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and Birthweight: The Rotterdam Periconceptional Cohort

Sofie van Zundert 1,2, Simone van der Padt 1, Sten Willemsen 1,3, Melek Rousian 1, Mina Mirzaian 2,

Ron van Schaik 2, Régine Steegers-Theunissen 1,* and Lenie van Rossem 1

1 Department of Obstetrics and Gynecology, Erasmus MC, University Medical Center, P.O. Box 2040,
3000 CA Rotterdam, The Netherlands

2 Department of Clinical Chemistry, Erasmus MC, University Medical Center, P.O. Box 2040,
3000 CA Rotterdam, The Netherlands

3 Department of Biostatistics, Erasmus MC, University Medical Center, P.O. Box 2040,
3000 CA Rotterdam, The Netherlands

* Correspondence: r.steegers@erasmusmc.nl

Abstract: Plant-based diets continue to rise in popularity, including among women of reproductive
age, while consequences for pregnancy outcomes have hardly been studied. During pregnancy,
maternal diet is the only source of proteins for the developing fetus. Hence, we investigated the effects
of periconceptional maternal animal and plant protein intake on prenatal growth and birthweight.
501 pregnancies were included from the prospective Rotterdam Periconceptional Cohort. Embryonic
growth was depicted by crown-rump length (CRL) and embryonic volume (EV) at 7, 9 and 11 weeks
using 3D ultrasound scans. Estimated fetal weight (EFW) at 20 weeks and birthweight were retrieved
from medical records and standardized. Multivariable mixed models were used for CRL and EV
trajectories, and linear regression for EFW and birthweight. A 10 g/day higher maternal animal
protein intake was positively associated with increased embryonic growth (CRL: β = 0.023

√
mm,

p = 0.052; EV: β = 0.015 3
√cm, p = 0.012). A positive association, albeit non-significant, was found

between maternal animal protein intake and EFW, and birthweight. No clear associations emerged
between maternal plant protein intake and prenatal growth and birthweight, with effect estimates
close to zero. In conclusion, maternal animal protein intake during the periconception period was
positively associated with early and late prenatal growth and birthweight, while no associations were
found between maternal plant protein intake and prenatal growth and birthweight.

Keywords: periconception period; pregnancy; nutrition; crown-rump length; embryonic volume;
estimated fetal weight; birthweight

1. Introduction

In recent years, there has been a shift towards diets consisting of fewer animal prod-
ucts and more plant-based foods due to their lower impact on environment and climate
change [1]. It is widely known that the protein quality, which is determined by its ability
to meet the requirements for essential amino acids and its digestibility, of plant proteins
is generally lower than that of animal proteins [2]. However, adherence to plant-based
diets reduces the incidence of non-communicable diseases in the general population. So
far, less attention has been devoted to the potential risks of adherence to plant-based
diets during pregnancy [3–5]. Maternal dietary quality is especially important during
the periconception period, which is defined as the 14 weeks before conception until the
10 weeks thereafter. During this critical time window, epigenetic programming can affect
the development of the gametes, embryo and placenta, and can induce long-term health
effects on the offspring [6].

Nutrients 2022, 14, 5309. https://doi.org/10.3390/nu14245309 https://www.mdpi.com/journal/nutrients1
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Our earlier studies have shown that periconceptional maternal dietary patterns have
an impact on reproduction and prenatal growth and development [7]. Existing research
on maternal protein intake has mainly focused on birthweight and most studies revealed
a positive association [8–11]. In contrast, Morisaki, et al. [12] found a non-linear (inverse
U-curve) association between maternal protein intake and fetal growth and birthweight.
A few studies have distinguished between animal and plant proteins [8,10,11]. A higher
birthweight and a lower risk of fetal growth restriction was found in women who consumed
more animal proteins during pregnancy. The associations between plant proteins and fetal
growth and birthweight were, however, less evident and inconsistent [8,10,11]. Despite
the importance of embryonic growth as a determinant for fetal growth, birthweight and
health later in life, the relationship between periconceptional maternal protein intake and
embryonic growth is unknown [13–15].

Since maternal diet is the primary source of proteins required for embryonic and
fetal growth, we hypothesize that periconceptional maternal protein intake is positively
associated with prenatal growth and birthweight. Considering the higher protein quality
of animal proteins compared to plant proteins, we hypothesize that the associations are
stronger for animal proteins than for plant proteins when distinguishing between protein
source. The objectives of this study are to determine the associations between periconcep-
tional maternal protein intake, including animal and plant protein intake, and embryonic
growth. A secondary objective is to investigate the relationship with fetal growth and
birthweight.

2. Materials and Methods

2.1. Study Design and Participants

The data used for this study were collected prospectively within the Rotterdam Peri-
conceptional Cohort (Predict Study), an ongoing periconceptional prospective tertiary
hospital-based cohort study conducted at the Department of Obstetrics and Gynecology of
the Erasmus MC, University Medical Center, Rotterdam, The Netherlands (Erasmus MC)
from 2010 onwards. Approval for the Predict Study was granted by the Central Committee
on Research in The Hague and the local Medical Ethics Committee of the Erasmus MC
(15 October 2004, MEC-2004-277). All participants gave written informed consent before
inclusion [7,16]. Data on periconceptional maternal protein intake from animal and plant
sources have been obtained from the Food Frequency Questionnaire (FFQ) since November
2014 [17]. Therefore, only women who entered the Predict Study from November 2014
onwards were included in this study. Additionally, women had to be 18 years or older,
familiar with the Dutch language and less than 8 weeks pregnant.

In total, 1365 pregnancies were included between November 2014 and December 2020.
Pregnancies conceived after oocyte donation (n = 15) were excluded, because no infor-
mation on maternal diet of the donors was collected. Furthermore, multiple pregnancies
(n = 13) and pregnancies with an a-priori increased risk of impaired embryonic growth
were excluded: miscarriages (n = 78), live-born with congenital anomalies (n = 96), termi-
nated pregnancies because of congenital anomalies (n = 15), and fetal and neonatal deaths
(n = 26) [18,19]. Pregnancies were also excluded when missing first-trimester ultrasound
data (n = 115), missing FFQ data (n = 158) or unreliable FFQ data (n = 209) according to
the Goldberg cut-off method explained further in Section 2.2.3. We additionally excluded
naturally conceived pregnancies with an unreliable gestational age (GA) (n = 121), as GA is
an important determinant of embryonic and fetal growth. Our definition of an unreliable
GA can be found in Section 2.2.1. When women participated twice within the Predict study,
only the first pregnancy (n = 18) was included in the current study to avoid clustering. This
resulted in a total study population of 501 pregnancies (Figure 1).
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Figure 1. Selection of the study population from the Rotterdam Periconceptional cohort (Predict
Study). FFQ = Food Frequency Questionnaire.

2.2. Data Collection
2.2.1. Embryonic Growth and Gestational Age

Embryonic growth was depicted by longitudinal CRL and EV measurements using
three dimensional (3D) ultrasound scans and virtual reality (VR) techniques performed
in the 7th, 9th and 11th week of gestation by trained medical doctors. A comprehensive
description of the 3D ultrasound scans and measurements of CRL and EV using VR tech-
niques has been described extensively in previous publications [7,16,20]. The acquired 3D
ultrasound scans were transferred and visualized using VR systems by trained researchers
following a standard protocol. An interactive 3D hologram is created by these VR systems,
allowing real depth perception and precise measurements of the embryo [20]. The CRL
measurement is performed manually, while the EV measurement is performed using a
semi-automated method. Both CRL and EV are reliable and reproducible measurements,
proven by inter-observer and intra-observer variability analyses (intra-class correlation
coefficients (ICC) > 0.99) [7,20].

As CRL was a primary outcome measure, it was not used to estimate the GA of
the embryo. Naturally conceived pregnancies also included pregnancies after ovulation
induction (OI) and intrauterine insemination (IUI). For naturally conceived pregnancies,
the GA was calculated from the first day of the last menstrual period (LMP) of a regular
menstrual cycle. If the menstrual cycle was <25 days or >31 days, the GA was adjusted
for the length of the menstrual cycle. The GA of a naturally conceived pregnancy was
considered unreliable when the menstrual cycle was irregular, the LMP was missing or
when the calculated GA differed more than 7 days from the estimated GA based on the
CRL. For pregnancies conceived after in vitro fertilization (IVF) or intracytoplasmic sperm

3



Nutrients 2022, 14, 5309

injection (ICSI), the GA was calculated from the conception date, which was the oocyte
retrieval day minus 14 days for fresh embryo transfers, and the embryo transfer day minus
19 days for cryopreserved embryo transfers.

2.2.2. Fetal Growth and Birthweight

Data on fetal growth parameters were retrieved from the routine transabdominal
mid-pregnancy anomaly scans at around 20 weeks of pregnancy (n = 422). Estimated fetal
weight (EFW) was calculated using the Hadlock formula based on the head circumference
(HC), abdominal circumference (AC) and femur length (FL) in centimeters [21]:

EFW = 101.3596 − 0.00386 × AC × FL + 0.0064 × HC + 0.00061 × BPD × AC + 0.0424 × AC + 0.174 × FL (1)

Birthweights were retrieved from medical records. For EFW and birthweight standard
scores (z-scores) were calculated based on Dutch reference growth curves adjusted for GA,
and additionally for fetal sex, respectively [22,23].

2.2.3. Food Frequency Questionnaire

To assess information on periconceptional maternal protein intake, participants re-
ceived a standardized semi-quantitative FFQ at enrollment. The FFQ was developed at the
Division of Human Nutrition and Health, Wageningen University, The Netherlands, and
covered the dietary intake of participants during the previous four weeks [24]. The FFQ
included questions regarding preparation methods, portion sizes and additions, and was
validated for the intake of macronutrients and energy in women of reproductive age [25].
The amount of energy and the nutritional values of the food items were determined using
the Dutch food composition table and were presented in commonly used units using Dutch
household measures [26]. FFQ data were considered unreliable when the reported energy
intake was below the calculated individual’s energy intake based on basal metabolic rate
and physical activity (Goldberg cut-off) as proposed by Black [27]. The 95% lower confi-
dence limit of the calculated Goldberg cut-off provided the cut-off energy intake for each
individual. A more detailed description of the rationale and calculation of the Goldberg
cut-off can be found in the recently published study of Smit et al. [28].

2.2.4. Maternal Characteristics

Data on maternal characteristics such as date of birth, geographical background, ed-
ucational level, parity, conception mode and periconceptional lifestyle factors (smoking,
alcohol consumption, drug use and folic acid supplement use) were obtained from gen-
eral questionnaires filled out by participants before their intake appointment in the first
trimester of pregnancy. Height and weight were measured by a research nurse at the
intake appointment in the first trimester of pregnancy, and body mass index (BMI) was
calculated by dividing weight (kg) by the square of height (m). Age at conception was
calculated by the difference between the date of birth and the conception date as described
in Section 2.2.1. Geographical background was categorized into western and non-western
and educational level as high, intermediate or low according to the Dutch central bureau of
statistics (CBS) [29,30]. Parity was divided into nulliparous and multiparous. Conception
mode was verified by medical records and divided into naturally conceived pregnancies
and IVF/ICSI pregnancies. Folic acid supplement use was considered adequate when
started before conception.

2.3. Statistical Analysis

The baseline characteristics were presented as means with standard deviation (SD) or
as numbers of individuals with percentages. To study differences in baseline characteristics
between those with a low and those with a high protein intake relative to their energy
intake, participants were divided into tertiles based on protein intake as percentage of
energy intake.
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To illustrate whether the protein intake of our study population met the recommended
daily intake (RDI), the RDI was calculated for each individual per trimester of pregnancy
according to the EFSA Panel on Dietetic Products [31]:

RDI (g/day) = 0.83 × weight (kg) *
* +1 g/day in the first trimester, +9 g/day in the second trimester, and
+28 g/day in the third trimester of pregnancy

(2)

Model 1 included GA and energy intake, and animal and plant protein intake were
mutually adjusted for each other. Model 2 (the adjusted model) was additionally adjusted
for the following covariates based on previous research and a Directed Acyclic Graph:
age, BMI, geographical background, educational level, parity, conception mode, fetal
sex, smoking, and folic acid supplement use [32–39]. The percentage of missing values
of the covariates did not exceed 5%. Since GA is the strongest determinant of prenatal
growth, it was further evaluated by adding a cubic spline function for GA and interaction
terms between GA and all the other above mentioned covariates. Only the non-linear GA
improved our model fit and was included in all models.

Mixed models were used to determine the associations between periconceptional
maternal protein intake and longitudinal CRL and EV measurements, taking into account
subject-specific trajectories. CRL and EV were transformed (√CRL and 3

√EV) to obtain a
constant variance and a normal distribution of the residuals given the covariates. Three
different types of sensitivity analyses were performed to assess the robustness of the main
findings. First, the nutrient density method was used to correct for differences in protein
intake due to differences in energy intake [40]. Model 1 and 2 were again used for analyses,
but included protein intake as percentage of energy intake instead of grams per day. Next,
as animal protein sources contain generally more iron than plant protein sources, which
is an important micronutrient for prenatal growth, iron intake could potentially explain
the effect of animal protein intake [5]. Therefore, as a second sensitivity analysis iron
intake was additionally added to Model 2 (Model 3). Finally, in the last sensitivity analysis,
analyses using Model 1 and Model 2 were repeated only in women with a BMI within the
normal range (18.5–24.9 kg/m2), who are least likely to under- or over-report their dietary
intake [41,42].

Linear regression models were used to determine the associations between pericon-
ceptional maternal protein intake with EFW and birthweight. For EFW and birthweight,
standard scores (z-scores) were calculated based on Dutch reference growth curves [22,23].
The reference curve of EFW was adjusted for GA and that of birthweight for GA and fetal
sex. Except for the covariates GA and fetal sex, the models were built up in the same way
as Model 1 and Model 2 with embryonic growth as outcome. In short, Model 1 included
energy intake, and either maternal animal or plant protein intake (mutually adjusted for
each other). Model 2 also included the covariates age, BMI, geographical background,
educational level, parity, conception mode, fetal sex (only in models with standardized
EFW as outcome), smoking, and folic acid supplement use.

All analyses were performed using R version 4.2.1. of R Core Team [43]. Results were
reported as effect estimates with 95% confidence intervals (95% CI). A p-value ≤ 0.05 was
considered statistically significant.

3. Results

3.1. Baseline Characteristics

Table 1 shows the baseline characteristics of the total study population and stratified
by tertiles of energy intake derived from total protein intake. Women who consumed more
total protein as percentage of energy intake were slightly older (T3 vs. T1: 33.3 (3.9) vs. 32.1
(4.5) years) and less frequently low-educated (T3 vs. T1: 2.5% vs. 12.3%). Furthermore,
women with a higher energy intake from total protein had a lower total energy intake (T3
vs. T1: 1740 (383) vs. 2100 (699) kcal/day), were more likely to start folic acid supplement
use preconceptionally (T3 vs. T1: 91.8% vs. 85.2%), and were less likely to smoke (T3 vs.
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T1: 8.8% vs. 17.9%) or use drugs (T3 vs. T1: 0.6% vs. 3.7%). Women in the highest tertile of
energy intake from total protein were more often western (T3 vs. T1: 90.6% vs. 87.0%) and
nulliparous (T3 vs. T1: 45.0% vs. 39.5%), and conceived after IVF/ICSI (T3 vs. T1: 57.5% vs.
52.7%) compared with those in the lowest tertile. No dose-response relationship was found
between total protein intake as percentage of energy intake and BMI (T3 vs. T1: 24.6 (3.5)
vs. 24.7 (4.2) kg/m2), and alcohol consumption (T3 vs. T1: 25.0% vs. 24.1%).

Table 1. Baseline characteristics of the study population and stratified by tertiles of total protein
intake as percentage of energy intake.

Maternal Characteristics
Total Study
Population

(n = 501)

Tertile 1
(n = 167)

8.3–14.1%

Tertile 2
(n = 167)

14.2–16.0%

Tertile 3
(n = 167)

16.1–23.4%

Age at conception (years)
Mean (SD) 32.7 (4.3) 32.1 (4.5) 32.8 (4.4) 33.3 (3.9)

Missing 0 0 0 0

Geographical background
Non-western 50 (10.4%) 21 (13.0%) 14 (8.8%) 15 (9.4%)

Western 431 (89.6%) 141 (87.0%) 145 (91.2%) 145 (90.6%)
Missing 20 5 8 7

Educational level
Low 33 (6.9%) 20 (12.3%) 9 (5.6%) 4 (2.5%)

Medium 159 (33.0%) 64 (39.5%) 45 (28.1%) 50 (31.3%)
High 290 (60.2%) 78 (48.1%) 106 (66.3%) 106 (66.3%)

Missing 19 5 7 7

Parity
Nulliparous 205 (42.4%) 64 (39.5%) 69 (42.9%) 72 (45.0%)
Multiparous 278 (57.6%) 98 (60.5%) 92 (57.1%) 88 (55.0%)

Missing 18 5 6 7

Conception mode
IVF/ICSI 271 (54.1%) 87 (52.1%) 87 (52.1%) 96 (57.5%)
Natural 230 (45.9%) 80 (47.9%) 80 (47.9%) 71 (42.5%)
Missing 0 0 0 0

Body Mass Index (kg/m2)
Mean (SD) 24.7 (4.1) 24.7 (4.2) 24.6 (4.5) 24.6 (3.5)

Missing 0 0 0 0

Folic acid supplement use
Inadequate 62 (12.9%) 24 (14.8%) 25 (15.5%) 13 (8.2%)
Adequate 420 (87.1%) 138 (85.2%) 136 (84.5%) 146 (91.8%)
Missing 19 5 6 8

Smoking
Yes 66 (13.7%) 29 (17.9%) 23 (14.3%) 14 (8.8%)
No 417 (86.3%) 133 (82.1%) 138 (85.7%) 146 (91.3%)

Missing 18 5 6 7

Alcohol
Yes 139 (28.8%) 39 (24.1%) 60 (37.3%) 40 (25.0%)
No 344 (71.2%) 123 (75.9%) 101 (62.7%) 120 (75.0%)

Missing 18 5 6 7

Drugs
Yes 10 (2.1%) 6 (3.7%) 3 (1.9%) 1 (0.6%)
No 473 (97.9%) 156 (96.3%) 158 (98.1%) 159 (99.4%)

Missing 18 5 6 7
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Table 1. Cont.

Maternal Characteristics
Total Study
Population

(n = 501)

Tertile 1
(n = 167)

8.3–14.1%

Tertile 2
(n = 167)

14.2–16.0%

Tertile 3
(n = 167)

16.1–23.4%

Energy intake (kcal/day)
Mean (SD) 1940 (562) 2100 (699) 1990 (498) 1740 (383)

Missing 0 0 0 0
Tertile 1 includes the lowest total protein intake (8.3% of energy) and Tertile 3 includes the highest total protein
intake (23.4% of energy). Continuous data are presented as means with standard deviation (SD) and categorical
data as numbers of individuals with percentages.

The baseline characteristics of the included (n = 501) and excluded population (n = 864)
are shown in Table S1 (Supplementary Material). In contrast to the included pregnancies,
the majority of the excluded pregnancies were naturally conceived (64.3% vs. 45.9%).
Furthermore, excluded women more often had a non-western geographical background
(16.6% vs. 10.4%), had a higher BMI (27.1 (5.5) vs. 24.7 (4.1) kg/m2) despite a lower reported
total energy intake (1590 (678) vs. 1940 (562) kcal/day), and started folic acid supplement
use less often in the preconception period (75.3% vs. 87.1%) than the included women.

3.2. Protein Intake

The intake of protein in our study population is summarized in Table 2. For protein
intake, we refer to maternal protein intake during the periconception period. The mean
protein intake was 72.8 g/day, which was 13.5 g/day more than the first trimester RDI,
5.5 g/day more than the second trimester RDI, but 13.5 g/day less than the third trimester
RDI [31]. Slightly more than half of the total protein intake was derived from animal
sources (56.0%). The contribution of protein intake to energy intake was 15.2%, of which
animal protein intake accounted for 8.6% and plant protein intake for 6.5%.

Table 2. Periconceptional maternal protein intake.

Maternal Nutrient Intake g/Day % of Energy % of Protein

Total protein 72.8 (20.5) 15.2 (2.4)
Animal protein 41.4 (15.8) 8.6 (2.6) 56.0 (10.6)

Plant protein 31.4 (10.1) 6.5 (1.3) 44.0 (10.6)
RDI first trimester 59.3 (10.5)

RDI second trimester 67.3 (10.5)
RDI third trimester 86.3 (10.5)

Data are presented as means with standard deviation (SD). RDI = Recommended Daily Intake.

3.3. Embryonic Growth

Model 1 shows a positive association between total protein intake and embryonic
growth (Table 3). After adjustment for covariates (Model 2), this positive association
persisted with comparable effect estimates. These effect estimates indicate that a 10 g/day
higher total protein intake increases the √CRL by 0.022 mm (p = 0.061) and 3

√EV by
0.014 cm2 (p = 0.17), respectively. Furthermore, animal protein intake was positively
associated with embryonic growth in both the unadjusted (Model 1) and adjusted (Model
2) analysis. In the adjusted analysis (Model 2), a 10 g/day higher animal protein intake
was associated with an increase of √CRL and 3

√EV by 0.023 mm (p = 0.052) and 0.015 cm2

(p = 0.012), respectively. In essence, this means that in the total study population, at
11 weeks of pregnancy, the difference in CRL between −2SD and +2SD protein intake is
2.493 mm, which is an increase of 6.0% in CRL, and corresponds with 0.2 days according to
Verburg, et al. [44]. Figure 2 illustrates the positive associations of animal protein intake
with CRL and EV trajectories. No statistically significant associations were found between
plant protein intake and embryonic growth.
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Table 3. Associations between periconceptional maternal protein intake for each additional 10 g/day
and embryonic growth measurements.

Total Study
Population

Model 1 Model 2

(n = 501) β (95% CI) p-Value β (95% CI) p-Value
√CRL (mm)

For each additional
10 g/day

Total protein intake 0.024 (0.002, 0.046) 0.031 0.022 (−0.001, 0.045) 0.061
Animal protein

intake 0.025 (0.003, 0.047) 0.027 0.023 (−0.0002, 0.046) 0.052

Plant protein intake 0.011 (−0.031, 0.054) 0.597 0.0001 (−0.045, 0.046) 0.998

3
√EV (cm3)

For each additional
10 g/day

Total protein intake 0.011 (0.001, 0.022) 0.033 0.014 (0.003, 0.025) 0.017
Animal protein

intake 0.012 (0.002, 0.023) 0.024 0.015 (0.003, 0.026) 0.012

Plant protein intake −0.004 (−0.024, 0.016) 0.698 −0.01 (−0.028, 0.016) 0.617
Model 1 is adjusted for GA and energy intake. Model 2 is as Model 1, but additionally adjusted for age,
BMI, geographical background, educational level, parity, conception mode, fetal sex, smoking, and folic acid
supplement use. In both models animal and plant protein intake were mutually adjusted for each other. BMI =
Body Mass Index; CRL = Crown-Rump Length; EV = Embryonic Volume.

Figure 2. Embryonic growth according to periconceptional maternal animal protein intake.
CRL = Crown-Rump Length, EV = Embryonic Volume.

A series of sensitivity analyses were performed. First, the nutrient density method
was used to correct for differences in protein intake due to differences in energy intake.
Analyses with protein intake as percentage of energy intake increased the effect estimates
and decreased the width of the confidence intervals, suggesting more precise estimates
(Table 4). Adjustment for covariates did not influence the associations much. The adjusted
analysis (Model 2) showed that a 10% higher total protein intake increased √CRL by
0.119 mm (p = 0.035) and 3

√EV by 0.061 cm2 (p = 0.024). Similarly, a 10% higher animal
protein intake increased √CRL and 3

√EV by 0.110 mm (p = 0.049) and 0.062 cm2 (p = 0.021),
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respectively. In the adjusted model including iron intake (Model 3), the effect estimates
were quite similar to those of Model 2, suggesting that iron intake did not affect the
relationship (Table 5). Lastly, the effect estimates were slightly stronger in women with a
normal BMI (18.5–24.9 kg/m2), but were not substantially different from the associations
in the total study population, indicating limited bias by under- or over-reporting of dietary
intake (Table 6).

Table 4. Associations between periconceptional maternal protein intake for each 10% increase as
percentage of energy intake and embryonic growth measurements.

