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Early stage of metabolic
dysfunction associated
steatotic liver disease disrupts
circadian rhythm and induces
neuroinflammation in rats
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Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD) is a chronic liver disease affecting
25% of the European population, with rising global incidence. Liver damage includes ballooning,
steatosis, inflammation and fibrosis. Associated brain disorders include sleep, cognitive issues,
anxiety, and depression. While neurological complications in advanced MASLD are well documented,
early cerebral manifestations remain largely unexplored. This study aimed at developing an MASLD
rat model to assess the onset of early brain damage, focusing on impairments of the circadian cycle
rhythm and associated neuroinflammation. Sprague Dawley rats were divided into two groups: one
received a high-fat, high-cholesterol (HFHC) diet for 90 days, while the other received a standard

diet. Histological analysis showed significant hepatic steatosis, ballooning, and inflammation in the
HFHC group (p <0.01). These lesions correlated with elevated hepatic triglycerides (p <0.01), increased
Alanine Aminotransferase, Aspartate Aminotransferase, total cholesterol, and low-density lipoprotein,
alongside decreased plasma high-density lipoprotein. Behavioural analysis using activity wheels
revealed that the HFHC rats steadily maintained their activity level during the rest periods when
compared with controls (p <0.05). This behavioural alteration occurred alongside neuroinflammation,
demonstrated by changes in the expression of 36 and 17 inflammatory mediators in the cerebellum
and frontal cortex respectively. These changes were associated with an increase in the expression of
glial cell markers (Aif1 and Gfap genes) and an increase in the number of microglial cells, affecting

the frontal cortex and cerebellum differently. This rat model of early MASLD shows circadian rhythm
disturbances, which could reflect sleep disorders in humans. These early brain disturbances specific to
MASLD, which occur before the symptoms of liver disease become clinically apparent, could therefore
be used as an early diagnosis marker for MASLD patients.

Keywords Metabolic dysfunction-associated steatotic liver disease, Rat, Neuro-inflammation, Activity
impairment
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Abbreviations

MASLD Metabolic dysfunction-associated steatotic liver disease

HFHC High-Fat, High-Cholesterol

ALAT Alanine aminotransferase

ASAT Aspartate aminotransferase

LDL Low-density lipoprotein

HDL High-density lipoprotein

MASH Metabolic dysfunction-associated steatohepatitis

NAFLD Nonalcoholic fatty liver disease

ACBS Animalerie Campus Brabois Santé

CELMEA Comité d’Ethique Lorrain en Matiére d’Expérimentation Animale
APAFIS Autorisation de Projet utilisant des Animaux a des FIns Scientifiques
E Percentage of energy

GTIT Glucose Tolerance Test

HOMA-IR  Homeostasis hodel assessment of insulin resistance
RT-qPCR Real time quantitative PCR
EEG Electroencephalogram

Metabolic dysfunction-associated steatotic liver disease (MASLD), is considered one of the major chronic liver
diseases in humans, affecting 25% of the European adult population!. The incidence of this disease is rising
steadily worldwide. Gender differences exist in the prevalence (20.2% in men and 15.8% in women) and severity
of MASLD?. Although this is true for middle-aged individuals, a recent study has shown that after menopause, the
prevalence of MASLD in women becomes comparable to that in men?. This metabolic pathology is characterised
by accumulating lipids in the liver (>5% of hepatocytes) not caused by excessive alcohol consumption®. The
spectrum of MASLD ranges from benign hepatic steatosis to metabolic dysfunction-associated steatohepatitis
(MASH), characterised by hepatocyte ballooning, inflammation and steatosis, the most severe forms potentially
evolving into fibrosis and even liver cirrhosis and/or hepatocellular carcinoma'. In 2023, when the name of the
non-alcoholic fatty liver disease (NAFLD) was changed to MASLD by the American Association for the Study
of Liver Disease, a set of guidelines was drawn up for investigating the causes of this disease. It has been defined
that patients must have at least one of the following five cardiometabolic risk factors: obesity, hyperglycaemia,
hypertriglyceridaemia, hypertension and/or a drop in blood levels of high-density lipoprotein (HDL) cholesterol,
to be considered as suffering from a MASLD". Insulin resistance, a common cause of liver fat accumulation, may
also contribute to the inflammation and hepatocellular damage characterising MASH®.

Cerebral damage can occur from the MASH stage of MASLD onwards. Generally, the patients’ cerebral
function is affected at the stage of cirrhosis, with the onset of neurological and psychiatric changes, which are
part of hepatic encephalopathy. Among the brain disorders emerging from this pathology are sleep disorders,
anxiety and depression”?. Signs of impaired executive function and abstract reasoning can also be identified in
patients at high risk of hepatic fibrosis>!?. Thus, the impact on cognitive performance appears to correlate with
the severity of the disease'!. The MASH stage is reported to have a particular impact on spatial learning and
memory'2 In addition, a certain number of preclinical and clinical studies supported the evidence of cognitive
dysfunctions and neuroinflammation in MASH onset'?.

Sleep disorders, like duration and quality alterations'®, obstructive sleep apnoea or insomnia'®, would also
be associated with MASLD onset and are therefore considered risk factors in its emergence. The cerebellum is
thought to be one of the earliest-affected brain areas, even before the disease reaches the stage of liver cirrhosis.
MASH is accompanied by activation of microglia and increased release of pro-inflammatory cytokines in this
region'®. Balzano et al. (2018) demonstrated greater neuronal loss and neuroinflammation in the cerebellum of
patients with cirrhosis than in patients with MASH on post-mortem samples, suggesting that the intensity of
cerebral damage evolves in parallel with the disease in the liver!®. This study also highlighted the presence of
vascular lesions and the formation of microthrombi in the cerebellum of MASH patients. Moreover, T lymphocyte
infiltration of the molecular layer of the cerebellum was revealed!”. These authors thus concluded that vascular
lesions, neuroinflammation and cerebellar degeneration were induced from the MASH stage onwards'®!”.

