 0,00 0,04 0,00 0,00 0,00 0,00 0,00 0,00 0,04 0,00 

Proteobacteria Enterobacter 0,00 0,00 0,00 0,00 0,00 0,08 0,00 0,00 0,00 0,00 0,00 0,39 

Proteobacteria unclassified* 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,08 

Proteobacteria Acinetobacter 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Proteobacteria Pseudomonas 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,04 

Tenericutes Allobaculum 0,04 0,00 0,08 0,04 0,00 0,08 12,12 3,51 0,04 0,00 0,00 0,00 

Tenericutes Clostridium 0,00 0,00 0,00 0,00 0,00 0,00 0,08 0,00 0,04 0,00 0,00 0,00 

Tenericutes Coprobacillus 0,00 0,00 0,00 0,00 0,00 0,00 0,04 0,00 0,00 0,00 0,08 0,00 

Tenericutes unclassified* 0,04 0,00 0,00 0,04 0,04 0,08 0,12 0,00 0,12 0,04 0,00 0,08 

Tenericutes Anaeroplasma 0,08 1,01 1,21 0,74 0,08 0,27 0,04 0,00 0,39 0,47 0,04 0,00 

Tenericutes unclassified* 0,90 0,78 0,97 1,13 0,47 2,03 0,27 0,43 1,48 0,27 0,04 0,04 

Verrucomicrobia Akkermansia 1,09 4,56 0,78 0,19 3,27 5,03 10,64 7,76 3,08 1,44 21,51 30,16 

unclassified unclassified 0,43 0,70 0,70 0,23 0,94 0,58 0,55 0,39 0,55 0,94 0,35 0,27 
aTaxa marked with asterisk could not be assigned to any of the genera and are shown at the lowest common taxon 

 



 Table S2. Proportion of sequences assigned to a given bacterial genus in 

metagenomic samples between week 1 and 9 for Chow, HFHS and CE 

treatments 

Treatme

nt 

Genus
*
 Proportion (%) 

  Week 1 Week 9 

C
h

o
w

 

Unclassified Porphyromonadaceae
*
 43,2 27,2 

Unclassified Lachnospiraceae
*
 12,3 16,8 

Clostridium 8,7 12,9 

Barnesiella 17,1 13,3 

Oscillibacter 3,1 6,8 

Acetivibrio 0,5 1,9 

Lactobacillus 1,7 3,0 

Pseudoflavonifractor 0,2 1,2 

H
F

H
S

 

Oscillibacter 2,5 25,4 

Unclassified Porphyromonadaceae
*
 27,0 12,9 

Turicibacter 10,0 0,04 

Barnesiella 10,4 1,3 

Lactobacillus 8,5 0,3 

Akkermansia 3,3 7,8 

Unclassified Clostridiales
*
 0,5 4,8 

Allobaculum 0,0 3,5 

Ruminococcus 0,4 3,7 

Clostridium 10,1 13,3 

Unclassified Firmicutes
*
 2,6 0,1 

C
E

 

Akkermansia 3,1 30,2 

Unclassified Porphyromonadaceae
*
 34,6 8,9 

Oscillibacter 3,9 18,0 

Barnesiella 14,3 0,7 

Turicibacter 4,7 0 

Ruminococcus 0,5 3,5 

Lactobacillus 2,7 0,1 

Acetivibrio 2,1 0,1 

Unclassified RF39 (Mollicutes)
*
 1,5 0,04 

Eubacterium 0,2 1,4 

Unclassified Firmicutes
*
 1,3 0,1 

Oscillospira 0,8 2,0 
*
Taxa marked with asterisk could not be assigned to any of the genera and 

are shown at the lowest common taxon 



Table S3. Primer Sequences   

Gene Forward sequence Reverse sequence 

Hprt CCCCAAAATGGTTAAGGTTGC AACAAAGTCTGGCCTGTATCC 

Muc2 ACGTGTCATATTTGCACCTCT TCAACATTGAGAGTGCCAACT 

Klf4 GTAGTGCCTGGTCAGTTCATC AACCTATACCAAGAGTTCTCATCTC 

Reg3g TTCCTGTCCTCCATGATCAAA CATCCACCTCTGTTGGGTTC 
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