Total Study
Population

Model 1 Model 2

(n = 501) β (95% CI) p-Value β (95% CI) p-Value
√CRL (mm)

For each 10% increase
Total protein intake 0.118 (0.015, 0.222) 0.025 0.119 (0.009, 0.229) 0.035

Animal protein intake 0.113 (0.009, 0.216) 0.034 0.011 (0.004, 0.220) 0.049
Plant protein intake 0.083 (−0.127, 0.294) 0.437 0.043 (−0.187, 0.273) 0.716

3
√EV (cm3)

For each 10% increase
Total protein intake 0.048 (−0.0004, 0.097) 0.052 0.061 (0.008, 0.114) 0.024

Animal protein intake 0.050 (0.002, 0.099) 0.043 0.062 (0.009, 0.115) 0.021
Plant protein intake −0.020 (−0.120, 0.081) 0.701 −0.028 (−0.138, 0.083) 0.623

Model 1 is adjusted for GA and energy intake. Model 2 is as Model 1, but additionally adjusted for age,
BMI, geographical background, educational level, parity, conception mode, fetal sex, smoking, and folic acid
supplement use. In both models animal and plant protein intake were mutually adjusted for each other. BMI =
Body Mass Index; CRL = Crown-Rump Length; EV = Embryonic Volume.

Table 5. Associations between periconceptional maternal protein intake for each additional 10 g/day
and embryonic growth measurements adjusted for iron intake.

Total Study
Population

Model 2 Model 3

(n = 501) β (95% CI) p-Value β (95% CI) p-Value
√CRL (mm)

For each additional
10 g/day

Total protein intake 0.022 (−0.001, 0.045) 0.061 0.028 (0.003, 0.054) 0.027
Animal protein intake 0.023 (−0.0002, 0.046) 0.052 0.027 (0.001, 0.053) 0.040

Plant protein intake 0.0001 (−0.045, 0.046) 0.998 0.0001 (−0.046, 0.046) 0.998

3
√EV (cm3)

For each additional
10 g/day

Total protein intake 0.014 (0.003, 0.025) 0.017 0.018 (0.006, 0.031) 0.004
Animal protein intake 0.015 (0.003, 0.026) 0.012 0.015 (0.032, 0.026) 0.012

Plant protein intake −0.01 (−0.028, 0.016) 0.617 −0.006 (−0.028, 0.016) 0.617
Model 2 is adjusted for GA, energy intake, age, BMI, geographical background, educational level, parity, concep-
tion mode, fetal sex, smoking, and folic acid supplement use. Model 3 is as Model 2, but additionally adjusted for
iron intake. In both models animal and plant protein intake were mutually adjusted for each other. BMI = Body
Mass Index; CRL = Crown-Rump Length; EV = Embryonic Volume.
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Table 6. Associations between periconceptional maternal protein intake for each additional 10 g/day
and embryonic growth measurements in women with a normal BMI.

Women with a BMI:
18.5–25 kg/m2 Model 2 Model 3

(n = 286) β (95% CI) p-Value β (95% CI) p-Value
√CRL (mm)

For each additional
10 g/day

Total protein intake 0.046 (0.017, 0.076) 0.002 0.044 (0.012, 0.076) 0.007
Animal protein intake 0.047 (0.017, 0.077) 0.002 0.044 (0.012, 0.075) 0.007

Plant protein intake 0.036 (−0.021, 0.094) 0.212 0.020 (−0.042, 0.082) 0.519

3
√EV (cm3)

For each additional
10 g/day

Total protein intake 0.016 (0.002, 0.031) 0.021 0.017 (0.002, 0.033) 0.024
Animal protein intake 0.016 (0.003, 0.030) 0.021 0.018 (0.003, 0.033) 0.023

Plant protein intake 0.001 (−0.027, 0.029) 0.939 0.001 (−0.030, 0.031) 0.973
Model 2 is adjusted for GA and energy intake. Model 3 is as Model 2, but additionally adjusted for age,
BMI, geographical background, educational level, parity, conception mode, fetal sex, smoking, and folic acid
supplement use. In both models animal and plant protein intake were mutually adjusted for each other. BMI =
Body Mass Index; CRL = Crown-Rump Length; EV = Embryonic Volume.

3.4. Fetal Growth and Birthweight

In both the unadjusted and adjusted analyses, no statistically significant associations
were found between protein intake and fetal growth and birthweight (Table 7). Though not
statistically significant, protein intake was positively associated with fetal growth (Model 1).
Adjustment for covariates did not considerably change the estimated associations (Model
2). In the unadjusted analyses (Model 1), protein intake was also positively associated with
birthweight. However, after adjustment for covariates the effect estimates decreased and
the width of the confidence intervals increased (Model 2).

Table 7. Associations between periconceptional maternal protein intake for each additional 10 g/day
and standardized EFW and birthweight (z-scores).

Total Study
Population

Model 1 Model 2

β (95% CI) p-Value β (95% CI) p-Value

Standardized EFW
(n = 422)

For each additional
10 g/day

Total protein intake 0.062 (−0.025, 0.150) 0.161 0.060 (−0.029, 0.150) 0.186
Animal protein intake 0.064 (−0.024, 0.151) 0.155 0.062 (−0.028, 0.151) 0.178

Plant protein intake 0.032 (−0.131, 0.194) 0.702 0.021 (−0.151, 0.193) 0.810

Birthweight
(n = 501)

For each additional
10 g/day

Total protein intake 0.049 (−0.036, 0.134) 0.259 0.019 (−0.069, 0.107) 0.667
Animal protein intake 0.049 (−0.036, 0.134) 0.256 0.019 (−0.069, 0.107) 0.675

Plant protein intake 0.038 (−0.123, 0.198) 0.647 −0.001 (−0.174, 0.173) 0.993
Model 1 is adjusted for energy intake. Model 2 is as Model 1, but additionally adjusted for age, BMI, geographical
background, educational level, parity, conception mode, fetal sex, smoking, and folic acid supplement use. Fetal
sex was not included in the models for standardized birthweight. BMI = Body Mass Index; EFW = Estimated
Fetal Weight.
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4. Discussion

4.1. Main Findings

The primary aim of this study was to investigate the associations between pericon-
ceptional maternal protein intake from animal and plant sources and embryonic growth.
Furthermore, associations with fetal growth and birthweight were examined. This study
showed that, even in women with a protein intake that generally met the nutritional re-
quirements, periconceptional protein intake, and in particular from animal sources, was
positively associated with embryonic growth. In addition, periconceptional maternal total
and animal protein intake were associated with higher EFW and birthweight, though not
statistically significantly. In this study, no associations between periconceptional maternal
plant protein intake and prenatal growth and birthweight were found (Figure 3).

Figure 3. Graphical summary of the findings.

4.2. Interpretation of Findings and Comparison with Previous Studies
4.2.1. Maternal Protein Intake

The positive associations between periconceptional maternal protein intake and em-
bryonic growth, fetal growth and birthweight are in line with previous research, which
showed that maternal protein intake was associated with a reduced risk of fetal growth
restriction and a higher birthweight [8,9,11,45]. In contrast, one cohort study found a non-
linear (inverse U-curve) association between maternal protein intake and birthweight [12].
This inconsistency can be at least partly explained by the study population as it included
Japanese women with other dietary habits, and thus protein and energy intake, amino
acid composition and micronutrient content were different from our study population,
consisting of mainly Dutch women. In the current study, no non-linear function of maternal
protein intake was included, since none of the participants had a protein intake below
the RDI. It could be that, in a larger more diverse population regarding protein intake,
we would have found a non-linear association with prenatal growth and birthweight.
The findings of the current study support our hypothesis that periconceptional maternal
protein intake plays an important role in prenatal growth. Maternal protein intake is
the primary source of amino acids for the developing fetus during pregnancy, which are
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involved in multiple metabolic pathways. Disruption of these metabolic pathways can
cause epigenetic alterations, which may affect the expression of genes involved in growth
of the fetus [6,46,47].

Although we did find a positive association between periconceptional maternal protein
intake with EFW and birthweight, this association was not statistically significant. The
consistency of the direction of the associations with EFW and birthweight suggests a
positive trend overall. A possible explanation for attenuation of the effect later in pregnancy
might be the transition from histio-trophic nutrition in the first trimester of pregnancy
to hemo-trophic nutrition in the second and third trimester of pregnancy [48]. There is
increasing evidence that during early pregnancy nutrients for the developing embryo are
provided by uterine glands which discharge secretions into the intervillous space, and by
accumulation of maternal proteins within coelomic cavity fluid from which these are taken
up by the (secondary) yolk sac. Once the placenta is developed, hemo-trophic nutrition
with exchange between the maternal and fetal circulation becomes predominant [48]. Even
though we have previously shown that maternal diet also affects development and function
of the placenta, the specific effect of periconceptional maternal protein intake on placental
health fell beyond the scope of our study [49]. Another explanation may be that the relative
effect of maternal protein intake is smaller later in pregnancy, because of an increasing role
of other (non-nutritional) factors. Finally, less standardized methods of measurement may
explain the attenuation. Fetal growth parameters and birthweight were retrieved from
medical records and therefore measurement errors cannot be ruled out.

4.2.2. Maternal Animal Protein Intake

The findings of the current study suggest that the positive association of maternal pro-
tein intake during the periconception period with prenatal growth and birthweight can be
predominantly ascribed to protein intake from animal sources. Periconceptional maternal
animal protein intake was statistically significantly associated with increased embryonic
growth, and also with higher EFW and birthweight, though not statistically significantly.
In line with these results, an additional analysis including an ‘animal/plant protein intake’
ratio (data available on request) showed that consuming more animal proteins relative to
plant proteins was associated with increased prenatal growth and birthweight. These find-
ings correspond with other studies that showed a positive association between maternal
animal protein intake and fetal growth and birthweight [8,10,11,45]. To our knowledge, the
current study is the first study that investigated the effect of protein sources on embryonic
growth. In our study population, the CRL and EV of embryos of women with +2SD animal
protein intake (absolute increase of 30 g/day) were 0.45 mm (+4.9%) and 0.03 cm3 (+34.0%)
larger at 7 weeks of pregnancy and 0.97 mm (2.3%) and 0.54 cm3 (7.3%) larger at 11 weeks
of pregnancy compared to those of women with the mean animal protein intake. As an
illustration, the CRL and EV of embryos of women who did not use folic acid supplements
or started folic acid supplement use post-conception were 0.75 mm (−7.8%) and 0.01 cm3

(−19.5%) smaller at 7 weeks of pregnancy and 1.63 mm (−3.7%) and 0.86 cm3 (−12.2%)
than those of women who started folic acid supplement use preconceptionally [7,35].

4.2.3. Maternal Plant Protein Intake

Surprisingly, no associations were found between periconceptional plant protein
intake and prenatal growth. Previous research on maternal plant protein intake and
prenatal growth and birthweight is limited and yielded inconsistent results [8,10,11]. One
study found a positive association with birthweight, while other studies found a non-
linear (inverse U-curve) association [8,10,11]. Our findings may be partly explained by
low digestibility of plant proteins due to anti-nutritional factors and fibers in plant protein
sources [2,50]. Moreover, in general, animal proteins are complete protein sources providing
all essential amino acids, while plant proteins are deficient in one or more essential amino
acids, such as lysine and threonine [2,5]. Therefore, without careful assortment of plant
protein sources, the amino acid requirements for fetal growth may not be met [2]. The results
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may also be related to the differences in micronutrient content. For example, compared
to animal protein sources, plant protein sources contain less iron, which is important for
fetal growth [5]. However, the effect estimates of the model adjusted for iron intake were
comparable to those of the other models, which suggests that iron intake did not affect
the relationship between animal protein intake and embryonic growth. Lastly, dietary
exposure to pesticides used in agriculture may have affected the associations between
periconceptional maternal plant protein intake and prenatal growth. However, further
research should be undertaken to investigate this.

4.3. Strengths and Limitations

The most important strength of this study is the extensive longitudinal data collec-
tion providing information on many patient characteristics and fetal growth. Potential
confounding bias is limited as the analyses were adjusted for a comprehensive set of covari-
ates [32–39]. Nevertheless, considering the complexity of the effect of maternal nutrition
on prenatal growth, residual confounding from unobserved and unknown factors may still
be present. However, as adjusting for covariates had little effect on the effect estimates, we
do not think that residual confounding can explain our findings.

Furthermore, the serial 3D ultrasound scans performed in the first trimester of preg-
nancy by trained medical doctors are unique. Using VR systems and V-Scope software
developed at the Erasmus MC accurate CRL and EV measurements were performed, which
have been proven reliable (ICC > 0.99) [7,20]. Moreover, in order to assess maternal pro-
tein intake, a validated FFQ was used, as it provides semi-quantitative information on
macronutrient and energy intake during four weeks within the periconception period [25].
Even though the FFQ is a validated questionnaire, response bias, in particular social-
desirability bias, cannot be ruled out. To reduce the number of patients underreporting
their dietary intake, we applied the Goldberg cut-off, which was based on the personalized
basal metabolic rate and physical activity [27,28]. Additionally, the study population was
restricted to patients with a normal BMI, which revealed stronger effect estimates, but no
substantial changes of the associations. This indicates limited bias by overreporting or
underreporting dietary intake, though underestimation of our results is more likely than
overestimation [41,42].

The recruitment of patients in a tertiary hospital may have affected the generalizability
of our results. However, the protein intake as percentage of energy intake was 15.2% in
our study population, which is between 10% and 20%, as recommended for adults in the
general population by the EFSA Panel on Dietetic Products [31]. Even though the patients
included in our study are at higher risk of developing pregnancy complications, we think
that the direction of the associations is the same as in the general population.

4.4. Implications for Future Research

The results of our study suggest that maternal protein intake during the periconception
period, and in particular protein intake from animal sources, has a significant effect on em-
bryonic growth and potentially on fetal growth and birthweight. The impact is substantial,
since prenatal growth can affect health later in life, and even health of future offspring [6].
Even though knowledge regarding optimal growth of an embryo is still largely unknown,
smaller embryos have been associated with fetal growth restriction, reduced birthweight
and an increased risk of cardiovascular risk factors later in life [13–15,19]. As previous
research has demonstrated that maternal diet hardly changes during pregnancy, early
health interventions should target women already in the preconception period [51]. These
interventions should aim for a well-balanced diet from a variety of sources containing an
appropriate intake of macro- and micronutrients. Future research on amino acid composi-
tion, nutrient metabolism, digestibility and the interaction with microbiota are warranted
to further investigate the association between protein sources and prenatal growth and
birthweight. Future studies should also take into account the residues of pesticides and
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veterinary medicine in plant and animal products, since they have been associated with
endocrine disruption and teratogenic effects [52–54].

5. Conclusions

This study has shown that even in women with a protein intake that met the nutritional
recommendations, periconceptional total protein intake and animal protein intake was
associated with increased embryonic growth. In addition a positive association was found
between periconceptional maternal total and animal protein intake with fetal growth
and birthweight, though not statistically significant. This study was, however, unable to
demonstrate an association between periconceptional maternal plant protein intake and
prenatal growth and birthweight. Our findings highlight the importance of a well-balanced
diet during the periconception period and its impact on prenatal growth.
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Abstract: Recent studies suggest that circulating fibroblast growth factor 21 (FGF21) may be a marker
of metabolic health status. We performed a secondary analysis of a 12-week randomized controlled
trial to investigate the effects of two energy restriction (ER) diets on fasting and postprandial plasma
FGF21 levels, as well as to explore correlations of plasma FGF21 with metabolic health markers,
(macro)nutrient intake and sweet-taste preference. Abdominally obese subjects aged 40–70 years
(n = 110) were randomized to one of two 25% ER diets (high-nutrient-quality diet or low-nutrient-
quality diet) or a control group. Plasma FGF21 was measured in the fasting state and 120 min after
a mixed meal. Both ER diets did not affect fasting or postprandial plasma FGF21 levels despite
weight loss and accompanying health improvements. At baseline, the postprandial FGF21 response
was inversely correlated to fasting plasma glucose (ρ = −0.24, p = 0.020) and insulin (ρ = −0.32,
p = 0.001), HOMA-IR (ρ = −0.34, p = 0.001), visceral adipose tissue (ρ = −0.24, p = 0.046), and the liver
enzyme aspartate aminotransferase (ρ = −0.23, p = 0.021). Diet-induced changes in these markers
did not correlate to changes in plasma FGF21 levels upon intervention. Baseline higher habitual
polysaccharide intake, but not mono- and disaccharide intake or sweet-taste preference, was related
to lower fasting plasma FGF21 (p = 0.022). In conclusion, we found no clear evidence that fasting
plasma FGF21 is a marker for metabolic health status. Circulating FGF21 dynamics in response to an
acute nutritional challenge may reflect metabolic health status better than fasting levels.

Keywords: FGF21; fibroblast growth factor 21; overweight; obesity; caloric restriction; energy
restriction; weight loss; dietary intervention; liver fat; metabolic health

1. Introduction

Fibroblast growth factor 21 (FGF21) is a peptide hormone that regulates metabolic
homeostasis [1,2]. The exact biological functions and regulation of FGF21 vary widely
between tissues and are not completely understood [1,2]. Circulating FGF21 levels are
typically elevated in conditions of impaired metabolic health, such as obesity, non-alcoholic
fatty liver disease (NAFLD) and type 2 diabetes (T2DM) [3,4]. Accordingly, circulating
FGF21 levels have been reported to positively associate with BMI, body fat, liver fat content,
blood pressure, insulin resistance (IR) and atherogenic lipid profiles [5,6], as well as predict
incident metabolic syndrome and T2DM [7,8]. It is unclear whether and how weight loss
and accompanying health improvements affect FGF21 levels, with some trials reporting
reduced levels of circulating FGF21 upon diet-induced weight loss [9–13], and others
reporting no effects on FGF21 [14–20].

Recently, FGF21 has been implicated in the metabolic adaptations to both under- and
overfeeding. In the DIETFITS trial, fasting FGF21 level was associated with diet-induced
weight loss, with higher FGF21 levels at baseline being associated with larger weight loss in
response to a 12-month low-fat or low-carbohydrate diet [20,21]. Furthermore, in a 6-week
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trial, the change in circulating FGF21 upon energy restriction was associated with weight
loss, with individuals with larger increases in fasting FGF21 achieving greater weight
loss [22]. In addition, in a short-term trial, greater increases in fasting plasma FGF21 in
response to a 1-day hypercaloric low-protein, high-fat diet were associated with larger
weight loss in free-living conditions after 6 months [23]. Plasma FGF21 (response) thus
seems to be related to the ability to lose weight.

Next to its metabolic effects, FGF21 also appears to play a role in the regulation of nutri-
ent intake via central nervous system (CNS) signaling. Multiple large human genome-wide
association studies (GWAS) have reported associations between FGF21 gene variants and car-
bohydrate, sugar, and alcohol consumption and sweet-taste preference [24–27]. Furthermore,
higher fasting FGF21 levels have been associated with lower sweet-taste preference [26]
and lower soda consumption [28]. Animal studies suggest that in response to carbohy-
drate and in particular sugar intake, FGF21 is induced in the liver, enters the circulation
and subsequently acts as negative feedback signal via the liver-brain-axis to suppress
further sweet-taste preference and carbohydrate intake [29–31]. As of yet, evidence from
human studies on the link between plasma FGF21 and nutrient intake and taste preference
is sparse.

We previously reported the effects of two 12-week energy restriction (ER) diets dif-
fering in nutrient quality in overweight and obese adults [32]. Both ER diets resulted
in substantial weight loss and concomitant improvements in various health parameters,
including reduced liver fat, and decreased fasting glucose and insulin levels. In the present
study, we investigated whether these diet-induced changes in body weight and related
health outcomes were accompanied by changes in fasting and postprandial FGF21 levels.
Additionally, we explored correlations of plasma FGF21 with markers of metabolic health,
weight loss, habitual (macro)nutrient intake and sweet-taste preference.

2. Materials and Methods

The present study is a secondary analysis of a 12-week parallel randomized controlled
trial (RCT) that was performed at Wageningen University, the Netherlands, in 2014. The
aim of this trial was to investigate the effects of two different ER diets on weight loss and
cardiometabolic health outcomes. Details have been described previously [32].

2.1. Participants and Study Design

The study population consisted of 110 women and men aged 40–70 years with abdom-
inal obesity (BMI > 27 kg/m2 or waist circumference > 88 cm for women or >102 cm for
men). Exclusion criteria were diagnosis of diabetes, heavy alcohol consumption, smoking,
unstable body weight, diagnosis of long-term medical condition, and use of medication
that is known to interfere with glucose or lipid metabolism.

Eligible subjects were randomly assigned to one of three intervention groups: a 25%
ER high-nutrient-quality diet (n = 40), a 25% ER low-nutrient-quality diet (n = 40), or a
control group (n = 30). At baseline and after 12 weeks of intervention, participants visited
hospital Gelderse Vallei (Ede, the Netherlands) for an MRI scan and—on a separate day—
visited Wageningen University after an overnight fast for measurements of general health
and blood metabolites in the fasting state, as well as in response to a mixed meal.

2.2. Dietary Intervention

The dietary intervention strategy has been described in detail previously [32]. Briefly,
both the ER diets were energy restricted by 25% of the estimated energy requirement of each
participant. The high-nutrient-quality diet (HQ) was designed to improve metabolic health
and contained an increased amount of soy protein, fiber, monounsaturated fat (MUFA),
and omega-3 fatty acids. The low-nutrient-quality diet (LQ) contained an increased amount
of saturated fat (SFA), animal protein, and fructose. The control group did not receive an
intervention and was instructed to maintain their usual dietary habits. Participants in the
ER groups received dietary advice and key food products. Adherence to the ER diets was

18



Nutrients 2022, 14, 5061

assessed based on participants’ food diaries, taking reported deviations from the dietary
advice and leftover key food products into account [32].

2.3. General Health Measures

Systolic and diastolic blood pressure were measured automatically for 10 min with a
3-min interval using a DINAMAP PRO100. After an overnight fast, blood samples were
collected from an intravenous cannula before and 30, 60, 120, 180, 240, and 360 min after
consumption of a liquid mixed meal (3833 kJ; 76.3 g carbohydrates, 17.6 g protein, 60 g fat).
To estimate IR, we used the homeostatic model assessment of insulin resistance (HOMA-IR),
which is calculated as (fasting glucose [mmol/L] × fasting insulin [mU/L])/22.5 [33]. IR
was defined as HOMA-IR > 2.5 [34]. Incremental area under the curves (iAUC) for glucose
and insulin were calculated using the trapezoid method.

2.4. Plasma FGF21

Plasma FGF21 levels were measured in plasma samples from the fasting state and
120 min after consumption of the mixed meal using ELISA, according to manufacturer’s
instructions (FGF-21 Human ELISA Kit, ab125966, Abcam, Cambridge, UK). The inter- and
intra-assay coefficients of variation were 12.4% and 5.9%, respectively. All samples from
two subjects and one sample from another subject fell outside of the range of the standard
curve and were therefore excluded from analyses.

2.5. Intra-Hepatic Lipid Content and Abdominal Fat Distribution

Intra-hepatic lipid content (IHL) was quantified using proton magnetic spectroscopy
(1H-MRS) on a 3T whole-body scanner (Siemens, Munich, Germany). Details have been
described previously [32]. MRS spectra were analyzed using jMRUI software v5.2. NAFLD
was defined as IHL > 5.56% [35]. Abdominal fat distribution was evaluated as subcuta-
neous (SAT) and visceral adipose tissue (VAT) areas in the abdomen and assessed using
magnetic resonance imaging (MRI). SAT and VAT were quantified in a single-slice trans-
verse image at the inter-vertebral space L3-L4 using the semi-automatic software program
HippoFatTM [36].

2.6. Clinical Chemistry

Plasma glucose, insulin, and triglycerides, as well as serum total cholesterol, HDL
cholesterol and safety parameters of liver function (aminotransferase [ALAT], aspartate
aminotransferase [ASAT], and gamma-glutamyl transferase [γGT]) were analyzed photo-
metrically (Cobas 8000, Roche Diagnostic Limited, Switzerland) by a center for medical
diagnostics (Stichting Huisartsenlaboratorium Oost, Velp, the Netherlands). Plasma free
fatty acids (FFA) were determined with an enzymatic assay (INstruchemie, Delfzijl, The
Netherlands). HbA1c was determined in whole blood by hospital Gelderse Vallei (Ede,
The Netherlands).

2.7. Habitual Dietary Intake and Sweet-Taste Preference

Habitual dietary intake including alcohol consumption was assessed by a validated
131-item semi-quantitative food frequency questionnaire (FFQ) [37,38]. Preference for sweet
foods was assessed by a digital food preference ranking task [39]. Sweet-taste preference
scores range from 1.5 to 3.5, with higher scores indicating greater preference for sweet
foods compared to savory foods.