The recent study published by Kjeergaard et al. (2024) pointed out an MASLD rodent model assessing
early neurological impairments. In this work, the authors showed cognitive disturbances and a depressive-like
phenotype in rats fed high cocoa butter and high cholesterol diet for 16 weeks'®. These impairments observed
in the treated rats were associated with the activation of glial cells in the prefrontal cortex'®. Another study
performed in mice submitted to a high-fat diet and the water intake of glucose and fructose for 16 weeks
highlighted the association between MASLD and concomitant obesity with anxiety- and depressive-related
behaviour and low-grade neuroinflammation. This study also suggested that brain protection from MASLD was
caused by the downregulation of the monocarboxylate transporteur-1 Mct1'. The link between MASLD and
nocturnal/diurnal general activity has never been studied. We have developed a relevant early-stage MASLD rat
model based on a high-fat and high-cholesterol diet to mimic the physiopathology of human MASLD and assess
the animal’s diurnal and nocturnal activity impairments. The role of neuroinflammation and the expression of
genes associated with synaptic plasticity in the development of these deficiencies were both investigated.
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Results and discussion

HFHC diet triggers gradual MASLD development characterised by mild liver and metabolic

alteration

Impact of HFHC diet on body weight, liver and visceral fat
At the end of the 30-day diet, the average weight of the HFHC group was significantly below that of the control
group (p=0.01); which difference was no longer observed at 60 and 90 days (Table 1). This observation indicates
slower weight gain during the introduction phase of a high-fat diet compared to the standard diet. Relative liver
weight, calculated as the ratio of liver weight to body weight, was significantly higher after 30 days in the HFHC
group than in control (p <0.0001). Unlike body growth, this difference remained at 60 and 90 days (p <0.0001).
This suggests that the livers of the rats fed with the HFHC diet reached a state of saturation and fat overload,

which did not cease at 60 and 90 days (Table 1).

However, the relative weight of visceral fat did not fluctuate between the 3 stages investigated (Table 1),
revealing the constant lack of lipid accumulation in adipose tissue induced by the HFHC diet. This observation
aligns with the absence of inter-group body weight differences. These results reveal that our HFHC diet did not

\ | coNTROL | HFHC | statistics

Weight parameters

30 days | 480.2+30.7 436.2+16.7 p=0.01*
Weight [g] 60 days | 574.0+£47.5 562.6+20.6 p=0.60

90 days | 622.9+55.9 632.6+26.9 p=0.71

30 days | 3.8+0.2 5.0+0.3 P<0.0001**
Relative liver weight (ratio of liver weight to body weight) 60 days | 3.4+0.2 47+0.3 Pp<0.0001****

90 days | 2.9+0.2 45+0.4 Pp<0.0001**

30 days | 1.9+0.2 19402 p=0.61
Relative visceral fat weight (ratio of visceral fat weight to body weight) | 60 days | 2.4+0.7 2.8£0.5 p=0.30

90 days | 1.9+0.4 1.9+0.4 p=0.89
Plasma enzymatic and lipidic profiles

30 days | 85.3+23.4 84.1+425 =095
ALAT [U/L] 60 days | 68.1+12.5 151.0+94.8 p=0.06

90 days | 75.0+15.0 193.3+£68.2 p=0.002**

30 days | 377.6+£99.9 334.8+139.8 p=0.58
ASAT [U/L] 60 days | 203.3+£49.9 334.3+82.7 p=0.008

90 days | 193.7+52.2 373.3+104.6 p=0.003**

30 days | 89.1+20.1 170.8+33.5 Pp=0.0004***
Total cholesterol (mg/dL) 60 days | 88.9+10.3 177.9+14.0 Pp<0.0001****

90 days | 76.8+10.3 124.5+17.5 p=0.0002***

30 days | 26.9+5.6 21.4%6.0 p=0.13
HDL cholesterol (mg/dL) 60 days | 27.1+3.4 19.6+4.1 p=0.006**

90 days | 25.9+4.2 18.6+3.6 p=0.009**

30 days | 29.4+8.2 94.6+25.0 p=0.0001
LDL cholesterol (mg/dL) 60 days | 26.4+10.4 110.0+10.8 £<0.0001¥%

90 days | 23.4+4.5 72.5+14.4 Pp<0.0001**

30 days | 239.1 (208.0-291.8) | 227.3 (183.6-287.6) | p=0.78
Triglycerides (mg/dL) 60 days | 238.2+86.4 136.1+40.1 p=0.03*

90 days | 212.8 (162.2-260.0) | 115.3 (93.36-131.0) | p=0.01*

30 days | 30.3 (25.75-34.75) | 28.1 (26.75-30.0) p=0.61
Creatinine (pmol/L) 60 days | 35.3+1.2 322+£3.0 p=0.04*

90 days | 41.5+2.2 36.2+1.8 p=0.002**
Liver lipidic profile
Total cholesterol (nmol/mg) 90 days | 1.9+0.3 26.0£21.0 p=0.003**
HDL cholesterol (nmol/mg) 90 days | 1.7+0.7 13.1+7.7 Pp=0.0004**
Triglycerides (nmol/mg) 90 days | 4.0 (1.85-6.60) 13.1 (6.66-18.41) p=0.003**

Table 1. Effects of High-Fat/High-Cholesterol diet on physiological parameters after 30, 60 and 90 days

of feeding. Body weight (g), relative liver weight (g), relative visceral fat weight (g), plasma alanine
aminotransferase (ALAT) and aspartate aminotransferase (ASAT) activities (U/L), cholesterol (mg/dL), HDL
cholesterol (mg/dL), LDL cholesterol (mg/dL), plasma triglycerides (mg/dL), plasma creatinine (umol/L),
liver cholesterol (nmol/mg), HDL cholesterol (nmol/mg), and triglycerides (nmol/mg). Data are expressed as
mean +SD or median (IQR). Unpaired Student t-test or Mann-Whitney test: *p <0.05, **p <0.01, **p <0.001

compared to control group (n=5 to 9 per group).
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initiate the development of obesity after 90 days of treatment. Our data match those of Maciejewska et al. who
demonstrated with a similar rat model that the first changes in weight gain occurred after 120 days?. A slight
weight increase was observed in another MASLD Sprague Dawley model induced with cocoa butter at 120
days'8. This 90-day stage perfectly suits behavioural assessment since a significant weight difference between the
groups could result in measurement bias rather than treatment-related damage.

