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Seasonal rhythms are gaining attention given their impact on metabolic disorders development such 
as obesity gut microbiota is emerging as a key factor in mediating this link. However, the underlying 
mechanisms are still poorly understood. In this regard, corticosterone may play a role as it has been 
shown to be affected by gut bacteria and seasonal rhythms, and has been linked to obesity. Thus, 
this study aimed to investigate if seasonal rhythms effects on corticosterone are influenced by gut 
microbiota in obese rats and whether this may be related to seasonal and clock genes expression in 
the pituitary gland and colon. Fischer 344 male rats fed with cafeteria diet (CAF) were housed under 
different photoperiods for 9 weeks and treated with an antibiotic cocktail (ABX) in drinking water 
during the last 4 weeks. Rats fed with standard chow and CAF-fed rats without ABX were included 
as controls. ABX altered gut microbiota, corticosterone levels and seasonal clock expression in the 
pituitary depending on photoperiod conditions. These results suggest a link between gut bacteria, 
seasonal rhythms and corticosterone and a novel nutrigenomic target for obesity.
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Obesity and metabolic-related disorders are one of today’s major health problems, with an increasing prevalence 
in most countries1, and strongly related to modern lifestyle factors, such as consumption of hypercaloric diets2, 
variations in eating patterns3 or alterations in natural light/dark cycles4. These factors can directly alter the 
synchronization and normal function of biological rhythms (seasonal and circadian)5, which play a crucial role 
in maintaining host homeostasis6, promoting misalignments linked to metabolic disorders7. Therefore, studying 
how biological rhythms influence the development of obesity is of great interest and could lead to new treatment 
approaches.

Seasonal rhythms, which are characterized by differences in day length (photoperiod), emerge as key factors 
modulating several physiological and metabolic processes such as neuroendocrine response, metabolism, 
adipose tissue regulation and reproductive activity depending on the time of year8,9. These seasonal changes 
are modulated by the seasonal clock, which is located in the pituitary gland (also known as hypophysis), and 
in particular in the melatonin-responsive thyrotroph cells (calendar cells)10,11. These calendar cells operate as 
a binary switch mechanism, regulating the transcription of both the co-activator eyes-absent-3 (Eya3) and 
the chromogranin-A (Chga) in a photoperiod-dependent manner, initiating a cascade of molecular events in 
the pituitary gland that translates into seasonal changes in neuroendocrine function in the hypothalamus12. 
Moreover, these variations in day length among seasons are the external driver of the central pacemaker of 
circadian rhythms13–15. Hence, circadian clock genes daily profiles have been reported to be affected by 
photoperiod conditions16. This fact is important as circadian rhythms, which have been extensively studied, 
play a crucial role in regulating physiological and metabolic activities in the organism on a 24 h timescale7. 
Thus, circadian rhythms are driven by clocks genes located both in the suprachiasmatic nucleus (SCN) (central 
clock) and peripheral tissues (peripheral clocks)17, consisting of an autoregulatory transcription-translation 
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feedback loop formed by Bmal1 (brain and muscle aryl hydrocarbon receptor nuclear translocator-like 1) and 
Clock (circadian locomotor output cycles kaput), whose heterodimerization activates the transcription of period 
(Per) and cryptochrome (Cry) genes. In turn, PER and CRY results in a feedback inhibition of BMAL1/CLOCK 
activity18,19. Moreover, Bmal1 can be inhibited by the nuclear receptors REV-ERBα and β (nuclear receptor 
subfamily 1 group D member 1 α and β) and activated by RAR-orphan receptor α and γ (RORα and –γ)19. The 
central clock synchronizes the different peripheral clocks by neuronal mechanism and hormonal cues, and at 
this point, the cortisol hormone (corticosterone in rodents) could be one of the potential mechanisms mediating 
the biological rhythms effects on metabolism.

Cortisol has been suggested as a secondary messenger between central and peripheral clocks, being crucial 
for the synchronization of host circadian rhythmicity20,21, and also essential for the maintenance of metabolic 
homeostasis, being their alteration involved in metabolic-related disorders development such as obesity22. 
Indeed, high corticosterone/cortisol levels are linked to a variety of diseases, including obesity, dyslipidemia, 
fatty liver and glucose intolerance23,24. An excess of cortisol levels have been associated with an increase in 
circulating free fatty acids and with adipocyte differentiation in adipose tissue, leading to increased adiposity 
and insulin resistance25,26. Seasonal rhythms have also been shown to influence corticosterone production 
through the hypothalamus-pituitary-adrenal axis (HPA), which is one of the most important components of 
the gut-brain axis27,28. However, the specific mechanisms underlying the interaction of seasonal rhythms and 
corticosterone are not yet well elucidated. In this context, gut bacteria may play a key role. Recent studies have 
shown that glucocorticoids regulate some physiological effects through the gut microbiota29–31. In addition, 
recent evidences link biological rhythms to the gut microbiota composition32–35. In fact, aberrant microbiota 
diurnal fluctuations and dysbiosis caused by external factors such as high fat diet or antibiotic intake, have been 
associated with altered clock genes expression in the colon and with obesity development6. Additionally, our 
group has recently reported that gut bacteria change depending on photoperiod exposure and that these changes 
correlate with obesity development in a photoperiod-dependent manner32.

