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Abstract
Background  Chronodisruption, marked by circadian rhythm misalignment, is linked to inflammatory diseases like 
obesity. Chronotypes, reflecting individual circadian behavior, include morning, intermediate, and evening types, 
with evening chronotypes showing worse body composition and higher metabolic risk. This study evaluated the 
inflammatory profile of visceral adipose tissue (VAT) across chronotypes in individuals with obesity and examined 
clock gene expression.

Methods  Twenty-five participants with obesity (11/14 F/M, BMI 41.59 ± 7.69 kg/m², age 41.13 ± 11.08 years) 
candidates for bariatric surgery were classified using the Morningness-Eveningness Questionnaire (MEQ): morning 
(36%), intermediate (28%), or evening (36%) chronotypes. VAT biopsies were analyzed for cytokines, chemokines, and 
growth factors via multiplex ELISA, and clock genes (PER1, CLOCK, BMAL1) were assessed using qPCR.

Results  Body composition and biochemical parameters were similar across groups, but evening chronotypes had 
higher triglyceride levels (p = 0.012) and lower phase angle (p = 0.035). VAT inflammatory markers, including IL-1β 
(p = 0.04), IL-8 (p = 0.03), bFGF (p = 0.01), MCP-1 (p = 0.01), and MIP-1β (p = 0.05), were highest in evening and lowest 
in morning chronotypes. Evening chronotypes had significantly elevated bFGF levels compared to other groups 
(p = 0.04). PER1 mRNA expression was also higher in evening chronotypes (p = 0.02) and correlated with VAT-released 
bFGF (p = 0.03) and IL-1β (p = 0.03). MEQ scores negatively correlated with VAT bFGF (p = 0.02), MCP-1 (p = 0.02), and 
PER1 expressions.

Conclusion  Despite similar metabolic profiles, evening chronotypes exhibit heightened VAT inflammation and 
altered clock gene expression, potentially worsening their metabolic risk.
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Introduction
Daily metabolic and behavioral cycles are synchronized 
with the external day-night cycle by molecular circadian 
clocks [1]. These clocks, which prime energy metabolism 
for recurrent alterations on a 24-hour basis, are closely 
related to health and metabolic homeostasis [1]. Meta-
bolic alterations, ranging from the promotion of obesity 
and type 2 diabetes to the onset of metabolic syndrome, 
frequently accompany changes in the circadian rhythm, 
such as those occurring during shift work or sleep dis-
turbances [2]. In addition, circadian misalignment—
often referred to as chronodisruption—encompasses 
disruptions in the endogenous circadian system due to 
behavioral or environmental factors, such as irregular 
sleep-wake cycles or mistimed feeding. While closely 
related to sleep disruption, chronodisruption more 
broadly refers to disturbances in circadian rhythmicity 
that extend beyond sleep patterns [1]. This misalignment 
promotes systemic low-grade inflammation, which first 
manifests in adipose tissue and appears to be a significant 
predictor of the negative consequences of obesity [1], a 
widespread epidemic disease [3].

Adipose tissue regulates metabolic and inflammatory 
responses through cytokine secretion [4]. In obesity, 
immune cells infiltrate fat, amplifying systemic low-grade 
inflammation—a hallmark of metabolic syndrome [5, 6]. 
Neutrophils are the first responders, releasing elastases 
that impair insulin sensitivity [7, 8]. Macrophages further 
sustain this inflammation through rhythmic secretion of 
TNF-α and IL-6, driven by their internal clock [9]. In fact, 
like most tissues, adipose tissue harbor its own circadian 
clock, and local metabolic processes, like carbohydrate 
and lipid metabolism, adipogenesis, and cytokine release, 
are rhythmically regulated [10]. Inflammation affects 
the molecular clock machinery. The circadian clock, in 
turn, controls multiple inflammatory pathways, including 
cytokine release [11, 12].

In shift workers, who are at higher risk for metabolic 
syndrome, leukocyte counts increase, indicating elevated 
inflammation [13]. Studies in rats show that chronic, 
advanced light-dark shifts increase inflammation [14], 
while dim light at night enhances TNF-α expression in 
adipose tissue under a high-fat diet [15]. This inflamma-
tion disrupts triglyceride and glucose homeostasis [16]. 
Treatments targeting circadian rhythms, such as glu-
cocorticoids, reduce adipose inflammation by altering 
immune pathways and limiting immune cell recruitment 
[17]. Melatonin, with dose-dependent effects, improves 
inflammatory markers in obese animals, counteracts 
endocrine rhythm disruptions from high-fat diets, and 
supports metabolic health by normalizing biochemical 
parameters [18, 19]. Additionally, the gut microbiome, 
influenced by circadian genes, modulates adipose tis-
sue inflammation, with disruptions linked to obesity and 

diabetes [20, 21]. In germ-free mice, loss of microbiome 
rhythms promotes low-grade adipose inflammation [20, 
21]. In humans, however, clear scientific evidence on the 
direct impact of circadian rhythm disruptions on adipose 
inflammation remains limited.