Liver alterations

Among the four histological criteria investigated on liver sections (lipid droplets, ballooned hepatocytes,
inflammatory foci and fibrosis), only fibrosis was not detected in HFHC-group animals, showing an early stage
in the development of the hepatic disease. After 30 days of HFHC diet, the rats exhibited the first signs of
hepatic steatosis, as indicated by significant rises in the number of steatotic cells (+763%, p=0.002), ballooning
(+6000%, p =0.002), and inflammatory foci (+ 2 inflammatory foci/field, p=0.001) when compared with controls
(Figs. 1 and 2a, d, g). This phenomenon increases after 60 diet days, as characterised by higher inflammation
(+3 inflammatory foci/field, p=0.03). In contrast, ballooning and steatosis remain comparable to the results
measured after 30 diet days (Figs. 1 and 2b, e, h). After 90 diet days, the spreads measured between control
and HFHC are wider than those recorded previously for ballooning (+2,858%, p=0.001) and inflammation
(+6 inflammatory foci/field, p=0.004), while steatosis remains comparable (Figs. 1 and 2g, f, i). Such hepatic
damage is commonly observed in histopathological studies using a similar diet to ours, with variable transitions

Fig. 1. Liver HES-stained sections observed in control animals and High-Fat/High-Cholesterol-fed rats after
30, 60 and 90 days of feeding. Pictures were taken at X200 (inflammation, ) and X400 (ballooning, , and
steatosis, ).
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Fig. 2. Effects of High-Fat/High-Cholesterol diet on liver histology after 30, 60 and 90 days of feeding. Graphs
present results of steatosis at 30 days (a), 60 days (b) and 90 days (c); ballooning at 30 days (d), 60 days (e)

and 90 days (f); inflammation at 30 days (g), 60 days (h) and 90 days (i). Data are expressed as mean +SD or
median (IQR). Unpaired Student t-test or Mann-Whitney test: *p <0.05, ** p <0.01 compared to control group
(n=5-6 per group).

to steatohepatitis which may start around 90 diet days'® or which may still not have occurred after 120 diet
days'8. These differences may come down to different diet compositions and fat percentages.

The HFHC diet did not alter the plasma activities of ALAT and ASAT after 30 days but were respectively 2.2
and 1.6 times higher after 60 days, and of 2.6 and 1.9 times after 90 days (Table 1). The higher activity level of
these enzymes indicating cellular alterations, especially hepatocytes for ALAT, is reported in rodent models of
hepatic steatosis?’. Wang et al. (2020) observed similar results with twice higher ALAT and ASAT values than
controls in an MASLD model using Sprague-Dawley rats?!.
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Plasma lipid measurements highlighted a higher total cholesterol level after 30, 60 and 90 diet days than
controls (Table 1). This increase correlates with a significant reduction in the HDL cholesterol level at 60 and 90
days and a rise in the LDL cholesterol level at 30, 60 and 90 days (p <0.0001). These variations in total cholesterol
levels and its lipoproteins attest the emergence of hypercholesterolemia; which confirms the information
reported in MASLD rodent models?2. Concomitantly, the triglyceride rate recorded in the HFHC animals was
significantly lower than that observed in controls at 60 and 90 diet days (Table 1). Xu et al. (2010) and Kjeergaard
etal. (2024) showed an absence of significant variations in plasma triglyceride levels in adult rats fed high-fat diets
for respectively 48 and 16 weeks'®. To understand this discrepancy, we investigated liver lipid metabolism further
by measuring total cholesterol, HDL cholesterol and triglyceride levels. Our data pointed out a significant rise in
total cholesterol and its HDL fraction, and in triglycerides in rats fed the HFHC diet for 90 days, in comparison
with controls (Table 1). The concomitant increase in triglyceride hepatic concentration and decrease in plasma
concentration therefore allows inferring that the HFHC diet induces triglyceride accumulation in the liver. This
phenomenon is in line with the study of Donnelly et al. (2005) revealing that MASLD patients exhibited both
lower incorporation of food-originating fatty acids into blood triglycerides, and higher incorporation of VLDL-
originating fatty acids into hepatic triglycerides?’.

The significant increase in the expression of 7 hepatic cytokines, namely I/1f3 (4.7-fold increase, p=0.0008),
Tnfa (3.7-fold increase, p=0.0004), Ifny (87-fold increase, p=0.03), CxclI (8.3-fold increase, (p <0.001), Cxcl2
(906-fold increase, p=0.03), A2m (1.6-fold increase, p=0.02) and Nos2 (92-fold increase, p=0.01), further
confirms the inflammation occurring in the liver on a molecular level (Fig. 3). Such changes are coherent with
the similar model used in the work of Maciejewska and al (2019) in which higher hepatic TNFa levels are
observed in HFHC diet-fed animals®.

Metabolic alteration

The results of the glucose tolerance test, performed after 90 diet days, failed to show significant differences
between HFHC and control about fasting blood glucose measured before the administration of the glucose
load (TO, Fig. 4a and b), and after 180 min of testing (T180, Fig. 4b). Additionally, the evolution of the blood-
glucose curve along the test was not significantly affected by the HFHC diet (Fig. 4a). One should still note the
appearance of hypoglycaemia after 60 min, solely in the HFHC group followed by a rebound revealing a second
blood-glucose peak after 90 min of testing. The HFHC animals’ blood-glucose levels were therefore 10 mg/
dL lower than the controls’ at 60-min time point. From a kinetic viewpoint, the HFHC group’s AUC, Cmax
and Tmax values did not differ from the control group’s (Fig. 4b), which may be due to the great inter-animal
variability in responses. The insulin measurement before the start of the tolerance test did not reveal significant
differences between the groups. Likewise, the values of the HOMA-IR index do not vary between the groups
(Fig. 4b).

