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Abstract: In this analysis, we aimed to investigate the effect of COVID-19 disease on eating be-
havior. A total of 55 right-handed adults, <50 years of age, without overweight or obesity, from
two cross-sectional studies were included. The first one enrolled subjects between September 2018
and December 2019 (non-COVID-19 group). The second one included subjects enrolled between
March 2022 and May 2023; for this analysis, 28 with a history of COVID-19 (COVID-19 group) were
retained. Hunger, TFEQ-18, plasma ghrelin, neuropeptide Y (NPY) and resting-state fMRI were
assessed during fasting. Intraregional neuronal synchronicity and connectivity were assessed by
voxel-based regional homogeneity (ReHo) and degree of centrality (DC). Significantly higher ghrelin
and NPY levels were observed in the COVID-19 group than in the non-COVID-19 group (ghrelin
197.5 pg/mL vs. 67.1 pg/mL, p < 0.001; NPY 128.0 pg/mL vs. 84.5 pg/mL, p = 0.005). The NPY levels
positively correlated with the DC and ReHo in the left lingual (r = 0.67785 and r = 0.73604, respec-
tively). Similar scores were noted for cognitive restraint, uncontrolled eating and emotional eating
in both groups according to the TFEQ-18 questionnaire results (p > 0.05 for all). Our data showed
increased levels of appetite-related hormones, correlated with activity in brain regions involved in
appetite regulation, persisting long after COVID-19 infection.

Keywords: appetite; COVID-19; fMRI; ghrelin; neuropeptide Y

1. Introduction

The COVID-19 pandemic has affected millions of lives worldwide, generating an
unprecedented global health, economic, social, and humanitarian crisis [1]. While primar-
ily characterized by respiratory symptoms, mounting evidence confirms that COVID-19
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manifests with a diverse array of short- and long-term systemic effects, leading to multiple-
organ dysfunction caused by the overproduction of pro-inflammatory chemokines and
cytokines [2–4].

One of the systemic consequences of COVID-19 infection is believed to be alterations
in appetite regulation [5], a complex process involving intricate interactions between
peripheral signals and central neural circuits [6]. Among the various hormones implicated
in appetite modulation, ghrelin, produced in the oxyntic glands of the gastric fundus, plays
a pivotal role. Ghrelin not only stimulates appetite but also influences energy homeostasis,
reward processing and metabolic function, and it plays an important role in gastric motility,
gastric acid secretion, immune functions, and cell proliferation as well as heart function [7,8].
Its multifaceted actions make it a key player in the intricate network governing food intake
and energy balance.

A recent study showed a significantly higher concentration of ghrelin in the group
of patients with COVID-19 up to six months post-infection compared to healthy people
of the same age and comparable body mass index (BMI) [9], a finding that may suggest
an association between ghrelin and the immune system. Consistent data from the litera-
ture have shown that ghrelin exerts anti-inflammatory effects, indicating the role of this
hormone as a potential treatment for inflammatory conditions [10,11]. Yorulmaz et al. [12]
have demonstrated that ghrelin treatment improved the severity of lung tissue injury
during sepsis in rats, reducing the level of pro-inflammatory cytokines and increasing the
antioxidant effect of superoxide dismutase enzyme.

One study analyzed the influence of the COVID-19 virus on the level of ghrelin,
aiming to determine the influence of this hormone on appetite, but the results showed no
significant differences in the level of serum ghrelin in acute COVID-19 patients compared
with healthy controls [13].

The objective of this study was to investigate the effect of COVID-19 disease on eating
behavior, hunger, and cognitive control of eating in patients with a COVID-19 history
compared with a control group.