2.8. Statistical Analyses

Normality of variables was visually inspected using residual Q-Q plots. Skewed
variables (plasma FGF21, VAT/SAT ratio, IHL, iAUC plasma glucose, fasting plasma
insulin, iAUC plasma insulin, fasting plasma triglycerides, fasting plasma FFA, HOMA-IR,
ASAT, and γGT) were log transformed (log2) to improve normality. Treatment effects on
fasting FGF21 levels were analyzed using a general linear model for univariate analysis
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(ANCOVA), with baseline FGF21 level as covariate. Treatment effects on the postprandial
FGF21 response were analyzed using ANOVA with the change in postprandial response
as dependent variable. Correlations between variables were tested using Spearman’s
correlation coefficient. Differences in plasma FGF21 levels between tertiles of nutrient intake
were analyzed using ANCOVA with adjustment for gender, and LSD post-hoc testing was
used if overall differences were statistically significant. To evaluate the robustness of the
results, we performed sensitivity analyses excluding outliers. Outliers were defined as
plasma FGF21 levels that deviated more than two standard deviations (SD) from the mean.
Data analysis was performed using IBM SPSS Statistics version 25.0 (IBM Corp., Armonk,
NY, US). Two-tailed p < 0.05 was considered statistically significant.

3. Results

A total of 100 subjects completed the study (n = 6 drop-outs in HQ, n = 1 drop-out
in LQ, and n = 3 drop-outs in the control group [32]). Plasma FGF21 data were available
from 98 subjects. Approximately half of the study population were women, median
age was 62 years and median BMI was 30.8 kg/m2. Baseline demographics and clinical
characteristics were similar across intervention groups (Table 1).

Table 1. Baseline characteristics of study participants with available FGF21 data.

High-Nutrient-
Quality Diet (n = 34)

Low-Nutrient-
Quality Diet (n = 38)

Control Group (n = 26)

Women, n (%) 18 (52.9%) 21 (55.3%) 13 (50.0%)
Age, years 62 (53,65) 64 (54, 65) 61 (56, 66)

BMI, kg/m2 31.1 (28.7, 33.8) 30.8 (28.9, 33.4) 30.3 (28.1, 32.6)
Intra-hepatic lipid content, % 3.1 (1.4, 10.2) 4.9 (2.6, 9.7) 3.7 (2.1, 8.4)

NAFLD, n (%) 9 (26.5%) 14 (36.8%) 7 (26.9%)
HbA1c, mmol/mol 37 ± 3 36 ± 2 35 ± 3

HOMA-IR 2.7 (2.0, 4.9) 2.8 (1.6, 5.0) 2.6 (1.9, 4.4)
HOMA-IR > 2.5, n (%) 19 (55.9%) 21 (55.3%) 14 (53.8%)

Plasma glucose, mmol/L 5.7 ± 0.5 5.6 ± 0.7 5.7 ± 0.4
Plasma insulin, mU/L 10.9 (8.2, 17.5) 11.6 (7.0, 18.6) 10.9 (7.9, 17.0)

Plasma triglycerides, mmol/L 1.5 (1.1, 1.9) 1.7 (1.3, 2.3) 1.7 (1.4, 2.1)
Serum total cholesterol, mmol/L 5.5 ± 0.8 5.8 ± 1.0 5.5 ± 1.0
Serum HDL cholesterol, mmol/L 1.4 ± 0.4 1.3 ± 0.4 1.3 ± 0.4
Plasma free fatty acids, mmol/L 0.5 (0.4, 0.6) 0.4 (0.3, 0.5) 0.4 (0.3, 0.5)
Systolic blood pressure, mmHg 131 ± 15 126 ± 19 126 ± 14
Diastolic blood pressure, mmHg 76 ± 9 72 ± 8 75 ± 9
Alanine aminotransferase, U/L 24 (19, 33) 24 (20, 33) 25 (20, 33)

Aspartate aminotransferase, U/L 22 (19, 26) 22 (19, 25) 24 (20, 32)
Gamma-glutamyl transferase, U/L 23 (18, 33) 26 (18, 36) 23 (17, 32)

Data are presented as mean ± SD or median (25th percentile, 75th percentile). Abbreviations: BMI, body mass
index; NAFLD, non-alcoholic fatty liver disease; HbA1c, glycated hemoglobin A1c; HOMA-IR, homeostatic model
assessment of insulin resistance; HDL, high-density lipoprotein.

In five participants (n = 2 in HQ, n = 1 in LQ, and n = 2 in the control group), plasma
FGF21 levels deviated more than 2 SD from the mean both in the fasting and postprandial
state, and both at baseline and after 12 weeks of intervention. Another two participants
(n = 1 in HQ and n = 1 in LQ) had deviating plasma FGF21 levels in the postprandial state
at baseline or in the fasting state after 12 weeks of intervention, respectively.

The reported dietary intakes of participants on the ER diets were in agreement with the
advised (macro)nutrient composition, with higher intakes of MUFA, polyunsaturated fat,
plant-based protein, and fiber, and lower intakes of SFA and fructose in the high-nutrient-
quality diet compared to the low-nutrient-quality diet [32].
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3.1. Effects of Dietary Interventions on Plasma FGF21

As has been previously reported, 12 weeks of 25% ER resulted in substantial weight
loss (mean ± SD: −8.4 ± 3.2 kg in HQ and −6.3 ± 3.9 kg in LQ) and concomitant improve-
ments in markers of metabolic health, including more favorable abdominal fat distribution,
and reductions in IHL, fasting glucose, and fasting insulin levels [32]. On average, plasma
FGF21 levels were not affected by the interventions, nor did the interventions affect the
postprandial FGF21 response (Table 2; Figure 1). Pooling of the ER groups together yielded
similar results (ER: Δ fasting FGF21 −0.11 ng/ml, 95% CI −0.20 to −0.01, p ER vs. control
group = 0.29; Δ postprandial FGF21 response −0.02 ng/ml, 95% CI −0.10 to 0.06, p ER vs.
control group = 0.62). Exclusion of outliers did not affect the results (all p > 0.19).

Table 2. Change in fasting plasma FGF21 and the postprandial FGF21 response upon a 12-week
energy restriction diet (low or high nutrient quality) compared to a control group.

Baseline a Change after 12 Wks b p-Value c

Fasting FGF21 (ng/mL)
Control group (n = 26) 0.95 ± 1.86 −0.01 (−0.17, 0.16)

0.48Low-Nutrient-Quality Diet (n = 38) 0.77 ± 1.89 −0.08 (−0.21, 0.05)
High-Nutrient-Quality Diet (n = 34) 0.71 ± 1.92 −0.14 (−0.28, 0.004)

Postprandial FGF21 (ng/mL)
Control group (n = 26) 0.82 ± 2.00 0.00 (−0.15, 0.15)

0.57Low-Nutrient-Quality Diet (n = 37) 0.71 ± 1.93 −0.09 (−0.21, 0.04)
High-Nutrient-Quality Diet (n = 32) 0.64 ± 1.88 −0.10 (−0.24, 0.04)

Postprandial FGF21 response (ng/mL)
Control group (n = 26) −0.12 ± 0.22 −0.02 (−0.15, 0.11)

0.86Low-Nutrient-Quality Diet (n = 37) −0.02 ± 0.27 0.01 (−0.10, 0.12)
High-Nutrient-Quality Diet (n = 32) −0.05 ± 0.34 0.03 (−0.09, 0.15)

a Values are geometric means ± SD (fasting and postprandial FGF21) or means ± SD (postprandial FGF21
response). b Values are (adjusted) means with 95% confidence intervals. c Differences between the groups were
analyzed using ANCOVA with baseline FGF21 levels as covariate (fasting and postprandial FGF21) or using
univariate ANOVA (postprandial FGF21 response).

Figure 1. Effects of two 12-week energy restriction diets (HQ, high-nutrient-quality diet; LQ, low-
nutrient-quality diet) or control group (CON) on fasting and postprandial plasma FGF21 levels.
(A) Geometric mean (95% CI) change in fasting plasma FGF21 upon a 12-week diet, as tested by
ANCOVA with adjustment for baseline fasting FGF21 levels. (B) Geometric mean (95% CI) change
in postprandial FGF21 response (Δ120–0 min) to a mixed meal upon a 12-week diet, as tested by
univariate ANOVA.

3.2. Postprandial Plasma FGF21 Response at Baseline

On average, plasma FGF21 tended to decrease 120 min after consumption of the
mixed meal (Δ −0.06 ng/ml, 95% CI −0.11 to 0.001, p = 0.055), although inter-individual
variation in response was high (Figure 2A). Exclusion of outliers strengthened this effect
(Δ −0.12 ng/ml, 95% CI −0.23 to −0.02, p = 0.026).
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Figure 2. Postprandial FGF21 response at baseline and correlations between plasma FGF21 and
markers of metabolic health. (A) Box plot with individual data points of the change in plasma FGF21
levels from the fasting state to 120 min after the consumption of the mixed meal in the complete
population at baseline (p = 0.055, as tested using a paired-samples T-test). The box plot represents the
5th percentile, first quartile, median, third quartile, and 95th percentile. (B) Individual postprandial
FGF21 responses according to baseline HOMA-IR: ≤2.5 or >2.5 (p = 0.012 for the difference between
groups, as tested with ANCOVA, adjusted for fasting FGF21, age, gender, and BMI. (C) Spearman
correlations between fasting FGF21 and the postprandial FGF21 response with cardiometabolic
parameters at baseline (left) and in response to a 12-week intervention (right). Abbreviations: BMI,
body mass index; AT, adipose tissue; IHL, intra-hepatic lipid content; HbA1c, glycated hemoglobin
A1c; iAUC, incremental area under the curve; HDL, high-density lipoprotein; HOMA-IR, homeostatic
model assessment of insulin resistance; ALAT, aminotransferase; ASAT, aspartate aminotransferase;
γGT, gamma-glutamyl transferase.
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3.3. Plasma FGF21 and Correlations with Markers of Metabolic Health

At baseline, fasting plasma FGF21 concentrations were inversely correlated to plasma
FFA (ρ = −0.22, p = 0.03), and not correlated to BMI, IHL, HOMA-IR or any of the other
assessed cardiometabolic parameters (Figure 2C and Figure S1; Table S1). The change in
plasma FGF21 from the fasting state to 120 min postprandially was inversely correlated to
fasting plasma glucose, fasting insulin, HOMA-IR, VAT and ASAT (ρ = −0.34 to −0.23, all
p < 0.05), but did not correlate with IHL or the postprandial response of plasma glucose or
insulin (Figure 2C and Figure S1; Table S1). Exclusion of outliers attenuated the inverse
correlations of the postprandial FGF21 response with plasma glucose (ρ = −0.19, p = 0.069)
and ASAT (ρ = −0.20, p = 0.051), annulled the correlation with VAT (ρ = −0.18, p = 0.14),
and did not affect the other correlations.

To further explore the relationship between the postprandial FGF21 response and
HOMA-IR, we stratified the total study population into insulin-sensitive (n = 44) and
insulin-resistant (n = 53) subjects based on HOMA-IR ≤ 2.5 and >2.5 [38]. In insulin
sensitive subjects, FGF21 did not change from fasting to 120 min postprandially, while in
insulin resistant subjects, FGF21 declined 120 min after consumption of the mixed meal,
also after adjustment for fasting FGF21, age, gender, and BMI (Δ −0.03 ng/ml, 95% CI
−0.06 to 0.11 vs. Δ −0.13 ng/ml, 95% CI −0.20 to −0.05; p = 0.012) (Figure 2B). Exclusion of
outliers (p = 0.007) or additional adjustment for NAFLD status (IHL ≤ 5.56% or > 5.56% [39])
or IHL did not affect this result (p = 0.013 and p = 0.018, respectively).

Next to testing correlations at baseline, we also explored correlations between the
change in fasting and postprandial FGF21 response and change in markers of metabolic
health. In the high-nutrient-quality diet group, change in both fasting FGF21 and the
postprandial FGF21 response upon the 12 weeks of intervention was inversely correlated
to the reduction in abdominal SAT (ρ = −0.49, p = 0.012; ρ = −0.45, p = 0.023, respectively)
(Figure 2C; Tables S2 and S3). Furthermore, in the high-nutrient-quality diet group, the
change in postprandial FGF21 response was inversely correlated to the reduction in fasting
plasma triglycerides (ρ = −0.36, p = 0.041) (Figure 2C; Table S3). In the low-nutrient-quality
diet, the change in postprandial FGF21 response was positively correlated to the reduction
in fasting insulin levels (ρ = 0.35, p = 0.034) (Figure 2C; Table S3). In the control group,
changes in both fasting and postprandial FGF21 response were inversely correlated to
change in HbA1c, and change in fasting FGF21 levels was positively correlated to change in
fasting glucose levels (Figure 2C; Table S3). These latter three correlations, however, were
driven by data points from two participants, and exclusion of these data points resulted in
a loss of significant correlations (ρ = −0.30 to 0.25, p > 0.13).

Exclusion of outliers resulted in positive correlations between the change in fasting
FGF21 and the change in fasting insulin, iAUC insulin, and HOMA-IR in the high-nutrient-
quality diet group (ρ = 0.36 to 0.51, all p < 0.05). In addition, exclusion of outliers attenuated
the inverse correlation between the change in postprandial FGF21 response and change in
fasting plasma triglycerides in the high-nutrient-quality diet group (ρ = −0.31, p = 0.097),
annulled the positive correlation between change in postprandial FGF21 response and
change in fasting insulin in the low-nutrient-quality diet group (ρ = 0.27, p = 0.11), and did
not affect the other correlations.

3.4. Plasma FGF21 and Habitual (Macro)Nutrient Intake and Sweet-Taste Preference

Since FGF21 has been linked to (macro)nutrient intake and preference, we compared
fasting plasma FGF21 levels between tertiles of habitual nutrient intake, alcohol consump-
tion, and sweet-taste preference. Fasting FGF21 levels were lower in individuals in the
highest tertile of habitual polysaccharide intake compared to individuals in lower tertiles
of polysaccharide intake (overall p = 0.022; tertile 3 vs. tertile 1, p = 0.035; tertile 3 vs.
tertile 2, p = 0.009; Figure 3C). FGF21 levels did not differ between individuals in tertiles
of habitual intake of carbohydrates, protein, fat, mono- and disaccharides (sugars), or
alcohol consumption (Figure 3). In addition, plasma FGF21 levels did not differ according
to sweet-taste preference (Figure 3G). The ranges and means of the tertiles of habitual
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nutrient intake, alcohol consumption, and sweet-taste preference are reported in Table S4.
Exclusion of outliers attenuated the differences in fasting FGF21, according to habitual
polysaccharide intake (overall p = 0.098; tertile 3 vs. tertile 1, p = 0.066; tertile 3 vs. tertile 2,
p = 0.063).

Figure 3. Fasting plasma FGF21 levels (adjusted geometric means with 95% CI) according to tertiles
(T1: lowest tertile, T3: highest tertile) of habitual (macro)nutrient intake as % of daily energy intake
(en%) (A–C,E,F), habitual alcohol consumption (D), and sweet-taste preference (G). FGF21 levels
were lower in the highest tertile of polysaccharide intake compared to the lower tertiles (overall
p = 0.022; tested by ANCOVA with adjustment for gender and LSD post-hoc testing; * p = 0.035;
** p = 0.009) and did not differ between tertiles of other nutrient intakes.

3.5. Baseline Plasma FGF21 and Weight Loss

In an explorative analysis, we examined whether fasting plasma FGF21 and the FGF21
postprandial response at baseline were associated with weight loss after 12 weeks of ER
intervention. Fasting plasma FGF21 levels at baseline were not correlated to weight loss
in either of the ER groups (HQ: ρ = −0.01, p = 0.96; LQ: ρ = −0.27, p = 0.10; HQ and LQ
combined: ρ = −0.08, p = 0.50 Figure 4A). The postprandial change in FGF21 at baseline was
borderline positively associated with weight change in the low-nutrient-quality diet group
(ρ = 0.30, p = 0.065) but not in the high-nutrient-quality diet group or in the two groups
combined (HQ: ρ = −0.23, p = 0.19; HQ and LQ combined: ρ = 0.06, p = 0.63 Figure 4B).
Exclusion of outliers resulted in an inverse correlation between fasting FGF21 at baseline
and weight loss (ρ = −0.33, p = 0.048) and attenuated the correlation with the postprandial
FGF21 response in the low-nutrient-quality diet group (ρ = 0.27, p = 0.10).
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Figure 4. Scatter plots of fasting plasma FGF21 levels (A) and the postprandial FGF21 response (B) at
baseline with weight change after 12 weeks of intervention on the high-nutrient-quality diet (HQ,
dark green) and low-nutrient-quality diet (LQ, light green). Correlations were tested using Spearman
correlation coefficients (LQ and HQ group combined in black).

4. Discussion

In this study, we investigated the effects of two 12-week energy restriction (ER) diets
differing in nutrient quality on fasting and postprandial plasma FGF21 levels, and explored
correlations between plasma FGF21 and markers of metabolic health. Neither overall ER
nor high vs. low nutrient quality of the ER diets affected circulating fasting or postprandial
FGF21 levels. Diet-induced weight loss and liver fat reduction were not accompanied by
changes in fasting or postprandial plasma FGF21. Fasting plasma FGF21 was not correlated
to markers of metabolic health at baseline, but the postprandial FGF21 response to the
mixed meal was inversely correlated to fasting glucose, insulin, HOMA-IR, visceral AT
and the liver enzyme ASAT. In addition, we assessed associations between habitual dietary
intake and circulating FGF21 levels. Fasting FGF21 levels were lowest in individuals with
the highest intake of polysaccharides, but did not differ according to intake of mono- and
disaccharides, alcohol consumption, or sweet-taste preference.

Despite substantial weight loss of 7.3 kg on average and concomitant health improve-
ments [32], 12 weeks of 25% energy reduction did not affect fasting FGF21 levels. Previous
weight loss trials have reported conflicting findings, with some trials reporting a reduc-
tion in fasting FGF21 levels upon diet-induced weight loss [9–13], and others reporting
an increase [40] or no effect on circulating FGF21 levels [14–20]. Generally, the studies
that report a change in plasma fasting FGF21 were performed in individuals with more
severely impaired metabolic health (e.g., T2DM, NAFLD, morbid obesity), who typically
have elevated FGF21 levels and thus more room for improvement compared to individuals
in this study. In addition, the degree of weight loss, as well as the content and composition
of the intervention diets may contribute to disagreement between studies. Weight loss as a
result of bariatric surgery, which is commonly larger than weight loss achieved by ER, such
as in our study, is also not consistently accompanied by changes in FGF21 levels [41]. It
thus seems that weight loss and accompanying health improvements do not consistently
affect fasting FGF21 levels.

Although fasting FGF21 levels were not correlated to liver fat or markers of glucose
or lipid metabolism at baseline, change in fasting plasma FGF21 levels upon the 12-week
intervention was inversely correlated to change in SAT, with larger reductions in SAT being
accompanied by an increase in fasting plasma FGF21. In contrast, after the exclusion of
five outliers, the reductions in HOMA-IR and both fasting and postprandial plasma insulin
upon the intervention were correlated to a decrease in fasting FGF21, indicating that change
in fasting FGF21 may be a marker for improvement in insulin sensitivity. These correlations,
however, were present only in the high-nutrient-quality diet group, and it is unclear why
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we did not find similar correlations in the low-nutrient-quality diet group, given that the
reductions in SAT, plasma insulin, and HOMA-IR were comparable upon the two ER diets.
In addition, excluding participants with deviating values from analysis may lead to bias
and therefore, these results should be interpreted with caution.

At baseline, the postprandial FGF21 response was inversely correlated to insulin resis-
tance as estimated by HOMA-IR, with more insulin resistant individuals exhibiting a larger
postprandial decline in plasma FGF21 compared to insulin sensitive individuals. Circulating
FGF21 levels have previously been reported to modestly decrease for 1 to 4 h after ingestion of
meals containing fat, protein, or a combination of macronutrients [13,42–44]. In line with our
findings, individuals with T2DM have been reported to have a more pronounced decline
in postprandial FGF21 levels after a mixed meal compared to individuals with normal
glucose metabolism [13]. These observations suggest that circulating FGF21 concentrations
in response to mixed meals may be less well-controlled in impaired metabolic health.

The regulation of fasting and postprandial FGF21 levels in response to different
nutrients and nutrient combinations is complex and not fully understood [1,2]. Overall,
plasma FGF21 levels appear to display a circadian rhythm, with peak levels during fasting
and lower levels during feeding [45]. During fasting, liver-derived FGF21 is primarily
regulated by the transcription factor PPARα, and intake of fat, protein or a mixed meal
results in diminished PPARα-mediated FGF21 secretion, possibly (partly) via a reduction
in plasma FFA levels [15,45,46]. High intake of pure simple sugars or alcohol forms an
exception; these nutrients acutely elevate plasma FGF21 [30,47–49], likely via activation
of hepatic ChREBP [29,50]. Similar to our findings of a more pronounced postprandial
response to a mixed meal in IR, plasma FGF21 excursions after pure fructose or glucose
ingestion have been found to be larger in individuals with metabolic syndrome compared
to healthy individuals [47]. In addition, the postprandial FGF21 response to fructose has
been positively correlated to measures of hepatic and adipose tissue IR [48]. Circulating
FGF21 in response to acute nutritional challenges may thus be a marker of metabolic health.
Various factors including insulin, glucagon, adiponectin, and FFA appear to be involved in
the regulation of FGF21 [1]. Greater FGF21 excursions in response to acute (nutritional)
challenges, i.e., poor control of plasma FGF21 levels, in conditions of impaired metabolic
health may reflect the disturbed control of the signals that regulate FGF21. Further research
into the mechanisms that underlie altered FGF21 dynamics in impaired metabolic health
is warranted.

If the postprandial FGF21 response is a marker for metabolic health, it could be
expected that the substantial weight loss and concomitant health improvements after
12 weeks of ER in this study would be accompanied by a reduction in the postprandial
FGF21 response. We, however, found no effects of the 12-week ER interventions on
postprandial FGF21. A trial in individuals with T2DM and morbid obesity did report that
weight loss of ~6.5 kg upon a 3-week very-low-calorie diet was accompanied by a less
pronounced decline in postprandial in FGF21 levels up to 3 h after a mixed meal [13]. Our
null findings may be due to our relatively less metabolically impaired study population
and therefore less pronounced health improvements compared to the study in T2DM
patients. In addition, we observed great inter-individual variation in the postprandial
FGF21 response, with on average a modest decrease in plasma FGF21 levels 120 min after
the mixed meal. Still, in approximately one third of the subjects, plasma FGF21 did not
change or increased postprandially, which highlights the complexity of plasma FGF21
regulation and the challenge of interpreting plasma FGF21 (dynamics).

Recently, FGF21 levels have been suggested to be predictive of weight loss. We,
however, did not find baseline fasting nor postprandial FGF21 concentrations to correlate
with weight loss upon 12 weeks of ER. After exclusion of five outliers, we did observe that
higher baseline fasting FGF21 was correlated to larger weight loss in the low- and not the
high-nutrient-quality diet group, although these results should be interpreted with caution.
In the DIETFITS trial, a trial in which 609 overweight or obese adults were randomized
to follow a low-fat or low-carbohydrate weight-loss diet for 3 months, higher baseline

26



Nutrients 2022, 14, 5061

FGF21 levels were associated with larger weight loss [21]. The inconsistent findings in our
study might be due to limited power. In addition, in the DIETFITS trial, participants were
instructed to drastically reduce their carbohydrate or fat intake, while there were no specific
instructions regarding caloric intake. As FGF21 has been suggested to regulate energy
homeostasis in humans by amongst others decreasing caloric intake [1], the association
between baseline FGF21 and weight loss may thus partly result from differences in FGF21-
mediated caloric intake. In our study, participants were explicitly instructed and monitored
to reduce caloric intake by 25%, which leaves less room for regulation of caloric intake by
FGF21.

FGF21 has also been implicated in the regulation of macronutrient intake. We found
that individuals with higher habitual intake of polysaccharides had lower fasting FGF21
levels, but we found no associations between FGF21 and sweet-taste preference or habitual
intake of mono- and disaccharides. Previously, higher soda consumption has been asso-
ciated with lower circulating FGF21 [28], and FGF21 gene variants have been related to
higher total carbohydrate intake [24–27]. The only GWAS study that made a distinction
between type of carbohydrates [26], however, found that the association between FGF21
gene variants and carbohydrate intake could be attributed solely to higher intake of mono-
and disaccharides and not to higher intake of polysaccharides. Animal studies also indicate
that FGF21 regulates intake of mono- and disaccharides specifically [29], so our finding
of lower plasma FGF21 levels in individuals with high intake of polysaccharides remains
unexplained.