In this context, chronotype plays an important role in 
the circadian typology of an individual [22]. Chronotype 
is a construct designed to identify the preferred or actual 
timing of daily activities, such as eating and sleeping. 
Using tools such as the Morningness-Eveningness Ques-
tionnaire (MEQ) [23], it is often grouped into morning, 
intermediate, and evening chronotypes. Morning chro-
notypes prefer earlier clock times and tend to wake up 
and go to bed early, whereas evening chronotypes have 
later wake-up and bedtimes and peak performance later 
in the day. Morning or evening preference has proven to 
be a stable human behavioral trait with measurable and 
predictable impacts on various physiological systems and 
psychological parameters, such as body temperature, 
blood pressure, catecholamine secretion, sleep patterns, 
subjective activation and arousal, and lifestyle regularity 
[22]. Evidence indicates that evening chronotype is asso-
ciated with a greater degree of misalignment between 
internal timing and external conditions, potentially lead-
ing to disruptions in central and peripheral rhythms [24]. 
Furthermore, evening chronotypes are at higher risk for 
developing poor health outcomes, including obesity and 
metabolic diseases [24–27].

Building on this background, the current study aimed 
to evaluate the inflammatory secretory profile of adipose 
tissue while also investigating the expression levels of 
master clock genes in individuals with obesity across dif-
ferent chronotype categories, potentially clarifying how 
chronotype and circadian misalignment impact inflam-
mation in obesity.

Methods
Study design
For this cross-sectional observational study, we enrolled 
25 patients who were candidates for bariatric surgery at 
the University Hospital Federico II in Naples, Italy, from 
September 2023 to December 2023. The study was con-
ducted in accordance with the ethical guidelines of the 
1961 Declaration of Helsinki and current legislation 
on clinical research in humans. The Ethics Committee 
approved the protocol, and written informed consent was 
obtained from all participants.

Inclusion criteria

 	• Age ≥ 18 years;
 	• Body mass index (BMI) ≥ 35 kg/m²;
 	• First-time undergoing bariatric surgery.
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Exclusion criteria

 	• Night shift workers;
 	• History of previous bariatric surgery;
 	• Chronic use of medications known to disrupt 

circadian rhythms (e.g., corticosteroids, melatonin);
 	• Glucose metabolism dearrangements.

Human visceral adipose tissue (VAT) biopsies were 
obtained at the time of bariatric surgery and stored at 
− 80  °C. A flow chart of study participants is shown in 
Fig. 1.

Anthropometrical and body composition assessment
Before bariatric surgery, anthropometric evalua-
tions were carried out by a nutritionist in the morning 
hours, specifically between 8:00 and 10:00 a.m., follow-
ing a period of overnight fasting. Participants dressed 
in lightweight clothing and remained barefoot during 
the measurements. Body weight was determined using 
a calibrated beam balance scale (Seca 711; Seca, Ham-
burg, Germany), while height was measured with a 
wall-mounted stadiometer (Seca 711; Seca, Hamburg, 
Germany). BMI was then computed by dividing weight in 
kilograms by the square of height in meters (kg/m²), and 
participants were categorized based on the classification 

system established by the World Health Organization 
(WHO).

Waist circumference (WC) was measured in line with 
the protocols provided by the National Center for Health 
Statistics [28]. A non-elastic measuring tape was posi-
tioned at the natural waistline, or, in cases where no nat-
ural indentation was apparent, at the midpoint between 
the lower margin of the ribcage and the iliac crest. Mea-
surements were rounded to the nearest 0.1 cm. Hip cir-
cumference was assessed by placing the same non-elastic 
tape around the widest section of the buttocks, ensuring 
the tape remained level and parallel to the ground, with 
results also recorded to the nearest 0.1  cm. Finally, the 
waist-to-hip ratio (WHR) was determined by dividing the 
waist circumference by the hip circumference.

Chronotype assessment
At baseline, participants’ chronotypes were evaluated 
using the Morningness-Eveningness Questionnaire 
(MEQ), a tool composed of 19 multiple-choice items. 
Each question offered four or five response options 
aimed at exploring sleep patterns and daily performance 
[22]. For instance, the questionnaire assessed preferences 
regarding the time of day when individuals feel most 
energetic, when they experience the greatest fatigue, and 
when they would ideally wake up to perform at their best.

Fig. 1  Flow chart of study participants. BMI, body mass index
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The MEQ provided a total score ranging from 16 to 86, 
which was used to classify participants into one of three 
chronotype categories: morning types (scores between 59 
and 86), intermediate types (scores between 42 and 58), 
or evening types (scores between 16 and 41) [23].

Conditioned medium
Conditioned medium was prepared from VAT biopsies 
by incubating the tissue samples in Dulbecco’s Modi-
fied Eagle Medium (DMEM) containing 0.25% BSA 
(100 mg:250 µl) at 37 °C for 24 h [29]. Following incuba-
tion, the supernatant was collected and stored at -80 °C.