2. Materials and Methods
2.1. Study Design and Study Subjects

Data from 2 cross-sectional observational studies performed in the Diabetes and
Nutrition Diseases Department of “Iuliu Hatieganu” University of Medicine and Phar-
macy Cluj-Napoca, Romania, were included in this analysis. The first dataset included
right-handed healthy subjects enrolled between September 2018 and December 2019
(before the COVID-19 pandemic, non-COVID-19 group) and fulfilling the following in-
clusion criteria: BMI < 25 kg/m2, aged between 18 and 50 years, average daily caffeine
consumption ≤350 mg and alcohol consumption <6 units/week. We chose these inclusion
criteria to exclude changes in appetite previously reported to be associated with overweight
and increased alcohol and caffeine consumption [14–16]. The 2nd dataset included right-
handed subjects enrolled between March 2022 and May 2023, aged 18 to 50 years, with an
average daily caffeine consumption of ≤350 mg and alcohol consumption of <7 units/week
for women and <14 units/week for men, without a history of diabetes, without any medi-
cation that would interfere with appetite at the time of enrollment (e.g., GLP-1 receptor
agonists, corticosteroids), or a history of drug abuse or recreational drug use within the
4 weeks before study inclusion. For the current analysis, from this 2nd dataset, only subjects
with a history of COVID-19 were selected for study inclusion (COVID-19 group). Subjects
with an acute disease within 2 weeks before study inclusion, those working in shifts, sub-
jects with a history of psychiatric disorders at enrolment (including anxiety, depression,
eating disorders or disordered eating behaviors like anorexia, bulimia, nocturnal eating),
and pregnant and lactating women were excluded from both studies.

The study protocols, information sheets and informed consent forms were approved
by the Ethics Committees of the “Iuliu Hatieganu” University of Medicine and Pharmacy
Cluj-Napoca, Romania (Ethics Committee approval numbers 23/7 February 2022 and
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242/31 May 2018). Both research projects were conducted according to the principles of the
Declaration of Helsinki of the World Medical Association, relating to the conduct of ethical
research on human beings and local regulations. All the participants were informed about
the nature of the study, personal data collection and use, and signed the informed consent
form before any study-related procedures.

2.2. Assessments and Data Collection

In both studies, subjects underwent 2 study visits performed in a fasting condition.
Data on demographic parameters (age, gender, education, employment status), medical his-
tory, medication use, lifestyle (habitual caffeine consumption, weekly alcohol consumption,
smoking status, eating behavior and average time spent being sedentary/day), and hunger
were collected through interviews and questionnaires. Anthropometric parameters (weight,
height, and waist circumference) and blood pressure were measured using calibrated scales
and a sphygmomanometer. Blood samples were collected for the assessment of glycemia,
serum aspartate and alanine aminotransferases and creatinine levels in the Emergency
Clinical County Hospital Cluj laboratory by commercially available routine enzymatic
methods (Beckman-Coulter AU680, Beckman Coulter Inc., Brea, CA, USA) on the day of the
sample collection. Psychiatric disorders were excluded by medical history, questionnaires
(General Anxiety Disorder Scale (GAD7) [17], Patient Health Questionnaire (PHQ9) [18]),
and interviews performed by a certified clinical psychologist in cases with high GAD-7 or
PHQ9 questionnaire score. The GAD-7 and PHQ9 were translated and validated in the
Romanian language and their psychometric properties were reported elsewhere [19,20]
(https://www.phqscreeners.com/, accessed on 15 April 2024). For the sample included in
this analysis, the GAD-7 and PHQ9 had good reliability, with Cronbach’s alpha values of
0.846 and 0.646, respectively. fMRI image acquisition was performed on a different day, in
the morning before 10:00 a.m., under fasting conditions, with subjects lying awake, with
eyes closed and without concentrating their thoughts on anything specific [21].

