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Abstract: Obesity associates with mood and anxiety disorders, cognitive dysfunction, and motor decline, whose major 

causes are puzzling, since obesogenic mechanisms are complex, including a marked intestinal dysbiosis and a sustained 

metabolic syndrome encompassing hyperglycemia, hyperinsulinemia, systemic inflammation and oxidative stress in both 

humans and animal models. We addressed whether the changes occurring in mood, cognitive and motor function in diet-

induced pre-obese mice are linked to intestinal dysbiosis and body weight gain. Male and female Swiss mice were made pre-

obese by feeding with a reinforced high-fat diet for 7 weeks, along which body weight and food intake were monitored. Then, 

holeboard, stress-induced hyperthermia, footprint, and vertical pole tests were performed to assess cognitive and motor 

functions. Animals were sacrificed and intestinal dysbiosis assessed: (i) by determining fecal pH and gram positive bacteria 

counts; (ii) by assessing bacterial infiltration to the jejunum using tissue gram stain; and (iii) by assessing jejunal tissue 

histopathological changes (H&E) and the immunohistochemical expression of the sustained inflammation marker CXCL10. 

Average increases in body weight were observed in males (37%) and females (49%), as well as increases in fecal pH, gram 

positive counts, bacterial infiltration and CXCL10 expression, particularly marked in females. For both sexes, HFD-fed 

animals with more marked changes in indicators of intestinal dysbiosis also gained weight faster and displayed more marked 

mood, cognitive and motor alterations. These results suggest that intestinal dysbiosis is a major driver of obesity-like cognitive 

and motor alterations in pre-obese mice. 

Keywords: High-Fat Diet, Pre-obesity, Metabolic Syndrome, Gut Bacteria, Small Intestinal Bacterial Overgrowth,  

Central Nervous System Functional Alteration 
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1. Introduction 

Obesity incidence has been increasing worldwide, partly 

due to changes in life style favoring positive energy balance 

and resulting excessive body weight gain, such as unhealthy 

eating pattern with high energy intakes, more reduced 

physical activity and sedentary life, particularly [1-3]. 

Obesity associates with mood and anxiety disorders [4, 5], 

cognitive dysfunction and dementia [6, 7], and decline in 

both gross and fine motor skills [8, 9], whose major causes 

are still puzzling, since mechanisms sustaining obesity and 

its complications are redundant and complex. Notably, 

besides a sustained metabolic syndrome encompassing 

hyperglycemia, hyperinsulinemia, oxidative stress and 

systemic inflammation [10, 11], such mechanisms include 

appetite-enhancing organ- and immune-to brain signaling 

[12-16] and a marked intestinal dysbiosis [17, 18]. 

It was recently hypothesized that obesity-related metabolic 

syndrome may result from host genetics, diet, and gut 

microbiota interactions [19], as emerging clinical and 

experimental evidence sustains that gut microbiota imbalance 

(termed as dysbiosis) can trigger and fuel obesogenesis [20, 

21] and obesity resistance can be induced and metabolic 

syndrome mitigated by diet-induced reprogramming of 

microbiota [18, 19, 21], in genetically sensitive patients and 

experimental models. Moreover, the omics era shed new 

lights on the role of gut microbiota as a major immune organ, 

made of trillions of commensal microorganisms, which shape 

host homeostasis [22] and whose changes in composition or 

imbalance may trigger or sustain a number of diseases 

associated with metabolic syndrome, notably obesity-related 

diseases such as diabetes mellitus, inflammatory bowel 

disease, and gastrointestinal tract cancers [19, 21, 23], 

opening a promising avenue for therapeutic intervention. In 

the last decade, the role of dysbiosis has been extensively 

documented in various obesity comorbidities, including non-

alcoholic fatty liver disease [16, 24], cardiovascular diseases 

[18, 25], and gastrointestinal disorders [17, 20]. However, 

despite emerging evidence suggesting that intestinal 

dysbiosis may affect central nervous system function and 

play a role in the pathogenesis of neurological disorders, 

partly via gut-to-brain signaling [26-29], data on intestinal 

dysbiosis role in obesity-related mood and anxiety disorders, 

cognitive dysfunction, and motor skill decline are scarce. 

High-fat diet-induced-obesity in mice is a model of high-

fat Western-diet-induced obesity, which displays sexual 

dimorphism in response to chronic diet consumption 

comparable to humans [11, 30-32], including in the central 

nervous system [33, 34], explaining its common use in the 

study of pathogenic mechanisms of obesity and associated 

comorbidities. We have addressed changes occurring in 

mood, cognitive and motor function, but also in gut 

microbiota, in diet-induced pre-obese mice, where metabolic 

syndrome is less severe than in obese animals, to assess 

whether nervous system functional alterations and intestinal 

dysbiosis occur before marked metabolic syndrome. 

Highlights 

� Study in high-fat diet-induced pre-obese male and 

female mice 

� Body weight gain more marked in females compared to 

males 

� Dysbiosis more marked in HFD-fed animals gaining 

weight faster 

� Dysbiosis more marked in females compared to males 

� Dysbiosis severity correlates with marked cognitive and 

motor alterations 

2. Material and Methods 

2.1. Animals and Diet 

Thirty-two adult Swiss mice (16 males weighing 

28.6±3.9g and 16 females weighing 27.4±2.9g, 6 month old) 

obtained from the animal house of Qassim University 

College of Medicine were single housed in 30 cm × 20 cm × 

25 cm wire mesh and plastic home cages (respectively 

length, width and height) and monitored in a room with 

controlled temperature (23.4°C) and 12h/12h light-dark 

cycle. Experiments were started and performed in the same 

room after one week of acclimation. During the acclimation 

period animals had ad libitum access to tap water and to a 

low fat control diet comparable to standard mouse chow (3% 

fat, 7% simple sugars, 50% polysaccharide, 15% protein 

[w/w], ∼3.5 kcal/g), termed as “normal chow” in the present 

work. At the beginning of the experiment body weight was 

determined and two balanced groups per sex were devised: 

(i) a control group fed normal mouse chow (n=6); and (ii) an 

experimental group (n=10) fed a high-fat diet (HFD) (4% 

corn oil, 18% animal lard, 10% simple sugars, 28% 

polysaccharide, 23% protein [w/w], ∼4.5 kcal/g) 

supplemented with sweetened condensed milk 

(approximately 8% fat, 55% simple sugar, and 8% protein 

[w/w], Nestle Middle East) in an additional drinking bottle, 

to reach a milk and pellet daily intake of about 16% fat, 33% 

simple sugars and 15% protein (∼4 kcal/g) as reported in 

previous studies [35, 36]. Such solid-liquid high-fat diet and 

comparable ones are established HFD known to induce 

obesity after 8-12 weeks [37-40]. 

All procedures received approval from the institutional 

ethical committee, and were performed in accordance with 

directive 2010/63/EU of the European Parliament and of the 

Council of 22 September 2010 on the protection of animals 

used for scientific purposes [41]. 

