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ABSTRACT
In the past decades, obesity and associated metabolic complications have reached epidemic
proportions. For the study of these pathologies, a number of animal models have been developed.
However, a direct comparison between Wistar and Sprague-Dawley (SD) Rat as models of high-fat
(HF) diet-induced obesity has not been adequately evaluated so far. Wistar and SD rats were
assigned for 2 experimental groups for 17 weeks: standard (St) and high-fat (HF) diet groups. To
assess some of the features of the metabolic syndrome, oral glucose tolerance tests, systolic blood
pressure measurements and blood biochemical analysis were performed throughout the study. The
gut microbiota composition of the animals of each group was evaluated at the end of the study by
real-time PCR. HF diet increased weight gain, body fat mass, mesenteric adipocyte’s size,
adiponectin and leptin plasma levels and decreased oral glucose tolerance in both Wistar and SD
rats. However, the majority of these effects were more pronounced or earlier detected in Wistar rats.
The gut microbiota of SD rats was less abundant in Bacteroides and Prevotella but richer in
Bifidobacterium and Lactobacillus comparatively to the gut microbiota of Wistar rats. Nevertheless,
the modulation of the gut microbiota by HF diet was similar in both strains, except for Clostridium
leptum that was only reduced in Wistar rats fed with HF diet. In conclusion, both Wistar and SD Rat
can be used as models of HF diet-induced obesity although the metabolic effects caused by HF diet
seemed to be more pronounced in Wistar Rat. Differences in the gut microbial ecology may account
for the worsened metabolic scenario observed in Wistar Rat.
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Introduction

Obesity (especially visceral obesity) is a key feature of the
metabolic syndrome, a set of interrelated risk factors for
cardiovascular disease and diabetes, that also includes
dysglycemia, raised blood pressure, elevated triglyceride
levels and low high density lipoprotein cholesterol levels.1

In the past decades, obesity and associated metabolic
complications have reached epidemic proportions.2 For
a better understanding of these pathologies and to evalu-
ate potential treatments for the metabolic syndrome, a
number of experimental animal models have been
developed.3,4

Despite the multifactorial etiology of obesity, the
rate at its incidence is increasing suggests that envi-
ronmental and behavioral factors (including dietary
factors) have been the major contributors to the obe-
sity epidemic rather than genetic changes.5 For this
reason, instead of monogenetic models, polygenetic

animal models of diet-induced obesity have been pref-
erentially used.

Several weeks into a regimen of a semi-purified diet
with a fat content of more than 40% energy based on ani-
mal fats can lead to obesity, hyperglycemia, hypertrigly-
ceridemia and hyperleptinemia in rodents, mimicking
the pathophysiology of human obesity and metabolic
syndrome.6 Wistar and Sprague-Dawley (SD) Outbred
Rat can be considered the standard rodents for this
experiment type since they are susceptible to diet-
induced obesity and insulin resistance with individual
variations.6 Furthermore, due to their larger size, the
evaluation of some metabolic parameters such as blood
pressure is facilitated over mice.

However, a direct comparison between Wistar and SD
Rat as models of high-fat (HF) diet-induced obesity has
not been adequately evaluated so far. There are studies
reporting some metabolic changes caused by HF diet in
Wistar but not in SD rats.7,8 Nevertheless, it is difficult to
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attribute those variations to the strain of the animal used
since there are other variables like the age of animals, the
duration of the study and the composition of the HF diet
used that can also be behind those divergences. Therefore,
in the present study, Wistar and SD rats were studied in
parallel to evaluate the metabolic effects of an HF diet in
comparison to a standard chow, in both strains. To assess
some of the features of the metabolic syndrome, oral glu-
cose tolerance tests, systolic blood pressure measurement,
and blood biochemical analysis were performed. Given
the growing body of evidence demonstrating the promi-
nent role of gut microbiota in energy balance andmetabo-
lism, the gut microbiota composition and its modulation
by HF diet were also evaluated in both strains.

Results

Energy ingestion, weight gain and body
fat composition

HF diet increased energy ingestion, weight gain and fat
mass and reduced water consumption in both Wistar

and Sprague-Dawley rats (P < 0.001) (Fig. 1 and
Table 2).

Energy ingestion was higher in HF diet groups of both
strains since the beginning of the study (P < 0.05)
(Fig. 1A). However, the average of the energy ingested
per day during the entirely study was significantly higher
in Wistar rats fed with HF diet than in SD rats fed with
the same diet (74.7 § 1.4 vs 66.6 § 1.3 Kcal/day, interac-
tion P D 0.001) (Table 2).