Strengths of this study include its RCT design, with—next to two ER dietary interven-
tion groups—a control group that did not receive dietary advice, which reduces bias and
confounding factors. In addition, this study had relatively few drop-outs and compliance to
ER was high, as is demonstrated by the substantial weight loss that participants achieved.

This was a secondary analysis of an RCT designed to study effects of ER diets differing
in nutrient quality on metabolic health outcomes, and the original sample size calculation
was based on the power to detect differences in IHL [32]. Given the large inter-individual
variation in plasma FGF21 levels, this study may have been underpowered to detect effects
on plasma FGF21. Further large trials are thus needed to confirm our findings. Another
limitation may be that we measured total plasma FGF21 protein, rather than bioactive
FGF21. In the circulation, FGF21 is rapidly degraded by enzymatic cleavage, rendering
it inactive [51]. Measuring bioactive rather than total FGF21 concentrations may be more
physiologically relevant. Furthermore, we only measured postprandial FGF21 levels at a
single timepoint (2 h after consumption of the mixed meal), and do not know the plasma
FGF21 levels in the time between. We, however, expect that plasma FGF21 steadily de-
creased throughout the 2 h after consumption, since a previous study with more frequent
sampling times showed a continuous decline in plasma FGF21 up to 3 h after a mixed
meal [13]. Lastly, we did not assess physical activity level and therefore cannot rule out
that differences in physical activity level at baseline or follow-up may have affected plasma
FGF21 levels, given that exercise modifies circulating FGF21 levels [52]. However, we
consider it unlikely that the ER groups differed in physical activity level at baseline or
follow-up, because (1) interventions were randomly allocated, (2) participants were un-
aware of the high-nutrient-quality vs. low-nutrient-quality distinction, and (3) participants
were instructed to maintain their habitual physical activity level throughout the study.

5. Conclusions

In conclusion, weight loss and concomitant health improvements upon a 12-week 25%
ER diet were not accompanied by changes in fasting or postprandial plasma FGF21 levels
in middle-aged individuals with abdominal obesity. Neither overall ER nor nutrient quality
affected plasma FGF21. In addition, we found no robust evidence that fasting plasma
FGF21 is a marker for metabolic health status. We did find indications that circulating
FGF21 dynamics in response to a nutritional challenge may reflect metabolic health status.
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FGF21′s metabolic regulation and functions are greatly complex and further research on
the potential of circulating FGF21 dynamics as a marker of metabolic health is warranted.
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Abstract: Introduction: The Mediterranean diet (MD) has been shown to be a good tool for the
prevention of obesity and other chronic noncommunicable diseases (NCDs) and to have a low
environmental impact. The aim of the present study was to evaluate the relationship between
declared morbidity, lifestyles and other sociodemographic factors with high adherence to the MD
(AMD) in an adult population in southeastern Spain. Material and Methods: We conducted a cross-
sectional study of a sample (n = 2728) representative of a non-institutionalized population ≥16 years.
The data corresponded to the 2010-11 Nutrition Survey of the Valencian Community. The AMD
was assessed using the Mediterranean Diet Adherence Screener questionnaire. The association of
variables and high AMD was assessed by univariate and multivariate logistic regression determining
crude and adjusted odds ratios. Results: Multivariate analysis showed that age 45 years or older,
living with a partner, eating between meals, and not smoking were associated with high AMD. The
age groups 45–64 years and 65 years or older showed the strongest association with high AMD in
both sexes. Conclusion: The investigation showed a generational loss of AMD. People older than
45 years and living in company are more likely to adhere to DM, the risk group being young people
living alone and smokers.

Keywords: Mediterranean diet; lifestyles; health; chronic noncommunicable diseases; obesity

1. Introduction

In recent years, the Spanish population has undergone significant changes in lifestyles
and, in particular, in diet, which can have a negative influence on people’s state of health [1].
These changes have resulted in an increase in the rates of overweight, obesity and chronic
noncommunicable diseases (NCDs), which have become an important challenge for public
health as they reduce the quality of life of the people who suffer from them, as well as
that of their families, and lead to an increase in healthcare expenditure [1]. On the other
hand, the obesogenic environments in which the current population live have favored the
development of obesity by stimulating unhealthy habits or behaviors [2,3].

For these reasons, to reduce the risk factors associated with NCDs, such as overweight
and obesity, emphasis should be placed on the promotion of healthy diets, physical activity,
smoking cessation, protection against alcohol consumption, as well as support for effective
interventions aimed at changing environments so that the healthiest options are also the
easiest [4,5]. In this contextual framework, the Mediterranean diet (MD) is presented as
a healthy dietary model capable of guaranteeing adequate nutrient intake, preventing
and reducing complications associated with NCDs, regulating body weight, and having
a low environmental impact [6–9]. At present, numerous studies suggest that adherence
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to the Mediterranean Diet (AMD) plays an important role in the primary and secondary
prevention of cardiovascular diseases (CVD), in addition to improving health in people
with various pathologies [10]. Although it has been shown that AMD can vary accord-
ing to socioeconomic characteristics of the population, as well as other determinants of
health [11–14]; it is of interest to know the factors that may affect the level of adherence to
this dietary pattern in a population in order to be able to carry out equitable actions that
facilitate high AMD and better health for all.

For these reasons, the study of adherence to the Mediterranean dietary pattern may be
relevant for public health, both in the promotion of healthy lifestyles and in the prevention
of chronic diseases and obesity.

The aim of the present study was to evaluate the relationship between declared
morbidity, lifestyles and other sociodemographic factors with high AMD in a sample of the
adult population of southeastern Spain.

2. Materials and Methods

Description of the study: We conducted a cross-sectional population-based study of
a representative sample of the adult population (16 years of age or older). The popula-
tion and intake data used came from the Nutrition Survey of the Valencian Community
2010–2011 (ENCV2010-11) [15], which collects epidemiological data on the non-institutionalized
population of southeastern Spain. In the ENCV2010-11, a random cluster sampling was
performed, proportional to provincial demarcation and stratified by age and sex groups.
The Population Information System of the Conselleria de Sanidad Universal y Salud Pública
(Regional Ministry of Universal Health and Public Health) was used as the sampling frame,
and the universe was the population residing in southeastern Spain over 6 years of age.
The ENCV2010-11 worked with 4500 people, and the final participation rate was 68.9%
(3102 individuals). The aim of the ENCV2010-11 was to find out what the eating habits of
the children and adult population of southeastern Spain were and how they were related
to their state of health.

For the present study, we selected all records corresponding to persons between
16 and 95 years of age who had completed the main questionnaire and the food consump-
tion frequency questionnaire (CFQ) of the ENCV2010-11. The sample used for the analyses
consisted of 2728 records corresponding to 1311 men and 1417 women.

Assessment of the AMD: To assess the AMD, the data available in the CFQ (of
142 items) of the origin survey (ENCV2010-11) were adapted to the Mediterranean Diet
Adherence Screener (MEDAS) questionnaire [16,17] by converting the food consumption
frequencies declared in the CFQ, expressing the results as daily servings. The conversion
factors used for each category were standardized by consumption of servings per day,
using the following values: less than 1 time per month (0.02 servings/day); less than
1 time per week (0.07 servings/day); 1 time per week (0.14 servings/day); 3 times per week
(0.43 servings/day); between 4 and 6 times per week (0.79 servings/day); 1 time per day
(1 serving/day).

In order to be able to answer all the questions in the MEDAS questionnaire, some
adaptations had to be made, as was the case with the item “sofrito”, which was not included
in the CFQ of the ENCV2010-1. For the assessment of the item “traditional tomato sauce”
(sofrito) that appears in the MEDAS questionnaire, we proceeded to adapt the variables of
the CFQ used, making use of the data on the intake of onion, spring onion, garlic and fried
tomato sauce reflected in the CFQ.

Each item of the MEDAS questionnaire was assigned a value of 0 if the condition was
not met or a value of 1 if it was met. The criteria followed to assign a value of 1 to each
item were as follows: using olive oil as the main fat; eating at least 4 tablespoons (≥60 g)
of olive oil throughout the day; eat at least 2 servings (≥300 g) of vegetables per day; eat
at least 3 servings (≥360 g) of fruit per day; eat less than 1 serving (<125 g) of red meat
and hamburger per day; eat less than 1 serving (<12.5 g) of butter per day; drink less than
1 serving (<250 mL) of sweetened or carbonated beverages per day; drink 7 servings
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(700 mL) of wine per week or more; eat at least 3 servings (≥240 g raw or 600 g if
cooked) of pulses per week; eat at least 3 servings (≥450 g) of fish per week; eat no more
than 3 servings (≤150 g) per week of industrial bakery products; eat at least 3 servings
(≥90 g) of nuts per week; preferably consuming more white meat than red meat; eating
pasta, vegetables, rice or other dishes with soffit at least 2 times per week. Cases that did
not meet these conditions were assigned a value of 0.

To estimate the degree of AMD, a sum of the score obtained in each question was
made. The possible range of scores ranged from 0 to 14 points, being 0 when no condition
defined in the Mediterranean dietary pattern was met and 14 when all conditions were met
(14). This allowed the population to be classified into three groups according to the degree
of AMD. Scores between 0–5 formed the “low adherence” group, between 6–9 “medium
adherence”, and scores between 10 and 14 (both included) made up the group of “high
adherence” to DM [17].

For the analyses on the association between AMD and declared morbidity, lifestyles
and sociodemographic factors, the population was classified into two groups accord-
ing to the level of AMD (scores of 0 to 9 formed the “low-medium AMD” group, and
scores of 10 to 14 formed the “high AMD” group), which allowed us to perform binomial
logistic regressions.

Study variables: The variables and categories used for the analyses were as follows:
sex (male or female); age groups (16–24 years, 25–44 years, 45–64 years, ≥65 years); country
of birth (Spain or others); educational level (no education, primary education, secondary
education or higher education); employment status (with full-time or part-time paid work
or without paid work which in turn included unemployed persons, students, retired,
permanently disabled, engaged in housework and other kinds of economic activity); living
with a partner (yes or no); perception of health (good health, which in turn included the
responses very good, good and acceptable and bad health which included bad and very
bad); leisure-time physical activity (little or none or several times a week) [18]; sedentary
behavior (<2 h/day or ≥2 h/day); hours of screen time per day of television, computer
and Internet (>2 h/day or ≤2 h/day) [19]; smoking (yes, no or ex-smokers); snacking
between hours (yes or no), alcohol consumption (no consumption–low-risk consumption,
risk consumption or harmful consumption) [20], arterial hypertension (AHT) (yes or no),
myocardial infarction (yes or no), neurological diseases (yes, no) hypercholesterolemia
(yes or no), cancer (yes or no), diabetes (yes or no), body mass index (BMI) (underweight,
normal weight, overweight or obesity) [21].

Alcohol consumption (in grams) was calculated by converting the frequency of con-
sumption of wine, cava, beer, spirits and distillates (whiskey, gin, vodka) declared in the
CFQ, to daily servings, expressing the results as grams of alcohol per day based on the
following formula: grams of alcohol = [(alcohol content × volume (cl))/100] × 8. The
reference alcohol content used in the conversions was 12% for wine and champagne, 5%
for beer, 25% for spirits and 40% for distillates [17].The total grams of alcohol consumed
per day were then summed and categorized into 3 groups: no consumption–low risk
consumption (<20 g/day in women, <40 g/day in men), risk consumption (20–40 g/day in
women, 40–60 g/day in men) and harmful consumption (>40 g/day in women, >60 g/day
in men).

Statistical analysis: IBM® SPSS® Statistics version 27 software (IBM Corp., Armonk,
New York, NY, USA) as used for statistical analysis. Quantitative variables were described
by means of their mean, standard deviation and medians. The Student t test or analysis
of variance (ANOVA) was used to establish differences according to sex and age group,
depending on the number of categories considered. For qualitative variables, their frequen-
cies were estimated, and the Chi-square test (X2) was used for comparison. A p-value of
less than 0.05 was established as the level of statistical significance.

The possible association, for the total sample and stratified by sex, between the
dependent variable (AMD) and the rest of the variables was explored with the aim of
making a first approximation to the estimation of the measure of association, classifying
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the variables according to the value of the odds ratio (OR) as a measure of the strength of
association, their corresponding 95% confidence intervals and the statistical significance in
the contrast to the hypothesis X2.

To evaluate the possible association, a univariate binary logistic regression analysis
was performed to explore the distribution. We worked with dichotomous categorical
variables except for age groups, educational level, smoking, alcohol consumption and BMI,
which were polytomous and were included in the analysis as dummy variables.

A multivariate analysis was performed for the total sample and by sex by means of
logistic regression. The variables included in the analysis were those that could cause
confusion according to current scientific evidence and those with p < 0.2 in the univariate
analysis. This procedure made it possible to obtain adjusted measures of association
(OR) with 95% confidence intervals and the contrast of hypotheses by means of the Wald
statistical test.

3. Results

3.1. Dscriptive Analysis

Tables 1 and 2 show the distribution of the sample according to the health determinants
studied based on the level of AMD.

The study showed that 18.2% of the population was classified as having high AMD,
and that the AMD level of men and women was similar. No significant differences
(p > 0.05) were found between sexes, but the level of AMD did differ between age groups.

When analyzing the proportion of the population classified as high AMD (Table 1)
according to age group, it was observed that the population aged 16–24 years had the least
number of respondents classified in this category. Only 6.6% (n = 23) of the total (n = 352)
respondents in the 16–24 age group had high AMD. The percentages of those classified
in the high AMD group increased in parallel with the age group so that 12% (n = 113) of
the total (n = 940) population aged 25–44 years had high AMD; 24.6% (n = 208) of the total
(n = 846) population aged 45–64 years had high AMD; 26% (n = 153) of the total (n = 589)
population aged ≥65 years had high AMD.

Regarding the relationship between BMI and AMD, Table 3 shows the distribution of
the sample according to the declared anthropometry as a function of the AMD level.

3.2. Univariate Analysis

Univariate analysis showed the association between sociodemographic factors, lifestyles
and health–disease states with high AMD (Table 4).

Among the variables referring to the sociodemographic situation of the sample, it was
observed that there was a positive association between age group and high AMD, and the
strength of the association increased as the age of the study group increased. The group
aged ≥65 years obtained an OR = 5.04 and 95% CI = 3.18–7.98. The variable country of
birth showed significant results in the male group. It was observed that those who were not
born in Spain had a negative association with high AMD (OR = 0.44; 95% CI = 0.25–0.76).
Educational level also showed an association with high AMD. Having secondary and
higher education levels was negatively associated with high AMD in the whole population
(OR = 0.60; 95% CI = 0.42–0.86). Employment status was a variable that remained associated
with high AMD. The condition of being without paid work was negatively associated with
high AMD for the whole population and for men (OR = 0.70; 95% CI = 0.53–0.94). The type
of cohabitation showed statistical significance in the analysis of the association with AMD.
Not living with a partner was negatively associated with high AMD in all cases: in the
general population (OR = 0.48; 95% CI = 0.38–0.60), in the men’s group (OR = 0.39; 95%
CI = 0.27–0.55) and in the women’s group (OR = 0.56; 95% CI = 0.42–0.76).
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Table 3. Adherence to the Mediterranean diet in an adult population of southeastern Spain according
to body mass index.

MEDAS *
Score

N Median BMI † Standard
Deviation

Standard Error

95% Confidence Interval for
the Mean p-Value

Lower Limit Upper Limit

2 5 22.21 4.368 1.95 16.79 27.64

0.002

3 18 24.20 4.98 1.17 21.72 26.68
4 60 23.57 4.38 0.56 22.44 24.70
5 183 24.65 5.27 0.39 23.89 25.42
6 312 25.23 4.94 0.28 24.69 25.79
7 484 26.08 9.14 0.42 25.26 26.89
8 565 26.19 5.19 0.22 25.76 26.62
9 436 26.06 4.79 0.23 25.61 26.51

10 300 26.29 4.99 0.29 25.73 26.86
11 124 26.48 3.53 0.32 25.85 27.11
12 27 24.93 3.30 0.64 23.62 26.24
13 5 25.77 1.52 0.68 23.89 27.65

Total 2519 25.84 5.98 0.12 25.61 26.08

* MEDAS: Mediterranean Diet Adherence Screener. † BMI: Body Mass Index

Lifestyle variables were also associated with high AMD. Smoking was significantly
associated with high AMD, with a negative association between smoking and high AMD
in the whole population (OR = 0.76; 95% CI = 0.60–0.96). Eating between meals was
also negatively associated with high AMD in the whole population (OR = 0.63; 95%
CI = 0.51–0.78), in men (OR = 0.62; 95% CI = 0.46–0.85) and in women (OR = 0.64; 95%
CI = 0.48–0.86). Risky alcohol consumption was positively associated in all cases with high
AMD (OR = 2.17; 95% CI = 1.37–3.43) but not with harmful consumption (OR = 1.20; 95%
CI = 0.52–2.78). The practice of leisure-time physical activity and sedentary behavior did
not obtain statistically significant results in the study of the association with high AMD.

Health–disease status was also associated with high AMD. Having HT was positively
associated with high AMD in the general population (OR = 1.81; 95% CI = 1.44–2.26),
in men (OR = 1.93; 95% CI = 1.40–2.67), and in women (OR = 1.70; 95% CI = 1.24–2.32).
Hypercholesterolemia was positively associated with high AMD in the general population
(OR = 1.88; 95% CI = 1.49–2.39), in men (OR = 2.02; 95% CI = 1.43–2.87), and in women
(OR = 1.77; 95% CI = 1.28–2.44). Having diabetes was also positively associated with high
AMD in men (OR = 1.70; 95% CI = 1.07–2.68). Having suffered a myocardial infarction
was positively associated with high AMD in the general population (OR = 2.25; 95%
CI = 1.34–3.77) and in men (OR = 2.69; 95% CI = 1.48–4.88). Suffering from neuro-
logical diseases was negatively associated with high AMD in women (OR = 0.26; 95%
CI = 0.08–0.85). The perception of health status did not show statistical significance in the
study of the association with high AMD.

3.3. Multivariate Analysis

Multivariate analysis (Tables 5–7) showed the association between the study variables
and high AMD by means of adjusted ORs and their 95% CIs.

The variables included in the model for the general population are shown in Table 5,
of which age group, cohabitation with a partner and snacking between meals were statisti-
cally significant (p < 0.05). The results of the multivariate analysis for men are shown in
Table 6. In the men’s group, the variables of age group, cohabitation and smoking were
significantly associated with high AMD. In the women’s group, the variables of age group
and cohabitation were statistically significant, as shown in Table 7.
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Table 5. Multivariate analysis of risk factors related to high adherence to the Mediterranean diet in
the adult population of southeastern Spain.

General Multivariate Model

Variables * Raw RO Adjusted OR (** 95% CI) p-Value

Age groups
16–24 years old 1 (ref.) 1 (ref.)

<0.01
25–44 years old 1.96 1.98 (1.10–3.59)
45–64 years old 4.68 4.23 (2.33–7.70)
≥65 years 5.04 3.61 (1.91–6.80)

Employment status
With paid work 1 (ref.) 1 (ref.)

0.29No paid work 0.84 0.87 (0.66–1.13)

Living together as a couple
Yes 1 (ref.) 1 (ref.)

0.02No 0.48 0.65 (0.50–0.85)

Health perception
Good condition 1 (ref.) 0.87
Poor condition 1.35 0.97 (0.62–1.49)

Snacking between meals
No 1 (ref.) 1 (ref.)

0.03Yes 0.63 0.77 (0.59–0.98)

Sedentary behavior
<2 h/day 1 (ref.) 1 (ref.)

0.25≥2 h/day 1.29 1.18 (0.89–1.58)

Current smoking habit
No 1 (ref.) 1 (ref.)

0.24Yes 0.76 0.83 (0,62–1.11)
Ex-smokers 1.04 0.81 (0.61–1.07)

Alcohol consumption
No consumption–low-risk consumption 1 (ref.) 1 (ref.)

0.42Risky consumption 2.17 1.44 (0.83–2.49)
Harmful consumption 1.20 1.12 (0.44–2.85)

Arterial hypertension (AHT)
No 1 (ref.) 1 (ref.)

0.29Yes 1.81 1.18 (0.87–1.59)

Hypercholesterolemia
No 1 (ref.) 1 (ref.)

0.06Yes 1.88 1.32 (0.98–1.76)

Diabetes
No 1 (ref.) 1 (ref.)

0.50Yes 1.30 0.86 (0.56–1.33)

Myocardial infarction
No 1 (ref.) 1 (ref.)

0.83Yes 2.25 1.08 (0.54–2.16)

Body mass index (BMI)
Normal Weight 1 (ref.) 1 (ref.)

0.09
Underweight 1.21 2.16 (1.07–4.34)
Overweight 1.39 1.02 (0.79–1.33)
Obesity 1.31 0.85 (0.60–1.18)

* OR = odds ratio, ** IC = confidence interval.
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Table 6. Multivariate analysis of risk factors related to high adherence to the Mediterranean diet in
adult men in southeastern Spain.

Multivariate Model Men

Variables * Raw RO Adjusted OR (** CI 95%) p-Value

Age groups
16–24 years old 1 (ref.) 1 (ref.)

<0.01
25–44 years old 2.25 2.97 (1.10–8.06)
45–64 years old 5.10 6.16 (2.25–16.9)
≥65 years 8.14 8.16 (2.89–23.1)

Employment status
With paid work 1 (ref.) 1 (ref.)

0.19No paid work 0.70 0.77 (0.52–1.14)

Living together as a couple
Yes 1 (ref.) 1 (ref.)

0.01No 0.39 0.59 (0.40–0.90)

Snacking between meals
No 1 (ref.) 0.33
Yes 0.62 0.84 (0.59–1.19)

Leisure time physical activity
Physical activity several times a week 1 (ref.) 1 (ref.)

0.85Little or no physical activity 1.46 0.95 (0.58–1.57)

Sedentary behavior
<2 h/day 1 (ref.) 1 (ref.)

0.46≥2 h/day 1.29 1.16 (0.78–1.73)

Current smoking habit
No 1 (ref.) 1 (ref.)

0.03Yes 1.33 0.60 (0.40–0.89)
Ex-smokers 0.80 0.71 (0.48–1.04)

Alcohol consumption
No consumption–low-risk consumption 1 (ref.) 1 (ref.)

0.24Risky consumption 2.20 1.72 (0.89–3.32)
Harmful consumption 1.43 1.35 (0.47–3.90)

Arterial hypertension (AHT)
No 1 (ref.) 1 (ref.)

0.95Yes 1.93 1.04 (0.70–1.53)

Hypercholesterolemia
No 1 (ref.) 1 (ref.)

0.08Yes 2.02 1.41 (0.95–2.10)

Diabetes
No 1 (ref.) 1 (ref.)

0.71Yes 1.70 0.90 (0.54–1.53)

Myocardial infarction
No 1 (ref.) 1 (ref.)

0.60Yes 2.69 1.21 (0.60–2.44)
* OR = odds ratio, ** IC = confidence interval.
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Table 7. Multivariate analysis of risk factors related to high adherence to the Mediterranean diet in
adult women in southeastern Spain.

Multivariate Model Women

Variables * Raw RO Adjusted OR (** 95% CI) p-Value

Age groups
16–24 years old 1 (ref.) 1 (ref.)

<0.01
25–44 years old 1.78 1.55 (0.76–3.13)
45–64 years old 4.41 3.55 (1.76–7.18)
≥65 years 3.27 2.04 (0.94–4.45)

Living together as a couple
Yes 1 (ref.) 1 (ref.)

0.03No 0.56 0.68 (0.48–0.97)

Snacking between meals
No 1 (ref.) 0.07
Yes 0.64 0.74 (0.53–1.02)

Alcohol consumption
No consumption–low-risk consumption 1 (ref.) 1 (ref.)

0.79Risky consumption 2.16 1.20 (0.48–2.96)
Harmful consumption 0.65 0.54 (0.06–4.62)

Arterial hypertension (AHT)
No 1 (ref.) 1 (ref.)

0.11Yes 1.70 1.41 (0.93–2.14)

Hypercholesterolemia
No 1 (ref.) 1 (ref.)

0.18Yes 1.77 1.31 (0.88–1.95)

Neurological diseases
No 1 (ref.) 1 (ref.)

0.81Yes 0.26 0.19 (0.05–0.82)

Body mass index (BMI)
Normal Weight 1 (ref.) 1 (ref.)