Taken together, we hypothesize that gut microbiota may influence corticosterone levels depending on 
photoperiod conditions in obese rats and that this may be correlated with changes in the seasonal and circadian 
clock gene expressions. To this aim, corticosterone levels were analyzed in cafeteria diet (CAF)-fed Fischer 344 
(F344) rats treated with an antibiotic cocktail (ABX) and housed under different photoperiod conditions to 
emulate the hours of winter season (short photoperiod, L6), spring/autumn season (standard photoperiod, L12) 
and summer season (long photoperiod, L18). Standard chow diet (STD)-fed rats and CAF-fed rats without ABX 
were included as controls. Seasonal and circadian clock gene expression were also analyzed in pituitary gland 
and colon tissue, which are closely related to the seasonal pacemaker and gut microbiota respectively.

Results
Photoperiodic prolife of obese ABX-treated F344 rats
In this study we evaluated if the effects of photoperiods on corticosterone levels are influenced by gut microbiota 
and associated with changes in the expression of seasonal and clock genes in an obesogenic context induced by 
CAF.

Data regarding obesity development in STD- and CAF-fed rats are reported in our previous study which 
goal was to evaluate the effects of photoperiods in obesity development and gut microbiota composition in these 
animals32. In the present analysis, we also included CAF-fed rats treated with ABX to further evaluate the role 
of gut microbiota in photoperiods-mediated effects. Firstly, body weight (BW) gain was evaluated to confirm 
that the ABX treatment did not affect CAF-induced obesity rats. No effect of ABX treatment was observed in 
BW gain under any photoperiod condition (p > 0.05) (Figure S1a). Moreover, CAF-fed rats showed decreased 
glucose tolerance compared to STD-fed rats independently of photoperiod conditions, and this was not affected 
by ABX treatment (Figure S1b). Finally, ABX did not affect the total caloric intake of CAF-fed animals (Figure 
S1c).

Regarding photoperiod effects on these parameters, CAF-fed rats housed under L18 conditions exhibited 
higher BW gain compared with CAF-fed rats housed under L6 conditions (p = 0.018) (Figure S1d), but this 
effect could not be associated to a higher intake in the L18 conditions as significant differences were not shown 
in the total intake by photoperiod (p > 0.05) (Figure S1c). Interestingly, glucose tolerance was higher in CAF-
fed rats housed under L18 conditions compared to those housed under L6 (p = 0.048) (Figure SS1). Moreover, 
CAF-fed rats treated with ABX showed an interesting photoperiod effect on glucose tolerance, being higher in 
CAF + ABX rats under L18 condition compared to L6 conditions (p = 0.039) (Figure S1e).

Regarding microbiota composition analysis, we previously observed that exposure to L18 conditions 
significantly altered gut microbiota composition in obese rats32. Thus, in the current study, CAF-fed rats 
were administered with ABX in drinking water (CAF + ABX rats) in order to further disrupt gut microbiota 
composition. Indeed, ABX significantly altered fecal microbiota composition in these rats (Fig.  1). In this 
context, ABX treatment strongly reduced fecal microbiota diversity compared to CAF-fed rats independently 
of photoperiod as revealed by OTUs observed, ACE and Fisher index (Fig. 1a–c). Moreover, the analysis of the 
overall fecal microbiota composition, visualized by NMDS (non-metric multidimensional scaling), showed that 
CAF + ABX rats clustered separately from both STD-and CAF-fed rats (Fig. 1d). The relative abundance of several 
bacteria at phylum and genus levels were also altered by ABX. Thus, ABX treatment led to an overall significant 
increase of Proteobacteria and Firmicutes levels (Fig. 1e). At genera level, ABX treatment significantly increased 
several genera belonging to Proteobacteria phylum such as Sutterrella, Citrobacter, Enterobacter, Erwinia, 
Escherichia, Klebiella and Morganella, and others belonging to Bacteroidetes phyla such as Parabacteroides and 
Prevotella. Moreover, ABX treatment decreased bacteria genera belonging to Firmicutes such as Lactococcus, 
Streptococcus, Clostridium, and Coprococcus (Fig. 1f). Interestingly, the gut microbiota composition of CAF-fed 
rats was differently affected by ABX depending on photoperiod condition. Most of photoperiod effects were 
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observed in bacteria genera belonging to Proteobacteria phyla. Thus, Sutterella, Enterobacter, Kleibsella and 
Erwinia genera were significantly decreased under L6 compared to both L12 and L18 conditions. Moreover, 
Bacteroidetes genera significantly increased under L6 compared to both L12 and L18 (Fig. 1f).