2.2. Experimental Procedures 

To induce pre-obesity, mice were exposed for 7 weeks to 

HFD in this study. Body weight was measured twice a week 

and food intake every 3 days. The following behavioral tests 

were performed to assess changes in animals’ mood, 

cognitive and motor functions (between 9:00 am and 12:00 

pm): footprint test (exposure day 22 and ED47), holeboard 
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test (ED 47), vertical pole test (ED 48), and stress-induced 

hyperthermia (SIH) test (ED 48). On ED45, mice were fasted 

for 12-h from lights on (7:00am), and fasting glycemia was 

determined. 

All animals were sacrificed on ED 49. Visceral organs 

were dissected out and weighed. The gastrointestinal tract 

was fixed and the jejunum processed for histopathological 

studies (H&E staining) and for immunohistochemical 

assessment of the expression of the chemokine CXCL10 

(long-term inflammation marker). Bacterial infiltration in 

jejunal tissue was assessed using Brown and Brenn tissue 

gram staining, and jejunal swabs were cultured in both 

MacConkey and nutrient agar. Fecal pH and gram 

positive/negative counts were also determined. 

2.3. Behavioral Tests 

2.3.1. Holeboard Test 

The holeboard test is commonly used to assess changes in 

emotional state in rodents as revealed by changes in 

exploratory activity in the holeboard arena. This ethological 

test presents the advantage to decrease confusion between 

arena exploration and general locomotor activity observed in 

various unconditioned tests [42], providing a more accurate 

evaluation of exploratory activity. The holeboard apparatus 

was a transparent Plexiglas box (40 cm × 40 cm × 30 cm) 

with 16 holes (2.5 cm in diameter) cut into the floor, 

equidistant from the wall and from one another (6 cm 

interval). The center of the apparatus was delimited by the 4 

central holes, all located 20.5 cm from a corner of the box 

along the corner-center diagonal. A computerized digital 

camera was placed above the arena with a 45 degree angle to 

record both horizontal and vertical activities. 

Testing was performed in the same room where animals 

were housed, in a corner with dimmed white lighting 

produced by fluorescent lamps (∼200 lux). Each animal was 

introduced, facing the wall, in a corner of the holeboard arena 

(always the corner closer and located in the left side of the 

operator). The activity in the arena was video recorded for 10 

min, then animals were returned to home cages. The floor 

and walls of the arena were cleaned with 70% alcohol 

solution after each trial. Video recordings were analyzed 

offline using a semi-automated analysis system based on 

MATLAB Software Computer Vision System Toolbox 

(MathWorks, Natick, MA, USA). The following parameters 

were determined: (i) the distance covered in the arena (total 

locomotor activity) in the first and last minutes of the trial; 

(ii) the latency to first head-dipping and number and duration 

of head dipping episodes; (iii) rearing against wall episode 

number (thigmotaxis [43]); (iv) the time spent in the center 

and corners of the arena; (v) freezing latency and time; and 

(vi) grooming latency and episode number. 

2.3.2. Stress-Induced Hyperthermia Test 

Although a number of variants of SIH paradigm have been 

proposed based on the type of stressor [44-49], this 

physiological animal model of anxiety is based on the 

observation that mammals facing stressful events display a 

raise in body temperature reflecting their level of anxiety. 

Basically, body temperature is measured before (T1) and 

about 10 min after (T2) a mild stressor, with the difference in 

temperature (T2-T1) representing the SIH response. In the 

present study, animals were stressed by taking them out of 

their cage (after T1 measurement) and putting them on a grid 

positioned vertically for 10s. Then animals were returned to 

their cages where T2 was measured. Skin body temperature 

measured on inner ear surface (bare skin) with a handheld 

infrared skin thermometer (FT90, Beurer GmBH, Ulm, 

Germany) [50-52] was used instead of core body 

temperature, considering reports suggesting that (partly due 

to its role in thermal balancing act) skin, and particularly in 

the cephalic area [53], is a better indicator of behaviorally-

induced thermoregulation than core body temperature [51, 

54]. SIH was expressed as the percentage of temperature 

before handling (SIH = (T2-T1) × 100 / T1). 

2.3.3. Vertical Pole Test 

The vertical pole test is a motor task commonly used to 

assess changes in mouse balance, forelimb strength, as well 

as the ability to grasp [55, 56]. 

In this test, a hard and inflexible plastic pole (length 85 

cm, diameter 1.9 cm) covered with cloth-tape and kept in 

vertical position by a metallic freestanding base also covered 

with cloth-tape, was used. Animals were placed up on the 

vertical pole (facing up) and video recorded until they fell or 

climbed off the pole. The time to first turn downward (t-

turn), and the total time spent on the pole (t-time), reflect of 

the general performance of the animals on the pole, were 

determined offline using the t-time score proposed by Paylor 

and colleagues (see table 1) [55]. The vertical pole test was 

performed on ED 48, just after SIH test. 

Table 1. Vertical pole total time scoring system (Paylor et al., 1998). 

t-time score If the mouse: 

1 Failed to grasp to the pole 

2 Fell in 0–10 s 

3  11–20 s  

4  21–30 s  

5  31–40 s 

 6  41–50 s  

7  51–60 s  

8 Stayed on 60 s and climbed halfway down 

9   to the lower half 

10 Climbed down and off in 51–60 s 

11  41–50 s 

12  31–40 s 

13  21–30 s 

14  11–20 s 

15  12–20 s 

2.3.4. Footprint Test 

Footprint test was used to assess gait disturbances in pre-

obese mice. Footprints were obtained by allowing each 

mouse to walk along a runway (length 50 cm, width 10 cm, 

and 10 cm-high Plexiglas walls, with a white paper on the 

floor) following feet coating with a non-toxic paint. Each 

animal was allowed to run once (naïve spontaneous walk), 

and the white paper placed on the runway floor was changed 
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after each run, and the floor cleaned with 70% alcohol 

solution. Footprint patterns were analyzed and average stride 

length (distance of forward movement between strides [57]) 

and step length were determined (in millimeters). 

2.4. Tissue Processing, H&E Staining and 

Immunohistochemistry 

Gastrointestinal tract was dissected out, fixed in 

Karnovsky's fixative (5% glutaraldehyde, 4% formaldehyde 

in 0.8M buffer) for 4-h. Jejuna were embedded in paraffin, 

cut transversely (thickness 5 µm), and mounted on gelatin 

coated-slides. H&E staining of transverse sections was 

performed following standard protocols. Stained sections 

were analyzed using a light microscope with a computerized 

video system (20× and 40× objectives), for detecting and 

characterizing histopathological changes. 