Wistar rats on HF diet became heavier than their St
counterparts from the 4th week of the study while SD
rats became heavier only from the 7th week of the study
(P < 0.05) (Fig. 1B). Nevertheless, HF diet caused a sig-
nificant increase in total weight gain in both strains (P <

0.001) (Table 2). However, while the increase observed
in Wistar rats was 66.9 § 13.4% (from 190.0 § 9.1 to
317.2 § 25.5 g), in SD rats was only 32.2 § 6.9% (from
208.8 § 11.5 to 276.2 § 14.3 g) (P < 0.05).

Through bioelectrical impedance it was possible to
estimate the total fat mass of the animals, at the end of
the study. HF diet lead to an increase of total fat mass in

Table 1. Primer sequences and real-time PCR conditions used for gut microbiota analysis

Target group Primer sequence (50-30) Genomic DNA Standard PCR product Size (bp) AT Reference

Firmicutes ATG TGG TTT AAT TCG AAG CA
AGC TGA CGA CAA CCA TGC AC

Lactobacillus gasseri
ATCC 33323

126 60�C 38

Bacteroidetes CAT GTG GTT TAA TTC GAT GAT
AGC TGA CGA CAA CCA TGC AG

Bacteroides vulgatus
ATCC 8482

126 60�C 38

Lactobacillus GAG GCA GCA GTA GGG AAT CTT C
GGC CAG TTA CTA CCT CTA TCC TTC TTC

Lactobacillus gasseri
ATCC 33323

126 60�C 39

Enterococcus CCC TTA TTG TTA GTT GCC ATC ATT
ACT CGT TGT ACT TCC CT TGT

Enterococcus gilvus
ATCC BAA-350

144 61�C 40

Clostridium leptum GCA CAA GCA GTG GAG T
CTT CCT CCG TTT TGT CAA

Clostridium leptum
ATCC 29065

239 60�C 41

Bacteroides ATA GCC TTT CGA AAG RAA GAT
CCA GTA TCA ACT GCA ATT TTA

Bacteroides vulgatus
ATCC 8482

495 60�C 42

Prevotella CAC RGT AAA CGA TGG ATG CC
GGT CGG GTT GCA GAC C

Prevotella nigrescens
ATCC 33563

513 55�C 42

Bifidobacterium CGC GTC YGG TGT GAA AG
CCC CAC ATC CAG CAT CCA

Bifidobacterium longum subsp. Infantis ATCC 15697 244 60�C 39

AT, annealing temperature; bp, base pairs.

Figure 1. Energy ingestion (A) and body weight (B) of Wistar and Sprague-Dawley (SD) rats fed either with standard (St) or high-fat (HF)
diet along the 17 weeks of the study. Data are presented as mean § SEM (n D 6 rats per group).£P < 0.05 between St and HF diet
groups of both strains andd P < 0.05 between St and HF diet groups of Wistar rats.
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both strains (P < 0.001). The increase observed was 43.0
§ 9.3% (from 181.3 § 6.8 to 259.2 §16.8 g) and 21.6 §
4.7% (from 179.3 § 6.1 to 218.1 § 8.5 g) in Wistar and
SD rats, respectively. However, the difference between
these results did not reach statistical significance (P D
0.068).

Glycaemic response

OGTTs were performed in the middle (Fig. 2) and at the
end of the study (Fig. 3) to evaluate the effects of HF

diet in glycaemic response of both strains. During
OGTTs, blood glucose was affected by time (P < 0.001)
(Figs. 2A and 3A). Total area under the curve (AUC) of
the glycaemic response was calculated for each experi-
mental group (Figs. 2B and 3B). While at the end of the
study, HF diet increased the AUC independently of the
strain (P < 0.05), at the 9th week of the study this effect
was only visible in Wistar rats (interaction P D 0.003).