2.3. Hunger, Desire to Eat, Fullness Sensation and Eating Behavior Assessment

Hunger, desire to eat and fullness sensation were assessed in the fasting state by
100 mm visual analogue scales (ranging from 0 for “not at all” to 100 for “very much”)
previously described by Flint et al. [22]. Blood samples were collected using EDTA tubes
after at least 8 h of fasting, before 10:00 a.m., and before appetite and hunger evaluation.
Samples were centrifuged at 1000× g for 10 min within 30 min after collection, and plasma
was aliquoted and stored at −80 ◦C until assessment. The ELISA protocols were per-
formed according to the manufacturer’s guidelines using commercially available ELISA
kits (Elabscience Bionovation Inc, Houston, Texas) in two series for acylated ghrelin (code:
E-EL-H2002) and one series for neuropeptide Y (NPY) (code: E-EL-H1893). During analysis,
the non-specific material was removed from the wells using the BioTek Microplate 50 TS
washer (Agilent Technologies Inc., Santa Clara, CA, USA). The plate absorbance was read
using the 800 TS ELISA microplate reader (Agilent Technologies Inc., Santa Clara, CA,
USA). Additionally, standard curves were plotted, and data were calculated using the
software of the plate reader (Gen5 3.11).

For the eating behavior assessment, we used questions on the number of meals/day,
eating breakfast daily or on most of the days, the main meal of the day, eating dinner
after 21:00, and eating while watching TV/playing computer/reading [23]. Cognitive
restraint, uncontrolled eating, and emotional eating were investigated using the Three-
Factor Eating Questionnaire-18 (TFEQ-18) version 2 [24] (Cronbach’s alpha of 0.862 for the
sample included in this analysis).

2.4. fMRI Image Acquisition, Preprocessing and Analysis

The MAGNETOM 3T Skyra (SIEMENS, Munich, Germany) with 20 channels head
coil and the Discovery MR750W 3.0T (General Electric) with a 3.0T GEM HNU head
coil were used for the structural T1 MPRAGE sequence and for the functional BOLD
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sequence acquisition. As previously described [21], the following parameters were used
for the structural volumetric T1 MPRAGE image acquisition: an echo spacing of 6.4 ms,
bandwidth of 220 Hz/Px, 160 slices per slab, TR of 1.9 s. An FOV of 230 mm and voxel
size of 0.4 × 0.4 × 1 mm. The T1 MRI data had a total acquisition time of 4 min and
22 s. For the resting-state BOLD images, the acquisition parameters were as follows: echo
spacing = 0.65 ms, bandwidth = 1776 Hz/Px, 180 volumes (interleaved slices/volume),
slice thickness = 3 mm; matrix = 4.4 × 4.4 × 3 mm, TR = 2 s, FOV = 280 mm, acquisition
time = 6 min and 6 s. The GRAPPA acceleration mode (acceleration factor PE = 2 and ref.
lines PE = 24) was used for faster structural and functional acquisitions [21].

The resting-state fMRI images were preprocessed using the Data Processing Assistant
for Resting-State fMRI (DPARSF version 4.5) [25]. Preprocessing included the removal of
the first 10 volumes to allow for signal equilibration, spatial realignment for head motion
correction within and across fMRI runs, nuisance covariates regression (regressing out head
motion parameters, white matter and cerebrospinal fluid signals in the whole brain) using
the Friston 24 model [26,27], normalization to the Montreal Neurological Institute (MNI)
space by exponentiated Lie Algebra (DARTEL) algorithm [28] and temporally band-pass
filtering to retain frequencies in the 0.01 < f < 0.1 Hz band. To further reduce the influence
of residual motion-related abnormalities in the data, scrubbing was applied using the
framewise displacement (FD) Jenkinson approach [29] and frames with FD ≥ 0.2 mm
were removed. Finally, the T1 structural images were co-registered to the functional space,
segmented in gray matter, white matter and cerebrospinal fluid and normalized to the
MNI space by diffeomorphic anatomical registration by DARTEL [28]. All the participants
had a maximum head motion <1.5 mm and <1.5 degree and thus all were included in
the analysis.