Immunohistochemical labeling of CXC10 chemokine (also 

known as Interferon gamma-induced protein 10 or IP-10) 

was also performed using standard protocols. Briefly, 

transverse sections were heated for antigen retrieval, and 

then, deparaffinized and rehydrated (in xylene and decreasing 

concentration baths of ethanol). After 10 min in H2O2 (10%), 

sections were pre-incubated in the blocking solution (Mouse 

and Rabbit Specific ABC Detection Immunohistochemistry 

Kit, ABCAM, Cambridge, MA, USA) for 1 h, incubated 

overnight in primary antibody buffer solution made of 1:200 

rabbit Polyclonal IP-10 Antibody (sc-28877, Santa Cruz 

Biotechnology, Dallas, TX, USA) in blocking solution, and 

incubated for 2 h in secondary antibody solution (biotinylated 

Goat Anti-Rabbit IgG in blocking solution, ABCAM). Then, 

also according to kit manufacturer instructions (Mouse and 

Rabbit Specific ABC Detection Immunohistochemistry Kit, 

ABCAM), streptavidin peroxidase was applied, followed by 

the chromogen substrate 3,3′-diaminobenzidine 

hydrochloride (DAB), and hematoxylin counterstaining. 

Mounted sections were washed thoroughly between the steps 

using phosphate buffer saline (pH=7.4). Sections were 

cleared and dehydrated using graded ethanol series and 

xylene, and covered with a glass coverslip using DPX 

mounting medium (Sigma-06522, Sigma-Aldrich, St. Louis, 

MO, USA). CXCL10 expression was analyzed using a light 

microscope with a computerized video system (20× and 40× 

objectives). 

2.5. Gram Staining 

2.5.1. Fecal Gram Stain and pH 

Fecal pH was determined from a solution of 200 mg of 

fresh fecal material (obtained from rectal ampulla at 

sacrifice) in 3 mL of sterile distilled water. Then, smears 

were prepared by gentle spreading of this solution on poly-L-

lysine coated glass slides. After air-drying and heat fix, the 

bacterial smears were processed for Gram staining using a kit 

(Gram staining kit, CRESCENT Diagnostics, Jeddah, Saudi 

Arabia), following standard protocols. Gram positive and 

gram negative bacteria were counted systematically in 3 

microscope frames (100×) considering all bacteria in the cell 

and those on the top and left borders of the frame, but not 

lower and right borders. The average value (mean of frame 

values) of fecal gram positive bacteria percentage (% of total 

bacteria counts that is gram positive) was determined. 

2.5.2. Brown and Brenn Tissue Gram Staining 

Brown and Brenn tissue Gram staining was performed to 

assess bacterial infiltration in the jejunal mucosa. Jejunal 

sections (5 µm thick) were deparaffinized in xylene and 

hydrated in decreasing alcohol concentration using standard 

protocols. Afterwards, sections were exposed sequentially to: 

(i) a 4:1 solution of crystal violet (1% in distilled water, 

Sigma-V5265, Sigma-Aldrich, USA) and sodium bicarbonate 

(Hikma Pharmaceuticals, UAE) for 1 min; (ii) gram iodine 

solution for 1 min, followed by ethanol-acetone (1:1) until 

decolorization is complete (i.e. no more color runs off), and 

by basic Fuchsin solution for 1 min (gram staining kit, 

CRESCENT Diagnostics); (iii) solutions for differentiation 

reaction, i.e. brief dipping in acetone, followed by a dipping 

in 0.1% picric acid in acetone (until section turned yellow). 

After brief rinsing in acetone and acetone-xylene (1:1), 

sections were cleared in xylene (3 times for 5 min) and 

mounted with DPX medium (Sigma-06522, Sigma-Aldrich). 

Before (iii), sections were rinsed in tap water between steps. 

Sections were observed on a light microscope with 

computerized video system (20× and 40× objectives). 

CXCL10 expression was analyzed using a light microscope 

with a computerized video system (20× and 40× objectives). 

CXCL10 immunohistochemical expression was determined 

using densitometric analysis using MATLAB Software. The 

optical density of labeled sections (light adsorptance, Aλ) was 

calculated as follows: 

Aλ =(I0 - I)/I0. 

I0: mean background density. 

I: mean density of the labeled section 

2.6. Data Analysis 

Considering numerous reports from patient and animal 

model studies suggesting pivotal obesogenic roles for 

metabolic changes associated with (or eventually triggered 

by) fast body weight gain (positive energy balance) [1-3] and 

intestinal dysbiosis [18-21, 21], HFD animals of each sex 

were further divided in four groups (n=6 per group) to assess 

the impact of each of these parameters on behavioral changes 

indicative of cognitive and motor alterations observed in this 

study: two groups based on differences in body weight gain 

relative speed (a group made of the 6 HFD-fed animals 

gaining weight the slowest and conversely, a group made of 

the remaining 6, i.e. animals gaining weight relatively faster), 

and two groups based on gram positive bacteria percentage in 

feces (a group made of the 6 HFD-fed animals with the 

lowest gram positive bacteria percentage, and conversely, a 

group made of the other 6, i.e. animals with relatively high 

gram positive bacteria percentage). Two-tailed repeated 

measures ANOVA (only for comparison of ED22 and ED47 

footprint test data) and two-tailed independent ANOVA (both 
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followed by LSD post-hoc test) were performed to detect 

significant intra-parameter differences (p<0.05) between all 

HFD-fed animals, each of the groups obtained from either 

body weight gain or fecal gram positive bacteria counts, and 

normal chow fed animals of each sex, and to assess inter-sex 

differences. 

Data from all animals of the study were processed for 

multifactorial analysis, independently of experimental groups 

(n=32) (OriginPro Software, OriginLab, Northampton, MA, 

USA), to assess inter-parameter interactions (as reflected by 

linear correlations) between body weight gain, fasting 

glycemia, indicators of intestinal dysbiosis (increases in fecal 

pH and fecal gram positive bacteria), and central nervous 

system functional changes revealed by the cognitive and 

motor tests performed. 

3. Results 

3.1. General Observation and Physiological Parameters 

Major signs of central nervous system involvement were 

observed towards the end of the experiment, where 8 out of 

10 HFD-fed males, but only 3 out of 10 females, displayed a 

marked increase in indicators of aggressive behavior 

(notably: attempt to bite when handled, vocalization/squeal, 

jumpy). In addition, 6 out of 10 females, but no male, 

displayed an increase in urination with wet litter (at corners 

mainly) and smelly cages. 

3.1.1. Body Weight 

The progressive effects of HFD exposure on body weight 

are shown in figure 1A, while figure 1B presents individual 

total body weight gain in females and males fed either 

normal chow or HFD at the end of the experiment, and figure 

1C shows the total body weight increase in these 

experimental groups. Along the 7 weeks of exposure to HFD, 

female mice displayed a 28.93% faster increase in body 

weight (y = 1.93x + 26.06, R² = 0.97 against y = 0.48x + 

27.75, R² = 0.89, in females fed normal chow) than males (y 

= 1.37x + 26.60, R² = 0.97 against y = 0.45x + 26.39, R² = 

0.73, in males fed normal chow) (figure 1A). Thus, after 7 

weeks of exposure, an increase in body weight higher than 

30% of baseline weight was observed in 50% of male mice 

fed HFD, when 9 out of 10 HFD-fed females already had 

reached this percentage (HFD-fed females reached an 

increase in body weight of 30% compared to baseline weight 

after 4 weeks only) (figure 1B). 