Fasting insulin levels were doubled in Wistar rats fed
with HF diet compared to those in the St diet group right
after 9 weeks of HF feeding (interaction P D 0.017)

Table 2. Energy intake, weight gain and body fat mass of Wistar and Sprague-Dawley (SD) rats fed either with standard (St) or high-fat
(HF) diet during 17 weeks

Wistar Rat SD Rat Two-way ANOVA P values

St HF St HF Diet Strain Interaction

Energy Ingested (Kcal/day) 53.0 § 1.2 74.7 § 1.4� 53.7 § 0.6 66.6§ 1.3�,y <0.001 0.005 0.001
Drink Ingested (mL) 31.9 § 1.9 24.1 § 1.1 29.6 § 0.7 24.0§ 1.4 <0.001 0.371 0.437
Weight Gain (g) 190.0 § 9.1 317.2 § 25.5 208.8 § 11.5 276.2 § 14.3 <0.001 0.506 0.082
Fat Mass (g) 181.3 § 6.8 259.2 § 16.8 179.3 § 6.1 218.1 § 8.5 <0.001 0.053 0.076

Data are presented as mean § SEM (n D 6 rats per group).
�
P < 0.05 vs respective St diet group and yP < 0.05 between HF diet groups.

Figure 2. Glycaemic response during oral glucose tolerance test (A), total area under the curve (AUC) (B), fasting insulin plasma levels
(C) and homeostasis model assessment (HOMA) (D) of Wistar and Sprague-Dawley (SD) rats after 9 weeks of feeding either with stan-
dard (St) or high-fat (HF) diet. HOMA was calculated using the formula: fasting glucose (mg/dl) £ fasting insulin (ng/ml)/405. Data are
presented as mean § SEM (n D 5�6 rats per group). �P < 0.05 vs respective St diet group and yP < 0.05 between HF diet groups.
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(Fig. 2C). Similarly, homeostasis model assessment
(HOMA) of insulin resistance indicated that these ani-
mals were fold2- less insulin sensitive (interaction P D
0.007) (Fig. 2D). Insulin sensitivity remained unchanged
in SD rats fed with HF diet in comparison with their St
counterparts (Fig. 2C and 2D) which is in accordance to
the results obtained for this strain in OGTT at the 9th
week of the study.

Systolic blood pressure

After 15 weeks, HF diet was not sufficient to significantly
cause an elevation of SBP in rats of both strains (Fig. 4A).
SBP values did not differ either between strains.

Blood and urine biochemical profile

Values for the different biochemical parameters evalu-
ated in serum and urine of Wistar and SD rats, fed either

with St or HF diet, are displayed in Table 3. In general,
HF diet did not change the values of the majority of bio-
chemical markers analyzed, independently of the strain
of Rat. However, HF diet decreased serum albumin (P D
0.048) and increased urinary urea (P D 0.020). Neverthe-
less, HF diet also caused a noticeable increase in serum
urea (from 30.2 § 0.7 to 36.6 § 2.1 mg/dL, P < 0.05)
and alkaline phosphatase (from 79.7 § 5.2 to 132.0 §
13.6 U/L, P < 0.05) but only in Wistar rats (interaction
P < 0.05). A trend to increase serum creatinine and tri-
glycerides was also observed in Wistar rats (interaction P
D 0.062 and P D 0.064, respectively).

Serum creatinine, triglycerides, albumin and urinary
creatinine values were significantly different between
strains (P< 0.05). Serum creatinine values were higher in
SD rats as well as urinary creatinine values (P < 0.05)
while the serum values of triglycerides and albumin were
more elevated inWistar rats (P< 0.05).

Figure 3. Glycaemic response during oral glucose tolerance test (A) and total area under the curve (AUC) (B) of Wistar and Sprague-
Dawley (SD) rats after 16 weeks of feeding either with standard (St) or high-fat (HF) diet. Data are presented as mean § SEM (n D 6
rats per group).

Figure 4. Systolic blood pressure (A) and serum endotoxin levels (B) of Wistar and Sprague-Dawley (SD) rats fed either with standard
(St) or high-fat (HF) diet during 17 weeks. SBP measurements were recorded at 15th week of the study. Data are presented as mean §
SEM (n D 5�6 rats per group).
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Contrarily to what was expected, HF feeding did not
increase endotoxin serum values, in both strains (Fig. 4B).

Adiponectin and leptin plasma levels (Fig. 5A and
5B) were higher in Wistar rats (P < 0.05) and when ani-
mals of both strains were fed with HF diet (P < 0.05).
However, the increase in leptin plasma levels caused by
HF diet was more pronounced in Wistar than in SD rats
(interaction P D 0.001).

Adipocyte area

HF diet increased the area of adipocytes from mesenteric
adipose tissue (P < 0.05, Fig. 6A and 6B). The effects of
HF diet on adipocyte area did not differ between strains.