The first-level analysis was also performed in DPARSF. To evaluate the resting-state
brain functional synchronization, regional homogeneity (ReHo) and degree of centrality
(DC) maps of each subject were calculated based on the pre-processed images. The analysis
of ReHo and DC was restricted to a gray matter mask generated during the preprocessing
step. At the last step, the ReHo and DC maps were spatially smoothed using a Gaussian
kernel (8 mm full width at half-maximum [FWHM] isotropic). ReHo and DC are measures
of brain resting-state network connectivity. ReHo evaluates temporal synchronization
within the nearest neighbors of a given voxel [30], while the DC allows the assessment of
connectivity between a brain region and the whole brain network at the voxel level [31].

2.5. Statistical Analysis

This was an exploratory post hoc analysis, meaning no sample size calculation was
performed and a convenience sample of subjects per study group was chosen. Statistical
analysis was performed with IBM SPSS Statistics for Windows, Version 26.0 (IBM Corp,
Armonk, NY, USA). Data were presented as the median (quartile 1; quartile 3) for con-
tinuous variables and number (percentage) for categorical variables. The COVID-19 and
non-COVID-19 study groups were compared using Mann–Whitney U and chi-square tests
according to the type of variables included.

The correlations of appetite-related data with the ReHo and DC statistical maps were
performed in the Data Processing and Analysis of Brain Imaging (DPABI) version 4.2 [32].
The correlation results were adjusted for multiple comparisons using a two-tailed Gaussian
Random Field (GRF) correction with a statistical significance threshold set to a voxel
p-value < 0.001 and a cluster p-value < 0.05 and were masked with the mean gray matter
image of all the participants. Through these procedures, we identified ReHo and DC
clusters correlated to the appetite variables. The anatomical location of each cluster was
identified using the MNI coordinates of the peak voxel in the cluster and atlases provided
by DPABI (automated anatomical labeling and Brodmann). The peak T values depict
correlation coefficients, with positive ones showing positive correlations and negative ones
showing negative correlations between the ReHo, DC and appetite-related parameters.
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3. Results
3.1. Demographic and Clinical Characteristics

A total of 55 adults fulfilling the inclusion criteria and without any exclusion criterion
were included in this analysis (28 with a COVID-19 history before study inclusion and
27 without). None had overweight, obesity, diabetes, coronary heart disease, stroke history
or psychiatric disease.

The general characteristics of the COVID-19 and non-COVID-19 groups are presented
in Table 1. There were no statistically significant differences in the anthropometric and
clinical parameters between the groups. However, a statistically significant difference
can be observed between the groups regarding the total time spent being sedentary/day
(8.3 h/day in the COVID-19 group vs. 6.0 h/day in the non-COVID-19 group, p = 0.035)
and fasting glycemia and ALAT values (p < 0.05 for both). In the COVID-19 group, the
median time since the last COVID-19 infection was 13.0 months (min 1 month; max
27 months).

Table 1. Participants’ characteristics according to COVID-19 status.

COVID-19
N = 28

Non-COVID-19
N = 27 p-Value

Women, n (%) 18 (64.3%) 19 (70.4%)
0.631Men, n (%) 10 (35.7%) 8 (29.6%)

Age, years 28.0 (26.0; 29.0) 29.0 (27.0; 34.5) 0.140

University education, n (%) 25 (92.6%) 27 (100.0%) 0.150

Hypertension, n (%) 1 (3.6%) 0 -
Never smokers, n (%) 21 (75.0%) 21 (18.577.8%) 0.579

Alcohol portions/week 0.3 (0.0; 1.5) 0.0 (0.0; 2.0) -
BMI, kg/m2 18.4 (16.9; 21.6) 18.1 (16.2; 20.3) 0.391

Waist circumference, cm 72.5 (70.0; 90.5) 76.0 (70.0; 82.0) 0.980
SBP, mmHg 119.5 (101.3; 129.0) 111.0 (100.0; 123.0) 0.192
DBP, mmHg 72.5 (68.0; 82.0) 72.0 (66.5; 79.5) 0.866