 

Figure 1. Physiological parameters. 

A–C. Effect of high-fat diet (HFD) on body weight. A. Body weight change along the weeks of exposure. Note the significant increase from week 2 in females 

and week 3 in males fed HFD compared to animals fed normal chow (NC). B. Individual body weight increase. Note that the increase is faster in about 50% of 

animals fed HFD for both females and males. C. Total body weight increase in treatment groups. Note the significant increase in groups fed HFD. D. HFD 

Effects on food intake along the weeks of exposure. Note the increase in food intake with exposure. E,F. HFD effect on individual (E) and average (F) fasting 

glycemia. Note the increase in HFD animals and groups. Except for figures B and E, data are mean ± standard deviation (N=10 per group). 
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Body weight gain was statistically significant in HFD-fed 

females after 2 weeks compared to baseline values (p=0.004), 

and after 3 weeks compared to normal chow-fed females 

(p=0.002) (figure 1A). On the other hand, the increase in 

body weight was statistically significant in HFD-fed males 

after 3 weeks compared to baseline (p=0.012), and after 6 

weeks compared to normal chow-fed males (p=0.0017) 

(figure 1A). Body weight gain was statistically significant in 

normal chow-fed females after 6 weeks (p=0.0018) and in 

males after 5 weeks (p=0.034), compared to baseline (figure 

1A). Total body weight increase was significantly higher in 

females (p=0.0002) and males (p=0.011) fed HFD compared 

to animals fed normal chow (figures 1C). 

3.1.2. Food Intake, Fasting Glycemia and Organ Weight 

The effect of HFD on food intake along the 7 weeks of 

exposure is shown in figure 1D. Animals displayed an 

increase in food intake with HFD exposure time, with HFD-

fed female mice displaying a 31.1% faster increase in food 

intake (y = 1.48x + 31.69, R² = 0.98) than males (y = 1.02x + 

31.06, R² = 0.84). The increase in food intake was 

statistically significant in HFD-fed females after 2 weeks of 

exposure compared to both baseline values (p=0.007) and to 

normal chow-fed females (p=0.021) (figure 1D). Food intake 

increase in HFD-fed males was significant after 2 weeks of 

exposure compared to baseline (p=0.0005), and after 7 weeks 

compared to normal chow-fed males (p=0.014). No major 

change in food intake was observed in animals fed normal 

chow (figure 1D). 

The effects of 7 weeks of HFD exposure on fasting 

glycemia are shown in figures 1E and 1F. Compared to 

animals of the same sex fed normal chow, fasting glycemia 

was significantly higher in both female (124.1±21.9 vs. 

82.7±15.9 in females fed normal chow, p=0.0004) and male 

(137.8±14.7 vs. 73.8±22.4 in males fed normal chow, 

p=0.0013) mice (figure 1E, F). No significant difference 

between females and males was observed (figure 1F), 

although HFD-fed males had a higher fasting glycemia 

(figure 1E). 

The effect of HFD exposure on organ weight is shown in 

table 2. Gastrointestinal tract weight was increased in 

females (30% increase, p=0.032) and males (47.5% increase, 

p=0.035), while liver weight was also significantly increased 

in females (53.8% increase, p=0.027) but only slightly 

increased in males (6.3% increase, p=0.797, not significant). 

No significant difference between genders or change in the 

average weight of kidneys, lungs, heart, pancreas, brain and 

spleen were observed in both males and females (table 2). 

Table 2. Effect of high-fat diet on organ weight (g). 

 
males 

 p value 

vs. HFD 

females 
p value 

vs. HFD 

p value 

vs. males 
 

NC HFD NC HFD 

GI tract 4±1.4 5.9±1.2 0.0351* 5±0.7 6.5±1.5 0.0321* 0.3367 

liver 1.6±1.2 1.7±0.4 0.7967 1.3±0.5 2±0.9 0.0269* 0.3407 

kidney 0.6±0.2 0.6±0.5 0.8226 0.6±0.3 0.7±0.4 0.3070 0.6178 

lung 0.4±0.3 0.5±0.3 0.6149 0.4±0.3 0.4±0.2 0.1981 0.5226 

heart 0.4±0.1 0.6±0.3 0.3128 0.4±0.3 0.5±0.2 0.4976 0.5099 

pancreas 0.4±0.2 0.6±0.2 0.1279 0.5±0.3 0.6±0.2 0.3657 0.5726 

brain 0.6±0.4 0.4±0.3 0.4884 0.5±0.3 0.4±0.3 0.4935 0.9639 

spleen 0.4±0.2 0.5±0.3 0.2228 0.4±0.3 0.4±0.3 0.8869 0.3500 

HFD: mean value for animals fed high-fat diet. NC: mean value for animals fed normal chow fed. *independent t test, p<0.05. NNC=6, NHFD=10 

males/females. 

3.2. Indicators of Intestinal Dysbiosis 

3.2.1. Fecal Bacteria Count and pH Changes 

Figure 2 shows fecal Gram stain of representative cases of 

females and males fed normal chow (figures 2A and 2D), or 

HFD with either slow (figures 2B and 2E) or fast body 

weight gain (figure 2C and 2F) following 7 weeks of diet 

exposure. A decrease in gram negative bacilli was observed 

in animals fed HFD, concomitantly with an increase in cocci 

clusters and in polymorphonuclear-like leukocytes. These 

alterations seemed more marked in females than in males but 

also in HFD-fed displaying fast body weight gain than in 

slow weight gaining animals (figure 2). 

Counts of gram positive bacteria (expressed as percentage 

of the sum of gram positive and gram negative bacteria 

counts) confirmed these observations (figure 3A), as they 

displayed only a slight increase in HFD-fed males with slow 

weight gain (45%, p=0.139, not significant) but a marked 

increase in females with slow weight gain (122%, p=0.0035); 

and as more marked increases were observed in both fast 

weight gaining HFD-fed male (97%, p=0.0007) and female 

(150%, p=0.0052) mice. Overall, the increase in gram 

positive counts was significantly higher in females compared 

to males (p=0.032) and in fast weight gaining HFD-fed 

compared to slow weight gaining (p=0.028) (figure 3A). 
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Figure 2. Fecal Gram stain micrographs. 

A–C. Fecal Gram stain micrographs (100× objective) of representative cases of males fed normal chow (A), or high-fat diet (HFD) (B,C) with relatively slow 

(B) or fast (C) body weight gain. D–F. Fecal Gram stain micrographs of representative cases of females fed normal chow (A), or HFD (E,F) with relatively 

slow (E) or fast (F) body weight gain. Note the marked decrease in gram negative bacilli, and increase in cocci and in polymorphonuclear (PMN)-like 

leukocytes in HFD-fed females displaying fast body weight gain. 

HFD exposure also associated with significant increases in fecal pH in females displaying either slow (p=0.017) or fast (p= 

0.0056) weight gain compared to normal chow-fed animals of the same sex, but no significant change was observed in males 

(figure 3A). Consequently, the increase in fecal pH was also significantly higher in females compared to males (p=0.032). 