Gut microbiota

HF diet decreased Firmicutes, Bacteroidetes, Lactobacil-
lus and Prevotella (P < 0.05) and increased Firmicutes
to Bacteroidetes ratio and Bacteroides (P < 0.05), as dis-
played in Table 4.

A significant interaction between strain and diet
was found for Firmicutes, Prevotella and Lactobacillus
(P< 0.05). Accordingly, although HF diet decreased these
bacterial groups in both strains, the effects on Firmicutes
and Prevotella were more evident in Wistar rats while the
effects on Lactobacillus were more noticeable in SD rats.

Clostridium leptum was reduced (a reduction of
almost fold3-) only in Wistar rats fed with an HF diet
(interaction P D 0.010).

The composition of the gut microbiota differ between
the 2 strains of Rat, namely in Bacteroidetes, Firmicutes
to Bacteroidetes ratio, Lactobacillus, Bacteroides, Prevo-
tella and Bifidobacterium. The gut microbiota of SD rats
was less abundant in Bacteroides and Prevotella. Since

Table 3. Biochemical markers evaluated in serum and urine of Wistar and Sprague-Dawley (SD) rats fed either with standard (St) or
high-fat (HF) diet during 17 weeks

Wistar Rat SD Rat Two-way ANOVA P values

St HF St HF Diet Strain Interaction

Serum
Creatinine (mg/dL) 0.40 § 0.04 0.52§ 0.02 0.67 § 0.04 0.67 § 0.03 0.098 <0.001 0.062
Urea (mg/dL) 30.2 § 0.7 36.6§ 2.3 35.0§ 2.4 34.0§ 0.7 0.121 0.513 0.039
Uric Acid (mg/dL) 0.83 § 0.08 0.92§ 0.12 1.00 § 0.27 0.85 § 0.12 0.773 0.699 0.425
Total Cholesterol (mg/dL) 103.8 § 7.2 105.6 § 8.6 101.8 § 8.2 80.0§ 4.0 0.177 0.069 0.115
Triglycerides (mg/dL) 150.2 § 21.3 185.4 § 14.9 62.7 § 12.5 40.7 § 3.1 0.654 <0.001 0.064
Albumin (g/dL) 3.7 § 0.1 3.5 § 0.1 3.3 § 0.2 2.9 § 0.1 0.048 0.003 0.296
Alkaline Phosphatase (U/L) 79.7 § 5.2 132.0 § 14.9 141.0 § 14.2 118.0 § 9.7 0.214 0.052 0.004
AST (U/L) 191.3 § 39.0 168.6 § 20.8 130.7 § 28.4 135.8 § 26.1 0.774 0.138 0.649
ALT (U/L) 47.2§ 4.6 41.4§ 4.1 51.5§ 3.9 59.2§ 9.3 0.883 0.095 0.296
Urine
Creatinine (g/day) 0.010 § 0.000 0.012 § 0.002 0.016 § 0.004 0.017 § 0.002 0.606 0.023 0.825
Urea (g/day) 0.17 § 0.02 0.24§ 0.01 0.17 § 0.01 0.21 § 0.03 0.020 0.476 0.709

Data are presented as mean § SEM (n D 5�6 rats per group).
�P < 0.05 vs respective St diet group and zP< 0.05 between St diet groups.
ALT, alanine transaminase; AST, aspartate transaminase.

Figure 5. Adiponectin (A) and leptin plasma levels (B) of Wistar
and Sprague-Dawley (SD) rats fed either with standard (St) or
high-fat (HF) diet during 17 weeks. Data are presented as mean
§ SEM (n D 6 rats per group). �P < 0.05 vs respective St diet
group, zP < 0.05 between St diet groups and yP < 0.05 between
HF diet groups.
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these 2 bacterial groups belong to Bacteroidetes phylum,
the number of copies of Bacteroidetes was lower in SD
rats. As a result, the Firmicutes to Bacteroidetes ratio
was more elevated in this strain of Rat. On the other
hand, the gut microbiota of SD rats was more abundant
in Bifidobacterium and Lactobacillus comparatively to
the gut microbiota of Wistar rats.

Discussion

The aim of the present study was to compare Wistar and
SD Rat as models of HF diet-induced obesity. The results
obtained showed that HF diet increased energy ingestion,
weight gain, body fat mass, mesenteric adipocyte’s size,
adiponectin and leptin plasma levels and decreased oral
glucose tolerance in both Wistar and SD Rat.