0.09
Underweight 1.52 2.43 (1.20–4.92)
Overweight 1.52 1.04 (0.72–1.50)
Obesity 1.39 0.93 (0.59–1.45)

* OR = odds ratio, ** IC = confidence interval.

4. Discussion

The present study evaluated the risk factors associated with adherence to the Mediter-
ranean dietary pattern in the adult population of southeastern Spain. The results provide a
clearer view of the sociodemographic factors, lifestyles, and health–disease states associated
with high AMD in order to propose interventions to promote well-being at different stages
of life and reduce morbidity and premature mortality due to NCDs, which is one of the
Sustainable Development Goals [22].

The results obtained indicated that less than one-fifth of the population followed
traditional, healthy, and sustainable MD, which is in agreement with the results of other
studies performed in the general Spanish population [23]. Apart from the low proportion of
the population classified at a high level of AMD, the results of the present study also showed
that the younger population had the highest proportion of those classified in the low AMD
group and the lowest proportion of those classified in the high AMD group. The results of
the present work show how the older age groups, which are those that experienced the
Spanish epidemiological–nutritional transition in the 1960s and 1970s [24], have a higher
AMD. The progressive incorporation of dietary patterns typical of Western countries, which
fundamentally affect younger groups, distances the young Spanish population from the
traditional MD. This study highlights the generational loss of the MD and the shift away
from the high AMD that is occurring in younger age groups. It would therefore be necessary
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to direct MD promotion and adherence actions to the groups with the lowest adherence as
a public health strategy and for the prevention of overweight and obesity.

In recent years, the prevalence of overweight and obesity along with NCDs has steadily
increased worldwide and the European Regional Obesity Report 2022 [25] points out that
Spain is one of the European countries with the highest prevalence of childhood obesity.
The World Health Organization (WHO) [26] explains that unhealthy dietary patterns
and sedentary lifestyles could be some of the causes of weight gain in the population.
Actions should therefore be promoted in this regard. There is an urgent need to promote
dietary patterns that guarantee the well-being of people and planetary health (as is the
case with the Mediterranean diet). The results of this research show that the young
population of southeastern Spain is the segment of the population that most departs from
the Mediterranean dietary pattern, and this departure can lead to health problems (as
explained by the WHO). The predominance of Westernized dietary patterns in the general
population and more specifically among the young population is no coincidence. Rather,
it is a combination of factors that have resulted in the deterioration of the quality of the
population’s diet. In recent decades, as a result of changes in the global food supply [27],
high and middle income countries have seen food environments saturated with unhealthy,
highly accessible, relatively cheap and highly promoted foods, with easy access to foods
high in sodium, saturated fats and/or added sugars [28]. These obesogenic environments
encourage overconsumption of energy-dense, nutrient-poor foods. Given this situation, it
is recommended at the global level to favour regulations to restrict exposure of children in
terms of marketing unhealthy foods, better labelling of products and policies that encourage
the consumption of healthy and sustainable foods [29].

The sociodemographic and economic changes that occurred from the mid-20th century
to the present also favored the change in the pattern of food consumption in Mediterranean
areas [24], the shift away from the Mediterranean dietary pattern and the increase in NCDs
and rates of overweight and obesity [30,31]. The present study detected the association
between sociodemographic factors with high AMD. On the one hand, the condition of
living in a couple was positively associated with high AMD. Previous research [32] had
already detected that people living alone were more likely to have deficient intakes of
staple foods such as fruits, vegetables, and fish compared to those living with a partner.
On the other hand, it was observed that male smokers had a negative association with
high AMD, i.e., they had a higher risk of having a low AMD. This same phenomenon was
already observed in other studies in which smokers had a low AMD [33]. As a consequence
of the results obtained in the present study, as well as the data available in the scientific
literature, it would be of interest to study the level of AMD in individuals with toxic
habits (such as the consumption of legal and illegal drugs) in order to explain the observed
phenomenon in greater detail, since smoking is a toxic habit that should be adequately
controlled through the application of effective actions [34]. Despite the advances that
have been made [35], smoking continues to be an important public health problem that
causes cancer and respiratory and cardiovascular diseases and is one of the main causes of
preventable death [36].

Snacking between meals was also negatively associated with high AMD. In a first
estimation of the association, it showed statistical significance for the whole population and
in both sexes. After adjusting the analysis in the multivariate model, the variable showed
statistical significance in the general population, and it was observed that snacking between
meals was associated with lower AMD. Dietary guidelines recommend eating three main
meals a day [37] to promote dietary balance. However, snacking between meals implies an
alteration of the usual eating schedules, an increase in daily food intake and therefore an
alteration of circadian rhythms with possible harmful consequences for health [38]. Apart
from the negative impact on health of altered mealtimes, in the present study we observed
a shift away from MD that may be a consequence of the nutritional quality of the foods
chosen for these snacks. If highly processed foods are introduced during snacking, the
quality of the diet will be diminished [39] because they are usually products that induce
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excessive intake of free sugar [40], low-quality fats and, in short, foods that are nutritionally
uninteresting and dispensable in a healthy diet [41]. All this is closely related to body
weight, since the recurrent intake of this type of products favors an increase in dietary
energy, which can result in excess body weight [42]. In any case, there is a clear need to
prioritize fresh and plant-based foods and to promote eating habits that emphasize quality,
quantity and meal times, as three fundamental aspects to achieve healthy lifestyles [43,44].

It is noteworthy that variables such as educational level, physical activity, seden-
tary lifestyle, hypercholesterolemia and BMI, did not obtain statistical significance in the
multivariate model in any of the cases since scientific evidence closely relates them to
AMD.

In the present study, in a first estimation of risk, an association was observed between
health–disease status and high AMD, in both men and women. The population with chronic
health problems showed a positive association with high AMD, although when the analysis
was adjusted, the statistical significance of the observed phenomenon disappeared. Some
studies explain the phenomenon that the majority of people with these pathologies present
a moderate AMD and associate it with sociodemographic factors and health status [45–47].
Likewise, other studies indicate that dietary recommendations play an important role in
the prevention of certain diseases and that MD should be promoted among the population
with cardiovascular pathologies [48]. Therefore, it is not surprising that those who suffer
from CVD or related health problems have a higher AMD than those who do not, although
it would be of interest to find out when this change in diet occurred. Due to the typology of
the study (an official survey of a public health agency and endorsed by the Department of
Health and the General Directorate of Public Health, with a scope of 4500 people), we could
not add an additional questionnaire to solve the dilemma, but we can explain and justify it
with the scientific literature and propose that for future occasions this section be considered.
The authors point out the importance of carrying out further research that contemplates
people with pathologies in order to provide an answer to the unknown. However, it is to
be expected that in the population with CVD, cancer and other chronic NCDs, a change
in dietary pattern will occur after their detection and diagnosis, since diet plays a very
important role in the prevention of these pathologies, and specifically the MD is referenced
in many medical guides as a recommended dietary pattern [49–51].

Improving diet is a public health priority that can lead to a significant reduction
in CVD morbidity and mortality [52]. It is therefore important for healthcare providers
to understand current dietary practice guidelines and to apply evidence-based dietary
counseling to persons at high risk for CVD. In addition, there is evidence demonstrating
that a change in dietary pattern after the diagnosis of some disease or pathology can be
explained by the “health belief model” [53]. This model pays preferential attention to the
role of the individual’s perception or belief about his or her vulnerability to a disease that
threatens his or her health and the actions he or she can take to prevent that threat and
avoid the possible disease. According to this model, the person has to feel threatened by
his or her previous or current pattern of behavior (in this case a poor diet) in order to make
the change towards healthier actions (in this case, the MD) [54].

In view of the above, in our study sample we observed participants modifying their
diet towards a Mediterranean dietary pattern to improve their health when confronted
with disease diagnoses. It would be interesting to conduct future cohort studies along these
lines that would allow us to confirm these observations.

Limitations

The present investigation was able to use data from a regional nutrition and health
survey to assess AMD using the validated MEDAS questionnaire, although not all available
survey data could be used due to the lack of responses from participants.

Regarding the methodology and instruments used, the choice of the diet quality index
is one of the most relevant aspects of the study since it establishes the cut-off points on
which the conclusions will be drawn. Although diet quality indices are very useful for

45



Nutrients 2022, 14, 4110

assessing adherence to dietary patterns in specific populations [18], there is no universal
indicator that can be extrapolated to all populations.

In relation to the study sample, the present study evaluated the quality of the diet
in relation to the pattern of MD and the factors associated with its practice in the adult
population of southeastern Spain but did not consider the population under 16 years
of age.

For future lines of research, it would be of interest to observe whether changes in
dietary patterns and other lifestyles occur after the diagnosis of CVD and whether these are
associated with the traditional Mediterranean pattern. Moreover, as this is a cross-sectional
epidemiological study, the results obtained do not allow us to affirm that those with CVD
have always had a high AMD. It would be of interest to analyze this phenomenon by
means of different surveys (past and future) to be able to observe this change in the pattern
of food consumption and corroborate the hypothesis. It would also be of interest to know
how the elements of the food and physical environment favor or hinder high AMD and
other healthy lifestyles. It would also be interesting to widen the study area to have a
clearer and more detailed view of AMD, making use of the different nutrition and health
surveys available.

5. Conclusions

The present study evaluated the relationship between declared morbidity, lifestyles,
and other sociodemographic factors associated with high AMD in a sample of the adult
population of southeastern Spain. Age, type of cohabitation, and smoking habit were found
to be related to the level of AMD.

Evidence suggests that MD has salutogenic effects in healthy populations, preventing
overweight and obesity and other NCDs, and that it has a lower environmental footprint
than the current dietary pattern of the Spanish and Western population [55]. Therefore, it is
a priority for public health to promote MD adherence. Likewise, public health actions and
policies should focus their efforts on promoting MD in younger groups living alone and on
maintaining adherence in older groups. This association should be analyzed in depth, and
priority should be given to interventions aimed at the most vulnerable groups in order to
facilitate the adoption of healthy lifestyles among the entire population. Likewise, health
interventions with a multifactorial approach, including diet and smoking, can be positive
in improving lifestyles.
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Abstract: Nowadays, slimming diet methodology works within a reduction of body mass using
a decrease of dietary energy intake. However, there is no suitable method for understanding the
dynamic process of body mass metabolic transformation over time. In the present paper, we have
developed a biomathematic model to explain the temporal trend of body mass and its variations of
people who have undergone a change in their diet using the solving equation of the model. Data
relating to sex, age, body mass, and BMI were collected, and the compartmental model used to
interpret the body mass trends was constructed by assuming that the mass results from the sum of
the metabolic processes: catabolic, anabolic, distributive. The validation of the model was carried out
by variance analysis both on the total and individual data sets. The results confirm that the trend
of body mass and its variations over time depends on metabolic rates. These are specific to each
individual and characterize the distribution of nutritional molecules in the various body districts
and the processes catabolic, anabolic, distributive. Body mass and its variations are justified by the
metabolic transformations of the nutritional quantities. This would explain why energetically equal
diets can correspond to people of different body mass and that energy-different diets can correspond
to people of body mass at all similar.

Keywords: BMI cut-offs; BMI; body fat; pseudothickness; obesity; BMI-BFMNU; anthropometric
indices

1. Introduction

Every biological phenomenon, including the dynamic processes regarding the ab-
sorption, distribution, metabolism and excretion of molecules obtained from the diet,
should be interpreted as a function of time. In fact, the rule applied in the slimming diet
is derived from the estimation of the energy content of the lost weight but ignores the
dynamic physiological adaptations that arise during the change of weight, which lead to
changes both in the basal metabolic rate and in energy expenditure for physical activity.
Several models have been developed to verify changes in body mass over time. They have
incorporated metabolic adjustment and a nonlinear resting metabolic rate (RMR) term [1],
the use of a one-dimensional differential equation [2], the application of a multiplier for the
adaptation of dietary-induced thermogenesis [3], the calculation of a new parameter that
considers the energy expended to store energy during weight gain [4], the development of
a differential equation model based on the first law of thermodynamics that incorporates
all three adjustments along with the natural age-related reduction in the resting metabolic
rate [5] and mechanism-based model spanning full individual life and capturing changes in
body weight, composition and height [6]. However, no suitable method exists to describe
trends in body mass over time; at best, a broken line fits individual instantaneous data
related to mass, as in a discontinuous process. Therefore, interpolating and extrapolating
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data as a function of time is difficult because each situation was considered static and
detached [5]. Predictive equations [7–9] combined with anthropometric parameters or
not [10–15], have been applied to calculate the resting metabolic rate. It is therefore impor-
tant to find a model whose solving equation can interpret the temporal trend of body mass
in any environmental, physiological and/or pathological condition.

The aim of this study is to propose a mathematic model that explains trends in
body mass and its variations using a continuous function, valid in any physiological and
pathological condition.

2. Materials and Methods

For this study, we selected 374 patients of both sexes, aged between 7 and 73 years,
with different pathophysiological conditions who came to our university laboratory, and at
least four controls were performed during the nutritional pathway using the Biological-
Physiological Model of Human Nutrition (BFMNU) method, which is a mathematical
formula applicable in any physiological and pathological condition. The criterion was to
motivate them to voluntarily join the research first of all to take advantage of the benefits of
the new diet protocol, as well as to collaborate to improve the health service of prevention
and treatment through nutrition. We decided to collect the data in a single broad set to stay
consistent for the purpose of the work. Of course, the probability of finding a template for
each of the endless categories of belonging of the people tested may be higher than finding
one that applies to everyone. However, it would be better to find one of general meaning,
valid for everyone regardless of age, sex, muscle activity and pathologies. The choice to
consider only those who had had at least four check-ups was mandatory. In fact, checking
a curvilinear pattern with two or three experimental points makes no sense.

The number of experimental samples was adequate to calculate the statistical analysis.
In order to obtain a dataset suitable for the analysis of variance, only subjects who had
performed no less than four direct measurements of body mass over the entire transition
period of initial body mass to the final one was admitted to the study. The size of the
sample thus selected largely guaranteed the applicability of the statistical analysis. In fact,
the distribution of variance indicates that a set of data pairs that has at least 240 degrees of
freedom is congruous. Since only volunteers who had carried out at least four experimental
checks would have been admitted to the study, 60 patients would have been enough
(however, we worked with 374 patients). Anthropometric and weight measurements
were carried out in the clinic by qualified personnel. The complete set of results was
evaluated with variance analysis. This formula was considered an alternative to energy-
based methods that enable the prediction of changes in body composition in response
to energy intake through food, a crucial factor in the management of diet therapy. This
method was devised by Boselli [16,17] with the objective of proposing a new nutritional
intervention method different from the existing methods, which was able to systemically
interpret the metabolic processes of mass and energy and to overcome the many and
obvious contradictions of the methods already in use. The technical error of measurement
(TEM), which is an accuracy index that represents the measurement quality and control
dimension, was determined according to Perini et al. [18].

The Ethical Committee approved the study of the University of Milan (Milan, Italy)
(Ethical Committee Number UnivMil-1-2014). All subjects provided written informed
consent before study entry.

3. Results

The BFMNU model assumes that body mass results from the sum of three contribu-
tions from the catabolic, anabolic, and redistributive phases:

Catabolic phase
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with KV > 0
dV(t)

dt
= −KVV(t)

initial conditions:
V(0) = Mi

final conditions:
V(t→∞) = 0

dV(t)/V(t) = −kv dt;
∫

dV(t)/V(t) = −kv

∫
dt; lnV(t) = −kv t + cost.;

per t = 0 cost. = lnV(0) = lnMi; lnV(t) = lnMi − kv t;

lnV(t) − lnMi = −kv t; ln[V(t)/Mi] = −kv t; V(t)/Mi = e− k
v

t;

Mold(t) = Mi e−k
v

t

Anabolic phase

Q(t)        N(t)           kn 

with Q(t) > 0, kn > 0
initial conditions:

N(0) = 0;

final conditions:
N(t→∞) = Mf

the model is described by the following equation:

dN(t)/dt = −kn N(t) + Q(t)

how transformed is:
s n + kn n = q/s; n = q/s (s + kn);

we get A and B from the identity:

q/s (s + kn) = A/s + B/(s + kn); A = q/kn; B = −q/kn

leading to the following solution:

N(t) = (Q/kn) (1 − e−knt)

that because of
t→∞, N(t→∞) = Mf,

can be written as:
Mnew(t) = Mf (1 − e−k

n
t)

Redistributive phase

                  
  V(t)                       

kvn 

kne kve 
knv 

V (t) 

with: kvn, knv, kve, kve > 0
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with: ke = kve = kne; kv = kvn + kve; kn = knv + kne
where: kv − kvn = kn − knv and kv + knv = kn + kvn = K

And since the transition phase is intermediate between the initial phase and the final
phase, we must bear in mind that for 0 < t <∞, V (0 < t <∞) = Vx yN (0 < t <∞) = Nx.

The system of differential equations that the model describes is:

dV(t)/dt = −kvV(t) + knvN(t)

dN(t)/dt = −knN(t) + kvnV(t)

with the Laplace-transform:
s v + kv v − knv n = Vx

s n + kn n − kvn v = Nx

(s + kv) v − knv n = Vx

−kvn v + (s + kn) n = Nx

v n Known
(s + kv) −knv Vx
−kvn (s + kn) Nx

Dt = (s + kv) (s + kn) − knv kvn = (s + α) (s + β); (the roots of the equation in s2 are α, β)

Dv = Vx (s + kn) + Nx knv

Dn = Nx (s + kv) + Vx kvn

where:
v = Vx (s + kn)/(s + α)(s + β) + Nx knv/(s + α)(s + β)

n = Nx (s + kv)/(s + α)(s + β) + Vx kvn/(s + α)(s + β)

Since the writing of the two previous equations is analogous, it is enough to find the
constants A, B, C, F of the first two identities (only of the first equation because those of the
second are analogous):

Vx (s + kn)/(s + α)(s + β) = A/(s + α) + B/(s + β)

Nx knv/(s + α)(s + β) = C/(s + α) + F/(s + β)

Vx (s + kn) = A (s + β) + B (s + α) = s(A + B) + A β + B α

where:
A + B = Vx, and Vx kn = A β + B α

A = Vx − B

so what:
Vx kn = Vx β − B β + B α = Vx β − B (β − α)

Vx (kn − β) = −B (β − α)

thus
B = −Vx(kn − β)/(β − α)

and, in consequence:

A = Vx − B = Vx + Vx (kn − β)/(β − α)

i.e.,:
A = Vx(kn − α)/(β − α)
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Nx knv = C (s + β) + F (s + α) = s (C + F) + C β + F α

where:
C + F = 0, e Nx knv = C β + F α

C = −F

so what:
Nx knv = −F β + F α = −F (β − α);

thus:
F = −Nx knv/(β − α)

and, in consequence:
C = Nx knv/(β − α)

The following equations:

v = Vx (s + kn)/(s + α)(s + β) + Nx knv/(s + α)(s + β)

n = Nx (s + kv)/(s + α)(s + β) + Vx kvn/(s + α)(s + β)

can be written:

V(t) = Vx(kn−α)
(β−α)(s+α)

− Vx(kn − β)/(β− α)(s + β) + Nx knv/(β − α)(s + α)− Nx knv/(β− α)(s + β)

N(t) = Nx(kv − α)/(β–α)(s + α)–Nx(kv − β)/(β–α)(s + β) + Vx kvn/(β–α)(s + α)− Vx kvn/(β–α)(s + β)

Of which, we obtain:

V(t) = Vx(kn − α)e−αt/(β − α) − Vx(kn − β)e−βt/(β − α) + Nx knv e−αt/(β − α) − Nx knv e−βt/(β − α)

N(t) = Nx(kv − α)e−αt/(β − α) − Nx(kv − β)e−βt/(β − α) + Vx kvn e−αt/(β − α) − Vx kvn e−βt/(β − α)

Given that
M(t) = V(t) + N(t)

then:

M(t) = Vx(kn − α + kvn)e−αt/(β − α) + Nx(kv − α + knv)e−αt/(β − α)+

−Vx(kn − β + kvn)e−βt/(β − α) − Nx(kv − β + knv)e−βt/(β − α)

M(t) = [Vx(kn − α + kvn) + Nx(kv − α + knv)] e−αt/(β − α)+

−[Vx(kn − β + kvn) + Nx(kv − β + knv) ] e−βt/(β − α)

and remembering that

ke = kv − kvn = kn − kvn; kv + kvn = kn + kvn = K

then:

M(t) = [Vx(K − α) + Nx(K − α)] e−αt/(β − α) − [Vx(K − β) + Nx(K − β)] e−βt/(β − α)

Mredistributive (t) = (Vx + Nx)(K − α) e−αt/(β − α) − (Vx + Nx)(K − β) e−βt/(β − α)

Finally how (K − α) ~ (K − β) ~ (β − α), can be approximated:

Mredistributive(t) = (Mi + Mf) (e−αt − e−βt)
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that in the initial and final conditions:

for t = 0 Mredistributive (0) = 0

and for t→∞ Mredistributive (t→∞) = 0

Finally, the solution of the model is given by the sum of the three solving equations of
the catabolic, anabolic, and distributive processes:

Mc(t) = Mi e−kvt + Mf (1 − e−knt) + (Mi + Mf)(e
−αt − e−βt)

Since the metabolic rate constant of the “old” mass is substantially the initial metabolic
constant and that of the “new” mass is defined as the final or final, the above equation
becomes:

Mc(t) = Mi e−kmit + Mf (1 − e−kmft) + (Mi + Mf)(e
−αt − e−βt)

where Mc is the body mass at time t, Mi the body mass at the beginning of the observations,
Mf the body mass at the end, respectively, and α and β are the constants controlling the
distributive process. To facilitate the calculations necessary to obtain the numerical solution
of the model on the experimental data set, specially compiled software (Dies4) was used.
Body mass values were measured monthly by means of an electronic balance (sensitivity of
0.1 kg). The metabolic rate constants were calculated with the following formula:

km [h−1] = −(1/24) ln [(Mc − Ma)/Mc]

where Mc (kg) is the body mass and Ma (kg) the daily food mass.
If this equation is applied to all the pairs of values for MC and Ma, the metabolic

constants of the body mass can be calculated at any time. A balanced diet was assigned for
each of the patients with the aim of making the patients tend toward normal with respect to
their BMI interval. Body mass was measured initially and then subsequently at each control.
The initial food mass was reported by the patients through the food diary and subsequently
replaced by the dietary mass of the assigned diet. Patients were required to follow the
diet scrupulously and to maintain the same lifestyle at least as long as necessary to carry
out the checks. For each of the patients, the metabolic constants were calculated during
the control visits using the same formula with which the initial values were calculated.
Therefore, the constants varied because the body mass, not the food mass, varied over time.
The metabolic constants are stable when body mass stabilizes. Considering body mass as a
result of the three catabolic, anabolic, and redistributive phases for each patient, a temporal
trend was constructed by inserting the initial, intermediate, and final constants into the
formal solution of the model. The expected body masses were calculated, whereas the
observed values were measured experimentally during the control visits. At every time
on the curve, each patient was characterized by a couple of expected–observed values. A
database was constructed by randomly inserting the following parameters for each patient:
sex, age, initial body mass, body mass index (BMI), initial km, final body mass, final km,
number of control visits, deviance, and variance. Figure 1 shows an example of fitting a
patient’s body mass.

55



Nutrients 2022, 14, 3575

 
Figure 1. An example of fitting a patient’s body mass. The expected body mass (blue line and
points) is the sum of three contributions from the catabolic (dark line), anabolic (green line), and
redistributive phases (yellow line).

Deviance is the sum of the squares of the differences between the calculated (expected)
data and the experimentally measured (observed) data: Dev = ∑n

1 = (Yobserved − Yexpected)2.
The variance is Var = Dev

DF , where Dev = deviance and DF = degrees of freedom. Table S1
shows all values obtained for the studied subjects and Table S2 reflects all values with
statistical analysis.

4. Discussion

The logical sequence of the phases that lead to the realization of a biomathematic model
such as the one proposed in this research are: (i) draw one or more block diagrams that have
biological sense and, above all, indicate the connections and direction of matter transfers,
(ii) describe the scheme with a system of differential equations (Formal model), (iii) solve
the system of differential equations to obtain the integral equation (Formal solution of the
model), (iv) calculate, from the formal solution, the values that the dependent variable (in
our case the Body Mass) takes in correspondence with the independent variable (time),
(v) analyze all pairs of values calculated and measured experimentally to understand if
there are significant differences (validation process) and (vi) the model is valid to interpret
the experimental data only if the variance, calculated on the total set of value pairs and/or
on the subgroups tends to zero (at 240 degrees of freedom it is sufficient that it is less
than 1).