The shape of the HFHC-fed rats’ blood-glucose curve does, however, reveal a disruption in blood-glucose
regulation, which may be linked to hepatic steatosis and to the metabolic capacity of hepatocytes for glucose. The
histological analysis of the pancreas showing hypertrophy of the islets of Langerhans suggests the hypothesis of
greater hyperinsulinemia reaction to glucose in the HFHC animals than in controls. Three histological criteria
were indeed recorded in the pancreas to enable the assessment of possible damage to the islets of Langherans
caused by the HFHC diet (Fig. 4c). The results showed a substantial increase in the area (p=0.06) (Fig. 4d) and
yet another significant increase in diameter (p=0.02) (Fig. 4e) of the islets of Langherans under the effect of
the 90-day HFHC diet. In contrast, the number of islets (Fig. 4f) remained comparable between the groups.
This inference seems all the more pertinent as hypoglycaemia reaction to this potential hyperinsulinemia
was observed at 60 min in these animals, unlike in controls. In addition, the basal insulinemia values were
normal (Fig. 4b), suggesting a dysfunction in blood glucose regulation after feeding possibly indicative of
the development of insulin resistance. It is established that diets rich in saturated fatty acids contribute to the
development of insulin resistance, unlike mono- and polyunsaturated fatty acids diets®. Additionally, these
proven disruptions in insulin-induced?* carbohydrate metabolism were observed for different feeding protocols,
different percentages of fat used, and lipids of varying origins®®. Such alterations were thus reported in rodent
models favouring the onset of this comorbidity, for instance the hyperlipidemia model designed in the C57BL/6
mouse fed with a diet containing 60% fat*®. Besides, many studies have concentrated on carbohydrate metabolism
disruptions and insulin in tissues such as skeletal muscle?’ or liver?*. In contrast, our study was circumscribed
to the measurement of circulating glucose and insulin concentrations. Yet, we could not measure insulinemia at
any point along the glucose tolerance test.

Activity impairments, neuroinflammation and expression of genes associated with synaptic
plasticity

Influence of HFHC diet on locomotor and exploratory activity

The results obtained from the open-field test revealed no significant differences in the total distance travelled
and the mobility time of the animals (Table 2). Substantial increases in the number of entries in the peripheral
area (p<0.05) and in the central unprotected area (p=0.07) were observed in the HFHC-treated rats upon
comparison with controls, whereas the time spent in each zone remained similar between the two groups. These
results altogether suggest that the HFHC diet did not impair the locomotor activity of the animals measured in a
non-reinforced paradigm for 10 min. The HFHC-exposed rats, however, crossed the peripheral and central areas
more often than the control animals, suggesting that they kept their exploratory activity stable, unlike the control
rats whose activity levels decreased over the 10-min period of testing. Kjaergaard et al. (2024) reported a slight
variation in the anxiety level of the HFHC-fed rats, but no variation in anxiety-related behaviour in a similar rat
model of MASLD in 3 different mazes including the open-field'®.
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Fig. 3. Effects of High-Fat/High-Cholesterol diet on liver cytokines after 90 days of feeding. Graphs present
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median (IQR). Unpaired Student t-test or Mann—Whitney test: *p <0.05, ** p <0.01, *** p<0.001 compared to

control group (n=4-5 per group).

The results obtained in the 3-object-recognition test confirmed the absence of difference in the general
locomotor activity level between the two groups. All rats covered the same distance with an increase in the
open-field session and the 1% trial of the 3-object recognition test, followed by a decrease during the 2 following
sessions, still with the same 3 objects aligned (Table S2). Neither spatial nor visual changes of the 3" object
induced a similar increase in the time spent exploring the device, thereby demonstrating the absence of cognitive
effects of the HFHC diet (Table S2). On the contrary, the rats exposed for a longer period (16 weeks) to the
same high-fat diet exhibited a cognitive impairment in a novel object-recognition test'®. The discrepancy in the
anxiety and memory results obtained, when compared to those published by these authors, could result from the
difference in the duration of the high-fat diet (12 weeks in our study versus 16 weeks in the study of Kjaergaard

etal., 2024)'8,
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Fig. 4. Effects of High-Fat/High-Cholesterol diet on glucose tolerance after 90 days of feeding. (a) Glycemia
evolution over a 3-h period after a 2 g/kg b.w. oral glucose administration. (b) Glycemia kinetic parameters,
fasting glycemia and insulin, glycemia measured after 180 min of testing, HOMA IR. Pancreas HES-stained
sections images are presented in section (c) Graphs present results of area (d) and length (e) of Langherans’
islets (P4). Number of islets is presented in graph (f). Data are presented as mean + SD. Unpaired Student t-test:
*p <0.05 compared to control group (n=5-6 per group).

Influence of HFHC diet on diurnal and nocturnal activity

The distances travelled during the first and second 24-h periods proved similar for both groups (respectively,
Control: 43.5+5.4 vs. HFHC: 45.2+6.5 m; Control: 40.4+5.4 vs. HFHC: 39.4+7.1 m), suggesting comparable
overall activity levels. Similarly, higher activity levels during the two-night phases (red light) than in the diurnal
phases (white light) were recorded for both groups without any significant differences in these activity levels. The
activity level of the last diurnal phase (from 48 to 60 h) was higher in the HFHC rats than in the controls (Fig. 5a,
b), which points to stable activity under the effect of the diet during the last two rest phases. During thislast diurnal
period, we noted that the HFHC animals had travelled 3 times greater distance than the controls, had activated
the wheel 2.6 times as often, and had spent 3 times as long spinning the wheel (Fig. 5¢). However, equivalent
speed was measured between the groups (12.06+0.53 Control vs. 12.4+0.36 HFHC revolution/minute), which
confirms that the higher distance travelled results from longer time spent in the wheel by the HFHC-group
animals. These results can be compared with those obtained in the open field which showed a higher level of
exploratory activity (significant increase in the total number, of entry, p=0.05) in the HFHC rats compared to
controls, while the level of general locomotor activity remains the same between the 2 groups. Moreover, the
expression of the circadian genes Clock, Bmall, Per2 and Cry1 in the hypothalamus, a key regulator region of
circadian rhythm, was studied. Among these 4 genes, only Clock was significantly overexpressed in the HFHC
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CONTROL | HFHC Statistics