Nonetheless, the majority of these effects were more evi-
dent or earlier detected in Wistar Rat.

Wistar rats fed with HF diet consumed higher
amounts of food (data not shown) and, therefore, higher
amounts of energy throughout the study when compared
to SD rats fed with the same diet. Consequently, weight
gain was larger in these animals and was mainly due to
an expansion of adipose tissue mass.

Leptin is an adipocyte-derived hormone that con-
trols food intake and energy expenditure.9 Plasma
leptin concentration increases in proportion to body
fat mass.10 As a result, Wistar rats fed with HF diet
displayed higher leptin plasma levels than SD rats in
the same diet regimen. In addition, the amount of
leptin released by each gram of body fat mass (plasma
leptin to body fat mass ratio) was also more elevated
in Wistar than in SD rats (data not shown). This

Table 4. Quantification of gut microbiota phyla, genera and species in different experimental groups

Wistar Rat SD Rat Two-way ANOVA P values

St HF St HF Diet Strain Interaction

Firmicutes 6.71§ 0.06 6.28§ 0.06 6.65 § 0.03 6.55 § 0.09 0.001 0.118 0.017

Bacteroidetes 6.16 § 0.11 5.40§ 0.05 5.55 § 0.18 5.21 § 0.12 <0.001 0.004 0.114
Firmicutes/Bacteroidetes 1.09 § 0.01 1.16§ 0.01 1.20 § 0.04 1.26 § 0.03 0.026 0.001 0.825
Lactobacillus 4.13 § 0.31 3.56§ 0.19 5.87 § 0.12 2.84 § 0.29 <0.001 0.047 <0.001

Enterococcus 2.65 § 0.11 2.89§ 0.08 2.89 § 0.13 2.87 § 0.17 0.403 0.410 0.314
Clostridium leptum 5.53§ 0.07 5.09§ 0.12 5.40 § 0.06 5.52 § 0.12 0.111 0.126 0.010

Bacteroides 4.07 § 0.36 4.32§ 0.12 3.21 § 0.13 4.05 § 0.17 0.020 0.017 0.192
Prevotella 4.09§ 0.32 2.31§ 0.14 2.80 § 0.25 2.40 § 0.14 <0.001 0.015 0.006

Bifidobacterium 2.13 § 0.11 2.60§ 0.27 4.33 § 0.60 3.82 § 0.37 0.949 <0.001 0.219

Values are presented as mean § SEM and expressed as log10 16S rRNA gene copies/20ng of DNA (n D 6 rats per group).
�P < 0.05 vs respective St diet group, zP < 0.05 between St diet groups and yP < 0.05 between HF diet groups.
HF, high-fat diet group; SD, Sprague-Dawley; St, standard diet group.

Figure 6. Mesenteric adipocyte’s area (A) of Wistar and Sprague-Dawley (SD) rats fed either with standard (St) or high-fat (HF) diet dur-
ing 17 weeks. Data are presented as mean § SEM (n D 6 rats per group). (B) Representative images of hematoxylin and eosin stained-
adipose tissue sections for each experimental group.
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might be considered as an attempt to overcome the
resistance to the leptin action which can aggravate, in
turn, hyperphagia and obesity.11,12

Despite presenting higher adiponectin plasma levels,
oral glucose tolerance was decreased, at the end of the
study, in animals of both strains fed with HF diet. This is
in accordance with other studies reporting an increase in
adiponectin plasma levels and a glucose tolerance
impairment in SD rats after 24 and 32 weeks of treat-
ment with the same HF diet.7,13 Adiponectin is recog-
nized by its insulin sensitizing action, however, it has
been proposed that obesity may induce a malfunction on
adiponectin signaling (adiponectin resistance).14

Albumin is considered a negative acute phase protein,
and might be decreased during inflammatory conditions,
such as obesity.15,16 Accordingly, in the present study,
serum albumin was decreased after HF feeding in both
strains.