All mean variances of the pathophysiological groups are less than 1 and are no
different from the total variance. The model is validated. However, if we compare the
mean variances of the individual pathological groups with the group of healthy people,
it is observed that the model applied to the groups of anorexia and tumors (much more
evident in anorexia) proves to be valid but at the limit of significance. This is due to the
insufficient number of samples. A more in-depth investigation, which could remove any
doubt about the validity of the model also in these two groups, is desirable and to be carried
out in future research. In fact, the variance analysis carried out on the results showed
that no significant differences existed between the expected and the experimental data;
therefore, we concluded that the model was suitable for interpreting trends in body mass
over time. In our viewpoint, the limits of this study are determined by the purpose of the
research itself and therefore by the consequent experimental plan. No other result, obtained
outside the experimental plan, can be considered valid. If by limits we mean the critical
elements then it can be said that the random choice of the sample guarantees the statistical
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representativeness of the population but cannot guarantee in the same way the comparison
between those groups, internal to the sample, which have lower degrees of freedom. For
example, in this study, the comparison between anorexic and oncological groups with
healthy people could be questioned for the low number of degrees of freedom at stake (37
and 43 respectively). On the other hand, it should be considered that the analysis of variance
on partial sets and on the whole set cannot be misunderstood. We are not demonstrating
the equality between pathophysiological situations, which obviously does not exist and
cannot be there. Instead, we are evaluating whether, in each pathophysiological situation,
the model can interpret the experimental data.

In the future, the research could be extended to each single metabolic compartment
(protein, aqueous, glucose, and lipid). Metabolic constants are specific to the subject and
are the result of the functional state of the subject, and do not depend on whether they
belong to a particular pathophysiological class. Our results confirm that body mass and its
variation do not depend on energy but on the metabolic speed constants [19] where the
body mass of an individual is determined by mass balance, regulated by corresponding
metabolic rate, calculated by the BFMNU method, thanks to which the macronutrients
in the diet are absorbed, redistributed and eliminated. In fact, this study reflected that a
significant correlation, although not straight, is demonstrated between Δ% of food energy,
supplied after processing through the dietary BFMNU method, and the Δ% of body mass,
obtained following the dietetic path. Furthermore, this tool was applied in university
students [20]. Currently, the clinical application of predictive equations [2–10] is useful for
calculating the resting metabolic rate. However, the best fit allows us to predict body mass
instantaneously as well as throughout life, providing the significant advantage of control
over the whole process.

Currently, the diet methodology is premised on energy and tends to understand
body mass as a result of dietary energy contained in the diet. It is said that body mass
is related to introduced food energy, but the correlation between the two is so low as to
be considered casual and not significant. Within the same patient, starting from a steady
state, the only method to determine the end point is to evaluate the percentage variation
of the energy contained in the assigned diet with respect to the previous diet. This is
correlated, but not in a straight line, to the percentage change in the body mass [5]. The
overall process that leads to the formation of body mass is the sum of partial dynamic
processes: catabolic, anabolic, and distributive. These processes are contemporary and
occur throughout life, even if at different rates depending on age and pathophysiological
conditions. The modelling approach allows us to determine the speed constants that
regulate these three processes. Body mass depends on the diet mass and mainly on the
speed constants (k) with which the mass is transformed, which depends on metabolism [7].
The calculation of speed constants indicates the space–time context of the biological process
and predicts its progress and possible outcomes. Therefore, if nutritional needs can be
determined on the basis of metabolic constants, then optimal and specific diets can be
formulated. The main purpose of the method is to optimize health with proper nutrition,
which means finding a diet that is able to produce a combined change in body mass and
composition and provide useful energy to the body to improve its performance [8]. Several
authors have examined the importance of other factors on resting metabolic rate and
energy expenditure, including specific behaviors [21] and environmental factors [22,23].
The literature indicates that measured RMR (mRMR) is positively correlated with BMI,
total fat mass, and fat-free mass [24–26]. In longitudinal studies, animal models were
used to understand and examine individual variation in resting metabolic rate. Krom
et al. [27] used model components from obesogenic environments when using animal
models to elucidate aspects of human obesity. The advantage of animal models is that
rats can be selected, placed in a well-controlled environment, and followed throughout
the development, treatment, and relapse of nutritional diseases [28–31]. Unlike humans,
the behavior of rats is not influenced by peer pressure, the concept of an ideal physique,
or other societal factors that provide the motivation to alter behavior [28]. Recently, the
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applicability of BFMNU with the BMI has been used to define a new formula called BMI-
BFMNU where it is possible to obtain an indication of the body structure related to the
amount of fat [32].

5. Conclusions

In summary, the use of BFMNU is useful to systemically determine the metabolic
processes of mass and energy and to overcome the many contradictions of the methods
already in use. It is a phenomenological and mathematical method applicable to any
individual in any pathophysiological condition, and its primary objective is to determine
the optimal diet for producing a synergistic change in body mass, body composition,
and energy to improve the functionality of the body with the smallest possible variation
in comparison to previous eating habits. The promotion of this study reflected that the
BFMNU method is a model that can help describe trends in body mass and its variations
over time using a continuous function that is useful in daily clinical work. Together with the
advantages, however, it is necessary to highlight some limitations that derive precisely from
the very nature of the method. The collection of data, information, direct measurements,
processing and calculations takes time on the part of specialists.
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Abstract: Obesity is an epidemic causing a metabolic health crisis. Herein, the interactions between
the gut prokaryotic and eukaryotic communities, metabolic comorbidities and diet were studied. Stool
samples from 56 subjects, 47 with type III obesity and 9 with type II obesity and cardiovascular risk or
metabolic disease, were assessed for the richness, diversity and ecology of the bacterial gut community
through metagenomics, together with the study of the presence of common unicellular eukaryote
parasites (Blastocystis sp., Dientamoeba fragilis and Giardia intestinalis) by qPCR. Clinical information
regarding metabolic comorbidities and non-alcoholic hepatic fatty liver disease was gathered. To
assess the quality of the patients’ diet, each participant filled in three dietary questionnaires. The
most prevalent parasite Blastocystis sp. (46.4%), together with D. fragilis (8.9%), was found to be
associated with higher mean diversity indexes regarding non-colonized subjects; the opposite of that
which was observed in those with G. intestinalis (16.1%). In terms of phyla relative abundance, with
Blastocystis sp. and D. fragilis, very slight differences were observed; on the contrary, G. intestinalis
was related to an increase in Bacteroidetes and Proteobacteria, and a decrease in Firmicutes and
Actinobacteria, presenting the lowest Firmicutes/Bacteroidetes ratio. At genus level, Blastocystis
sp. and/or D. fragilis was accompanied with an increase in Lactobacillus spp., and a decrease in
Akkermansia spp., Bifidobacterium spp. and Escherichia spp., while G. intestinalis was associated with an
increase in Bacteroides spp., and a decrease in Faecalibacterium spp., Prevotella spp. and Lactobacillus
spp., and the highest Bacteroides spp./Prevotella spp. ratio. Participants with non-alcoholic hepatic
fatty liver presented a higher Firmicutes/Bacteroidetes ratio, and those with type 2 diabetes displayed
a significantly lower Faecalibacterium spp./Escherichia spp. ratio, due to an overrepresentation of
the genus Escherichia spp. The presence of parasites was associated with variations in the richness,
diversity and distribution of taxa in bacterial communities, confirming a gain in diversity associated
with Blastocystis sp. and providing different functioning of the microbiota with a potential positive
effect on comorbidities such as type 2 diabetes, insulin resistance and metabolic syndrome. Future
basic and clinical studies should assess the beneficial or pathogenic effect of these eukaryotes on
obese subjects and focus on deciphering whether they may imply a healthier metabolic profile.

Keywords: obesity; eukaryotic microbiota; Blastocystis sp.; Giardia intestinalis; Dientamoeba fragilis;
metabolic markers; diet
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1. Introduction

Human gut microbiota encompasses millions of different microbes, including bacteria,
archaea, fungi, viruses, helminths and protozoans, which are harboured by the human gas-
trointestinal tract in a symbiotic relationship. They carry a vast collection of genes referred
to as the microbiome [1] and constitute an intestinal community that is stable over time,
highly dissimilar and specific between subjects. Its functions are diverse in nature, ranging
from metabolic and energy harvesting [2,3], to anti-infective and immunomodulatory [4,5].

Various studies have comprehensively described the bacterial composition of the
gut microbiota, both in healthy and unhealthy subjects, even though there is still a lack
of thorough understanding of its interactions with the human host. It is hypothesized
that modifications in the western lifestyle (e.g., the practical disappearance of helminthic
and protozoan infections, the incorporation of processed foods and the generalized use of
antibiotics) have contributed to changes in the composition of the intestinal communities
towards a decrease in the levels of prokaryotic and eukaryotic diversity [6–8]. This fact has
altered the bidirectional relationship between microbiota and host, and a growing number
of diseases have been suggested to be linked to this phenomenon, including obesity [9–12].

Although less abundant, unicellular eukaryotic microorganisms represent an on-
topic component of the gut microbiota, but their significance within the microbial ecology
remains largely unknown. Their presence has not been clearly defined as pathogenic or
commensal, and knowledge about their impact on the composition of microbiota and
host homeostasis remains limited. Giardia intestinalis is one of the most prevalent and
studied parasites in this area. The establishment of G. intestinalis has been suggested to
be conditioned by the microbiota composition of the host [7], modulating susceptibility
and allowing the progression to a clinically significant infection. Furthermore, numerous
studies indicate that this protozoan has the potential to reconfigure the structure of the gut
ecosystem and cause a dysbiotic condition that persists even after its eradication [13–17].

On the other hand, Blastocystis sp. is one of the most common intestinal parasites
isolated in human faeces, usually as an incident finding. The exposure to the parasite is
insufficient to develop intestinal colonization, since its clearance depends on the resident
microorganisms and the interactions between them, and with the host’s immune system.
Once the parasite is established, it can exist for more than ten years, thereby becoming a
stable member of the gut ecosystem and modulating its structure [11,18]. However, its role
as a pathogenic organism in humans remains speculative [19], since a link with intestinal
pathology has not been unequivocally demonstrated. Additionally, high bacterial diversity
and richness are traits of a healthy human microbiota [20], and their loss has been linked
to several disorders [21]; in this sense, the presence of Blastocystis sp. in the gut has been
associated with a higher biodiversity and better functionality of the microbiota [22,23],
and could, therefore, be considered beneficial instead of harmful. Additionally, several
descriptive studies reveal a protective role of this microorganism in obesity [18,21,23].

Dientamoeba fragilis is another protozoan that has been neglected for decades [24].
Virtually since its discovery, there has been controversy in the scientific community about
its pathogenic role, since it is common to find asymptomatic parasitized subjects [25,26].
Research regarding its impact on intestinal microbial structure is scarce, and no differences
in composition or diversity have been found when comparing the intestinal communities
of subjects with and without the parasite [27].

According to this current state of the art, a study on morbidly obese residents in Spain
was designed to further address the interactions between these three unicellular eukaryotic
parasites and the richness, diversity and ecology of the intestinal bacterial community.

2. Materials and Methods

2.1. Design of the Study

This research is part of a larger single-centre and cross-sectional study conducted from
August 2018 to February 2020, in obese subjects attending the Endocrinology and Nutrition
Service of University and Polytechnic Hospital La Fe (Valencia, Spain).
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The main aims of this study were to describe the presence of three common enteric
parasites, Giardia intestinalis, Dientamoeba fragilis and Blastocystis sp., and analyse their
occurrence with the metagenomics results of the bacterial community analysis, outlining
any differences concerning richness, diversity and ecology. A secondary objective of the
study was to ascertain the differences in microbiota composition with regard to metabolic
comorbidities and diet composition.

Confusing factors previously described as modifiers of the composition of human gut
microbiota were registered, namely: smoking status, regular use of Proton Pump Inhibitors
(PPI), Helicobacter pylori colonization and history of a cholecystectomy.

Informed consent was obtained from all participants, after being informed about the
aim of the study, risks, and implications of their participation in it, as well as the treatment
and confidentiality of the data. This study was approved by the Ethics Committee for
Drug Research of the University and Polytechnic Hospital La Fe, ensuring that the funda-
mental principles established by the Helsinki Declaration, data protection and bioethics
were respected.

2.2. Study Population

Data from 56 subjects were gathered. Mean age was 48.1 ± 9.8 years, with 36 women
and 20 men. The individuals included in the study were mostly patients with type III
(n = 47) obesity, but also a few with type II (n = 9) and comorbidities of cardiovascular risk or
metabolic disease were included. Fifty participants were Spanish, while the remainder were
of Bulgarian (2), Colombian (1), German (1), Dominican (1) and Honduran (1) nationality.

Inclusion criteria were: (a) age: 18–65 years old; (b) Body Mass Index (BMI): >40 kg/m2,
or >35 kg/m2 in coexistence with significant comorbidity; (c) no sustained weight loss
with non-surgical measures. Exclusion criteria were: (a) diagnosis of oncologic disease or
active oncologic process in the last 5 years; (b) autoimmune or chronic gut inflammatory
diseases; (c) history of intestinal intervention that may alter the intestinal secretion dynam-
ics; and (d) consumption of any oral or parenteral antibiotic during the six weeks prior to
faecal sampling.

Every participant put on a standard hypocaloric diet, defined as a caloric input
between 20–25 kcal/kg total weight/day [28]. Additionally, patients who were close to
bariatric surgery were encouraged to progressively introduce commercial hypocaloric-
hyperproteic meal replacements to enhance weight loss before surgery. To this end, either
Optisource® (Nestlé Health Science, Vevey, Switzerland) or Vegestart Complet® (Vegenat
Health Care, Badajoz, Spain) products were prescribed.

2.3. Clinical Interview

Every patient had interviews with an endocrinologist and a nutritionist, in which
relevant information was recorded regarding medical history, epidemiological data and
regular drug consumption. To assess the quality of the diet followed during the previous
months, each participant completed the following tools: (i) a short 14-item questionnaire
of adherence to the Mediterranean diet (validated in a Spanish population and used by
the PREDIMED group) [29,30]; (ii) a validated Spanish food frequency questionnaire [31];
(iii) a 24 h recall questionnaire conducted in quintuplicate, according to the European
recommendations [32] and methodology [33]. The evaluation of the nutritional composition
of meals and the estimation of the daily intake of energy, macro- and micronutrients was
carried out using the DIAL 3.0.0.5 software [34]. The cut-offs were applied as a reference to
consider whether the participants fulfilled the daily nutritional requirements or not [35].

Furthermore, the patients were categorized according to the following metabolic
comorbidities: hypertension, type 2 diabetes (T2D) or pre-diabetes, dyslipidaemia and
hyperuricemia. Metabolic syndrome was diagnosed according to the National Cholesterol
Education Program (NCEP) Adult Treatment Panel III (ATP III) definition [36]. An insulin
cut-off point of >3.8, previously validated in our population [37], was established as
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indicative of insulin resistance. The presence of hepatic steatosis suggestive of Non-
Alcoholic Hepatic Fatty Liver Disease (NAFLD) was assessed by means of ultrasonography.

Finally, anthropometric measurements were obtained after an overnight fast to gather
information concerning weight and height. A multi-frequency bioelectrical impedance
analysis (InBody 770®, Biospace Co., Ltd., Seoul, Korea); Frequencies: 1, 5, 250, 500 and
1000 kHz) [38] and a wall height rod were employed for every participant. Body Mass
Index (BMI) was calculated as kg/m2.

2.4. Stool Sampling, DNA Extraction and Parasitological Analysis

Each patient provided three stool samples collected on alternate days in REAL Min-
iSystems with Total-fix fixative (Durviz, Valencia, Spain) for conservation and concentration
by centrifugation. Stool DNA was extracted from 200 μL of the concentrate with the QI-
Aamp DNA Stool Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s
instructions. Extracted DNA was stored at −20 ◦C until its use in parasitological and
microbiological analysis.

Multiplex PCR for the detection and identification of intestinal parasites was per-
formed using a commercially available kit, Allplex GI-Parasite Assay (GIPPA) (Seegene,
Seoul, South Korea) for common human unicellular parasites such as Giardia duodenalis,
Entamoeba histolytica, Cryptosporidium spp., Blastocystis hominis, Dientamoeba fragilis and
Cyclospora cayetanensis [39–41]. Amplification was performed on the CFX96 Real Time
PCR System (Bio-Rad, Marnes-la-Coquette, France), and managed with CFX Manager
IVD 1.6 software, in a 25 μL reaction volume containing 20 μL reaction mix (5 μL Primers
Mom, 5 μL Anyplex PCR MM (EM2), 8 μL of DNase/RNase-free water and 2 μL of
internal control) and 5 μL of DNA. Negative (DNase/RNase-free water) and positive
controls were included in each assay. Results were analysed and interpreted using the
Seegene Viewer V3 software optimized for multiplex assays. Samples were considered
positive for specific parasites if the cycle threshold (Ct) was ≤43 cycles, according to the
manufacturer’s instructions.

2.5. Microbiota Analysis by Next Generation Sequencing and Interpretation

Metagenomics analysis of the intestinal bacterial community was obtained from stool
DNA as described in the previous section, which was delivered to the Sequencing and
Bioinformatics Service of the Foundation for the Promotion of Health and Biomedical
Research of Valencia Region (FISABIO).

For the study of the intestinal microbiome, the bacterial gene coding for the 16S rDNA
was analysed according to the Illumina MiSeq 16S Metagenomics Sequencing Library
Preparation protocol (Cod. 15044223 Rev. A). The pair of primers used for the PCR was
suggested by Klindworth et al. (2013) [42]. Bacterial genomic DNA (5 ng/μL in 10 mM
Tris pH 8.5) was used to initiate the protocol. After 16S rDNA gene amplification, the
multiplexing step was performed using Nextera XT Index Kit (FC-131-1096). One μL
of the PCR product was run on a Bioanalyzer DNA 1000 chip to verify the expected
size (~550 bp). After size verification, the libraries were sequenced using a 2 × 300 pb
paired-end run (MiSeq Reagent kit v3 (MS-102-3001)) on a MiSeq Sequencer according
to the manufacturer’s instructions (Illumina, San Diego, CA, USA). Quality assessment
was performed using the “prinseqlite” program [43], applying the following parameters:
min_length: 50; trim_qual_right: 30; trim_qual_type: mean; trim_qual_window: 20.

Meta-taxonomy assessment was performed using some of QIIME2 (Quantitative
Insights into Microbial Ecology) plugins. Denoising, paired-ends joining and chimera
depletion were performed, starting from paired ends data using DADA2 pipeline [44]. Tax-
onomic affiliations were assigned using the Naïve Bayesian classifier integrated in QIIME2
plugins. The database used for this taxonomic assignation was the SILVA_release_132 [45].
The sequence data were analysed using QIIME2 pipeline, as originally cited in Caporaso
(2010) [46]. The sequences are available in the ENA public repository (https://www.
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ebi.ac.uk/ena/browser/view/PRJEB51819 accesion number: ERA10729632) (accessed on
25 March 2022).

Microbiome diversity is typically described in terms of within (i.e., alpha) and between
samples (i.e., beta) diversities. Alpha diversity of the microbiota from each sample was
determined by means of Chao1 and Shannon indexes. The Chao1 index assesses the bacte-
rial richness within a community, whereas the Shannon index evaluates the diversity in a
community based on the distribution of taxa abundances within a sample. Beta diversity
was analysed with Jaccard and Sorensen indexes, the most widely used in ecology and evo-
lution, which express the similarity or dissimilarity of microbial community composition
between samples. Likewise, Principal Coordinate Analyses (PCoA) were plotted against
samples as a summary of the beta diversity.

Secondly, the different taxonomic categories were explored, describing the following
relative abundances and ratios: (i) relative abundance of the human main intestinal phyla
(Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria); (ii) Firmicutes/Bacteroidetes
ratio; (iii) relative abundance of genera described as beneficial [47–51]: Akkermansia spp.,
Faecalibacterium spp., Roseburia spp., Bifidobacterium spp., and Lactobacillus spp.; (iv) Bac-
teroides spp./Prevotella spp. ratio, whose relative abundances are usually inversely corre-
lated [52,53]; and (v) Faecalibacterium spp./Escherichia spp. ratio, which has been previously
used as a dysbiosis index caused by parasitic colonization [14].

2.6. Statistical Analysis

Data obtained are shown as absolute frequency (%) in qualitative variables and as
mean ± standard deviation or median (Q1, Q3) in quantitative variables. To compare the
differences between groups, the Chi2 test for qualitative variables and Wilcoxon rank sum
test with continuity correction for quantitative variables were performed. A p value < 0.05
was considered to indicate statistical significance when comparing clinical variables. All
analyses were performed using the statistical software R (4.0 version) [54].

2.7. Ethical Statement

Informed consent was obtained from all participants after being informed about the
aim of the study, risks and implications of their participation in it, as well as the treatment
and confidentiality of the data.

This study was approved by the Biomedical Research Ethics Committee of University
and Polytechnic Hospital La Fe on 1 July 2019 (Project identification code: 2017/0486), re-
specting the fundamental principles of the Declaration of Helsinki, of the Council of Europe
Convention in relation to Human Rights and Biomedicine of the UNESCO Declaration.

3. Results

3.1. Studied Population Description

In terms of the WHO classification [55], mean BMI of the participants was 45.6 ± 6.5 kg/m2

and mean waist circumference 129.9 ± 13.5 cm. Active smoking was present in 25.0% of
the participants, and 14.3% regularly consumed PPI. Five patients (8.9%) had a history
of cholecystectomy. Up to 22 (42.3%) were taking at least one meal replacement per day
during the month before faecal sampling.

The most frequent metabolic comorbidities were dyslipidaemia (73.2%), hypertension
(53.6%), hyperuricemia (46.4%) and T2D (33.9%). Metabolic syndrome (ATP-III diagnostic
criteria) was diagnosed in 51.7% of cases; 61.2% were insulin resistant, and 71.2% presented
hepatic steatosis (US assessment).

Thirty-one participants (55.4%) were demonstrated to be colonized for intestinal
unicellular parasites by multiplex qPCR. The most frequent species were Blastocystis sp.
(46.4%), Giardia intestinalis (16.1%) and Dientamoeba fragilis (8.9%), with 5 cases combining
Blastocystis sp./G. intestinalis, 2 cases of Blastocystis sp./D. fragilis and 1 case colonized
by the three species. No cases of Cryptosporidium spp., Entamoeba histolytica, or Cyclospora
cayetanensis species included in the same multiplex assay was detected.
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The group of subjects colonized by a unicellular eukaryote (n = 31) was comparable
with the non-colonized group (n = 25) in terms of age, gender, metabolic comorbidities,
meal replacement consumption and smoking condition (Table 1). However, colonized
participants were significantly more obese (mean BMI 47.3 vs. 43.4 kg/m2; p = 0.025).

Table 1. Comparison between sociodemographic, anthropometric and clinical variables categorized
by colonization status.

Colonized Non-Colonized

Female n (%) 19 (61.3) 17 (68.0)
Male n (%) 12 (38.7) 8 (32.0)

Age (years) mean (SD) 47.8 (10.3) 48.6 (9.3)

BMI (kg/m2) mean (SD) 47.3 (6.7) 43.4 (5.8)
Abdominal circumference

(cm) mean (SD) 132.4 (11.6) 126.9 (15.4)

Type II obesity n (%) 3 (9.7) 6 (24.0)
Type III obesity n (%) 28 (90.3) 19 (76.0)

Smokers n (%) 11 (35.5) 4 (16.0)
Meal replacement

consumption n (%) 11 (35.5) 11 (44.0)

PPI regular use n (%) 3 (9.7) 5 (20.0)
History of a cholecystectomy

n (%) 1 (3.2) 4 (16.0)

Hypertension n (%) 14 (45.2) 16 (64.0)
Dyslipidaemia n (%) 25 (80.6) 16 (64.0)

T2D n (%) 8 (25.8) 11 (44.0)
Hepatic steatosis n (%) 10 + (37.0) 5 (20.0)

Hyperuricemia n (%) 15 (48.4) 11(44.0)
Metabolic syndrome n (%) 15 (48.4) 14 (56.0)

Insulin resistance n (%) 17 (56.7) 12 (63.2)
BMI: Body Mass Index; PPI: Proton Pump Inhibitors; T2D: Type 2 Diabetes. Numbers in bold indicate significance
at the 0.05 level between groups. + Missing data from 4 subjects.