Total distance (cm) 4781+1070 | 5281+711 | n.s
Mobile time (s) 346.8+57.9 | 375.5+43.5 | n.s

Total entry 67.5+25.3 | 89+17 p=0.05
Entries in peripheral area 28.5+9.7 | 38+6.8 p=0.03*
Entries in central area 39+15.7 | 51+10.5 p=0.07
Time in peripheral area (s) | 525.6+28.3 | 509.1+17.6 | n.s

Time in central area (s) 74.4+283 | 90.9+17.6 | n.s

Table 2. Effects of High-Fat/High-Cholesterol diet on anxiety and exploratory behaviours in the open-field
test after 90 days of feeding. Data are expressed as mean + SD. Unpaired Student t-test: * p <0.05 (n=9 per
group).

group (1.19£0.18-fold change) when compared to the control group (1.00+0.06-fold change) (Fig. 5d). While
overexpression of the Clock gene alone may point to a partial molecular disruption of the circadian rhythm in the
hypothalamus, the absence of modifications in the expression of the other genes studied at any given time does
not rule out the possibility of altered expression throughout the circadian cycle. This argument can be supported
by the work of Yang et al. (2024), who studied the expressions of these circadian genes in the hypothalamus every
4h over 24 h in a mouse model of repeated inverted light-dark cycles?®. The results showed that not all circadian
rhythm-related gene expressions are altered at the same time.

To summarise, the HFHC treatment does not seem to alter the overall activity level of the animals as measured
in the activity wheels during 3 consecutive days. However, the higher-level activity of the HFHC group observed
during the second and last 12h-diurnal periods (from 24 to 36 h and 48-60 h of test) suggests an alteration in
the activity during rest periods, caused by the diet, and a dysregulation in the day-night cycle-related activity.
General or wheel-running activity in facility conditions takes place during the dark phase of the dark-light
cycle in nocturnal rodents like rats, with a peak just after the beginning of the dark phase?. Several studies have
shown association between circadian rhythms and various liver diseases including MASLD?’, and pointed to the
ability of disruptions of rhythms or clock-gene expression to participate in liver steatosis and inflammation®!.
In workers, night-shift work positively correlates with abnormal liver function and elevated levels of ALAT*2.

This alteration of rest-activity may also result from the onset of sleep disorders encountered in humans in
the context of MASLD. Additional investigations such as actigraphs or EEG on our rat model could support
this hypothesis. Numerous human studies have revealed a link between hepatic steatosis and sleep disorders.
A Chinese cohort notably showed that the risk of MASLD decreases along with the increase in sleeping time,
especially in men*, whereas a Korean cohort!* reported an opposite correlation. Among the probable causes of
this association, the appearance of neuroinflammation may exert a key role. A link between neuroinflammation
and a reduction in non-rapid eye movement sleep was recently reported in individuals with and without
cognitive disorders*. This link does not seem unilateral because several studies have stressed that sleep disorders
may also induce neuroinflammation?”.

The HFHC-fed rats’ hyperactivity recorded during the last rest phase could result from the onset of an
inflammatory response at the central level. That is why we initially chose to investigate the inflammatory profile
in two brain regions: (i) the frontal cortex, known for its role in cognition®® and sleep regulation in interaction
with the hypothalamus37, and (ii), the cerebellum, because of its key function in the locomotor activity. This
is one of the earliest affected regions by the brain damage linked to the progression of MASLD'® and its role
in sleep regulation has recently been closely investigated®®. Moreover, circadian rhythms are known to derive
from the activity of a central pacemaker located in the hypothalamic area known as the suprachiasmatic
nucleus, coordinating circadian rhythms throughout the body by transmitting cyclic signals to other brain
regions and peripheral oscillators. Other brain areas, such as the prefrontal cortex and/or cerebellum, exhibit
daily oscillations in neuronal activity and can disrupt the rhythmicity of the suprachiasmatic nucleus and/or
peripheral oscillators because of their role in most cognitive processes and their sensitivity to disruptions in
the biological clock induced by shift work, jet lag, sleep deprivation and/or variations in diet and meal times.
Thus, the role of neuroinflammation on the expression of genes associated with synaptic plasticity and nocturnal
activity impairments as consequences were investigated.

The response to neuroinflammation was assessed in the cerebellum and frontal cortex by studying the
expression of several genes, such as Aifl for microglia and S100b and Gfap for astrocytes. As illustrated by
Fig. 6a, the expression of AifI in the cerebellum, was significantly (1.3 times) higher in the HFHC group than in
control (p=0.02), thereby reflecting potential microglial activation as is frequently observed in association with
neuroinflammation®. Besides, the expression of $100b was not significantly higher in the HFHC animals than
in controls, unlike that of Gfap, which was increased by a factor of 3.2 (p=0.003). These results may reveal the
existence of an astrocyte reaction concomitant to the microglial activation associated with neuroinflammation.
In the frontal cortex of HFHC rats, the expression of Aifl, SI00b and Gfap did not show any difference from that
in the controls (Fig. 6a). In parallel, the counting of the Ibal-positive microglial cells by immunofluorescence
pointed out a significant 1.26-fold compared to controls in the frontal cortex (p=0.03) (Fig. 7a, c) as well as a
1.27-fold increase in the cerebellum (p=0.01) (Fig. 7b, d). Regarding, the measurements of the ramifications, the
results between the two groups were similar in the two regions (Fig. 7c, d). A higher number of microglial cells
was observed in a similar but more severe murine model, fed a Western diet comprising fatty food consisting
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Fig. 5. Effects of High-Fat/High-Cholesterol diet on spontaneous activity measured for 2.5 consecutive days in
a running wheel apparatus after 90 days of feeding. Actograms (a) show activity levels (red =high, green =low)
for each animals over 60 h. The protocol timeline (b) details 12 h with light (:)/dark (=) phases. Graphs (c)
display distance covered, wheel activations, time spent, and mean speed during the third diurnal period. Data

are presented as mean + SD. Unpaired Student’s t-test: * p <0.05, ** p <0.01 compared to control group (n=7-9
per group).