Serum creatinine, urea and liver enzymes activity are
biochemical parameters used to evaluate the function
and damage of kidney and liver. The results from this
study showed that, in Wistar rats, HF diet increased
some of these metabolic markers. Despite the increase
into values that did not differ from those of SD healthy
animals fed with St diet, serum urea and alkaline phos-
phatase activity values in Wistar rats fed with HF diet
might be, for this strain, already indicative of some renal
and liver function impairment as a consequence of obe-
sity.17-19

Hypertriglyceridemia is one of the criteria for diagno-
sis of the metabolic syndrome and seems to be present in
Wistar rats fed with HF diet. The increase in free fatty
acids flux to the liver (from an expanded adipose tissue
mass) can lead to the overproduction of triglyceride-rich
very low-density lipoproteins (VLDL) which results,
in turn, in high circulating levels of triglycerides.20

Hypertriglyceridemia is also a reflection of the insulin
resistant condition.20 In accordance, a glucose tolerance
impairment, which is related to the inability of insulin to
promote glucose uptake and metabolism by insulin-sen-
sitive tissues, was clearly visible in Wistar rats fed with
HF diet right from the 9th week of the study. On the
other hand, SD rats which glucose tolerance was only
impaired at the end of the study, did not develop hyper-
triglyceridemia as reported by previous studies using the
same HF diet.7,13

High blood pressure is another component of the
metabolic syndrome and represents a major risk factor
for cardiovascular diseases. The development of hyper-
tension in a Rat model of diet-induced obesity is
described in the literature.21 However, the low salt con-
tent of the HF diet used in this study (0.3%) in contrast
with those used by other authors (0.8, 2 and 4%) may

explain its lack of efficiency in increasing SBP of both
Wistar and SD rats.22

The ability of gut microbiota to modulate host signal-
ing pathways that can influence energy balance and
metabolism has raised the interest of the scientific com-
munity in this subject. Several studies have already dem-
onstrated the link between the gut microbiota and
obesity.23,24

Here, a comparison between the gut microbiota of
Wistar and SD Rat was performed for the first time. This
analysis was conducted as an attempt to explain the dif-
ferential metabolic effects caused by HF feeding in these
2 models of diet-induced obesity. According to Li et al,
differences in gut microbiota may account for the differ-
ential metabolic response of the animals to a dietary
intervention and, consequently, predispose to different
pathological outcomes such as obesity and diabetes.25

The results obtained showed that HF diet profoundly
reduced the gut microbial community in both strains by
decreasing its 2 dominant phyla (Bacteroidetes and Firmi-
cutes). Furthermore, it also decreased Lactobacillus, an
important bacterial genus recognized for its health pro-
moting properties.26,27 On the other hand, it increased the
number of copies of Bacteroides and increased the Firmi-
cutes to Bacteroidetes ratio that has been associated to
obesity.28-30 Most of these effects were more pronounced
in Wistar rats, except for Lactobacillus. The gut micro-
biota composition of SD rats was richer in Lactobacillus
what may justify the harshest effect of HF diet in the
reduction of this genus, in this strain.

The analysis of the interrelationship between gut
microbiota and host metabolic parameters (Fig. 7)
showed that Clostridium leptum was significantly neg-
atively correlated with insulineamia, leptin plasma
levels, HOMA and with AUC of the glycaemic
response at 9th week of the study. Previous studies
had also shown that Clostridium leptum is negatively
correlated with fat mass, fasting glycaemia, insulinae-
mia and HOMA.27,31 In the present study, Clostrid-
ium leptum was only reduced in Wistar rats fed with
HF diet and these were the animals presenting a
worsened metabolic scenario.

The gut microbiota-derived LPS is one of the elements
linking the gut microbiota to the low-grade inflamma-
tion observed in obesity.32 Increased LPS plasma levels
are observed after HF feeding, since the fat content of
the food modulates LPS absorption.33 However, in the
present study, LPS was not elevated in the animals fed
with HF diet, despite ingesting more amount of fat than
the animals in St diet groups. LPS was only measured
when animals were fasted and not in the postprandial
state which could explain the absence of increased endo-
toxin levels in HF diet groups.34
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In summary, both Wistar and SD Rat can be used
as models of HF diet-induced obesity, although most
of the metabolic effects caused by HF diet were more
pronounced, or earlier detected, in Wistar Rat. In
addition, despite the differences in the gut microbiota
composition of these 2 strains, the modulation caused
by HF diet was similar in both groups, except for
Clostridium leptum. Differences in the gut microbial
ecology may account for the different responses to
HF diet and to the development of a worsened meta-
bolic and inflammatory status.