Cytokines, chemokines, and growth factors screening.
The concentration of cytokines, chemokines, and 

growth factors in VAT conditioned medium samples was 
determined as previously described [30]. Specifically, the 
analysis included IL-6, IL-1ra, IL-7, IL-1β, IL-10, IL-8, 
IL-2, IL-4, IL-9, IL-13, IL-5, IL-12(p70), IL-15, IL-17, 
basic fibroblast growth factor (bFGF), granulocyte-
colony stimulating factor (G-CSF), granulocyte-mac-
rophage colony-stimulating factor (GM-CSF), eotaxin, 
interferon-γ (IFN-γ), monocyte chemoattractant pro-
tein-1 (MCP-1), macrophage inflammatory protein-1 
(MIP-1)β, MIP-1α, interferon-γ inducible protein 10 (IP-
10), C–C motif chemokine ligand 5 (CCL5)/RANTES, 
tumor necrosis factor-α (TNF-α), platelet-derived growth 
factor (PDGF-BB), and vascular endothelial growth fac-
tor (VEGF). The Bioplex multiplex human cytokine, che-
mokine, and growth factor kit (Bio-Rad, Hercules, CA, 
USA; cat. # M500KCAF0Y) was employed for this pur-
pose. Measurements were conducted using the Bio-Plex 
200 System (Bio-Rad, Hercules, CA, USA), a platform 
based on magnetic bead technology. All results fell within 
the detection ranges specified by the manufacturer (bio-
rad.com/Bio-Plex/AnalyteGuide) [30].

RNA extraction and quantitative Real-Time PCR (Q-RT-PCR)
Total RNA was isolated from VAT biopsies using the 
QIAZOL (Qiagen, Hilden, Germany) solution according 
to the manufacturer’s instructions (39501160). 500 ng of 
RNA were reverted out of each sample with the Super-
Script III Reverse Transcriptase with oligo dT primers 
(Invitrogen, Carlsbad, CA, USA). Quantitative real-time 
PCR was performed with iTaq Universal SYBR Green 
Supermix (Biorad, Hercules, CA, USA). All reactions 
were performed in duplicate, and Ribosomal Protein 
L13 (RPL13) was used as the internal reference. Primer 
sequences for Clock Circadian Regulator (CLOCK), 
Period 1 (PER1), basic helix-loop-helix ARNT like 1 
(BMAL1), and RPL13 genes were the following: CLOCK 
forward ​T​G​G​G​T​T​G​A​A​T​T​T​T​G​G​T​T​C​C​G​T and reverse ​
A​G​A​T​G​T​T​T​G​C​T​G​A​C​T​G​T​G​C​C; PER1 forward ​G​A​T​G​
T​G​G​A​T​G​A​A​A​G​G​G​C​T​G​C and reverse ​G​A​T​A​G​C​C​A​G​
C​A​T​G​A​G​G​G​G​T​C; BMAL1 forward ​C​C​C​T​G​G​G​C​C​A​T​

C​T​C​G​A​T​T​A​T and reverse ​T​C​A​T​C​C​A​G​C​C​C​C​A​T​C​T​T​T​
G​T; and RPL13 forward ​C​T​T​T​C​C​G​C​T​C​G​G​C​T​G​T​T​T​T​
C and reverse ​G​C​C​T​T​A​C​G​T​C​T​G​C​G​G​A​T​C​T​T. Through 
the 2 − ΔCt formula, fold changes were calculated.

Biochemical assessment
Blood samples were collected via venipuncture by the 
nursing staff between 8:00 and 10:00 a.m., after an over-
night fast. The samples were then transported to a nearby 
laboratory and analyzed according to standardized local 
protocols. Laboratory assessments included glucose 
and lipid profiles. Furthermore, the Homeostatic Model 
Assessment for Insulin Resistance (HOMA-IR) was cal-
culated for each participant using the formula: [fasting 
glucose (mmol/L) × fasting insulin (mU/mL) / 22.5] [31].

Statistical analysis
Statistical analyses were conducted using GraphPad® 
Prism version 8.4.2 (GraphPad Software Inc., La Jolla, 
CA, USA) and the R programming language version 
4.1.2 (R Foundation for Statistical Computing, Vienna, 
Austria) via the RStudio® Integrated Development Envi-
ronment (Posit PBC, Boston, MA, USA). Categorical 
variables were summarized as relative frequency and 
percentages and compared using Fisher’s exact test. Con-
tinuous variables were presented as mean ± standard 
deviation (SD) or median with interquartile range (IQR, 
25th–75th percentile), depending on data distribution.

The D’Agostino-Pearson normality test was employed 
to assess the normality of continuous data. For compari-
sons among more than two groups, ANOVA with Tukey’s 
correction was applied for parametric data, while the 
Kruskal-Wallis test with Dunn’s post hoc correction was 
used for non-parametric data. Additionally, the Jonck-
heere-Terpstra test was utilized to evaluate trends involv-
ing ordinal independent variables.

Correlations between two continuous variables were 
analyzed using either Pearson’s or Spearman’s rank cor-
relation (ρ), with corresponding 95% confidence intervals 
(CIs) reported. A p-value of < 0.05 was considered indica-
tive of statistical significance.