Corticosterone serum levels were influenced by photoperiod only in ABX-treated rats
Corticosterone serum levels were analyzed in order to elucidate the effects of obesity and ABX treatment in this 
hormone under different photoperiod conditions. CAF-fed rats showed similar serum levels of corticosterone 
independently of the photoperiod conditions. When comparing CAF-fed rats with STD-fed rats, significant 
effects were not found (p > 0.05). On the other hand, ABX-treatment did not show any significant effect in 
corticosterone levels (p > 0.05). However, an interesting photoperiod effect was found only in CAF-fed rats 

Fig. 1.  CAF, ABX and photoperiod effects on fecal microbiota composition. (a–c) α-diversity index calculate 
by observed operational taxonomic unit (a); abundance-based coverage estimators (ACE) (b); and Fisher (c); 
* and # indicate diet and ABX effect respectively analyzed by U-Mann Whitney test (*p < 0.05; **p ≤ 0.01; 
***p ≤ 0.001; ##p ≤ 0.001); ab letters indicate photoperiod effect, analyzed by Kruskal–Wallis test followed by 
Bonferroni correction for multiple comparisons (p < 0.016) (d): β-diversity based on Bray–Curtis distances and 
visualized by a non-metric multidimensional scaling (NMDS)2D plot (PERMANOVA, p < 0.001); (e): Stacked 
bar plots showing the relative abundance of each taxa at phylum level; (f) Stacked bar plots showing the relative 
abundance of each taxa at genera level. Adapted from Arreaza-Gil et al.32.

 

Scientific Reports |        (2024) 14:22560 3| https://doi.org/10.1038/s41598-024-73289-9

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


treated with ABX, being serum corticosterone levels significantly higher in rats housed under L6 compared to 
those housed under L18 conditions (p = 0.009) (Fig. 2a).

Moreover, the gene expression of the glucocorticoids receptor (GR), also known as nuclear receptor 
subfamily 3, group C, member 1 (Nr3c1), was analyzed in pituitary gland and colon tissue. In the pituitary, 
CAF feeding did not have any significant effect in Nr3c1 gene expression (p > 0.05) (Fig. 2b). However, ABX-
treated rats showed significant decreased expression of Nrc3c1 compared to CAF rats only when housed under 
L12 (p = 0.04) (Fig.  2b). Additionally, CAF-fed rats treated with ABX housed under L12 conditions showed 
decreased expression of this GR compared to those exposed to L6 conditions (p = 0.049) (Fig. 2b). Interestingly, 
the effects observed in Nr3c1 expression in colon were different to those found in the pituitary gland (Fig. 2c). 
Colonic Nr3c1 gene expression increased only in CAF-fed rats housed under L12 conditions (p = 0.01) (Fig. 2c). 
Furthermore, CAF-fed rats showed lower expression of GR under L6 compared to rats housed under L12 
conditions (p = 0.017).

ABX treatment in obesity altered seasonal clock in pituitary gland in a photoperiod-
dependent manner
The effects of obesity and ABX administration in the relative expression of Eya3 and Chga in the pituitary gland 
under different photoperiod conditions were also evaluated. The relative expression of Eya3 was not affected by 
CAF feeding (p > 0.05) (Fig. 3a). However, CAF-fed rats showed increased Chga relative expression compared 
to STD-fed rats only under L18 (p = 0.032), resulting in a photoperiod and diet interaction (p = 0.017) (Fig. 3b).

Fig. 3.  Seasonal genes expression in the pituitary gland. (a) Relative expression of Eya3 and (b) Chga in STD, 
CAF and CAF treated with ABX rats housed under different photoperiods (L6, L12 and L18). Data were 
analyzed by two-way ANOVA followed by pairwise comparison Sidak post hoc test: *indicates diet effect 
(***p ≤ 0.001) and ab letters indicate photoperiod effect. Data are plotted as the mean ± SEM (n = 7–8). L6: 6 h 
light/18 h darkness, L12: 12 h light/12 h darkness, L18: 18 h light/6 h darkness, STD: standard chow diet, CAF: 
cafeteria diet, ABX: antibiotic cocktail (0.5 g/l ampicillin, 0.250 g/l vancomycin and 0.125 g/l imipenem).