Fasting glycemia, mg/dL 77.0 (72.0; 82.5) 82.5 (78.0; 86.0) 0.037
AST, UI/L 20.5 (18.0; 26.0) 19.5 (17.0; 23.5) 0.627
ALT, UI/L 19.5 (13.0; 31.3) 13.5 (10.8; 21.5) 0.044

Creatinine, mg/dL 0.8 (0.7; 0.9) 0.7 (0.6; 0.8) 0.143
Total time spent being sedentary/day, hours 8.3 (5.5; 10.0) 6.0 (4.3; 8.0) 0.035

GAD score 2.0 (1.0; 4.0) 3.0 (1.5; 4.0) 0.798
PHQ-9 score 3.0 (1.0; 4.0) 2.0 (2.0; 6.0) 0.458

Time since the last COVID-19 episode, months 13.0 (11.0; 15.0) - -

N/n (%) = number (percentage) of participants; AST = aspartate aminotransferase; ALT = alanine aminotransferase;
GAD = Generalized Anxiety Disorder; PHQ-9 = Patient Health Questionnaire-9; BMI = body mass index;
SBP = systolic blood pressure; DBP = diastolic blood pressure. Data in the table are provided as the median
(quartile 1; quartile 3), unless otherwise specified.

3.2. Eating Behavior and Appetite

No statistically significant differences between the groups were observed in terms
of eating behavior (Table 2). A similar percentage of participants declared eating three
meals/day daily or on most of the days, having breakfast daily and eating dinner after
21:00 (p-value for all >0.05). The frequency of eating while watching TV was numerically
higher in the COVID-19 group (67.9%) compared to the non-COVID-19 group (55.6%), but
the difference did not reach statistical significance.

Significantly higher ghrelin and NPY levels in the fasting condition were observed
in the COVID-19 group than in the non-COVID-19 group (197.5 pg/mL vs. 67.1 pg/mL,
p < 0.001 for ghrelin and 128.0 pg/mL vs. 84.5 pg/mL, p = 0.005; Table 3). No difference
was observed in the rating of self-perceived hunger, fullness, and desire to eat under fasting
conditions. Also, similar scores were noted for cognitive restraint, uncontrolled eating and
emotional eating in both groups according to the TFEQ-18 questionnaire (p > 0.05 for all).
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Table 2. Eating behavior according to COVID-19 status.

COVID-19
N = 28

Non-COVID-19
N = 27 p-Value

Eating 3 meals/day, n (%)
0.882Daily 10 (35.7%) 8 (29.6%)

Most of the days 10 (35.7%) 11 (40.7%)

Having breakfast daily 14 (51.9%) 16 (59.3%) 0.584

Main meal of the day, n (%)

0.105
Breakfast 1 (3.6%) 6 (22.2%)

Lunch 19 (67.9%) 16 (59.3%)
Dinner 8 (28.6%) 5 (18.5%)

Eating during night, n (%) 1 (3.6%) 0 -

Eating dinner after 21:00 daily or most of the times, n (%) 4 (14.8%) 4 (14.8%) -

Eating while watching TV, n (%) 19 (67.9%) 15 (55.6%) 0.348

N/n (%) = number (percentage) of participants.

Table 3. Hunger, cognitive control of eating, ghrelin and NPY levels according to COVID-19 status.