 

Figure 3. Fecal pH and bacteria counts. 

A. Gram positive bacteria counts and fecal pH of animals either fed normal chow or fed high-fat diet (HFD). Note the increases in both parameters in HFD-fed 

female and male mice displaying fast weight gain. Data are mean ± standard deviation (NNC=10, NHFDall=12, NHFDslow/fast=6). B,C. Body weight gain in function 

of fecal pH (B) or fecal gram positive bacteria counts (C). D–F. Fasting glycemia in function of fecal pH (D), fecal gram positive bacteria counts (E), and body 

weight gain (F). Note the positive correlations. Points represents individual values (N=32). 
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Interestingly, significant positive correlations were 

observed between total body weight increase and fecal pH 

(y=52.3x-335.93, r=0.81) (figure 3B), and between total 

body weight increase and fecal gram positive bacteria counts 

(y=0.69x-6.91, r=0.62) (figure 3C). Although in a lesser 

extent, fecal pH (y=53.74x-265.83, r=0.59) (figure 3D) and 

fecal gram positive bacteria counts (y=1.05x+53.58, r=0.68) 

(figure 3E) also correlated positively with fasting glycemia, 

which correlated with total body weight increase as well 

(y=0.69x+89.78, r=0.62) (figure 3F). 

3.2.2. Jejunal Swab Cultures 

Figures 4A–K show the result of cultures in both nutrient 

(figures 4A–E) and MacConkey agar (figures 4G–K) of 

jejunal swabs of 3 randomly selected animals from each 

group of study (normal chow-fed, HFD-fed displaying slow 

body weight gain, HFD-fed displaying fast body weight 

gain). Nutrient agar cultures revealed: (i) small white 

bacterial colonies in all groups in males, while in females 

only in normal chow-fed and HFD-fed displaying slow 

weight gain (not in HFD-fed displaying fast weight gain); (ii) 

large white mucoid bacterial colonies in all HFD-fed groups 

but not in normal chow-fed; and (iv) fungal colonies in all 

animals (figures 4A–E). Gram staining of a large white 

mucoid bacterial colony revealed gram positive cocci in 

clusters (figure 4F). 

 

Figure 4. Jejunal changes. 

A–E. Jejunal swab cultures in nutrient agar. Note the absence of small white bacterial colonies (orange empty arrow) in high-fat diet (HFD)-fed females 

displaying fast weight gain, the presence of large white mucoid bacterial colonies (black empty arrow) in all HFD-fed groups except in normal chow-fed, and 

the presence of fungal colonies in all animals (violet empty arrow). F. Gram staining micrograph of a small colony (black plain arrow head in D) collected 

from nutrient agar culture of a female fed HFD displaying fast weight gaining showing clusters of cocci. G–K. Jejunal swab cultures in MacConkey agar. Note 

the coliform (Klebsiella-like) bacteria growth (large mucoid pink colonies) in most groups, with a decrease (and then non-growth) in HFD-fed animals with 

increasing body weight gain. L–N. Brown and Brenn gram stain of jejuna of representative cases of HFD-fed and normal chow-fed females. Note the 

infiltrating bacilli in HFD-fed animals. O–Q. H&E micrographs of the same animals. Note the degeneration of epithelial cells and tissue fluid exudate in the 

jejunal mucosa of HFD-fed animals. R–T. CXCL10 expression in jejuna of the same animals (immunohistochemistry +hematoxylin stain). Note the increase in 

CXCL10 expression in animals fed HFD. Scale bars: 100 µm. 
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On the other hand, large mucoid lactose fermenting 

coliform (Klebsiella-like) colonies were observed in 

MacConkey agar cultures of swabs from all groups (figures 

4G–J), except those from HFD-fed females displaying fast 

weight gain, where no growth was observed (figures 4J,K). 

Notably, a marked decrease in the number of colonies 

(compared to normal chow-fed) was observed in HFD-fed 

females displaying slow weight gain (figure 4J) as well as in 

HFD-fed males displaying fast weight gain (figures 4H,I), 

but not in HFD-fed males displaying slow weight gain that 

displayed normal number of mucoid colonies (i.e. 

comparable to normal chow) (figures 4G,H). 

3.2.3. Tissue Gram Stain, Histopathological Changes and 

CXCL10 Expression 

Figures 4L–N present Brown and Brenn gram stain of 

jejuna of representative cases of a normal chow-fed female 

(figure 4L) and of HFD-fed females with slow (figure 4M) or 

fast (figure 4N) body weight gain. Infiltrating bacilli were 

observed in jejuna of all HFD-fed females displaying fast 

weight gain and in most (3 out of 5) females displaying slow 

weight gain. Infiltrating bacilli were also present in most (3 

of 5) HFD-fed males displaying fast weight gain, while no 

infiltration was observed in HFD-fed males displaying slow 

weight gain. 

Histopathological analysis of H&E stained jejunal sections 

did not revealed any major change in HFD-fed females 

displaying a slow weight gain (figure 4P) compared to 

females fed normal chow (figure 4O). However, signs of 

non-specific inflammation were observed in the jejunal 

mucosa of HFD-fed females displaying fast weight gain, 

notably, marked tissue fluid exudate (edema) and 

degeneration of epithelial cells (figure 4Q). No major change 

was observed in HFD-fed males. 

Immunohistochemical analysis of CXCL10 expression in 

jejuna of the same animals revealed no expression in normal 

chow-fed (figure 4R), a low expression in HFD-fed females 

with slow weight gain (figure 4S), and a marked expression 

in HFD-fed females with fast weight gain (figure 4T). In 

males, only a slight increase in CXCL10 expression was 

observed in HFD-fed animals with fast weight gain. These 

observations were confirmed by densitometric analysis 

(figure 5). 

 

Figure 5. Effect of HFD on CXCL10 expression. 

Note the increase in CXCL10 expression in animals treated 

with high-fat diet (HFD), compared to those receiving 

normal chow (NC). 

3.3. Cognition, Mood and Motor Function Assessment 

3.3.1. Holeboard Test 

The effect of 7 weeks of HFD exposure on holeboard test 

parameters are shown in figures 6A-G. 

Distance covered in the holeboard arena 

Figure 6A shows the distances covered the first and last 

minutes spent in the arena (expressed as the percentage of the 

total distance covered in the maze) as well as their ratio. The 

distance covered the first minute was slightly increased in 

HFD-fed males displaying low weight gain (10.51% 

increase, not significant), but significantly decreased in those 

displaying fast gain (35.4% decrease, p=0.0476 vs. males fed 

normal chow; 41.78% decrease, p=0.0345 vs. slow weight 

gaining HFD-fed males). No other marked change was 

observed in this parameter in any of the other groups. 

The distance covered in the last minute was increased in 

females (43.68% increase, p=0.0094) and males (52.94% 

increase, p=0.0049) fed HFD, compared to animals fed 

normal chow (figure 6A). Division by weight gaining speed 

revealed significant increases only in slow weight-gaining 

HFD-fed males (111.4% increase, p=0.0037). However, 

divisions made based on fecal gram positive bacteria counts 

revealed significant increases in both males and females with 

high counts (124.82% increase, p=0.0367 and 98.8% 

increase, p=0.0031, respectively), but not in groups with low 

counts. 