3.2. Metagenomics Analysis of the Intestinal Bacterial Community
3.2.1. Reads by Sample

Among all stool samples, the mean number of raw sequences found was 188,847. After
the quality assessment protocol included in the DADA2 pipeline (initial quality filtering,
denoising, paired-ends joining and chimera filtering), the mean number of reads was re-
duced to 136,840 (73.1% of non-chimeric inputs). The final dataset produced 3783 Amplicon
Single Variants (ASV), distributed into 13 phyla, 96 families, 330 genera and 668 known
species. Supplementary tables show individual results regarding reads by count clustered
by phylum (Table S1) and genus (Table S2).

A trend towards a higher number of reads was found in subjects colonized with para-
sites, which resulted as statistically significant in the subgroup of the Blastocystis positives
(mean number of reads: 136,282 vs. 118,070; p = 0.038). In addition, a significantly lower
recount of sequences was identified among participants suffering from Non-Alcoholic Hep-
atic Fatty Liver Disease (NAFLD) (mean number of reads: 118,374 vs. 140,395; p = 0.002).

3.2.2. Alpha and Beta Diversity

Chao1 and Shannon indexes were used at genus level to assess the intestinal bacterial
structure in terms of alpha diversity. When comparing these indexes between subjects
with or without intestinal parasites, higher alpha diversity was observed in Blastocystis
sp. and/or D. fragilis positive ones, compared to those colonized by G. intestinalis (Table 2)
(Figure 1); however, the differences were not significant.
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Table 2. Alpha and beta diversity mean indexes at genus level categorized by colonization status and
parasitic species.

Non-Colonized (n = 25) B/DF (n = 22) G. intestinalis (n = 9)

Chao 1 109.8 119.1 103.3
Shannon 2.89 2.94 2.72

Jaccard 0.443 0.477 0.376
Sorensen 0.599 0.632 0.520

B/DF = Blastocystis sp. and/or D. fragilis positives after excluding co-infections with G. intestinalis.

Figure 1. (A) Alpha diversity distances boxplots for comparison of genus richness (Chao1) and
diversity (Shannon) between subjects regarding colonization status and parasitic species. (B) Beta
diversity distances boxplots for comparison of microbial community composition at genus level
(Jaccard and Sorensen) between the subjects clustered by colonization status and parasitic species.
Horizontal lines indicate medians. * denotes p < 0.05 compared to the non-colonized group.

The same trend was observed when analysing beta diversity (Jaccard and Sorensen
indexes) and significant differences in the community structure were detected (Figure 1),
with a higher variability of genera among participants colonized by Blastocystis sp. and/or
D. fragilis, and lower in those colonized by G. intestinalis (Table 2). The divergence on the
structure of the bacterial community when comparing Blastocystis sp. and/or D. fragilis
cases and non-colonized subjects is reflected in Figure S1, which shows the PCoA charts of
both conditions.

Evidence points to an unhealthier microbiome in subjects suffering from metabolic
syndrome [20,56]. Therefore, for a more complete analysis of the alpha diversity, patients
were grouped according to two variables: the colonization with parasites, and the presence
of metabolic syndrome. In this combined study, the higher values of microbial diver-
sity were found among metabolically healthy participants who harboured Blastocystis sp.
and/or D. fragilis (Table 3).
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Table 3. Mean alpha diversity indexes at genus level categorized by the presence of metabolic
syndrome or NAFLD and colonization by Blastocystis sp. and/or D. fragilis.

Metabolic syndrome Metabolically healthy
Non-colonized B/DF Non-colonized B/DF

Chao 1 104.9 112.5 116.3 124.5
Shannon 2.86 2.74 2.94 3.09

NAFLD positives NAFLD negatives
Non-colonized B/DF Non-colonized B/DF

Chao 1 107.4 110.9 120.0 129.6
Shannon 2.90 2.75 2.89 3.09

B/DF = Blastocystis sp. and/or D. fragilis positives after excluding co-infections with G. intestinalis.

On the contrary, the lowest indexes corresponded to those with metabolic syndrome
and G. intestinalis (Figure 2).

Figure 2. Alpha diversity distances boxplots for comparison of genus richness (Chao1) and di-
versity (Shannon) between subjects regarding metabolic and colonization status. (A) Comparison
among patients regarding the colonization with parasites and the presence of metabolic syndrome.
(B) Comparison among patients regarding the colonization with parasites and the presence of Non-
alcoholic hepatic fatty liver disease. Horizontal lines indicate medians.

A similar combined sub-analysis was carried out, regarding suffering from NAFLD.
Consistently with the previous results, the highest diversity was obtained in NAFLD-
negatives harbouring Blastocystis sp. and/or D. fragilis (Table 3) (Figure 2). After clustering
according to the presence of parasites and the other metabolic comorbidities, no significant
differences in alpha diversity indexes were uncovered. However, a common diversity
pattern associated with parasite species was identified among patients with dyslipidaemia,
hepatic steatosis, insulin resistance and T2D (Figure S2) those individuals with Blastocystis
sp. and/or D. fragilis showed the greatest alpha diversity, and those with G. intestinalis
the lowest, while non-colonized subjects displayed an intermediate situation between
them. Similar results in terms of beta diversity were obtained when comparing bacterial
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communities at genus level with regard to metabolic comorbidities and parasitic species.
Significant differences existed between non-colonized subjects and those with Blastocystis
sp. and/or D. fragilis, and also with G. intestinalis-positive ones (Table 4).

Table 4. Beta diversity mean indexes at genus level regarding metabolic comorbidities and colonization.

Jaccard Sorensen
Nc B/DF G. intestinalis Nc B/DF G. intestinalis

Metabolic syndrome 0.429 0.400 0.320 * 0.582 0.542 0.445 *
Dyslipidaemia 0.459 0.475 * 0.384 * 0.610 0.622 * 0.522 *

Hepatic steatosis 0.430 0.425 0.331 * 0.579 0.567 0.459 *
Insulin resistance 0.444 0.481 * 0.320 * 0.598 0.627 * 0.445 *

Type II diabetes mellitus 0.412 0.341 0.279 * 0.559 0.451 0.393 *
Nc= Non-colonized; B/DF = Blastocystis sp. and/or D. fragilis positives after excluding co-infections with G.
intestinalis; * paired-test statistics with p < 0.05 when compared mean indexes of colonized with the non-colonized.

In an attempt to analyse the differences observed in bacterial diversity with the
metabolic profile of the patients, the frequency of metabolic comorbidities in the patients
depending on whether or not they were colonized by Blastocystis sp. and/or D. fragilis is
shown in Figure 3. As can be observed in the figure, the prevalence of metabolic syndrome,
insulin resistance and T2D are lower in colonized patients. On the contrary, the prevalence
of hepatic steatosis and dyslipidaemia are higher in association with colonization, although
these differences are not significant in any case.

Figure 3. Comparison of prevalence of metabolic comorbidities in subjected enrolled regarding
colonization status by Blastocystis sp. and/or Dientamoeba fragilis.

3.2.3. Relative Abundance of Taxa

The most abundant phyla in the studied population were: Bacteroidetes (50.0%),
Firmicutes (40.1%), Proteobacteria (6.6%), Actinobacteria (1.2%) and Verrucomicrobia
(1.2%). The mean Firmicutes/Bacteroidetes ratio was 0.95. For each subject enrolled, a
quantitative representation of the individual relative abundance of the bacterial phyla is
reported in Figure S3.

A comparative analysis regarding the presence/absence of unicellular eukaryotes
was performed, obtaining similar relative abundances of the dominating phyla between
both groups. Considering that dissimilar effects may have been generated by the different
parasitic species, the results were reanalysed with regard to specific parasite clusters. In
case of G. intestinalis, an increase in Bacteroidetes and Proteobacteria relative abundance
was observed compared to the other situations. The opposite occurred for Firmicutes
and Actinobacteria, for which a considerable decrease was observed with respect to the
non-colonized population. Regarding the Firmicutes/Bacteroidetes ratio, participants with
G. intestinalis showed the lowest value, driven by both lower abundances of Firmicutes
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and higher ones of Bacteroidetes. For individuals with Blastocystis sp. and/or D. fragilis,
very slight differences were observed in terms of main phyla distribution with respect to
negative subjects, as shown in Table 5.

Table 5. Relative abundance (%) of the main phyla clustered by colonization.

Non-Colonized B/DF G. intestinalis

Phyla

Firmicutes 40.1 42.2 35.0
Bacteroidetes 49.8 48.6 53.8

Proteobacteria 6.2 6.5 8.1
Actinobacteria 1.6 0.9 0.8

Verrucomicrobia 1.4 1.0 1.1

Ratio (mean ± S.D.)

Firmicutes/Bacteroidetes 0.97 ± 0.8 1.0 ± 0.7 0.68 ± 0.2
B/DF = Blastocystis sp. and/or D. fragilis positives after excluding co-infections with G. intestinalis.

When comparing the relative abundance of taxa at genus level and sub-analysing
the presence of a specific parasite, significant differences were identified with respect to
non-colonized subjects. Blastocystis sp.-positives presented higher relative abundances of
Pyramidobacter spp. (p = 0.022), Peptococcus spp. (p = 0.027), Anaerofilum spp. (p = 0.037) and
Negativibacillus spp. (p = 0.04), and lower abundances of Citrobacter spp. (p = 0.034), Enorma
spp. (p = 0.04) and Ezakiella spp. (p = 0.04). Subjects colonized by D. fragilis showed a
higher relative abundance of Aggregatibacter spp. (p = 0.0031), Brachyspira spp. (p = 0.0075),
Phocea spp. (p = 0.012), Butyrivibrio spp. (p = 0.017), Pseudoflavonifractor spp. (p = 0.01),
Saccharimonas spp. (p = 0.02) and Adlercreutzia spp. (p = 0.04), and a lower frequency of
Papilibacter spp. (p = 0.008), Paraprevotella spp. (p = 0.035) and Snegalimassilia spp. (p = 0.04).
Finally, the presence of G. intestinalis displayed a higher relative abundance of Murdochiella
spp. (p = 0.0009), Finegolia spp. (p = 0.0009), Eubacterium spp. (p = 0.005), Flavonifractor
spp. (p = 0.008), Sarcina spp. (p = 0.01), Succiniclasticum spp. (p = 0.02), Paraeggerthella spp.
(p = 0.02), Oscilibacter spp. (p = 0.03), Campylobacter spp. (p = 0.03), Synergistes spp. (p = 0.04)
and Ezakiella spp. (p = 0.04).

Regarding a few selected genera frequently analysed in the scientific literature (Table 6),
it was observed that in the group colonized by Blastocystis sp. and/or D. fragilis, there was
a slight increase in Roseburia spp. and Lactobacillus spp. were prominent, and a decrease in
Akkermansia spp., Bifidobacterium spp. and Escherichia spp. was also found. The presence
of G. intestinalis was associated with a different genus-level pattern, with an increase in
Bacteroides spp. and a decrease in Faecalibacterium spp., Prevotella spp. and Lactobacillus spp.

Table 6. Relative abundance (%) of selected genera clustered by colonization.

Non-Colonized B/DF G. intestinalis

Faecalibacterium spp. 3.6 3.8 2.0
Roseburia spp. 2.9 3.6 2.2

Akkermansia spp. 1.3 0.9 1.1
Bacteroides spp. 21.3 20.5 27.1
Prevotella spp. 11.5 11.0 10.5

Lactobacillus spp. 0.09 0.82 0.03
Bifidobacterium spp. 0.68 0.28 0.51

Escherichia spp. 0.68 0.25 0.67
B/DF = Blastocystis sp. and/or D. fragilis positives after excluding co-infections with G. intestinalis.

With respect to the Bacteroides spp./Prevotella spp. and the Faecalibacterium spp./Escherichia
spp. ratios (Table 7), they globally showed no significant differences between subjects with
and without parasites. However, G. intestinalis positives presented the highest median
Bacteroides spp./Prevotella spp. ratio, and positives with Blastocystis sp. and/or D. fragilis

69



Nutrients 2022, 14, 3211

the lowest. In relation to these results, it can be stated that the presence of G. intestinalis
may be associated with higher abundances of the genus Bacteroides, which is the main
representative of the phylum Bacteroidetes, in accordance with the data shown in Tables 5
and 6. In case of the Faecalibacterium spp./Escherichia spp. ratio, the presence of parasites,
either Blastocystis sp. and/or D. fragilis or G. intestinalis increased, which was more evident
for the data with G. intestinalis.

Table 7. Comparison of main genus ratios clustered by colonization.

Non-Colonized B/DF G. intestinalis

Median
[Q1, Q2]

Median
[Q1, Q2]

Median
[Q1, Q2]

Bacteroides spp./Prevotella spp. 460
[0.3, 11.300]

200
[0.3, 4.681]

1.625.0
[0.9, 3.687.1]

Faecalibacterium spp./Escherichia spp. 40.6
[9.0, 107.6]

63.5
[1.9, 277.8]

84.6
[0.9, 345.0]

B/DF = Blastocystis sp. and/or D. fragilis positives after excluding co-infections with G. intestinalis.

Considering metabolic comorbidities, subjects suffering from NAFLD displayed sig-
nificantly different gut microbial profiles with higher ratios of Firmicutes/Bacteroidetes
(1.4 vs. 0.8; p = 0.041); a lower relative abundance of Bacteroidetes (43.5 vs. 52.9; p = 0.031)
and a higher one of Firmicutes (47.5 vs. 37.1; p = 0.031). All this related to a significant
increase in the genus Faecalibacterium spp. (4.3 vs. 3.1; p = 0.037) and Clostridium spp.
(0.5 vs. 0.08; p = 0.002), both representatives of the predominant phylum. The condition of
insulin resistance was associated with a significantly lower frequency of the genus Blautia
spp. (0.38% vs. 0.89%; p = 0.015) and a higher one of Desulfovibrio spp. (1.0% vs. 0.2%;
p = 0.032). Participants with T2D displayed a Faecalibacterium spp./Escherichia spp. ratio
that was significantly lower (p = 0.01), due to an overrepresentation of the genus Escherichia
spp., along with a trend towards a lower representation of Akkermansia spp. (0.5% vs.
1.3%, in non-diabetics). No differences in the composition of the microbiota at genus level
were detected in relation to the presence of dyslipidaemia, hyperuricemia, hypertension or
metabolic syndrome.

Finally, the structure of the microbiota regarding other variables registered during the
clinical interview showed some significant results. Cholecystectomy was related at phylum
level to a lower relative frequency of Proteobacteria (p = 0.02), and at genus level with a higher
relative presence of Roseburia (p = 0.02) and Blautia (p = 0.03) and underrepresented genera
such as Proteus (p = 0.001), Peptoclostridium (p = 0.001), Epulopiscium (p = 0.001), Enorma
(p = 0.01), Romboutsia (p = 0.01,) and Anaerostipes (p = 0.02). Secondly, the individuals who
were consuming meal replacements displayed a lower relative abundance of Clostridium
(p = 0.007), and the presence of rare genera such as Fusecatenibacter (p < 0.001) and Ralstonia
(p < 0.01).

Another variable that provided significant results was taking proton pump inhibitors
regularly, with higher relative frequency of the genus Parabacteroides (p = 0.02) and overrep-
resentation of infrequent genera such as: Neisseria (p < 0.001), Brachyspira (p = 0.01), Fructo-
bacillus (p = 0.01), Peptosclostridium (p = 0.01) and Oscillospira (p = 0.03). Active colonization
with H. pylori was coupled with a lower relative abundance of the genera Akkermansia
(p = 0.02), Collinsella (p = 0.02), Coprobacter (p = 0.03) and Bifidobacterium (p = 0.04). Finally,
smoking condition conferred a lower relative amount of the genera Barnesiella (p = 0.01)
and Haemophilus (p = 0.04).

3.3. Dietary Results

Considering the information gathered from dietary questionnaires and registers, ad-
herence to the dietetic recommendations provided by the healthcare team was, globally,
extremely low. Less than one-third of the subjects ingested an optimal amount of kcal
(20–25 kcal/kg adjusted weight/day), the rest either exceeding or not reaching the interna-
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tional recommendations. Only 14.6% were considered adherent to the Mediterranean diet,
determined by a score of ≥10 points obtained in the validated questionnaire. Furthermore,
fulfilment of dietary recommended daily intakes was only occasional, thus implying a
very poor quality of the diet among participants: over-ingestion of simple sugars was
present in 95%, of lipids in 54% and of proteins in 10%, while none of the subjects met the
daily recommended intake of fibres. Insufficient dietary intake was frequently present for
omega-6 (54.0%), vitamin A (80.0%), vitamin B6 (66.0%), vitamin C (49.0%) and almost in
every patient for vitamin E, vitamin D, copper, zinc and iron.

A comparative metagenomics analysis of the microbiota was performed regarding
the following dietary variables: total caloric intake, fulfilment of the recommended intake
for the three main macronutrients and fulfilment of the daily intake of micronutrient
requirements. After analysing these variables regarding the presence of parasites in a
combined way, no significant difference was obtained to point to an influence of diet
on microbiota diversity and parasitic colonization. However, results depending on the
parasitic species in those patients with a correct daily intake of macronutrient were much
appreciated. With an adequate consumption of carbohydrates, greater diversity was
observed among the colonized, highlighting those of Blastocystis sp. and/or D. fragilis.
Additionally, it is also interesting that when fat intake is adequate, the diversity of those
colonized with G. intestinalis is greater than expected according to the previously detected
patterns (Figure S4).

Regarding the relative abundance of the bacteria of interest, a trend to a lower relative
abundance of Faecalibacterium spp. among omega-3-deficient subjects (p = 0.024) and to
a lower relative abundance of Actinobacteria among omega-6-deficient ones (p = 0.026)
was detected. Furthermore, among vitamin-A-deficient subjects, a lower abundance of
Parabacteroides spp. (p = 0.029), Lactobacillus spp. (p = 0.008) and Colinsella spp. (p = 0.012),
together with a lower abundance of Lactobacillus spp. among B12-deficient ones (p = 0.029),
was observed.

4. Discussion

Several studies assessing the composition and diversity of gut microbiota have been
carried out, both in healthy and unhealthy obese subjects. However, it is surprising how the
literature, thus far, lacks consistent data on the interactions between eukaryotic colonization
and gut microbial profiles, particularly among obese subjects. In our previous studies, a
high prevalence of gut colonization with common intestinal parasites (51.0%) was detected
in a population of type II and type III obese subjects [56,57]. Consequently, it was believed
that exploring these interactions merited further study and the present investigation was
conceived, which jointly analyses the metagenomics analysis with the presence of these
microorganisms in an obese population.

The relationship between unicellular eukaryotes and prokaryotes ecology and diver-
sity has been previously assessed and recently reviewed [58]. Several researchers have
demonstrated that hosting one of these parasitic species was associated with a richer
and more diverse bacterial microbiome [22,23,59–61]. A study by Krogsgaard et al. [62]
specifically evaluated this aspect in a relatively large population, assessing the presence
of D. fragilis and Blastocystis sp. via molecular analysis. A high global prevalence of par-
asites (47.0%) and a more diverse and richer bacterial microbiome in colonized versus
non-colonized subjects was observed, supporting our results. Accordingly, we found
higher richness (assessed by the number of reads) among Blastocystis-positive subjects.
Conversely, an inverse effect between the bacterial community diversity and the presence
of G. intestinalis was stated in the study by Mejía et al. [63], and it was suggested that this
relationship may depend upon the specific parasite colonizing the gut, as well as the inten-
sity of infection it causes. According to recent articles reviewing studies on the association
between single-celled intestinal parasites and microbial communities, a differential effect
could be expected depending on the species considered [64]. We assessed alpha diversity
indexes in our population, comparing the parasitic species independently, and although
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the differences were not significant, trends described previously were confirmed, such as
higher alpha and beta diversity at genus level in Blastocystis and/or D. fragilis-positive
samples, and lower in G. intestinalis-positives.

Furthermore, we analysed whether Blastocystis sp. and/or D. fragilis were associated
with higher microbiota diversity in different metabolic conditions, considering the presence
of metabolic syndrome and NAFLD. The presence of these parasites was coincident with
higher diversities when compared with their negative counterparts. Although we could
not confirm differences attributable to the colonization, this finding seems to suggest a
healthier microbiome structure in agreement with some published data [22,23,58]. We
have already described, in the same obese population as the one presented here, a lower
frequency of insulin resistance among subjects harbouring these unicellular eukaryotes [56].
In the present research, the greatest alpha diversity was shown by subjects colonized
with Blastocystis sp. and/or D. fragilis, and without metabolic syndrome. In this context,
the outcomes reported may point towards a beneficial effect of the gut colonization with
Blastocystis sp., in agreement with recent studies, which demonstrated, in an experimental
model, that long-term exposition to the parasite prior to the induction of colitis promotes
a faster recovery in a protective manner, with a significant reduction in inflammatory
markers [65].

Secondly, the intestinal microbiota composition was analysed with regard to the pres-
ence of intestinal parasites. At phylum level, we were not able to establish clear differences
between groups, which suggests that interactions with the bacterial intestinal community
are determined at a lower level (genus, species), probably related to functional niche spe-
cialization, and are also dependent on other factors. At genus level, several differences
were detected regarding the occurrence of a specific parasite, but they were not consistent
between parasitic species and generally affected low prevalent bacterial members. It is
probable that unicellular eukaryotes display a variety of effects in shaping the gut micro-
biome that differ widely among each kind, which could explain the discrepancies found
in the effects on microbiome composition. Additionally, considering that we compared
bacterial relative abundances, the differences observed between groups may have reflected
modifications in the absolute levels of a specific taxonomic category, as well as changes in
other components of the microbiome. Finally, numerous factors have the potential to affect
the microbiome composition, allowing confounding variables to prevent us from obtaining
a clear differential pattern in colonized subjects.

The presence of G. intestinalis in the gut ecosystem has been related to a dysbiotic
condition in several studies [13,14,66,67]. Its presence was related to a significant lower Fae-
calibacterium spp./Escherichia spp. ratio compared to Blastocystis-positive individuals [14];
the same low trend was demonstrated with the presence of other pathogenic protozoa,
such as Cryptosporidium spp. and Cyclospora cayetanensis [67]. However, the prevalence
of G. intestinalis in the studied population was too low to allow us to perform significant
comparisons. Therefore, further research is needed to shed more light on the significance
of this parasite in the human gut ecosystem.

Regarding Blastocystis sp., the results obtained in previously published metagenomics
studies differ widely in the relative abundances of different taxa. A consistent finding
has been a microbiome less dominated by the genus Bacteroides spp. in subjects harbour-
ing this parasite [13,22,58,59], which we were not able to reproduce in the present study.
Additionally, some other studies reported [22,58] a higher relative quantity of Faecalibac-
terium spp. and Roseburia spp., two genera considered beneficial in the gut ecosystem for
their short-chain-fatty-acids production potential. We could not find any difference in
the relative abundance of these genera, neither of Archaea, which has also been reported
as more abundant by Beghini’s group [17], who performed the largest investigation to
date on the prevalence of this parasite in human samples. They were able to identify
microbiome signatures (distinguishable features that were consistent across populations) in
the intestinal ecology linked to the presence of Blastocystis sp. On the other hand, Principal
Coordinate Analysis charts reflecting beta diversity of microbial communities allowed
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us to establish phylogenetic distances between samples when comparing the diversity of
genera with regard to the presence of Blastocystis sp. and/or D. fragilis in agreement with a
previous study [61].

Additionally, we analysed the metagenomics, considering several metabolic comor-
bidities. An inverse relationship between the abundance of Akkermansia muciniphila and
the BMI has been broadly described in the literature, along with a direct relationship with
insulin sensitivity [68–72]. In this study, we observed differences in the relative abundance
of other genera with regard to insulin sensitivity, such as Blautia spp. and Desulfovibrio
spp. Conversely, despite the amount of evidence providing pathogenic links between
the development of NAFLD and the structure of gut microbiota, human studies describ-
ing its composition in this situation are scarce and sometimes contradictory [73,74]. In
our population, we detected a higher relative frequency of Firmicutes (and specifically
of the genera Faecalibacterium spp. and Clostridium spp.) and a lower relative frequency
of Bacteroidetes, thus causing a lower Firmicutes/Bacteroidetes ratio. Similar results in
subjects suffering from NASH were found by some researchers, while other studies found
the opposite alteration of the ratio [75,76]. Still unknown factors probably interfere in
driving the direction of this ratio and may be determinant of the development of hepatic
inflammation and fibrosis.