of 55% lipids and added fructose and glucose in the water for 16 weeks'. In this model, which presents a
more advanced stage of MASLD, the authors also observed a higher surface fraction of microglial cells and
astrocytes”. Our results also partially align with those of Balzano et al. (2018), who reported the presence of
cerebellar inflammation in MASLD-affected patients, characterised by immune-cell infiltration, and microglial
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Fig. 6. Effects of High-Fat/High-Cholesterol diet on glial cells and synaptic plasticity-related gene expression
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frontal cortex. Data are expressed as mean + SD or median (IQR). Unpaired Student t-test or Mann-Whitney
test: *p <0.05 compared to control group (n=5-9 per group).
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and astrocyte activation'”. In our HFHC diet model, measurements of the density of astrocytes as well as GFAP
intensity did not reveal any differences between the two groups in the frontal cortex and cerebellum (Fig. 7e, f,
g, h). This could be due to high interindividual heterogeneity, linked to the initiation of the transition from the
inactive to the active form. With regard to this research, the absence of visible astrocyte activation and altered
microglial ramification in our model can be attributed to the moderate severity of MASLD in animals fed an
HFHC diet.

We then performed a proteome profiler array to assess inflammatory status in the cerebellum and frontal
cortex in greater depth. Of the 79 inflammatory mediators detectable by the test used, the results obtained for the
cerebellum showed a significant alteration in 36 between the HFHC group and the control group (31 of which
being overexpressed, 5 underexpressed). Furthermore, 5 additional mediators showed a statistical trend (p < 0.08)
towards either over- or under-expression. All in all, 41 inflammatory mediators had their expression modified in
the HFHC group, i.e., 52% of the proteins detected. The frontal cortex of the same animals is characterised by the
significant overexpression of 10 mediators and 7 more showed a trend towards being overexpressed (p <0.08),
with a total of 17 altered mediators representing 22% of the proteins detected (Fig. 8a, b). A total of 7 mediators
were overexpressed in both cerebral regions, namely GDF-15, Hepassocin, CCL2/JE/MCP-1, CCL3/CCL4/MIP-
1a/B, Lipocalin-2/NGAL, TWEAK/TNFSF12 and IL-3 (Fig. 8¢, Table S3).

It has also recently been shown that microglia follow a circadian rhythm, with several markers of immune
activation and clock genes periodically expressed without needing immune stimulation. Microglial cells are
therefore possibly involved in the regulation of circadian rhythmicity and physiological functions by daily life’.
This glial cell population is likely to react to sleep deprivation by becoming activated, which is characterised by
both a morphological change and an increase in CD11b expression!. In response to sleep deprivation, these
microglia produce cytokines exhibiting a compensatory mechanism such as IL-1p and TNFa, shown to regulate
sleep in sleep deprivation contexts, especially in the cortex. Indeed, these microglial genes are rhythmically
expressed with higher levels of expression in day-time than night-time*’. Our study revealed a significant IL-
1P rise in the cerebellum of rats (p=0.002) without alteration in the relative expression of TNFa. In parallel,
no difference was noted for these two inflammation mediators in the frontal cortex. The significant increase
in the abundance of the TWEAK/TNFSF12 protein in the cerebellum (p=0.009) and substantial increase in
frontal cortex (p=0.06) corroborate the potential cellular damage via microglial activation as a compensatory
mechanism*2. This protein belongs to the superfamily of TNF ligands and is capable of binding to the FN14/
TWEAR receptor, modulating apoptosis, proliferation and migration of endothelial cells and angiogenesis
through this mechanism. This protein, like other members of the TNF ligand family, contributes to the activation,
proliferation, differentiation and migration of immune cells in the brain®’.

Theincrease in the expression of CX3CL1/Fractalkine in the cerebellum of HFHC rats supports our assumption
since its overexpression is indicative of a higher activation level of microglia and its implication in synaptic
functionality*!. Among the growth factors disrupted in HFHC rats’ cerebellum, three members of the fibroblast
growth factor (FGF) group were over-expressed: FGF-7, FGF acidic and FGF-21. These FGFs are neuroprotective
and modulate the differentiation of synapses to become excitatory or inhibitory*®. IGF-1 is another growth factor
involved in numerous brain mechanisms, notably neuroinflammation and synaptic plasticity. The many studies
investigating its effects on the brain have reached different and sometimes contradictory conclusions, revealing
a context-dependent effect?®. Its increase in HFHC rats, and the overexpression of IGFBP-2, -3 and -6 in the
cerebellum and IGFBP-5 in the frontal cortex, suggests the activation of pro- or anti-inflammatory mechanisms
in these regions. It also suggests that a reorganisation of synapses occurs in the cerebellum and possibly in the
frontal cortex. Three other growth factors were over-expressed solely in the frontal cortex: SCF and GM-CSF
known for their neuroprotective roles?’, and Endostatin. The overexpression of neurotrophic factors NT-3 and
NT-4, particularly in the cerebellum, supports the hypothesis of synaptic modulation, since NT-3 has been
shown to increase both the density and length of dendrites, alone or in synergy with IL-1p¢. Regarding metabolic
modulators, fetuin A, which is overexpressed in HFHC rats’ cerebellums, is thought to play a neuroprotective
role in traumatic brain injury via inhibition of microglia®’. The increased IL-3 in the cerebellum and CCL11
in both cerebellum and frontal cortex may serve as an indicator of glial cell responses to neurological stress, as
both of them can show the influence of astrocytes over microglia in the context of neurological disturbances
and have neuroprotective effets®. The CNTF increase in the frontal cortex, being neurotrophic and regulating
neuro-inflammation, strengthens the hypothesis of a seemingly greater neuroprotective response in the frontal
cortex. However, lipocalin-2, a protein secreted by activated astrocytes promoting neuro-inflammation®!, is
overexpressed in both the cerebellum and frontal cortex of HFHC-fed rats, which further demonstrates the
complexity of the immune response in those regions.