Results
Table 1 displays sex, age, anthropometric, body composi-
tion, and biochemical parameters for the entire popula-
tion and stratified by chronotype categories. Twenty-five 
individuals with obesity (BMI 41.59 ± 7.69  kg/m², age 
41.13 ± 11.08 years), comprising 11 females (44.0%) and 
14 males (56.0%), were included in the analysis. Among 
these, 7 (28.0%) were evening chronotypes, 9 (36.0%) 
intermediate chronotypes, and 9 (36.0%) morning chro-
notypes. No significant differences were observed in sex, 
age, anthropometric, body composition, or biochemi-
cal parameters across chronotype categories, except 
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for phase angle and triglycerides. Evening chronotypes 
exhibited higher phase angle values (p = 0.04), and ele-
vated triglyceride levels (p = 0.01) than morning and 
intermediate chronotypes.

Table 2 displays cytokine, chemokine, and growth fac-
tor levels released from VAT across the entire popula-
tion and stratified by chronotype categories. A significant 
decreasing trend was observed in IL-1β (p = 0.04), IL-8 
(p = 0.03), bFGF (p = 0.01), MCP-1 (p = 0.01), and MIP-1β 
(p = 0.05) across the three groups (evening chrono-
types ≥ intermediate chronotypes ≥ morning chrono-
types). Additionally, evening chronotypes demonstrated 
significantly higher levels of bFGF compared to morning 
and intermediate chronotypes (p = 0.04).

Figure 2 represents master clock gene (PER1, CLOCK, 
and BMAL1) mRNA levels in VAT biopsies. Evening 
chronotypes exhibited significantly higher mRNA lev-
els of PER1 compared to morning types (p = 0.017). 
Although not significant, a slight increase in CLOCK 
was also observed in evening chronotypes compared to 
morning chronotypes.

Table 3 displays the correlation analysis between MEQ 
scores and VAT markers. Notably, MEQ scores showed 
a negative correlation with VAT-released bFGF (p = 0.02) 
and MCP-1 (p = 0.02) and with PER1 mRNA levels 
(p = 0.01).

Table  4 shows the correlations among master clock 
genes expression in VAT with the levels of cytokines, che-
mokines, and growth factors released from VAT. PER1 
exhibited significant positive correlations with IL-1β 
(p = 0.03) and bFGF (p = 0.03). Similarly, CLOCK showed 
significant positive correlations with bFGF (p = 0.03) 
and MCP-1 (p = 0.02). In contrast, BMAL1 mRNA lev-
els demonstrated a negative correlation with MIP-1β 
(p = 0.005) and a negative trend for IL-8 (p = 0.07).

Discussion
This cross-sectional observational study examined the 
associations between chronotypes and inflammatory 
markers secreted by VAT in 25 individuals with obesity, 
also investigating the expression levels of clock mas-
ter genes. As main findings, inflammatory markers in 

Table 1  Sex, age, anthropometrical, body composition and biochemical parameters in the entire population and according to 
chronotype categories
Parameters Total

(n = 25)
Evening chronotypes (n = 7, 28.0%) Intermediate chronotypes

(n = 9, 36.0%)
Morning chronotypes
(n = 9, 36.0%)

p-value

Sex
Males (n, %) 11, 44.0% 3 (42.86%) 5 (55.56%) 3 (33.34%) 0.64
Females (n, %) 14, 56.0% 4 (57.14%) 4 (44.44%) 6 (66.66%)
Age (years) 41.13 ± 11.08 43.22 ± 11.99 39.54 ± 10.09 41.1 ± 12.33 0.82
Anthropometrical parameters
BMI (kg/m2) 41.59 [39.04; 48.21] 40.31 [39.35; 44.87] 45.43 [40.93; 54.22] 39.89 [36.91; 48.48] 0.35
WC (cm) 141 [121; 148] 131 [120; 148] 147 [124.5; 157] 132 [120; 150] 0.59
WHR 1.04 [0.96; 1.12] 1.01 [0.92; 1.12] 1.03 [0.97; 1.09] 1.05 [0.96; 1.16] 0.83
Body composition
PhA (°) 5.7 [5.4; 6.5] 5 [4.8; 5.4]a, b 5.9 [5.6; 6.3] 6.6 [5.7; 6.85] 0.04
FM (Kg) 55.1 [47; 67.9] 50.7 [47; 60.6] 55.5 [47.1; 63.3] 53.1 [45.65; 69.6] 0.80
FM (%) 45.2 [40.3; 47.3] 45.2 [41.1; 46.1] 45.7 [40.3; 48.45] 44.4 [39.6; 48.45] 0.99
FFM (Kg) 74.4 [60.5; 88.9] 73.4 [54.3; 97] 76.9 [66.8; 89.9] 74.4 [64.2; 78.9] 0.80
FFM (%) 54.8 [52.7; 59.7] 54.8 [53.9; 58.9] 54.3 [52.7; 59.7] 55.6 [51.55; 60.4] 0.99
MM (Kg) 43.3 [34.8; 47.1] 41.3 [27.9; 43.4] 43.3 [42.3; 48.6] 45.2 [34.25; 48.5] 0.21
MM (%) 32.5 [28.4; 35.4] 28.4 [26.5; 30.2] 33 [31.3; 35.1] 35.9 [26.7; 44.15] 0.22
Biochemical parameters
Glycaemia (mg/dl) 85.5 [78.25; 96.5] 85 [79.25; 91.5] 84 [76.5; 123] 91 [72.5; 114] 0.87
Insulin (µU/ml) 26.1 [21.85; 32.25] 24.4 [13.5; 47.1] 27.6 [23.58; 32.55] 24.7 [22.3; 31.1] 0.91
HOMA-IR 5.4 [4.03; 6.82] 3.86 [3.03; 10.58] 5.4 [5.01; 6.7] 5.99 [4.68; 6.72] 0.84
Tot-COL (mg/dl) 179.5 [167.2; 209.7] 189 [179; 216] 179 [167.5; 189.5] 177 [154; 215] 0.62
LDL (mg/dl) 132 [117; 147] 128 [114; 137] 137 [120.5; 148.5] 132 [116.8; 163.8] 0.72
HDL (mg/dl) 43 [38; 49] 42 [39; 43] 45 [39; 47] 45.5 [39; 49] 0.68
Triglicerydes (mg/dl) 129 [92.75; 213] 213 [122; 422]a, b 135.5 [89.25; 184.5] 118 [78; 141] 0.01
BMI, body mass index; WC, waist circumference; WHR, waist-to-hip ratio; PhA, phase angle; FM, fat mass; FFM, fat-free mass; MM, muscle mass; HOMA-IR, homeostatic 
model assessment for insulin resistance; LDL, low-density lipoprotein; HDL, high-density lipoprotein