The ratio of the distance covered in the last minute to the 

distance covered in the first minute was also increased in 

HFD-fed females (41.82% increase, p=0.031) and males 

(58.73% increase, p=0.026) compared to animals fed normal 

chow (figure 6A). Increases observed in HFD-fed animals 

were more marked in groups with fast weight gaining and 

high fecal gram positive bacteria counts. However, a 

statistically significant increase was observed only in females 

with high fecal bacteria counts (55.97% increase, p=0.023 vs. 

females fed normal chow), due to high inter-individual 

variability in the other groups. 
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Figure 6. Cognitive and motor tests. 

A-G. Holeboard test parameters. A. Distance covered in the first and last minute spent in the arena, and ratio of the distance covered in the last to the distance 

covered in the first minute. Note the increases in last minute distance and in ratio in females and males fed high-fat diet (HFD) compared to animals fed 

normal chow (NC). B,C. Head dipping time (B), latency and episode number (C). Note the decrease in episode number in animals fed HFD. D. Rearing 

against wall episode number. Note the marked increase in females fed HFD. E. Ratio of time spent in the center and in the corners of the holeboard arena. Note 

the marked decrease in females fed HFD. F. Freezing latency and time. Note the decreased latency and increased time in HFD-fed groups. G. Grooming 

latency and episode number. Note the higher episode number in females and the increased latency in both females and males fed HFD. H. Vertical pole total 

time (t-time) and time to first turn downward (t-turn). Note the decreases in both parameters in HFD-fed groups. I. Stress-induced hyperthermia (SIH) test. 

Note SIH increase in females fed HFD. Data are mean ± standard deviation. 

Head dipping latency, episode number, and time 

HFD exposure decreased head dipping time (figure 6B), 

but such decrease was statically significant only in females 

with fast weight gain (21.59% decrease, p=0.036 vs. females 

fed normal chow) or high fecal gram positive bacteria counts 

(35.55% decrease, p=0.025 vs. females fed normal chow). 

HFD exposure increased head dipping latency in both 

females (44.68% increase, p=0.027 vs. females fed normal 

chow) and males (63.69% increase, p=0.032 vs. males fed 

normal chow) (figure 6C). Increases were observed in all 

HFD-fed groups (more marked in animals with fast weight 

gain or with high fecal gram positive bacteria counts), but a 

significant increase was observed only in males with slow 

weight gain (103.08% increase, p=0.0301 vs. males fed 

normal chow), as other groups displayed a high inter-

individual variability. 

Significant decreases in head dipping episode number 

were observed in HFD-fed females (50.21% decrease, p=0.02 

vs. females fed normal chow) but not males (19.14% 

decrease, p=0.551 vs. males fed normal chow) (figure 6C). 

Such decreases were more marked in females with fast 

weight gain (58.48% decrease, p=0.021) or high fecal gram 

positive bacteria counts (64.55% decrease, p=0.035). No 

significant difference in head dipping latency, episode 

number, and time was observed between genders (figures 

6B,C). 

Rearing against wall episode number 

HFD exposure increased the number of episodes of rearing 

against wall in both females (46.17% increase, p=0.004) and 

males (44.04% increase, p=0.0287), compared to animals of 

the same genders fed normal chow (figure 6D). Increases were 

more marked in animals with high fecal gram positive bacteria 

counts, particularly in females (117.78% increase, p=0.0292). 

Females, but not males, with fast weight gain also displayed an 
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increase (114.86% increase, p=0.0129). No significant 

difference was observed between genders (figure 6D). 

Time in arena center and corners 

HFD exposure decreased the ratio of the time spent in the 

center to the time spent in the corners of the holeboard arena 

(figure 6E). Such decrease was only statistically significant 

in females (71.43% decrease, p=0.0014 vs. females fed 

normal chow), where marked decreased were observed in 

animals displaying fast weight gain (88.86% decrease, 

p=0.0008 vs. females fed normal chow) or high fecal gram 

positive bacteria counts (88.1% decrease, p=0.0007 vs. 

females fed normal chow, and 63.99% decrease, p=0.0387 

vs. HFD-fed females with low counts). No significant 

difference was observed between genders (figure 6E). 

Freezing latency and time 

HFD exposure decreased freezing latency in both females 

(78.89% decrease, p=0.0004 vs. females fed normal chow) 

and males (73.89% decrease, p=0.0007 vs. males fed normal 

chow) with no major differences between fast and slow 

weight-gaining HFD-fed animals, animals with low or high 

gram positive fecal bacteria counts, or between genders 

(figure 6F). 

Increased total freezing time were also observed in both 

HFD-fed females (76.76% increase, p=0.0057 vs. females 

fed normal chow) and males (82.93% increase, p=0.033 vs. 

males fed normal chow) (figure 6F). However, increases with 

fecal gram positive bacteria counts-based divisions, but not 

in weight gaining speed-based divisions, were accompanied 

by increases in total freezing time. Nonetheless, significant 

increases were observed in HFD-fed females with high fecal 

gram positive bacteria counts (350% increase, p=0.0254) and 

in those displaying fast weight gain (300% increase, 

p=0.0042) compared to females fed normal chow. No 

significant difference was observed between genders (figure 

6F). 

Grooming latency and episode number 

HFD exposure increased grooming latency in both females 

(29.04% increase, p=0.011 vs. females fed normal chow) and 

males (35.19% increase, p=0.039 vs. males fed normal chow) 

(figure 6G). Although no significant difference based either 

on body weight gain speed or on fecal gram positive bacteria 

counts was observed in HFD-fed males, in females, 

grooming latency increase was more marked in animals with 

high fecal gram positive bacteria counts (45.03% increase, 

p=0.0123 vs. females fed normal chow). No significant 

difference in grooming latency was observed between 

genders (figure 6G). 

On the other hand, HFD exposure decreased grooming 

episode number in both females (62.3% decrease, p=0.0068 

vs. females fed normal chow) and males (70.59% decrease, 

p=0.028 vs. males fed normal chow) (figure 6G). No 

significant difference in grooming episode number was 

observed between fast and slow weight gaining, or low and 

high fecal gram positive bacteria counts, in HFD-fed males 

(figure 6G). However, HFD-fed females displayed significant 

decreases compared with normal chow fed females, more 

marked with fecal gram positive bacteria counts, but not 

weight gaining speed (figure 6G). Interestingly, females 

displayed significantly higher grooming episode numbers 

independently of the diet (44.26% higher, p=0.0013 for 

females fed HFD and 41.41% higher, p=0.0074 for females 

fed normal chow), compared to males receiving the same diet 

(figure 6G). 

3.3.2. Vertical Pole Test 

The effect of HFD exposure on vertical pole test 

parameters, i.e. time to first turn downward (t-turn) and total 

time on the vertical pole (t-time) are shown in figure 6H. 