The various pro-/anti-inflammatory mechanisms impacted at central level associated with modified
expression of genes associated with synaptic plasticity suggest an immune and physiological response of the
brain to the stress triggered by the HFHC diet at the same time as liver damage. These perturbations could then
interfere with the rhythmic expression of the circadian genes and disrupt the day-night cycle, as observed in
HFHC rats in the running wheel activity task. These alterations would differ between cerebellum and frontal
cortex. Gene-expression analyses of Syp (coding for synaptophysin) and Snap25 were then performed to support
the hypothesis of impaired synaptic connectivity and/or plasticity. The analysis of the expression of these genes
in the cerebellum revealed a twofold increase in synaptophysin gene expression in the HFHC group. However,
no significant inter-group differences were recorded regarding Snap25 gene expression (Fig. 6b). Thus, in the
cerebellum, synaptic connectivity and/or plasticity might be affected by disrupted neurotransmitter release at
the pre-synaptic level, potentially caused by the HFHC diet. A different expression profile is recorded in the
frontal cortex for both genes. We indeed observe a trend towards a 1.5-fold reduction in Snap25 (p=0.07) in
the HFHC group, correlating with similar Syp expression between the two groups (Fig. 6b). This observation
suggests that neurotransmission in this brain structure could also be affected by disruptions in the re-uptake
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Fig. 8. Relative expression of inflammatory mediators referred to control values in the cerebellum and frontal
cortex of High-Fat/High-Cholesterol-fed rats after 90 days of feeding. Data are expressed as median (IQR).
Mann-Whitney test: *p <0.05 compared to control group (n=4-6 per group).
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process at the pre-synaptic level. Reductions in the expression of Snap25 in the cortical zone>?

noted in sleep-deprivation contexts.

were previously

Conclusion

In this study, we developed a Sprague Dawley rat model adapted to monitor the progressive onset of MASLD
by analysing blood and liver histopathological markers. This model enabled us to demonstrate the onset of
behavioural disorders at an early stage of the disease, after 90 days of high-fat diet, marked by a disturbance in
in diurnal (resting period) activity and associated with neuroinflammation and increased number of microglial
cells affecting the cerebellum and frontal cortex differentially. To confirm that the quantity and quality of sleep
are affected in our model, its analysis by EEG would be relevant and appropriate. This rat model of early MASLD
shows circadian disturbances, which could reflect sleep disorders in humans. These early brain disturbances
specific to MASLD, which occur before the symptoms of liver disease become clinically apparent, could therefore
be used as an early diagnosis marker for MASLD patients.

Material and methods

All the animal experiments were conducted according to the European Union directive (2010/63/EU). The
experimental protocol was approved by the institutional ethics committee of Lorraine University (CELMEA n°66)
and authorized by the French National Consultative Ethics Committee (APAFIS #35584-2022040415433064 v3).
The study is detailed in accordance with ARRIVE guidelines and recommendations.

Animal experimental design

Our objective was to reach an early stage of the disease in a progressive and slow manner, as observed in humans.
For this reason, diets based on high concentrations of lipids and on the addition of sugars were excluded, as were
diets deficient in methionine and choline. Our model is based on the work of Maciejewska, D et al. (2019) which
chose bacon as fat type, due to its high content in saturated fatty acids; the latter accounting for 30% of the energy
provided by the diet (a fairly low concentration compared with the 45-60% often observed in the literature).
We also chose to include an additional 2 g of cholesterol per 100 g of food, as this appears to promote liver
damage, something that hyperlipidic diets alone do not always achieve. The isocaloric administration of the diet,
set at 21 kcal/100g b.w./day, allowed us to control the food intake in that this diet was likely to be more palatable.
In addition to this aspect, we obtained a non-obesogenic model that made it possible for us to focus on hepatic
and cerebral alterations. This thereby eliminated the possible harmful effects that a generalised lipid overload
directly linked to obesity could exert, while also avoiding the biases in terms of behavioural assessment linked
to overweight. Due to higher prevalence of MASLD in males than in females which tends to increase along with
age, we selected male Sprague-Dawley rats at young adult stage.

Five-week-old male Sprague-Dawley rats (RjHan:SD, n=>54) were purchased from Janvier Labs (Genest-
Saint-Isle, France). After a one-week acclimatisation period prior to the start of the experimental protocol, the
animals were randomly pair-housed in plastic isolator cages on a ventilated rack (Techniplast, Grostenquin,
France), in the specific pathogen-free sector of the animal facility (ACBS, authorization number C5454730).
They were kept under a 12 h/12 h reversed light cycle (red light on at 7.30 a.m.; white light on at 7.30 pm) at
22°C+2°C and relative humidity of 55% +10%. Access to food was free but controlled in quantity, and water
was supplied ad libitum. The animals were randomly divided into batches of 12 over 2 feeding periods (30
and 60 days) and a batch of 30 for a third feeding period of 90 days, according to the following experimental
groups: the control group (standard diet, AO4 SAFE, Rosenberg, Germany) and the HFHC group (High Fat
High Cholesterol diet supplied by SAFE). Figure S1 (supplemental data) displays the sample size of the animal
protocol. The HFHC diet composition was assessed by Agrolab (Kiel, Germany): the percentage of energy (E)
brought by carbohydrates was 52.3% E, by fat 33.7% E and by protein 13.9% E instead of respectively 72.4% E,
8.36% E and 19.3% E for A04. The percentage of fibre was similar between both diets (3.8% for HFHC vs 3.7% for
A04). Supplementation in cholesterol (2.07 g/100g of food) and methionine (0.27 g/100g of food) in the HFHC
diet was validated.

Glucose tolerance test (GTT)

The animals were fasted for 12 h before the GTT. On test day, the rats were placed in an incubator set at 37.5 °C
for dilation of the tail veins. The rats were then placed in a restraint tube, and a catheter (24G, Terumo) was
inserted in one of the lateral tail veins for 3 h. Before glucose administration, 125 pL of blood were collected
(in a 500 uL EDTA K2 collection tube) and fasting blood glucose was measured using a blood glucose meter
(Accu-Chek, Mannheim, Germany). Each rat received an equivalent 2 g/kg bw glucose volume by oral gavage.
Blood (125 pL) was collected at 15-, 30-, 60-, 90-, 120- and 180 min post-gavage, and blood glucose measured
at each timepoint. Plasma insulin at TO was measured by a Rat Insulin ELISA kit (Proteintech, Manchester, UK)
and analysed by absorbance measurement using a SpectraMax iD3 instrument (Molecular Devices, San José,
California, USA) at 450 nm. HOMA IR was calculated using the following formula: IR = [FI (uIU/mL) xFBG
(mmol/L)] / 22.5.