Data are expressed as numbers and percentage, median and IQR (25th percentile: 75 h percentile) or mean ± SD
a versus intermediate chronotype
b versus morning chronotype
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VAT, including IL-1β, IL-8, bFGF, MCP-1, and MIP-1β, 
showed a decreasing trend across chronotype groups, 
with the highest levels detected in evening chronotypes 
and the lowest in morning chronotypes, despite similar 
anthropometric, body composition, and biochemical 
parameters across the groups. Notably, bFGF levels were 
significantly elevated in evening chronotypes compared 
to the others. Gene expression analyses revealed chrono-
type-dependent differences: evening chronotypes exhib-
ited higher expression of the clock gene PER1 compared 
to morning chronotypes, with PER1 expression positively 
correlating with IL-1β and bFGF. In contrast, BMAL1 
expression showed an inverse correlation with IL-8 and 
MIP-1β. Furthermore, MEQ scores were negatively cor-
related with bFGF, MCP-1, and PER1 expressions.

It is important to highlight that the homogene-
ity of participants in terms of anthropometric, body 

composition, and biochemical characteristics enabled 
us to specifically isolate the effects of chronotype on 
VAT inflammation. This suggests that the observed dif-
ferences reflect an early stage of metabolic dysfunction, 
where chronotype independently influences inflamma-
tion, regardless of other metabolic factors. Furthermore, 
the ease with which chronotype can be assessed through 
a simple, widely accessible tool, such as the MEQ ques-
tionnaire, underscores its potential clinical value for early 
identification of at-risk individuals and the development 
of targeted interventions.

The pro-inflammatory environment in VAT observed 
in evening chronotypes, highlighted by elevated levels of 
IL-1β, IL-8, bFGF, MCP-1, and MIP-1β, aligns with pre-
vious evidence linking evening chronotypes to systemic 
inflammation [32, 33]. The increase in bFGF is particu-
larly noteworthy, as this growth factor is implicated in 

Table 2  Cytokine, chemokine, and growth factor levels released from VAT in the entire population and according to chronotype 
categories
VAT
markers

Total
(n = 25)

Evening chronotypes
(n = 7, 28.0%)

Intermediate chronotypes
(n = 9, 36.0%)

Morning chronotypes
(n = 9, 36.0%)