 

Fig. 2.  Corticosterone serum levels and GR expression in pituitary gland and colon. (a) Corticosterone 
serum levels in STD, CAF and CAF treated with ABX rats housed under three different photoperiods (L6, 
L12 and L18). (b) Relative GR expression (Nr3c1) in pituitary gland; (c) Relative gene expression of the GR 
(Nr3c1) in colon tissue; Data were analyzed by two-way ANOVA followed by pairwise comparison Sidak 
post hoc test: *indicates CAF effect (*p < 0.05; **p ≤ 0.01), #indicates ABX effect (#p < 0.05) and ab letters 
indicate photoperiod effect in each experimental group; Data are plotted as the mean ± SEM (n = 7–8). L6: 
6 h light/18 h darkness, L12: 12 h light/12 h darkness, L18: 18 h light/6 h darkness, STD: standard chow diet, 
CAF: cafeteria diet, ABX: antibiotic cocktail (0.5 g/l ampicillin, 0.250 g/l vancomycin and 0.125 g/l imipenem). 
Nr3c1: nuclear receptor subfamily 3, group C, member 1.
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Regarding photoperiod effects, the relative expression of Eya3 was significantly higher in rats housed under 
L18 conditions, independently of the diet or ABX treatment (L6-STD vs L18-STD, p = 0.001; L6-CAF vs L18-
CAF, p = 0.004; L6-CAF + ABX vs L18-CAF + ABX, p = 0.001; L12-STD vs L18-STD, p = 0.05; L12-CAF vs 
L18-CAF, p = 0.04; L12-CAF + ABX vs L18-CAF + ABX, p = 0.000) (Fig.  3a). In the case of Chga, its relative 
expression was affected by photoperiod in CAF-fed rats, being the expression higher under L18 conditions 
compared to L12 (p = 0.048). (Fig. 3b).

Clock genes expression in pituitary gland and colon was differently affected by photoperiods 
but not by ABX treatment
Finally, the effects of obesity and ABX treatment in peripheral clock genes expression under different photoperiod 
conditions were also evaluated. In particular, these were analyzed in the pituitary gland and in colon tissue, 
two important peripheral clocks in this study due to their relationship with the seasonal pacemaker and the 
gut microbiota, respectively. In the pituitary gland, obese rats showed increased relative expression of Bmal1 
(p = 0.001) when housed under L18 conditions (Fig. 4). Moreover, relative clock genes expression in colon tissue 
were also affected by obesity (Fig. 5). Thus, obesity condition significantly increased the relative expression of 
Bmal1 under L12 (p = 0.016) and L18 conditions (p = 0.001), and significantly decreased Per1 expression under 
L12 condition (p = 0.047). However, no significant ABX effect was observed in neither the pituitary gland nor in 
colon (p > 0.05) (Figs. 4, 5).

Additionally, a photoperiod effect was found in clock genes expression in both pituitary gland and colon 
tissue. In the pituitary gland, Bmal1, Cry1 and Rev-erbα showed significant changes in their expression in STD, 
CAF and CAF + ABX rats depending on the photoperiod conditions, while Clock and Rorα did not show any 
photoperiod effect (p > 0.05). In particular, Bmal1 and Cry1 expression was significantly higher under L18 
independently of obesity and ABX treatment (Bmal1: L6-STD vs L18-STD, p = 0.029; L6-CAF vs L18-CAF, 
p = 0.000; L12-CAF vs L18-CAF, p = 0.000; L6-CAF + ABX vs L18-CAF + ABX, p = 0.000; L12-CAF + ABX vs 
L18-CAF + ABX, p = 0.003; Cry: L6-STD vs L18-STD, p = 0.001; L6-STD vs L12-STD, p = 0.000; L6-CAF vs L18-
CAF, p = 0.001; L12-CAF vs L18-CAF, p = 0.001; L6-CAF + ABX vs L18-CAF + ABX, p = 0.004; L12-CAF + ABX 
vs L18-CAF + ABX, p = 0.005), while Rev-erbα showed a lower expression under L18 conditions (L6-STD vs 
L18-STD, p = 0.000; L6-CAF vs L18-CAF, p = 0.000; L12-CAF vs L18-CAF, p = 0.001; L6-CAF + ABX vs L18-
CAF + ABX, p = 0.008) and Per1 a higher expression under L6 (L6-STD vs L18-STD, p = 0.019; L6-CAF + ABX 
vs L12-CAF + ABX, p = 0.049; L6-CAF + ABX vs L18-CAF + ABX, p = 0.049) (Fig. 4). In contrast, in colon tissue 
only Cry1 and Rev-erbα showed a significant photoperiod effect independently of the experimental group, (Cry: 
L6-STD vs L18-STD, p = 0.004; L12-STD vs L18-STD, p = 0.05; L6-CAF vs L18-CAF, p = 0.002; L6-CAF + ABX vs 
L18-CAF + ABX, p = 0.05; Rev-erbα: L6-STD vs L18-STD, p = 0.005; L12-STD vs L18-STD, p = 0.000; L6-CAF vs 
L18-CAF, p = 0.017; L6-CAF + ABX vs L18-CAF + ABX, p = 0.000; L6-CAF + ABX vs L12-CAF + ABX, p = 0.05), 
Bmal1 expression showed a photoperiod effect only in CAF-fed rats with and without ABX treatment, being 
significantly lower under L6 (L6-CAF vs L18-CAF, p = 0.003; L6-CAF + ABX vs L18-CAF + ABX, p = 0.041; L6-
CAF + ABX vs L12-CAF + ABX, p = 0.036). Clock, Per1 and Rorα did not show a significant photoperiod effect 
(p > 0.05) (Fig. 5).