HFD exposure induced decreases in t-turn in females 

(82.39% decrease, p=0.0062 vs. females fed normal chow) 

and males (71.53% decrease, p=0.0002 vs. males fed normal 

chow), with no difference based on body weight gain speed 

or fecal gram positive bacteria counts. 

Decreases were also observed in t-time in HFD-fed 

females (46.52% decrease, p=0.006 vs. females fed normal 

chow) and males (64.02% decrease, p=0.0001 vs. males fed 

normal chow) (figure 6H). Unlike divisions based on body 

weight gain speed, t-time decreases were more marked with 

fecal gram positive bacteria counts in both females (60% 

decrease, p=0.016 in HFD fed with high counts vs. females 

fed normal chow) and males (65% decrease, p=0.035 in HFD 

fed with high counts vs. males fed normal chow). No 

significant difference was observed between genders in t-turn 

and t-time (figure 6H). 

3.3.3. Stress-Induced Hyperthermia Test 

The effect of HFD exposure on SIH (the body temperature 

increase observed following mild stress) is shown in figure 

6I. SIH was more marked in females fed HFD as compared 

with both females fed normal chow (29.41% increase, 

p=0.0041) and with HFD-fed males (23.53% increase, 

p=0.045). SIH was increased with fecal gram positive 

bacteria counts in both HFD-fed males and females, whereas 

SIH was increased with body weight gain speed in HFD-fed 

females, but not males (figure 6I). 

3.3.4. Footprint Analysis 

Figures 7. A-C show footprints of representative cases of 

normal chow-fed (figure 7A), and of a HFD-fed animal at 

exposure day (ED) 22 (figure 7B) and ED47. The analysis of 

footprints revealed a tendency to stand on toes only, and 

shorter steps compared to normal chow-fed animals. The 

latter observation was confirmed step (figure 7D) and stride 

length (figure 7E) measurement, which confirmed significant 

reductions in both females and males, with increasing body 

weight gain speed and fecal gram positive bacteria counts, 

particularly in females (figures 7D,E). No major difference 

was observed between genders. 
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Figure 7. Footprint analysis. 

A–C. Footprints of representative cases of normal chow-fed (A), and of a high-fat diet (HFD)-fed animal at exposure day 22, and of the same animal at 

exposure day 47. Note the shorter steps and the tendency to stand on toes only, with HFD exposure. D,E. Effect of HFD exposure on step (D) and stride length 

(E). Note the decreases with HFD exposure. 

3.4. Multifactorial Analysis 

The correlations between physiological and behavioral parameters revealed by multifactorial analysis are shown in table 3. 

3.4.1. Anxiety and Depression Indicators 

Fecal gram positive bacteria counts (increased by HFD) were correlated with 5 out of 7 indicators of anxiety, i.e. head-

dipping latency (positively), the time spent in the holeboard arena corners or conversely the time spent in the arena center 

(positively and negatively, respectively), the number of rearing against wall (positively), freezing time (positively), and 

freezing latency (negatively). 

Table 3. Correlations between indicators of physiological and behavioral changes. 

 Fecal gram+ counts Fecal pH Body weight gain Fasting glycemia 

  r p value r p value r p value r p value 

Body weight gain 0.61*** 0.0002 0.81*** 2.4E-08 n/a n/a 0.5** 0.004 

Fecal gram+ bacteria counts n/a n/a 0.53** 0.0018 0.61*** 0.0002 0.68*** 0.00002 

Fecal pH 0.53** 0.0018 n/a n/a 0.81*** 2.4E-08 0.59*** 0.0004 

Fasting glycemia 0.68*** 0.00002 0.59*** 0.0004 0.5** 0.004 n/a n/a 

          

Pole test t-turn -0.75*** 0.00001 -0.5** 0.0037 -0.5** 0.004 -0.68*** 0.00002 

 
pole time -0.62*** 0.00013 -0.44* 0.0124 -0.32 0.078 -0.74*** 1.6E-06 

Holeboard test         

Distance 
First minute -0.17 0.353 -0.27 0.138 -0.25 0.136 -0.03 0.854 

Last minute 0.5** 0.0039 0.34 0.057 0.39* 0.048 0.38* 0.034 

Head dipping 

latency 0.52** 0.0024 0.25 0.174 0.25 0.147 0.36* 0.0441 

number -0.34 0.056 -0.17 0.3403 -0.21 0.293 -0.14 0.432 

time -0.23 0.201 0.08 0.665 0.01 0.975 0.01 0.978 

Time in 
arena center -0.7*** 0.0001 -0.6*** 0.0009 -0.6*** 0.0003 -0.7*** 0.00001 

arena angles 0.6*** 0.0003 0.59*** 0.0004 0.61*** 0.0005 0.55** 0.00102 

Rearing 
against wall, n 0.43* 0.0137 0.31 0.0837 0.39* 0.022 0.48** 0.0059 

not against wall, n -0.28 0.116 -0.29 0.1032 -0.29 0.085 -0.3 0.101 

Freezing 
latency -0.7*** 0.00001 -0.6*** 0.0004 -0.6*** 0.0007 -0.7*** 0.0001 

time 0.39* 0.0267 0.51** 0.003 0.41* 0.031 0.33 0.063 

Grooming 
latency 0.44* 0.0109 0.24 0.177 0.15 0.458 0.45* 0.0102 

number -0.52** 0.0023 -0.32 0.07 -0.27 0.101 -0.56*** 0.0009 

n/a: not applicable. Multifactorial analysis: *p<0.05, **p<0.01, ***p<0.001. N=32. 
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Fecal pH was correlated with 3 indicators of anxiety: 

increase in time spent in the holeboard arena corners, increase 

in freezing time, and decrease in freezing latency. Correlations 

of body weight gain and fasting glycemia with indicators of 

anxiety were comparable. Fasting glycemia was correlated 

with 4 indicators of anxiety, and less strong than fecal gram 

positive bacteria counts (table 3), notably: increase in head-

dipping latency, time spent in the arena corners, number of 

rearing against wall episodes, and decrease in freezing latency. 

Body weight gain was correlated with 4 indicators of anxiety: 

increases in the time spent in the arena corners, number of 

rearing against wall episodes, freezing time, and decrease in 

freezing latency, also with less strong correlations than fecal 

gram positive bacteria counts and fecal pH (table 3). None of 

these parameters correlated significantly with head dipping 

number and time (table 3). 

In addition, fecal gram positive counts and fasting 

glycemia, but not body weight gain, were positively 

correlated with grooming latency and negatively with 

grooming episode number. 

3.4.2. Motor Function Indicators 

The major motor function indicators determined in the 

present study were decreases in pole test t-turn and t-time. T-

turn and t-time changes were correlated negatively with fecal 

gram positive counts, fasting glycemia, and in a lesser extent, 

body weight gain and fecal pH (table 3). Similar, the distance 

covered in the arena, particularly in the last minute, was also 

correlated fecal gram positive counts, fasting glycemia, and 

in a lesser extent, and body weight gain (table 3). 