Materials and Methods

Animals and housing

Twelve male Wistar rats and 12 male SD rats were
purchased from Harlan Laboratories (Santiga, Spain)
and kept under controlled environmental conditions
(22�24�C and 12 h light/dark cycles), for at least 1
week before starting the experiments. Animals from
the 2 different strains (7 weeks of age) were randomly

divided into 2 groups of 6 animals each: standard (St)
and high-fat (HF) diet group. The diets were respec-
tively “St” (Teklad 2014, Harlan Laboratories, Santiga,
Spain) and “HF” with 45% of energy from lipids and
17% of energy from sucrose (D12451 Research Diets,
New Brunswick, NJ, USA). Animals were subjected to
different experimental conditions for a total of 17
weeks. The water and chow were supplied ad libitum.
Food and beverage consumption and body weight
were monitored weekly, to carefully characterize
energy ingestion and weight gain.

At the end of the 17 weeks, food was removed 4�6 h
before sacrifice and the animals were anesthetized with a
mixture of ketamine (50 mg/kg) and medetomidine
(1 mg/kg) and maintained with isoflurane. Meanwhile,
using a Quantum /S bioelectrical impedance analyzer
(RJL Systems, Akern SRL, Florence, Italy), the body com-
position of each rat was determined by bioelectrical
impedance, according to the procedure already described
in the literature.35 Before perfusion of the vascular com-
partment with a saline solution (NaCl 0.9%, w/v), blood
was drawn from the left ventricle into tubes with or with-
out heparin to obtain plasma and serum, respectively.
Aliquots were frozen at ¡80�C until further analysis.
Fresh fecal samples were collected directly from the
colon of all animals, snap-frozen in liquid nitrogen and
stored at ¡80�C until further analysis.

Animal handling and housing protocols followed
European Union guidelines (Directive 2010/63/EU) for
the use of experimental animals in scientific research.
The protocol was approved by the Committee on the
Ethics of Animal Experiments of the Faculty of Medicine
of University of Porto.

Oral glucose tolerance tests (OGTTs)

In the middle (9th week of treatment) and at the end of
the study (16th week of treatment), rats were fasted over
5h and a baseline blood draw from the lateral tail vein
was collected for plasma fasting glucose and insulin
measurements. Animals were gavaged with a glucose
solution of 2 g/kg body weight and blood droplets from
the tail vein were collected to measure glycaemia thereaf-
ter at 30, 60, 90 and 120 min. Glucose levels were mea-
sured with Precision Xtra Plus test strips and an Optium
Xceed device (Abbott Diabetes Care, Ltd., Maidenhead,
UK). Plasma insulin levels were measured using a Rat/
Mouse Insulin ELISA kit (Merck Milipore, Madrid,
Spain). The homeostasis model assessment (HOMA)
was used to calculate approximate insulin resistance
using the formula: glucose (mg/dL) £ insulin (ng/ml)/
405.36

Figure 7. Correlations between gut microbiota and host meta-
bolic parameters. Data of all experimental groups were gathered
and analyzed by SPSS software (20.0 version) using 2-tailed Pear-
son’s correlation test. The scores of Pearson’s correlation were fig-
ured by PermutMatrix software (Version 1.9.3 EN) using heatmap
plots. As shown by the colors scale, green color indicates a nega-
tive correlation while red color indicates a positive correlation.
The symbol (�) indicates a statistical significant correlation
(P < 0.05).
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Systolic blood pressure measurement

One week prior to the systolic blood pressure (SBP) mea-
surement, animals were acclimated daily to the proce-
dure room and handling. During the 15th week of
treatment, indirect measurement of SBP in awake
restrained rats was carried out by the non-invasive tail-
cuff method, using LE 5000 (Letica Corporation, Roches-
ter Hills, MI, USA).37 Before the measurements, rats
were kept at 37�C during 10 min to make the pulsations
of the tail artery detectable. After obtaining a stable pulse
(�300 pulses per minute), 3 to 5 consecutive measure-
ments of SBP were taken and the average of them was
considered to analysis.

Blood and urine biochemical analysis

Biochemical evaluation of serum and urine was per-
formed at the end of the study. For urine collection, rats
were placed on metabolic cages, after being acclimated.
Analysis of routine biochemical markers was performed
in a certified Clinical Analysis Laboratory (Guimar~aes,
Portugal).

Adiponectin and leptin were measured in plasma col-
lected at the end of the study, using Rat Adiponectin
ELISA Kit (Life Technologies Ltd, Paisley, UK) and Rat
Leptin ELISA Kit (Merck Milipore, Madrid, Spain),
respectively.