Behavioural assessment

Behavioural investigation was performed on the same animals for each test (n=9 per group). The open-field
test consists in assessing the spontaneous locomotor activity of an animal in the maze. From its initial position
at the centre of a one-hundred cm-wide circular wall (Intellibio Innovation, Nancy, France), the animal is left to
explore the enclosure freely for 10 min. The “protected” peripheral zone was defined with a distance of 16.5 cm
between the outer edge of the open field and the boundary of the “open” central zone, which itself had a diameter
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of 67 cm. The variables recorded (distance covered, number of entries in the peripheral or central areas) allow
the evaluation of the animal’s locomotor activity level and the exploration activity of both areas according to
how protected these areas were. The test was performed between 7:00 and 10:00 am on the 79th day, in red-light
conditions (13 1x). Each rat was initially placed at the centre of the device. Videorecording and analysis were
performed with Anymaze software (Dublin, Ireland).

We assessed the cognitive performances of the rats in a 3-object recognition test at the end of the 90-day
dietary period. This object-recognition task is a non-rewarding paradigm based on the spontaneous exploratory
behaviour of the rats whose motor activity, habituation to the test environment, and responses to both spatial
rearrangement of familiar objects and object novelty are measured.

The apparatus used for the study consisted of a circular open-field device, 1m in diameter that the rats were
allowed to explore freely for 10 min at each session. The rats were tested for 4 consecutive days, with one session
at days 1 and 2, and two consecutive sessions at days 3 and 4. All the tests were performed under red dim light
and recorded using ANYMAZE software (Dublin, Ireland). A 280 cm?-area (18.90 cm diameter) around each
object was delineated and the exploring time spent by the rats was measured over each 10 min session of testing.
At the start of the test (day 1), each rat was placed in the centre of the device and was left free to explore the
enclosure for 10 min. On the second day, three identical metallic objects (silver door wedges, 7 cm high and 5 cm
in diameter) were aligned in the central part of the open field. The distance between the objects was 6.90 cm with
the middle one placed at the centre of the apparatus. The comparatively high weight of each object did not allow
the rat to displace them. The animals were allowed to explore the maze and the 3 objects freely for 10 min, which
enabled them to get used to memorising both the colours and spatial positions of the objects.

On the third day of testing, the animals first underwent a 10-min session identical to the one performed the
day before. Thirty minutes later, each rat was tested for 10 min in the presence of the 3 objects, with one being
displaced 90° from its initial position (object 3, see Fig S2). This move made it possible to study the ability of
the rats to detect the changes in the spatial arrangement of the objects, therefore providing an indicator of their
behavioural flexibility in the face of spatial changes in the environment.

On the fourth day of testing, the session carried out on the second day and the first session of the third day
was repeated for 10 min. Thirty minutes later, the rats were assessed for their behavioural performances for
10 min in the presence of the 3 aligned objects but with the third one being placed at the end of the line replaced
with an object of the same type but of a different colour. The aim of this task was to study the visual recognition
and selective attention of the rats towards a new distinct stimulus. It was also used to assess their short-term
memory, their ability to adapt to a perceptual change and their preference for a novel object over familiar ones.

The activity wheels (Intellibio Innovation, Nancy, France) were used to measure rodents’ free and spontaneous
activity in their cages. Activity was measured in real-time in a cage equipped with a wheel connected to the
ActiviWheel software (Intellibio Innovation, Nancy, France) for data-recording. The variables recorded were the
distance covered, the time spent in the wheel, the number of wheel activation and the mean speed. The animals
were placed individually in the cages fitted with the activity wheels for 72 h during which spontaneous activity
was continuously measured between the 70th and 73rd days of the protocol. The animals were placed in the
apparatus at the beginning of the first 12-h nocturnal cycle, which served as a habituation phase and was not
recorded.

Blood and tissue sampling

After 30, 60 and 90 days of exposure, all animals were euthanised by Co, inhalation. Blood samples were collected
in EDTA K2 tube by intracardiac puncture using an 18G needle. The blood was centrifuged at 2500 g for 15 min
for plasma isolation; then again extemporaneously at 2500 g for 15 min for platelet-free plasma collection. The
plasma was used for enzymatic and lipidic biochemical analysis. A lobe of the liver and the tail of the pancreas
were collected, fixed in 4% paraformaldehyde for 48 h, and placed in paraffine for histological studies. The
brain was dissected, and the hemispheres were separated for the collection of the frontal cortex and cerebellum.
Visceral fat was collected and weighed to allow the investigation of the HFHC-diet-induced weight gain pattern.
The technical details and protocols regarding enzymatic and lipidic profiles, hepatic and pancreatic histology,
gene expression (RT-qPCR), proteome profiler cytokine array and analysis by immunofluorescent staining of
frontal cortex and cerebellum are detailed in supplemental data.

Statistical analysis

Normality was assessed using the Shapiro-Wilk test, and equality of variance using the Fisher test. Wherever
normality and variance equality were confirmed, an unpaired Student’s t-test was applied for the appropriate
variables. Wherever one of the above two conditions was not validated, a Mann-Whitney test was performed.
Regarding exclusion criteria, when appropriate, the distribution of the observed values and the definition of
some of them as extreme values were tested using the ROUT method. Data analysis and statistical tests were
achieved using the Prism8 software (GraphPad Software, San Diego, California, United States).

The results obtained from the 3-object recognition test were analysed using a mixed ANOVA model
combining the repetition of exploring the objects over the 3 days of testing and the effects of the treatment
(control vs HFHC). The same statistical procedure was used to assess the ability of rats to detect the object
changes and the effects of the HFHC diet on days 3 and 4.

Data availability
The datasets generated and analysed for this study are available from the corresponding author upon reasonable
request.
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