Fig. 4.  Clock genes expression in pituitary gland. Data were analyzed by two-way ANOVA followed by 
pairwise comparison Sidak post hoc test: *indicates diet effect (***p ≤ 0.05), and ab letters indicate photoperiod 
effect in each photoperiod effect. Data are plotted as the mean ± SEM (n = 7–8). L6: 6 h light/18 h darkness, 
L12: 12 h light/12 h darkness, L18: 18 h light/6 h darkness, STD: standard chow diet; CAF: cafeteria diet, ABX: 
antibiotic cocktail.
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Discussion
Seasonal rhythms have been reported to significantly influence the development of metabolic disorders such 
as obesity. In this regard, gut microbiota is emerging as a key player in mediating this link between rhythms 
and obesity, but specific mechanisms are not well understood yet. Corticosterone can be a potential player as it 
has been described to be affected by both gut microbiota and seasonal rhythms. Thus, studies with germ-free 
mice have shown that these animals have increased corticosterone response to stress36 and increased plasma 
corticosterone levels37. Moreover, corticosterone levels have been shown to be influenced by photoperiod 
conditions, showing lower basal levels in long photoperiod compared to short photoperiod conditions in studies 
carried out in healthy mice38, F344 rats fed a low caloric diet39 and goats28. On the other hand, corticosterone has 
been linked to the development of metabolic diseases such as obesity40.Therefore, this hormone may be crucial 
in the connection between gut microbiota and biological rhythms effects under an obesogenic context.

In this study, CAF-fed rats did not show any photoperiod effect in corticosterone levels, indicating that the 
seasonal rhythmicity of this hormone is altered in obesity conditions. Indeed, obesity has been reported to disrupt 
biological rhythms5. Thus, disruption in the diurnal oscillation of corticosterone/cortisol has been reported 
in animal models of obesity41 and in obese women42, adolescents43 and children44. Moreover, corticosterone 
levels in CAF-fed rats treated with ABX showed a completely different pattern depending on the photoperiod 
conditions. Thus, while the dysbiosis of gut microbiota caused by ABX treatment led to increase corticosterone 
levels in CAF-fed rats housed under L6 and L12 conditions, the levels of this hormone were reduced under 
L18 conditions, suggesting that gut bacteria influence serum corticosterone levels in a photoperiod-dependent 
manner. These results correlated with reduced glucose levels in ABX-treated CAF-induced obese rats under 
L18. In line with this, germ-free animals have also shown alterations in the diurnal corticosterone rhythmicity 
in intestine, being higher during the active phase, which was linked to the development of hyperglycemia, 
insulin resistance, and increased triglycerides and free fatty acids45. Regarding specific associations between gut 
microbiota changes and corticosterone levels linked to photoperiods, there were not clear correlations. Hence, 
as mentioned in the results section, the main photoperiod effects on gut microbiota in ABX-treated rats were 
observe in bacteria belonging to the Proteobacteria phylum. In particular, these bacteria were less abundant in 
L6 conditions. This is interesting as Proteobacteria have been linked to higher cortisol levels in humans46 and 
higher corticosterone levels in animal47 studies. However, in this study this correlation was not observed, as 
ABX-treated rats housed under L6 conditions showed a reduction in Proteobacteria and higher corticosterone 
levels compared to rats housed under other photoperiod conditions. Therefore, further studies are needed in 
order to identify specific bacteria involved in corticosterone homeostasis.