Quantification of bacterial endotoxin was performed
using the Chromo-Limulus Amebocyte Lysate (Chromo-
LAL) reagent (Associates of Cape Cod, Inc.., Falmouth,
MA, USA). Briefly, serum samples were diluted 1:4 in
ultrapure water (Merck Milipore, Billerica, MA, USA)
and heated for 2 min at 100�C. Samples and Chromo-
LAL were incubated at 37�C for 40 min and absorbance
was read every 10 seconds at 405 nm.

Morphometric analysis of adipose tissue

A small portion of mesenteric adipose tissue was col-
lected from all animals, at the end of the study. Adipose
tissue was fixed at 4�C in 10% buffered formaldehyde for
at least 48 h and then dehydrated and embedded in par-
affin. Three to 5 mm-thick sections were obtained with a
Leica Microtome (RM2125RT, Lisbon, Portugal) and
stained with hematoxylin and eosin to assess morphol-
ogy. Digital images were acquired, under specimen iden-
tity occultation, with a microscope (Nikon Eclipse 50i,
Melville, NY, USA) at a magnification of 200£. The adi-
pocyte area was calculated using ImageJ software
(National Institute of Health, Bethesda, MD, USA) with
the average of values obtained from 100 adipocytes per
animal.

DNA extraction from stool

Genomic DNA was extracted and purified from stool
samples using NZY Tissue gDNA Isolation Kit (nzytech,
Lisbon, Portugal) with some modifications. Briefly, fae-
ces (170�200 mg) were homogenized in TE buffer
(10 mM Tris/HCl; 1 mM EDTA, pH 8.0) and centrifuged
at 4000 £ g for 15 min. The supernatant was discarded
and the pellet was resuspended in 350 mL of buffer NT1.
After an incubation step at 95�C for 10 min, samples
were centrifuged at 11000 £ g for 1 min. Then, 25 mL of
proteinase K were added to 200 mL of the supernatant
for incubation at 70�C for 10 min. The remaining steps
followed manufacturer’s instructions. DNA purity and
quantification were assessed with a NanoDrop spectro-
photometer (Thermo Scientific, Wilmington, DE, USA).

Microbial analysis of Rat stool by real-time PCR

Real-time PCR was performed in sealed 96-well micro-
plates using a LightCycler FastStart DNA Master SYBR
Green kit and a LightCycler instrument (Roche Applied
Science, Indianapolis, ID, USA). PCR reactions mixtures
(total of 10 mL) contained 5 mL of 2£ Faststart SYBR
Green (Roche Diagnostics Ltd), 0.2 ml of each primer
(final concentration of 0.2 mM), 3.6 mL of water and
1 mL of DNA (equilibrated to 20 ng). Primer sequences
(Sigma-Aldrich, St. Louis, MO, USA) used to target the
16S rRNA gene of the bacteria and the conditions for
PCR amplification reactions are reported in Table 1. To
verify the specificity of the amplicon, a melting curve
analysis was performed via monitoring SYBR Green
fluorescence in the temperature ramp from 60 to 97�C.
Data were processed and analyzed using the LightCycler
software (Roche Applied Science). Standard curves were
constructed using serial tenfold dilutions of bacterial
genomic DNA, according to the following webpage
http://cels.uri.edu/gsc/cndna.html. Bacterial genomic
DNA used as a standard (Table 1) was obtained from
DSMZ (Braunschweig, Germany). Genome size and the
copy number of the 16S rRNA gene for each bacterial
strain used as a standard was obtained from NCBI
Genome database (www.ncbi.nlm.nih.gov). Data are pre-
sented as the mean values of duplicate PCR analysis.

Statistical analysis

Values are expressed as the arithmetic mean § standard
error of the mean (SEM). Two-way ANOVA was used to
determine the main effects of diet (St vs HF diet), strain
(Wistar vs SD Rat) and their interaction. Tukey’s multi-
ple comparison test was used to determine differences
between all experimental groups, whenever a significant
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interaction was identified. Two-way ANOVA repeated
measures followed by Tukey’s multiple comparison test
was used to evaluate the differences between experimen-
tal conditions throughout time. To analyze the differen-
ces between 2 groups, a t test was used. The differences
were considered statistically significant when P < 0.05.
All statistical analyses were performed using GraphPad
Prism 6 statistical software (GraphPad Software Inc.., La
Jolla, CA, USA).
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