COVID-19
N = 28

Non-COVID-19
N = 27 p-Value

Hunger sensation 4.0 (2.0; 5.0) 5.0 (2.0; 7.5) 0.206
Fullness sensation 5.0 (3.0; 5.5) 5.0 (3.0; 5.5) 0.769

Desire to eat 1.0 (0.5; 3.0) 2.0 (1.0; 3.0) 0.477
Cognitive restraint 12.5 (9.5; 16.0) 12.0 (9.5; 13.0) 0.374

Uncontrolled eating 18.0 (15.5; 21.0) 16.0 (14.5; 19.0) 0.118
Emotional eating 6.0 (5.0; 7.0) 5.0 (3.0; 6.5) 0.102
Ghrelin, pg/mL 197.5 (121.3; 274.9) 67.1 (55.9; 80.4) <0.001

NPY, pg/mL 128.0 (106.7; 164.6) 84.5 (67.9; 134.0) 0.005
NPY = neuropeptide Y; N/n (%) = number (percentage) of participants. Data in the table are provided as the
median (quartile 1; quartile 3), unless otherwise specified.

3.3. Correlation Analysis of Appetite-Related Data with Resting-State fMRI

The appetite-related data were further tested for correlations with the resting-state
intraregional neuronal synchronicity and connectivity, as assessed by the voxel-based
ReHo and DC statistical maps. Correlation analysis showed a positive correlation of the
NPY levels with the DC in the left lingual, Brodmann area 18 L (r = 0.67785). Also, a
positive correlation of the NPY levels was observed with the ReHo in the left lingual,
Brodmann area 37 L (r = 0.73604). The resting-state activity in the brain regions that were
significantly correlated with NPY are presented in Table 4 and Figure 1. No correlations
of hunger, fullness sensation, desire to eat, cognitive restraint, uncontrolled eating, emo-
tional eating, and ghrelin with ReHo and DC were observed (no cluster survived the GFR
correction threshold).

Table 4. Brain regions significantly correlated with NPY.

Parameter Brain Region with Clusters That Showed
Significant Differences between Groups

Brodmann
Area

Peak MNI Coordinates of the Cluster Cluster Size
(Voxels)x y z

DC Lingual, L 18 L −15 −72 −6 102

ReHo Lingual, L 37 L −21 −42 −6 163

DC = degree of centrality; ReHo = regional homogeneity; L = left; MNI = Montreal Neurological Institute.
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4. Discussion

The main findings of our research were the persistent higher acylated ghrelin and
NPY plasma levels in subjects with a history of COVID-19 infection as compared to those
before the COVID-19 pandemic, albeit without any difference in self-rated fasting hunger,
fullness sensation and desire to eat.

Scarce data on the influence of COVID-19 on appetite-regulating hormones are avail-
able; to the best of our knowledge, only two studies on the ghrelin levels after COVID-19
have been published so far [9,13]. One study analyzed the potential effect of the COVID-19
virus on the level of blood ghrelin to determine the impact of this infection on the appetite.
The results showed no significant changes in the serum ghrelin level in COVID-19 pa-
tients [13]. Our results were similar to those published by Kuliczkowska-Płaksej [9]. In
a study aiming to assess the appetite-related hormone levels 6 months after COVID-19,
the authors found higher ghrelin levels in patients with a COVID-19 history compared to
healthy persons matched for age and BMI. Furthermore, our results show the persistence
of higher ghrelin levels years after the COVID-19 disease.

Ghrelin is a multifunctional hormone with diverse physiological effects beyond its
well-known role in appetite regulation. The physiological functions of ghrelin have been
extensively studied in the last few years. Ghrelin is a peptide hormone primarily produced
by the stomach, although it is also synthesized in other tissues, including the brain. It plays
a crucial role in regulating appetite and energy balance by promoting food intake [33]. Ad-
ditionally, ghrelin affects reward pathways in the brain, increasing the pleasure associated
with eating [34]. Beyond regulating appetite and energy expenditure, ghrelin serves other
several physiological functions, including glucose metabolism regulation [35], gastroin-
testinal motility and acid secretion [36], and cardiovascular function [37], and it may play a
role in cognitive function and mood regulation [38]. Also, recent research has suggested
that ghrelin may have implications in relation to inflammation and the immune system,
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although the exact mechanisms are still being investigated. Several studies have indicated
that ghrelin exhibits anti-inflammatory properties. It may suppress the production of
pro-inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-alpha), interleukin-6
(IL-6), and interleukin-1 beta (IL-1β), while promoting the release of anti-inflammatory
cytokines like interleukin-10 (IL-10) [8,39]. Ghrelin receptors are expressed on various
immune cells, including monocytes, macrophages, and T lymphocytes. Activation of these
receptors may influence immune cell function and cytokine production, thereby regulating
immune responses [40]. Since ghrelin has been shown to possess anti-inflammatory proper-
ties, it is plausible that its levels could be affected by the inflammatory response triggered
by COVID-19.