p-value* p-value**

IL-1β 0.48 [0.34; 1.19] 1.19 [0.61; 1.29] 0.42 [0.36; 1.03] 0.38 [0.25; 0.52] 0.15 0.04
IL-1ra 747 [392; 858] 1333 [747; 2367] 715 [360; 837] 456 [389; 760] 0.06 0.07
IL-2 1.34 [0.42; 2.43] 1.84 [1.24; 2.14] 0.58 [0.42; 2.6] 1.44 [0.42; 2.43] 0.90 0.63
IL-4 0.81 [0.58; 1.5] 1.46 [1.11; 1.58] 0.8 [0.63; 1.63] 0.63 [0.42; 0.87] 0.17 0.07
IL-5 10.42 [3.32; 15.01] 12.33 [3.32; 13.59] 14.85 [9.09; 18.55] 7.88 [5.92; 10.26] 0.66 0.94
IL-6 10.89 [6.3; 17.36] 16.86 [13.85; 57.69] 5.14 [2.05; 13.8] 8.34 [7.68; 9.99] 0.08 0.13
IL-7 3.59 [1.79; 4.55] 4.24 [2.18; 4.86] 1.4 [1.4; 3.59] 3.59 [2.91; 4.24] 0.39 0.87
IL-8 7.09 [1.81; 17.35] 17.35 [15.57; 22.85] 4.62 [1.84; 7.38] 2.04 [1.76; 2.94] 0.08 0.03
IL-9 3.64 [2.83; 4.91] 5.54 [3.64; 14.1] 3.72 [3.64; 4.39] 3.07 [1.98; 3.56] 0.14 0.05
IL-10 0.38 [0.19; 1.04] 0.76 [0.57; 1.33] 0.19 [0.05; 0.62] 0.38 [0.31; 0.8] 0.20 0.31
IL-12 2.03 [1.02; 3.53] 2.03 [2.03; 2.03] 2.03 [1.02; 4.03] 1.02 [0; 3.03] 0.81 0.56
IL-13 0.2 [0; 0.38] 0.19 [0; 0.38] 0.1 [0; 0.2] 0.2 [0; 0.54] 0.69 0.67
IL-17 4.74 [3.47; 8.88] 8.88 [5.54; 9.79] 4.16 [3.5; 9.74] 3.18 [2.12; 4.86] 0.15 0.06
EOTAXIN 0.47 [0.29; 0.86] 0.86 [0.45; 0.9] 0.38 [0.25; 0.85] 0.42 [0.26; 0.58] 0.39 0.17
bFGF 473 [413; 898] 934 [805; 1036]a, b 473 [452; 792] 342 [152; 462] 0.04 0.01
gCSF 37.2 [26.39; 44.78] 43.57 [30.82; 45.19] 43.84 [31.02; 44.52] 25.09 [22.76; 30.26] 0.32 0.15
gmCSF 1.72 [1.15; 2.16] 2.1 [1.45; 2.16] 1.51 [1.07; 2.18] 1.56 [1.03; 2.07] 0.63 0.33
IFN-γ 2.83 [2.24; 4.1] 4.93 [2.19; 9.11] 2.69 [2.41; 3.08] 2.69 [2.26; 3.54] 0.75 0.47
IP-10 4 [3.37; 5.09] 5.09 [4; 5.34] 3.83 [3.37; 4.89] 3.68 [2.82; 4.43] 0.39 0.19
MCP-1 14.79 [6.18; 20.05] 18.88 [17.69; 32.61] 17.42 [8.54; 28.73] 6.18 [4.61; 10.12] 0.06 0.01
MIP-1α 0.5 [0.34; 0.58] 0.53 [0.46; 0.53] 0.5 [0.47; 0.73] 0.32 [0.07; 0.52] 0.36 0.17
MIP-1β 1 [0.58; 1.41] 3.81 [1.49; 9.03] 1 [0.72; 1.27] 0.65 [0.44; 0.86] 0.15 0.04
PDGF 9.21 [1.56; 18.66] 15.2 [8.2; 30.84] 14.21 [7.19; 20.13] 2.08 [1.04; 9.21] 0.34 0.13
RANTES 29.41 [14.95; 62.69] 62.69 [17.34; 175] 33.05 [21.48; 60] 15.18 [7.27; 27.74] 0.18 0.09
TNF-α 6.75 [3.77; 11.38] 11.38 [7.07; 17.73] 5.12 [4.11; 9.81] 6.43 [2.72; 8.33] 0.23 0.09
VAT, visceral adipose tissue; IL, interleukin; bFGF, basic fibroblast growth factor; gCSF, granulocyte colony-stimulating factor; gmCSF, granulocyte-macrophage 
colony-stimulating factor; IFN-γ, interferon gamma; IP-10, interferon gamma-induced protein 10; MCP-1, monocyte chemoattractant protein-1; MIP-1α, macrophage 
inflammatory protein-1 alpha; MIP-1β, macrophage inflammatory protein-1 beta; PDGF, platelet-derived growth factor; RANTES, regulated on activation, normal T 
cell expressed and secreted; TNF-α, tumor necrosis factor alpha

Data are expressed as numbers and percentage, median and IQR (25th percentile: 75 h percentile) or mean ± SD

*overall

** for trend
a versus intermediate chronotype
b versus morning chronotype
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adipose tissue fibrosis, expansion [34], and the promo-
tion of inflammatory responses through activation of the 
NLRP3 inflammasome [35]. Moreover, bFGF has a harm-
ful effect on the development of type 2 diabetes through 
metabolism reprogramming and attenuation of the insu-
lin signal [36]. The positive correlation between bFGF 
and PER1 further supports the role of circadian misalign-
ment in driving VAT inflammation.