4. Discussion 

The results of the present study suggest that mood 

alterations, cognitive decline and motor impairment are 

present in high-fat diet (HFD) induced pre-obese mice, where 

their severity would correlate with intestinal dysbiosis, and in 

a lesser extent, body weight gain. The indicators of anxiety 

observed in pre-obese mice included an increase in the time 

preferentially spent in the holeboard arena corners compared 

to the time spent in the central area (safe areas preferred to 

frightening area [42]), and similar, an increase in the number 

of episodes of rearing against wall, indicating an increased 

tendency of pre-obese animal to thigmotaxis, i.e. to move 

mainly close or in contact to cage walls (safe area) [43, 58]. 

Anxiety was also suggested by decreased latency and 

increased length of freezing episodes [59], and increased 

latency, and decreased time and number of head-dipping 

episodes [42]. Stress-induced hyperthermia (SIH), a 

physiological marker of anxiety, was also abnormally 

increased in pre-obese mice, particularly in those gaining 

weight faster and with abnormally high fecal gram positive 

bacteria counts (compared to lean control animals). Overall, 

the intestinal dysbiosis indicators determined, and 

particularly fecal gram positive bacteria counts, correlated 

better with changes indicating anxiety than body weight gain 

and fasting glycemia, suggesting a more prominent role for 

intestinal dysbiosis in the pathogenic events triggering and 

driving anxiety in the pre-obesity context. Lower correlations 

of anxiety indicators with body weight gain and fasting 

glycemia may be surprising considering that body weight 

gain-associates with the positive energy balance that leads to 

and sustains obesity [12-15], and considering also that 

deregulation of glycemic control constitutes a major 

component of metabolic syndrome in obese subjects and 

animal models [10, 11, 60]. However, we hypothesize that 

the better correlation of intestinal dysbiosis indicator over 

alterations of glycemic control and body weight gain may 

emerge from a driver role for intestinal dysbiosis in 

obesogenesis and complication development in the obesity 

context, while the glycemic control and body weight gain 

may only have an accompanying role, i.e. fueling the 

obesogenic mechanisms triggered by intestinal dysbiosis. 

Available evidence supporting this hypothesis include the 

ability of altered gut microbiota to induce obesity when 

transplanted in a genetically sensitive healthy lean subject 

[18, 19, 21] and gut microbiota role as powerful metabolic 

and immune modulator [21-23]. 

Furthermore, indicators of depression, notably increased 

latency and decreased episode number of grooming, were 

also observed. Such indicators correlated with fecal gram 

positive bacteria counts and fasting glycemia, but not with 

body weight gain, further stressing on a pivotal role for 

intestinal dysbiosis in anxiety and mood alterations in the 

pre-obesity context. Although such link was recently 

hypothesized based on reports of pivotal roles for intestinal 

dysbiosis in the pathogenesis of anxiety and depression in 

related metabolic diseases [26, 61], to our knowledge, this is 

the first report suggesting a link between intestinal dysbiosis 

and anxiety and mood alterations in the pre-obesity context, 

at least in a Western diet model. 

Interestingly, the indicators of motor dysfunction observed 

in HFD-induced pre-obese mice (t-turn, t-time in pole test, 

and footprint analysis) were also correlated with fecal gram 

positive counts, fasting glycemia, and in a lesser extent, body 

weight gain. As expected [62, 63], footprint analysis also 

suggested motor (gait) disturbances in pre-obese animals. 

Furthermore, cognitive impairment was also suggested by an 

inversion of exploration and motor activity dominant time 

from the early to the last minutes spent in the holeboard 

arena, as suggested by a decrease in the first minute and an 

increase in the last minute of the distance covered in the 

arena in HFD-fed animals, compared to normal chow fed. 

Rodents have a natural tendency to explore novel 

environments [64, 65], and failure to perform such task 

readily may result from cognitive deficit [66, 67]. As for 

mood alterations reported, cognitive and motor dysfunctions 

observed may emerge, at least partly, from immune-to-brain 

signaling triggered by intestinal dysbiosis-induced local and 

systemic inflammation [26, 68, 69]. 

To verify this hypothesis, we have assessed inflammation 

indicators and bacterial infiltration in the jejunum. Infiltrating 
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bacteria, bacilli mainly, were found in the jejunal mucosa as 

well as signs of non-specific inflammation (fluid exudate and 

epithelial cell degeneration…), and an increased expression of 

CXCL10, a marker of sustained inflammation [70, 71]. In 

addition, liver and gastro-intestinal tract weight were 

increased, indicating accumulations of fluids and fat in these 

tissues [72-74]. These alterations were particularly marked in 

HFD-fed animals gaining weight faster, and more in females 

than males. Considering that females that gained weight 

significantly faster than males also had more marked 

alterations in dysbiosis indicators, including fecal pH and fecal 

gram positive bacteria counts, and, given that as males, 

females with low fecal bacteria counts displayed only a slow 

weight gain, it appears that fast weight gain may result from 

intestinal dysbiosis induced by subchronic HFD exposure [20, 

21]. Besides gender physiological specificities, differences in 

host genetic susceptibility to dysbiosis [18, 19], suggested by 

high inter-individual differences in the response to HFD 

subchronic exposure in males, probably contribute also to 

lower weight gain observed in males in the present study. 

The present study mainly addressed clinical indicators of 

intestinal dysbiosis with the final objective of comparing 

their occurrence in animals with marked behavioral changes. 

Studies with more advanced methods such as targeted qPCR 

and 16s rRNA sequencing should be carried out in HFD pre-

obese mice for insights in more complex aspects of intestinal 

dysbiosis. Notably, unraveling the specific bacterial species 

whose changes associate with behavioral alterations could be 

of particular interest for metabolic syndrome treatment. The 

present findings should be assessed in obese individuals and 

patients with metabolic syndrome-associated diseases, 

considering the potential for early detection of monitoring of 

various obesity-related comorbidities. 

5. Conclusion 

We have used a high-fat diet (HFD) to induce pre-obesity 

in mice, a model of rich diet-induced obesity. The behavioral 

tests performed in these animals suggested anxiety, 

depression, and cognitive and motor impairment. Such 

central nervous system functional alterations were more 

marked in females, particularly in animals with marked 

alterations in intestinal dysbiosis indicators, and in a lesser 

extent, also in animals with increased fasting glycemia or 

those displaying a relatively fast weight gain. Overall, our 

findings point out intestinal dysbiosis as a major player in the 

pathogenesis of obesity-related comorbidities involving the 

brain, as hallmarks of strong intestinal dysbiosis appeared 

concomitantly and correlated, better than any other 

parameter, with indicators of nervous system functional 

alterations observed in pre-obese mice, whose metabolic 

syndrome is less marked than obese animals. Future study 

addressing the interaction of altered gut microbiota with the 

other players active in the obesity context, in particular 

metabolic syndrome components, may provide new insights 

in the mechanisms driving and sustaining obesogenesis and 

the development of obesity-related comorbidities. 
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