An important finding of our research was the higher NPY plasma levels in persons
with a history of COVID-19 infection within the 2 years prior to study inclusion as compared
to those before the COVID-19 pandemic. NYP, a 36 amino acid peptide that belongs to the
pancreatic polypeptide family, is one of the most abundant peptides found in the brain
but can also be present in the peripheral nervous system [41]. It is considered to be the
most potent orexigenic hormone in the brain, but NPY is associated with diverse biological
actions, including cortical excitability, stress response, cardiovascular regulation, seizure
and cognition, and appetite regulation [42]. The biological actions of NPY are mediated by
six receptors, Y1–Y6, but the effects on feeding are mediated through at least two receptors,
the Y1 and Y5 receptors [43]. While there is currently limited direct evidence of the influence
of COVID-19 on NPY levels, the virus could potentially impact NPY through various
mechanisms related to stress, inflammation, metabolism, and complications associated
with infection.

Ghrelin and neuropeptide Y (NPY) are both key regulators of appetite and energy
balance, and they interact within the central nervous system to modulate feeding behavior
and metabolic processes. While they operate through distinct pathways, there are several
points of correlation and interaction between ghrelin and NPY, including central regulation
of feeding behavior, interactions in the hypothalamus, modulation of neurotransmitter
release and integration with other hormonal signals [44].

Our findings regarding higher appetite-related hormones are supported by the positive
correlation found between the NPY levels and the resting-state brain activity in the left
lingual cortex, Brodmann areas 18 and 37, implying higher activity in the lingual gyrus in
those with higher NPY levels. The lingual gyrus is part of the visual association cortex, and
its activation is modulated by the emotional salience of the stimuli, thus being involved
in the visual processing of food cues [45]. A study performed in healthy adults showed
that intragastric and intravenous infusion of glucose induced a decrease in the activity
of the left lingual gyrus and the activity temporally correlated with insulin and GLP-1
levels, supporting its participation in gut-to-brain signaling pathways [46]. A meta-analysis
of task-based fMRI studies found activation of the left lingual gyrus in response to food
pictures in healthy normal weight adults [45]. Also, changes in food craving (nonfood
vs. food cues) have been associated with left lingual gyrus activation in women with
obesity [47].

There are some limitations of our study. One of these limitations refers to the fact that
cross-sectional does not imply causality. Also, the small sample size is another important
limitation, which may have influenced the statistical significance of the results. The subjects
included in this study were evaluated at different time intervals after the COVID-19
infection, with a potential impact on variables assessed. Another important limitation
is that we were not able to perform a before- and after-COVID-19 study. Although the
COVID-19 and control groups included only normal-weight healthy subjects and were well
matched in terms of age, BMI, and other clinical characteristics, we cannot preclude an
influence of individual factors on the results.
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5. Conclusions

In conclusion, our data showed increased levels of appetite-related hormones corre-
lated with activity in brain regions involved in appetite regulation persisting long after
COVID-19 infection in healthy subjects without overweight or obesity. Despite the study
limitations, these results suggest potentially long-term consequences of COVID-19 infection
for weight, independent of lifestyle changes induced by lockdown during the pandemic. To
confirm our findings and further describe the effect of COVID-19 on appetite, larger-sample
prospective studies with serial evaluation of appetite hormones are needed.
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