Altered expression of clock genes in VAT provides 
additional insights into the mechanisms underlying the 
observed inflammatory responses. Of note, we have 
shown, for the first time, that in individuals with obesity, 
chronotype could impacts VAT, modifying the release 
of inflammatory cytokines and the expression of PER1, 
which belongs to the master clock gene family [37]. Cyto-
kines govern the low-grade inflammation in adipose tis-
sue in dysmetabolic states [38]. For instance, in obesity, 
adipose tissue-derived cytokines are early markers of 
impaired glucose tolerance [39]. The elevated levels of 
IL-1β, IL-8, bFGF, MCP-1, and MIP-1β in VAT of eve-
ning chronotypes, particularly IL-1β and IL-8, under-
score the pro-inflammatory state potentially experienced 
by this group. Elevated levels of these markers suggest 
a greater inflammatory burden [38], which is consistent 
with prior studies linking unhealthy dietary patterns and 
chronodisruption with inflammation [40]—a characteris-
tic trait of evening chronotypes [41]. The misalignment 
of PER1 and, to the least extent, of CLOCK in evening 
chronotypes is also suggestive of adipose tissue impair-
ment. PER1 and CLOCK are the main regulators of the 
thousand clock-controlled genes that, in adipose tis-
sue, are involved in adipokine secretion, redox state, 
lipid metabolism, and angiogenesis [42]. In vivo and in 
vitro studies have clearly demonstrated that obesity and 

inflammation impact on this machinery [42]. However, 
studies in humans are very poor [10, 11]. Here, we have 
found that in VAT of individuals with obesity, PER1 and 
CLOCK are increased in evening chronotypes and that 
their expression correlated positively with the release of 
the proinflammatory molecules IL-1β and MCP1, high-
lighting the connection between chronotype disruption-
gene misalignment- inflammation. Accordingly, the 
time-restricted feeding resulted in healthy adipose tis-
sue remodeling with reduced expression of PER1 [43]. In 
addition, we have provided evidence that in adipose tis-
sue BMAL1 expression is inversely correlated with IL-8 
and MIP-1β. This finding is consistent with literature 
data showing that inflammation, with sustained activa-
tion of NF-kB pathway (that is, upstream IL-8 transcrip-
tion), results in marked inhibition of BMAL1 [44].

Finally, evening chronotypes exhibited significantly 
higher triglyceride levels and lower phase angle values 
compared to morning and intermediate chronotypes. 
The elevated triglyceride levels in evening chronotypes 
may reflect maladaptive dietary patterns [45], sedentary 
behavior [46], and disrupted sleep [47], all of which are 
commonly associated with this chronotype [46, 48]. Tri-
glycerides are known precursors of insulin resistance and 
contribute to the development of metabolic disorders 
[49]. Similarly, the lower phase angle observed in evening 
chronotypes suggests compromised metabolic health, 
as phase angle is a well-recognized marker of cell mem-
brane integrity and function [50, 51].

One of the key strengths of this study is the homoge-
neity of the study population in terms of anthropometric 
and metabolic characteristics. In fact, while behavioral 
and lifestyle factors such as dietary habits, sleep duration, 
and physical activity could influence VAT inflammation 

Fig. 2  VAT mRNA levels of PER1, CLOCK, and BMAL1 in evening or morning chronotypes. PER1, period circadian 1; CLOCK, circadian locomotor output cy-
cles kaput; BMAL1, brain and muscle ARNT-like 1. mRNA levels of PER1, CLOCK, and BMAL1 were determined in VAT biopsies of individuals with evening or 
morning chronotype by qPCR. Data were normalized on the Ribosomal Protein L13 (RPL13) gene as an internal standard. Individual values are expressed 
in absolute units (AU) and are represented by bar graphs. * Denotes a statistically significant p-value (p < 0.05)
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independently of chronodisruption, participants across 
the three chronotype categories did not exhibit differ-
ences in anthropometric parameters, body composition, 
or insulin resistance, which are key factors involved in 

obesity-related inflammation. This uniformity allowed 
us to isolate and directly evaluate the effects of chrono-
type on inflammatory markers in VAT without interfer-
ence from other metabolic or compositional variables. 
However, a limitation of this study is the relatively small 
sample size, which may restrict the generalizability of 
our findings. Additionally, chronotype classification was 
based on self-reported MEQ scores, which may introduce 
recall bias. Future studies could strengthen these findings 
by incorporating objective measures, such as actigraphy, 
to provide a more precise assessment of sleep-wake pat-
terns and circadian rhythms. Nonetheless, as an initial 
investigation, this study provides important insights into 
the relationship between chronotype, clock gene expres-
sion, and VAT inflammation. It lays the groundwork for 
future research with larger and more diverse populations 
to confirm and expand upon these results.

Conclusion
In conclusion, this study demonstrates that evening 
chronotypes are associated with an altered inflamma-
tory profile in VAT, mediated by dysfunctional clock 
gene expression. These findings provide novel evidence 
of the role of circadian misalignment in obesity-related 
inflammation and highlight the importance of interven-
tions aimed at restoring circadian alignment to improve 
metabolic outcomes. Moreover, since chronotype can be 
easily assessed using simple questionnaires, it represents 
a practical and accessible tool in clinical settings to iden-
tify individuals at risk of VAT-related inflammation, even 
before overt metabolic alterations occur. This under-
scores its potential value in early risk stratification and 
targeted preventive strategies.