Fig. 5.  Clock genes expression in colon. Data were analyzed by two-way ANOVA followed by pairwise 
comparison Sidak post hoc test; *indicates diet effect (*p < 0.05), and ab letters indicate photoperiod effect in 
each experimental group; Data are plotted as the mean ± SEM (n = 7–8). L6: 6 h light/18 h darkness, L12: 12 h 
light/12 h darkness; L18: 18 h light/6 h darkness, STD: standard chow diet, CAF: cafeteria diet, ABX: antibiotic 
cocktail.
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On the other hand, the effect of gut microbiota on biological rhythms-mediated oscillations in serum and 
intestinal corticosterone could be mediated by the modulation of the molecular clock in central and peripheral 
tissues. In fact, in the above mentioned study, the depletion of gut microbiota also led to the complete disruption 
of circadian gene expression in ileum which was linked to the effect on corticosterone levels45. Thus, the lack 
of gut microbiota led to increased expression of RORα and Rev-erbα clock genes, which in turn activated the 
expression of Cyp11a1, the enzyme that catalyzes the first step in the conversion of cholesterol into steroid 
hormone. This event results in an overproduction of corticosterone in the intestine, resulting in metabolic 
alterations48. Therefore, in this study, the effects on the expression of seasonal and circadian clocks genes were 
also investigated in pituitary and colon tissue to elucidate potential associations with corticosterone levels. 
In this regard, a clear photoperiod effect was observed for Eya3 gene expression as expected12,49, and it was 
independent of ABX, indicating that gut microbiota may have limited influence in this effect. However, in the 
case of Chga, the photoperiod effect observed in CAF-fed rats was not observed in ABX-treated rats indicating 
that gut microbiota may have a higher influence in this seasonal gen. This is of interest as there is very limited 
literature regarding this seasonal gen and further studies are needed in order to clarify its role in gut microbiota-
mediated impact on seasonal rhythms effects in corticosterone levels. Moreover, Chga has been reported to be 
activated under short photoperiod conditions in male sheep12, and here this was not observed. Hence further 
studies are needed to clarify Chga oscillations related to photoperiod conditions in mammals. As for clock genes, 
ABX did not show any effect on their expression in the pituitary or colon, which is consistent with other studies 
where ABX and germ-free mice did not modify the oscillation and expression of circadian clocks50,51.

In addition, corticosterone mediates many of its effects by altering gene transcription through its interaction 
with its receptor52. It is known that peripheral tissues have high GR levels, which influence the expression of 
circadian rhythm-related genes. Interestingly, a photoperiod effect was observed for GR receptor in the pituitary 
for ABX-treated CAF-fed rats, which showed higher levels under L6 compared to L12 conditions. Moreover, 
ABX treatment also decreased GR expression in CAF-fed rats only when housed under L12 conditions. This 
reinforce a potential role for gut bacteria in corticosterone signaling influenced by photoperiod conditions. 
In the case of colon tissue, GR expression was significantly affected by photoperiod in CAF-fed rats without 
ABX, being lower when rats were housed under L6 condition. This could be due to the fact that obesity can 
decrease intestinal barrier integrity promoting inflammation and increasing the GR expression53,54. Moreover, 
gut microbiota dysbiosis induced by CAF can also contribute to this increased inflammation and GR expression 
in colon. Thus, as we have previously reported, CAF significantly altered phyla such as Proteobacteria, which has 
been linked to high grade of inflammation and risk of metabolic disorders55.

Conclusion
These results suggest that gut microbiota influence photoperiod effects on corticosterone and colonic GR 
expression levels as well as on seasonal clock. However, it has little impact on circadian clocks gene expression 
in the pituitary and in colon tissue in obese rats. This interaction between gut microbiota, seasonal rhythms 
and corticosterone may be one of the main mechanisms driving seasonal oscillations of several metabolic and 
physiologic processes involved in obesity development. These results reinforce the importance of biological 
rhythms and gut microbiota when investigating metabolic-related pathologies. This is a new field in continuous 
growth which may improve efficacy of current and new therapies for disease prevention and treatment. However, 
this study has some limitations such as the complex experimental design with several groups that may lead 
to miss some statistical effects. Hence, further studies are needed to clarify the impact of gut microbiota in 
circadian and seasonal clocks and to elucidate the potential mechanisms involved.

Materials and methods
Experimental procedure
The experimental design used in the current study has been previously described by our group32 to determine 
the effect of different photoperiod on obesity. Now, in this study, we further evaluate if photoperiod effects 
are influenced by the gut microbiota because we included CAF-induced obese rats treated with an ABX and 
evaluated the different parameters showed in this article to elucidate our hypothesis. Briefly, thirteen weeks-old 
male F344 rats (n = 72) from Janvier Laboratories (Le Genest-Saint-Isle, France) were pair-housed at standard 
conditions (22ºC, 65% relative humidity and 12:12 h light/dark cycle) with ad libitum access to water and STD 
for one week. After this week of adaptation to the facilities, rats were weighted and randomized distributed into 
three different light–dark cycles (photoperiods) conditions for 9 weeks (light density 350 lx): short photoperiod 
[L6, 6 h light/18 h darkness], standard photoperiod [L12, 12 h light/12 h darkness], or long photoperiod [L18, 
18  h light/6  h darkness], mimicking winter, autumn/spring, or summer day lengths respectively. For each 
photoperiod condition, rats were further randomly divided in three groups (n = 8): (1) rats fed a STD (72% 
carbohydrate, 8% lipid, and 19% protein (Safe-A04c); SAFE, Barcelona, Catalonia, Spain), (2) rats fed a CAF  
(58% CH, 31% lipid, and 11% protein), and (3) CAF-fed rats treated with ABX during the last 4-weeks (Fig. 6). 
CAF was freshly prepared every day and included the following (grams per rat and per day): biscuits with pâté 
and cheese (15–17  g), bacon (7–10  g), ensaimada (pastry) (10–15  g), carrot (11–12  g), standard chow (20–
25 g) and milk containing 22% sucrose (w/v). The ABX (0.5 g/l ampicillin, 0.250 g/l vancomycin and 0.125 g/l 
imipenem; Discovery fine chemicals Ltd, Wimborne, Dorse, United Kingdom) was freshly prepared every 
day and administered in drinking water. BW and intake were recorded weekly during the whole experimental 
procedure (Figure S1). Intake was measured per cage (N = 4 since rats were pair-housed). Oral glucose tolerance 
test (OGTT) was carried out in the last week of the experiment. Glucose was orally administered after 6  h 
of fasting (2 g/kg BW, 50% w/v) and blood glucose levels were measured with a glucometer (Glucocard SM; 
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Menarini Diagnostics, Barcelona, Catalonia, Spain) at 0, 15, 30, 60 and 120 min after glucose administration 
(Figure S1).

All animals were sacrificed by decapitation at the same time point, 3 h after the light was turned on, i.e., 
zeitgeber time (ZT3) in order to avoid diurnal rhythmic variations. Pituitary gland and colon tissue were freshly 
collected and immediately snap-frozen in liquid nitrogen and stored at -80ºC until further analysis. Fecal samples 
were freshly collected from colon and immediately snap-frozen for 16S rRNA analysis. The blood was collected 
from the neck, in non-heparinized tubes, incubated for 1 h at room temperature and immediately centrifuged 
at 1200xg for 15  min to collect the serum. All experimental protocols were approved by the Animal Ethics 
Committee of the University Rovira i Virgili (Tarragona, Spain) and the Generalitat de Catalunya (number 
reference 9495). All methods were carried out in accordance with the guidelines and regulations of the EU 
Directive 2010/63/EU for animal experiments. Moreover, all methods are reported in accordance with ARRIVE 
guidelines (https://arriveguidelines.org) for the reporting of animal experiments.

16S rRNA analysis
16S rRNA analysis was previously described by our group32. Briefly, DNA was isolated from fecal samples using 
QiAmp Fast DNA stool mini kit (Qiagen Inc., Germany). The V3 and V4 regions were amplified using the 
following primer pairs: 341F-532R (5′-CCTACGGGRSGCAGCAG-3′; 5′-​A​T​T​A​C​C​G​C​G​G​C​T​G​C​T-3′) and 
15F-806R (5′-GTGCCAGCMGCCGCGGTAA-3′; 5′-GGACTACHVGGGTWTCTAAT-3′). The quality, length 
and concentration of the libraries were analyzed (Bioanalyzer 2100, Agilent). Samples were loaded on a 530 chip 
(Ion 530TM Chip kit-4 reactions) and sequenced using the Ion S5 system (Life Technology, USA). Among the 
different conditions evaluated in the current study a total of 63.212.452 sequences were obtained after filtering 
low-quality reads (phred quality score < 17; PGM Software) and analyzed by QIIME (Quantitative insights 
into microbial ecology) and GreenGenes database. A BIOM format file with the taxa abundance profiles, was 
obtained and used for the subsequent statistical analysis.

Corticosterone levels analysis
Serum hormone corticosterone concentration was measured by liquid chromatography coupled to a triple 
quadrupole mass spectrometer (LC-QqQ). 250 µL of methanol with internal standard (2 ng/mL) was added to 
50 µL of serum. This mixture was vortexed and centrifuged for 5 min at 4℃ and 252xg . The supernatant was 
mixed with 700 µL of 0.1% formic acid in water. The sample was loaded to a SPE system previously conditioned 
with methanol and 0.1% formic acid in water. The compounds were eluted with 500 µL of methanol using 
a Zorbax Eclipse C18 (150 × 2.1  mm) column (Agilent Technologies, Santa Clara, CA, USA). Samples were 
evaporated in a SpeedVac at 45℃ and reconstituted with 50 µL of water:methanol (60:40; v/v) for the analysis.