Abbreviations
BMI	� Body Mass Index
WC	� Waist Circumference
WHR	� Waist-to-Hip Ratio
PhA	� Phase Angle
FM	� Fat Mass
FFM	� Fat-Free Mass
MM	� Muscle Mass
HOMA-IR	� Homeostatic Model Assessment for Insulin Resistance
LDL	� Low-Density Lipoprotein
HDL	� High-Density Lipoprotein

Table 3  Correlation analysis for MEQ scores with VAT markers
VAT markers ρ (95% CI) p-value
IL-1β -0.48 (-0.78–0.02) 0.06
IL-1ra -0.41 (-0.75–0.10) 0.10
IL-2 -0.19 (-0.65–0.37) 0.50
IL-4 -0.42 (-0.76–0.12) 0.11
IL-5 -0.24 (-0.72–0.41) 0.46
IL-6 -0.43 (-0.77–0.10) 0.10
IL-7 0.15 (-0.40–0.63) 0.60
IL-8 -0.47 (-0.78–0.03) 0.06
IL-9 -0.45 (-0.77–0.06) 0.08
IL-10 -0.31 (-0.74–0.31) 0.31
IL-12 0.00 (-0.56–0.56) 0.99
IL-13 0.29 (-0.47–0.80) 0.46
IL-17 -0.44 (-0.77–0.06) 0.08
Eotaxin -0.34 (-0.72–0.21) 0.20
bFGF -0.58 (-0.84– -0.10) 0.02
gCSF -0.33 (-0.72–0.21) 0.21
gmCSF -0.19 (-0.64–0.35) 0.48
IFN-γ -0.21 (-0.65–0.33) 0.43
IP-10 -0.32 (-0.70–0.20) 0.21
MCP-1 -0.57 (-0.84– -0.09) 0.02
MIP-1α -0.02 (-0.54–0.51) 0.96
MIP-1β -0.35 (-0.78–0.30) 0.27
PDGF -0.34 (-0.76–0.28) 0.26
RANTES -0.33 (-0.72–0.21) 0.21
TNF-α -0.47 (-0.79–0.05) 0.07
PER1 -0.64 (-0.88-0.14) 0.01
CLOCK -0.25 (-0.67-0.31) 0.37
BMAL1 0.16 (-0.40-0.63) 0.56
VAT, visceral adipose tissue; IL, interleukin; EOTAXIN, eotaxin; bFGF, basic 
fibroblast growth factor; gCSF, granulocyte colony-stimulating factor; 
gmCSF, granulocyte-macrophage colony-stimulating factor; IFN-γ, interferon 
gamma; IP-10, interferon gamma-induced protein 10; MCP-1, monocyte 
chemoattractant protein-1; MIP-1α, macrophage inflammatory protein-1 alpha; 
MIP-1β, macrophage inflammatory protein-1 beta; PDGF, platelet-derived 
growth factor; RANTES, regulated on activation, normal T cell expressed and 
secreted; TNF-α, tumor necrosis factor alpha

For every correlation, rho (ρ) correlation coefficient is reported, as well as its 
relative p-value

Table 4  Correlation among VAT markers and master clock genes
VAT 
markers

PER1 CLOCK BMAL1
ρ (95% CI) p-value ρ (95% CI) p-value ρ (95% CI) p-value

IL-1β 0.77 (0.14–0.96) 0.03 0.44 (-0.27–0.84) 0.21 -0.39 (-0.83–0.34) 0.26
IL-8 0.49 (-0.33–0.89) 0.22 0.42 (-0.28–0.83) 0.22 -0.61 (-0.91–0.10) 0.07
bFGF 0.75 (0.09–0.95) 0.03 0.69 (0.12–0.92) 0.03 -0.36 (-0.81–0.37) 0.31
MCP-1 0.70 (-0.22–0.87) 0.11 0.79 (0.04–0.93) 0.02 -0.35 (-0.79–0.42) 0.36
MIP-1β 0.67 (-0.38–0.94) 0.16 0.71 (-0.36–0.94) 0.14 -0.99 (-0.99– -0.61) 0.05
VAT, visceral adipose tissue; PER1, period circadian 1; CLOCK, circadian locomotor output cycles kaput; BMAL1, brain and muscle ARNT-like 1; IL-1β, interleukin 1 beta; 
IL-8, interleukin 8; bFGF, basic fibroblast growth factor; MCP-1, monocyte chemoattractant protein-1; MIP-1β, macrophage inflammatory protein-1 beta

For every correlation, rho (ρ) correlation coefficient is reported, as well as its relative p-value
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MIP-1α	� Macrophage Inflammatory Protein-1 Alpha
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PDGF	� Platelet-Derived Growth Factor
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CLOCK	� Circadian Locomotor Output Cycles Kaput
BMAL1	� Brain and Muscle ARNT-Like 1
RPL13	� Ribosomal Protein L13
SD	� Standard Deviation
IQR	� Interquartile Range
CI	� Confidence Interval
AU	� Absolute Units
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