RNA isolation and real-time polymerase chain reaction quantification
Total RNA was isolated from colon and pituitary gland samples using Total RNA kit I (Omega Bio-Tek, Inc., 
Norcross, GA, USA) according to the manufacturer’s protocol. RNA quality was determined using a NanoDrop 
ND2000 spectrophotometer (Thermo Fisher Scientific, Santa Clara, CA, USA). RNA of suitable quality was 
reverse transcribed using a high-capacity complementary DNA reverse-transcription kit (Thermo Fisher, 
Madrid, Spain). Quantitative real-time polymerase chain reaction (qPCR) was performed using SYBR Green 
Master Mix on a CFX96 Real-time PCR detection system-IVD (Bio-Rad Laboratories Inc, Barcelona, Spain). 
The thermal-cycle program used in all qPCRs was 30 s at 90 °C, 40 cycles of 15 s at 95 °C and 1 min at 60 °C. 
The different analyzed genes were quantified using peptidylprolil isomerase A (Ppia) as housekeeping gene for 
normalization. The primers used for each gene were obtained from eurofins Genomics (Wolverhampton, West 
Midlands, United Kingdom) and are shown in (Table 1). Real-time cycle threshold (Ct) values were recorded, 
normalized to housekeeping gene expression and transformed to relative gene expression value using the 2−ΔΔCt 
corrected for primer efficiency method56.

Fig. 6.  Experimental design. 13-week-old male F344 rats were pair-housed under three different photoperiods 
(6, 12 or 18 h of light per day) for 9 weeks. In each photoperiod, rats were fed a STD or CAF diet. During 
the last 4 weeks, a group of CAF-fed rats were treated with an antibiotic cocktail (ABX) in drinking water 
(ampicillin: 0.5 g/l, vancomycin: 0.25 g/l, imipenem: 0.125 g/l). All rats were sacrificed at the same time point 
(3 h after the light was turned on, i.e., ZT3). F344: fischer 344 rats, OGTT: oral glucose tolerance test, L6: 6 h 
light/18 h darkness, L12: 12 h light/12 h darkness, L18: 18 h light/6 h darkness, STD: standard chow diet, CAF: 
cafeteria diet.

 

Scientific Reports |        (2024) 14:22560 8| https://doi.org/10.1038/s41598-024-73289-9

www.nature.com/scientificreports/

https://arriveguidelines.org
http://www.nature.com/scientificreports


Statistical analysis
Data were plotted using Graphpad Prism 8.0 software (Graphpad software Inc, San Diego, CA, USA) showing 
mean ± standard mean error (SEM) of each group. Statistical analysis was performed using SPSS software (IBS 
SPSS statistics 25, Armonk, NY, USA). Normality as well as homogeneity of variance were tested by Shapiro–
Wilk test and Levene test, respectively. BW gain and OGTT over time were analyzed using repeated-measured 
ANOVA followed by pairwise comparison Sidak post hot test at each individual time point. For the AUC of BW 
gain and OGTT, and for the intake, corticosterone levels and gene expression, the differences between groups 
were assessed by two-way ANOVA followed by pairwise comparison Sidak post hoc test. The two-way ANOVA 
was performed depending on the factor evaluated: diet and photoperiod factors or ABX and photoperiod factor.

Fecal microbiota analysis were assessed using the MicrobiomeAnalyst web-based tool57,58. Briefly, α-diversity 
was calculated by either observed operational taxonomic unit (OTUs) index, abundance-based coverage 
estimators (ACE) index and by Fisher index. Both diet and ABX effects were analyzed by U-Mann Whitney 
test (p < 0.05) and photoperiod effect was analyzed by Kruskal–Wallis test followed by Bonferroni P correction 
for multiple comparison (p < 0.016). β-diversity was measured based on Bray–Curtis distances and visualized 
by a Non-Metric Multidimensional Scaling (NMDS) 2D plot. Permutational multivariate analysis of variance 
(PERMANOVA) was assessed to evaluate the dissimilarity of the fecal microbiota composition among different 
groups (PERMANOVA, p < 0.001). Relative abundance at phylum and genera level were plotted as stacked 
bar plots and non-parametric U Mann–Whitney/Kruskal–Wallis test was performed to elucidate pairwise 
differences in the relative abundance of specific bacteria between groups.

The statistical test used for individual analysis, as well as the statistical significances are provided in the figure 
legends.

Data availability
All data generated or analyzed and that support the findings of this study are available in this article and its 
Supplementary Information file. The datasets generated and/or analyzed during the current study are available 
in the Zenodo repository, https://doi.org/10.5281/zenodo.12693103.
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