On the other hand, cholecystectomy is known to alter the bile flow into the intestine
and therefore modify the enterohepatic circulation of bile salts, which has the potential
to disrupt the structure of gut microbiota. In a case–control study [77], a higher relative
abundance of two bacterium species (Blautia obeum and Veillonella parvula) was detected in
subjects after cholecystectomy. In our study, we also noticed a higher relative abundance
of Blautia spp., along with differences in the abundance of Proteobacteria (previously not
reported). The meaning of these changes into the microbiome composition remains to
be elucidated.

Finally, from the information gathered in this is study, it was remarkable that the
participants kept to a diet of extremely poor quality, despite being in an intensive nutritional
re-education programme, prior to bariatric surgery. The diet followed was considered of a
western pattern in every subject, thus hindering the identification of differences in the gut
microbiome structure or diversity that could have been related to this variable. Globally, it
strengthens the idea of obesity as a chronic disease, and reinforces the need of preventive
measures, to avoid its development from its very beginning.

A strength in our study was the number of patients on whom we performed metage-
nomics analysis, including subjects from different social environments. Another interesting
point was the faecal samples collection, since each patient delivered three samples collected
on alternating days, thereby increasing the sensitivity for detecting the genes of any in-
testinal unicellular eukaryotic parasite. There are some limitations of the present study
that warrant consideration. First, the possibility that faecal sampling may have not been
completely representative of the microbiota composition from the upper gastrointestinal
tract has to be considered; thus, false negative results for some intestinal parasites may
have occurred. Likewise, we cannot rule out a former infection with an intestinal parasite
that had been spontaneously cleared from the intestinal ecosystem at the time of study, and
hence yielded a negative result in PCR analysis. This condition may have left alterations in
the composition of gut microbiota, since, as described by Beatty (2016) [15], a persistent
intestinal dysbiosis-induced state is possible after infection and clearance of G. intestinalis,
causing long-term changes in microbiota composition. Finally, we are aware that the struc-
ture and function of human intestinal microbiota is altered by a myriad of factors, many of
them still unknown, which may have interfered with the results of our study.

This study provides additional data of the effects of unicellular eukaryotes on the
diversity and ecology of human gut microbiota on obese subjects. The presence of Blasto-
cystis sp. and/or D. fragilis was associated with the highest values for the mean indexes
analysed, for both alpha and beta diversity, while the opposite is observed in the presence
of G. intestinalis. The richness and diversity of the microbiota detected in association with
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Blastocystis sp. and/or D. fragilis could be related to a healthier metabolic profile in patients,
since cases of comorbidities such as metabolic syndrome, insulin resistance and T2D are
less frequent among those patients.

In terms of relative abundance of taxa, differences in bacterial community composition
have been evidenced regarding parasitic species; at phylum level, in the presence of G.
intestinalis, there was an increase in Bacteroidetes and Proteobacteria along with the lowest
Firmicutes/Bacteroidetes ratio, and conversely, individuals with Blastocystis sp. and/or D.
fragilis displayed a pattern similar to non-colonized subjects. At genus level, Blastocystis sp.
and/or D. fragilis colonization was accompanied by a prominent increase in Lactobacillus
spp., and a decrease in Akkermansia spp., Bifidobacterium spp. and Escherichia spp., while
G. intestinalis was associated with a different genus-level pattern, with an increase in
Bacteroides spp. and a decrease in Faecalibacterium spp., Prevotella spp. and Lactobacillus
spp., along with the highest Bacteroides spp./Prevotella spp. ratio. Considering metabolic
comorbidities, subjects suffering from NAFLD displayed significantly higher ratios of
Firmicutes/Bacteroidetes, and a significant increase in the genera Faecalibacterium spp. and
Clostridium spp. Participants with T2D displayed a Faecalibacterium spp./Escherichia spp.
ratio that was significantly lower, due to an overrepresentation of the genus Escherichia
spp., along with a trend towards a lower representation of Akkermansia spp.

Considering the globally high prevalence of these parasites in the human gut ecosys-
tem, research efforts should focus on further describing the interplay with the microbiota
and the host immune system. Based on our findings, we recommend designing basic and
clinical studies to address the possible beneficial or pathogenic effect of these eukaryotes on
shaping the bacterial community of obese subjects, and to decipher whether it may imply a
healthier metabolic profile. Hopefully, future evidence on this field will provide us with
new opportunities for therapeutic interventions against the development of obesity and
its comorbidities.

5. Conclusions

This study provides additional data on the effects of unicellular eukaryotes on the
diversity and composition of human gut microbiota of obese subjects. The cases of Blas-
tocystis sp. and/or Dientamoeba fragilis presented the richest and most diverse bacterial
communities according to metagenomics data. No clear patterns in the relative frequency
of taxa were identified in regards of parasitic status, even though the occurrence of Giardia
intestinalis and D. fragilis among participants was low. Considering the globally high preva-
lence of these parasites within the human gut ecosystem, research efforts should focus on
further describing the interplay with the microbiota and the host immune system. Based
on our findings, we recommend designing basic and clinical studies to address the possible
beneficial effect of Blastocystis sp. on shaping the bacterial community of obese subjects,
and to decipher whether it may imply a healthier metabolic profile. Hopefully, future
evidence on this field will provide us with new opportunities for therapeutic interventions
against the development of obesity and its comorbidities.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14153211/s1, Figure S1: The community structures of gut
microbiota were analysed by principal coordinates analysis (PCoA). Each point corresponds to a
subject where the colour indicates its category. PCO1 and PCO2 are shown, with the percentage
variation explained for each axis, Figure S2: Alpha diversity distances boxplots for comparison of
genus richness (Chao1) between subjects with a metabolic comorbidity: (A) dyslipidaemia; (B) insulin
resistance; (C) hepatic steatosis and (D) Type 2 diabetes regarding colonization status. Horizontal
lines indicate medians, Figure S3: Relative abundance of phyla in the studied population for each
subjected enrolled, Figure S4: Alpha diversity distances boxplots for comparison of genus richness
(Chao1) between subjects with correct daily intake of macronutrients regarding colonization status:
(A) carbohydrates; (B) proteins; (C) fats. Horizontal lines indicate median, Table S1: Number of reads
by count according to the phyla for each sample, Table S2: Number of reads by count according to
the genus for each sample.
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Abstract: Obesity is a substantial health and economic issue, and serotonin (5-hydroxytryptamine,
5-HT) is an important neurotransmitter system involved in the regulation of body weight. The
5-HT2C receptors (5-HT2CRs), one of 16 of the 5-HT receptor (5-HTRs) subtypes, play a significant
role in food intake and body weight control. In this review, we focused on the 5-HTR agonists,
such as fenfluramines, sibutramine, and lorcaserin, which act directly or indirectly at 5-HT2CRs
and have been introduced into the clinic as antiobesity medications. Due to their unwanted effects,
they were withdrawn from the market. The 5-HT2CR positive allosteric modulators (PAMs) can be
potentially safer active drugs than 5-HT2CR agonists. However, more in vivo validation of PAMs
is required to fully determine if these drugs will be effective in obesity prevention and antiobesity
pharmacology treatment. Methodology strategy: This review focuses on the role of 5-HT2CR agonism
in obesity treatment, such as food intake regulation and weight gain. The literature was reviewed
according to the review topic. We searched the PubMed and Scopus databases and Multidisciplinary
Digital Publishing Institute open-access scientific journals using the following keyword search
strategy depending on the chapter phrases: (1) “5-HT2C receptor” AND “food intake”, and (2)
“5-HT2C receptor” AND “obesity” AND “respective agonists”, and (3) “5-HT2C receptor” AND
“PAM”. We included preclinical studies (only present the weight loss effects) and double-blind,
placebo-controlled, randomized clinical trials published since the 1975s (mostly related to antiobesity
treatment), and excluded the pay-walled articles. After the search process, the authors selected,
carefully screened, and reviewed appropriate papers. In total, 136 articles were included in this
review.

Keywords: antiobesity drugs; obesity; PAMs; 5-HT2C receptor agonists

1. Introduction

Overweight and obesity are global epidemics affecting more than 2.5 billion people
worldwide. Overweight and obesity are related to a body mass index (BMI) >25 kg/m2

and >30 kg/m2, respectively, and result in substantial health and economic problems.
Importantly, obesity is associated with several comorbidities, including chronic diseases,
such as diabetes (type 2), cardiovascular pathologies (atherosclerosis, hypertension, and
myocardial infarction), stroke, and different kinds of cancers. Thus, obesity is responsible
for approximately 15% of human mortality [1]. Therefore, respective medications for
obesity are important and are still being investigated in several laboratories.

Serotonin (5-hydroxytryptamine, 5-HT) is a key monoaminergic neurotransmitter
in the central nervous system. Mammalian 5-HT is synthesized from the amino acid L-
tryptophan by tryptophan hydroxylase to 5-hydroxy-L-tryptophan, and finally by aromatic
amino acid decarboxylase enzymes. The 5-HT controls numerous physiological functions,
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such as thermoregulation, motor activity, wakefulness, cognitive function, and mood [2].
The 5-HT plays a crucial role in food intake modulation and body weight control. In
fact, manipulations at a presynaptic level to reduce 5-HT function (e.g., after central
administration of 5,7-dihydroxytryptamine, which is a 5-HT neurotoxin) or to enhance
5-HT tone (after 5-hydroxytryptophan, which is the precursor of 5-HT or fenfluramine
that releases and inhibits the uptake of 5-HT) provoke an increase or decrease in food
intake, respectively [3–5].

The multiplicity of 5-HT effects is controlled by a family of 5-HT receptor (5-HTRs)
classes, 5-HT1-7R [6]. Preclinical studies using 5-HT2CR knockout demonstrated signifi-
cantly higher food intake and body weight gain [7,8], while several selective or non-selective
5-HT2CR agonists caused anorectic effects [9]. In addition, the 5-HT2CR antagonist can
increase weight gain and food intake [10,11]. This suggests that the 5-HT2CR may be
considered the principal therapeutic target of antiobesity drugs among 5-HT signaling.

The 5-HT2CRs are seven transmembrane spanning helices G protein-coupled receptors
(GPCRs) with three extracellular, three intracellular loops, and an extracellular amino-
terminus. The 5-HT2CRs primarily are distributed postsynaptically in the central nervous
system and are especially present in the epithelial cells of the choroid plexus, limbic areas,
hippocampal regions, the amygdala, and basal ganglia [12]. The latter receptors are located
on neuronal cell types expressed acetylcholine, dopamine, and gamma-aminobutyric acid
neurotransmitters. The 5-HT2CRs activate the phospholipase Cβ via Gαq/11 protein and are
coupled to phospholipase C in neurons and choroid plexus, and their activation leads to a
cellular accumulation of inositol 1,4,5-triphosphate and diglyceride. In addition, 5-HT2CRs
have also been shown to regulate ion channels and transport processes as well as activate
other downstream effectors [6].

Nowadays, when obesity and overweight are epidemics, the effectiveness of medi-
cations is necessary and must be investigated. Whereas the 5-HT system plays a crucial
role in food intake and body weight control, 5-HT2CRs are one of the therapeutic tar-
gets of antiobesity drugs. Our study aimed to show preclinical research and systematize
the obesity treatment efficacy of 5-HT2CR agonists in double-blind, placebo-controlled,
and randomized clinical trials. Besides, we focused on the future perspective of newly
synthesized pharmaceutical molecules, with 5-HT2CR activity modulation, as a potential
antiobesity treatment.

2. 5-HT2C Receptor Action in Food Intake Regulation

The hypothalamus is the most important brain region involved in the central control
of feeding and energy expenditure. Within the hypothalamus, the arcuate nucleus controls
food intake and metabolism [13]. Functionally, the arcuate nucleus neurons are divided
into two antagonistic groups that express specific neuropeptides and elicit disparate physi-
ological actions. The first group consists of orexigenic neurons that express neuropeptide
Y and agouti-related peptide to stimulate appetite. The second, anorexigenic group of
neurons suppresses appetite with pro-opiomelanocortin (POMC) [14,15]. The modulation
of feeding behavior via local 5-HT signaling acts mainly by an anorexigenic effect on POMC
neurons. They are controlled by excitatory projections from the raphe nuclei 5-HT-reactive
neurons stimulate the POMC-expressing arcuate nucleus neurons [16].

Approximately 25% of adult mouse POMC neurons express the 5-HT2CRs, but activa-
tion of POMC neurons via their receptor has been shown to account for the anorexigenic
effects of several 5-HT drugs [17]. It has been demonstrated that 5-HT2CRs expressed in
hypothalamic POMC/cocaine amphetamine-regulated transcript neurons are required to
control energy and glucose homeostasis, implicating POMC neurons as the target for the
effect of 5-HT2CR agonists on weight-loss induction and improved glycemic control [6,18].
Moreover, 5-HT2CR activation in POMC neurons both induces the Pomc mRNA expression
and increases POMC neuronal activity [19]. Notably, the 5-HT2CR knockout phenotype
in POMC neurons provokes hyperphagia, sensitizes mice to diet-induced obesity, and
directly dysregulates glucose homeostasis [18]. Moreover, selectively reintroducing the 5-
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HT2CR to POMC neurons in whole-body 5-HT2CR knockout mice is sufficient to completely
negate the knockout phenotype [20]. Finally, 5-HT2CRs re-expression solely in POMC mice
neurons is sufficient to mediate the effects of 5-HT drugs on food intake [21].

Food intake is also regulated by the reward brain system (the mesocorticolimbic path-
way) structures, such as the ventral tegmental area, nucleus accumbens, prefrontal cortex,
hippocampus, and amygdala [22,23]. Changes in reward processing are hypothesized to
play a crucial role in the onset and maintenance of binge eating. Binge eating disorder is
related to recurrent episodes of frequently consuming unusually large amounts of food
and feeling unable to stop eating. Binge eating disorder is also related to its frequent
comorbidity, obesity, as well as complications of being overweight [24]. Similar to addictive
substances, such as cocaine, food activates the ventral tegmental area–nucleus accumbens
pathways and stimulates pleasure by increasing the release of dopamine [25,26]. Moreover,
a subset of dopamine neurons of the ventral tegmental area has recently been demonstrated
as a key stimulator of binge-like eating behavior in mice [27]. At the same time, 5-HT cell
bodies, projecting from the dorsal raphe nuclei to the ventral tegmental area and the nu-
cleus accumbens, and a subset of dopamine and gamma-aminobutyric acid neurons in the
ventral tegmental area express the 5-HT2CRs [28,29]. Generally, the activation of 5-HT2CRs
plays an inhibitory role in the regulation of reward-related behavior by inhibiting release in
certain areas of the brain [30,31]. Activation of ventral tegmental area 5-HT2CR-expressing
neurons significantly reduces homeostatic feeding in mice [32].

3. 5-HT2C Receptor Agonists in Control over Food Intake Preclinical Research

Functionally, the 5-HTR agonists are drugs that orthosterically bind to one (=selective
agonist) or more (=nonselective agonist) subtypes of 5-HTR. Direct or indirect (through
additional mechanisms) 5-HTR activation by agonists provides a similar response to the
intended activation by endogenous 5-HT (Table 1). In rodents, the 5-HT2CR agonist drugs
reduce food intake in a manner consistent with an enhancement of satiety by action in the
5-HT2CR binding site in the brain hypothalamus.

Table 1. Description of antiobesity drugs affinity to 5-HT1-2 receptor (5-HT1-2R) subtypes, type of
binding and mechanisms of 5-HT2C receptor (5-HT2CR) activation.

Drug Affinity to 5-HT1-2R Subtypes *
Selectivity to

5-HT2CR
Mechanism of 5-HT2CR

Activation

piperazine
derivatives

(e.g., m-chlorophenyl
piperazine)

5-HT2B ≥ 5-HT2C > 5-HT2A > 5-HT1A ≥
5-HT1B [33]

nonselective
ligand

indirect agonism
(affinity to 5-HT transporter and

followed by 5-HT reuptake
inhibition or 5-HT

release enhancement)

fenfluramines 5-HT2B ≥ 5-HT2C > 5-HT2A [34] nonselective
ligand

indirect agonism
(affinity to 5-HT transporter and

followed by 5-HT
reuptake inhibition)

sibutramine 5-HT1A = 5-HT1B = 5-HT2A = 5-HT2C [35] nonselective
ligand

indirect agonism
(affinity to 5-HT transporter and

followed by 5-HT
reuptake inhibition)

lorcaserin 5-HT2C > 5-HT2A > 5-HT2B [36] selective
ligand direct agonism

* mostly important for food intake and unwanted effects.

3.1. Piperazine Derivatives

The first reports showing that the stimulation of 5-HT2CRs is responsible for the
reduction of food intake were based on experiments performed with piperazine deriva-
tives (m-chlorophenyl piperazine; m-CPP and tri-fluoromethylphenylpiperazine; TFMPP),
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which are nonselective 5-HT receptor agonists (Table 1). These compounds reduced food
intake in rodents, and such an effect did not appear in mice lacking 5-HT2CRs [7] or in rats
pretreated with 5-HT2CR antagonists [37]. It has also been shown that piperazine 5-HT
receptor agonists (especially m-CPP) reduce hepatic glucose production and insulin toler-
ance, and both effects are independent of the reduction in food intake [38]. Other authors
presented evidence that the effect of m-CPP and other compounds acting via 5-HT2CRs
increases satiety, reduces food intake, does not affect energy expenditure, and decreases
body weight [39]. It should also be emphasized that hypophagia, an effect depending on
the activation of 5-HT2CRs, is also related to an increase in POMC release in the nucleus
arcuatus of the hypothalamus and stimulation of melanocortin receptors in the paraven-
tricular nucleus (PVH) [38,40]. In contrast to the above-mentioned piperazine derivatives,
several compounds with different chemical structures that have been previously described
are selective 5-HT2CR agonists that reduce food intake in rodents. In fact, Org 37684,
Ro 60-175, PNU 22394, VER 3323, YM 348, and WAY 163909 have been found to induce
hypophagia, which is reduced or blocked by 5-HT2CR antagonists [37,41–44]. Interestingly,
the hypophagia induced by 5-HT2CR agonists seems to be selective. There is a lack of effect
on water intake, and tolerance is not induced after chronic administration. Furthermore,
some of these compounds (e.g., PNU 22394) appeared to be clinically active [37].

3.2. Fenfluramines

Acting at the presynaptic level, fenfluramine and d-fenfluramine are indirect agonists
of 5-HT receptors (Table 1), among which the 5-HT2CR are mostly required for the antiobe-
sity effect. Accordingly, it has been demonstrated that, in 5-HT2CR knockout mice, the
anorexic effect of d-fenfluramine was not induced [21,45]. Furthermore, the hypophagic ef-
fect of d-fenfluramine was blocked by 5-HT2CR antagonists [39,46]. Preclinical studies show
that low (2.5 or 3 mg/kg) and high (10 mg/kg) doses of fenfluramine or d-fenfluramine
reduced food intake and decreased body weight in rat models [47–49]. Moreover, in the
case of cue-induced relapse, d-fenfluramine (3 mg/kg) blocked the reinstatement of lever
pressing to food-seeking behavior in male rats [50].

3.3. Sibutramine

Similar to the antiobesity effect of fenfluramines, another selective inhibitor of presy-
naptic reuptake of the 5-HT and noradrenaline (NA) is β-phenethylamine—sibutramine
(Table 1). Sibutramine action has also been suggested to be connected to the activation of
5-HT2CR and enhancement of POMC [51,52]. Sibutramine (3–10 mg/kg) treatment rats
showed reduced food intake and decreased body weight [53–58]. Interestingly, intraperi-
toneal injections of sibutramine (0.5–3.0 mg/kg) reduced feeding on a high fat/high sucrose
diet across 2-h feeding sessions, but bilateral injections of sibutramine (2.0–10.0 μg) into
either the PVN or the medial nucleus accumbens shell increased the food intake of the
sweetened fat diet [59].

3.4. Lorcaserin

A series of new 5-HT2CR agonists, as derivatives of 3-benzazepine, were synthesized
by Smith et al. [60]. The most potent and selective compound was (1R)-8-chloro-2,3,4,5-
tetrahydro-1-methyl-1H-3-benzazepine (APD 356, lorcaserin) (Table 1). The authors per-
formed in vitro (effect on turnover of [3H]phosphoinositol) and in vivo (effect on food
intake and body weight after acute or chronic per os administration of lorcaserin) exper-
iments. The results demonstrated its 5-HT2CR selectivity (versus 5-HT2A and 5-HT2B
sharing sequence homology) as well as a reduction in food intake after acute administra-
tion and reductions in both food intake and body weight after 28 days of treatment. The
effect of lorcaserin on food intake has been examined in different animal models of obesity.
Some authors used a regular diet [60,61], and other investigators evaluated lorcaserin in
rats maintained on a high-fat diet [36,62,63]. Lorcaserin treatment rats (1–2 mg/kg) reduced
the percentage of body weight by selective reduction of body fat mass [36,60]. Moreover,
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Xu et al. performed their experiments using binge-like eating and hunger-driven feeding
in mice, where lorcaserin reduced food intake [27]. Lorcaserin also reversed the binge-like
feeding observed following stimulation of the nucleus accumbens μ-opioid receptors and
blocked nucleus accumbens μ-opioid enhancement of fat intake [64]. The simple antiobesity
effect of lorcaserin may be related to the 5-HT2CRs location in brain structures associated
with food intake control. It has been shown that the stimulation of such receptors expressed
in POMC neurons induces anorexia [20,65], and the stimulation of 5-HT2CRs located on
the brain patterning transcription factor single-minded 1 expressing neurons in the PVH
increases food intake in mice [66,67].

Other studies showed a reduction in glucose consumption [61] and decreased binge
food intake in rats [63] after lorcaserin (1 or 3 mg/kg) treatment. In addition, the above-
mentioned antiobesity activity of 5-HT2CR agonists is related to increased satiety and
decreased food intake. Such effects of lorcaserin can also be connected with its inhibitory
effect on motivation and impulsivity [68]. In some experiments, the effect of lorcaserin
on glycemic control has been shown. It reduced the production of glucose and increased
the sensitivity to insulin. However, it did not affect the secretion of insulin. The above
effects were independent of weight loss [69]. Importantly, single-dose pharmacokinetic
studies have shown rapid absorption, high oral bioavailability, and a moderate half-life
of lorcaserin [60].

4. Clinical Effects of 5-HT2C Receptor Agonist Drugs

4.1. Fenfluramines

At the beginning of 1970, fenfluramine and d-fenfluramine (an active dextro-rotatory
stereoisomer of fenfluramine) were the first antiobesity drugs acting via the 5-HT sys-
tem to be introduced on the market. In clinical trials, d-fenfluramine showed dose- and
time-dependent weight loss (Table 2). In short-term treatment (3–6 months), a higher
dose (30–60 mg) of d-fenfluramine led to greater weight loss than low doses (10–15 mg),
compared to placebo patients. Long-term treatment (12 months or more) showed greater
weight loss in d-fenfluramine patients compared to short-term treatment. Despite the
efficacy of fenfluramine or d-fenfluramine in anorexic action, undesirable effects have been
observed in obese patients.

Table 2. Efficacy of 5-HT2C receptor agonist properties in double-blind, placebo-controlled, ran-
domized clinical obesity trials. The patient’s inclusion criteria are increased body mass index (BMI;
>25 kg/m2) or ideal body weight (IBW; 120–180%). The mean weight loss (kg or %) of the drug
group (D) is compared to the placebo group (P). Multicenter studies were marked by an asterisk (*).
QD—once-a-day treatment; BID—two times-a-day treatment.

Drug Dosage (mg)
Duration
(Months)

Patients Completed Study
D|P

Key Inclusion Criteria
(BMI > 25 kg/m2 or IBW 120–180%)

Mean Weight Loss
D vs. P (kg or %)

Ref.

d-
fe

nfl
ur

am
in

e

10 BID

3

85|85 * 120–180% 2.79 vs. 2.83 kg [70]

15 BID

168|169 120–180% 5.84 vs. 1.85 kg [71]

12|12 28–35 kg/m2 3.1 ± 2.3 vs. 0.1 ± 1.2 kg [72]

12 404|418 * ≥120% 9.82 vs. 7.15 kg [73]

30 QD
or

BID

3
82|85 * 120–180% 5.63 vs. 2.83 kg [70]

30|30 120–180% 4.6 ± 1.6 kg vs. no changed [74]

12 36|39 ≥135% 12.8 vs. 8.6 kg [75]

60 BID 3 87|85 * 120–180% 7.23 vs. 2.83 kg [70]

Si
bu

tr
am

in
e

5 QD

2 19|20 130–180% 2.9 ± 2.3 vs. 1.4 ± 2.1 kg [76]

3 56|59 * 27–40 kg/m2 2.4 ± 0.5 vs. 1.4 ± 0.5 kg [77]

6 107|87 * 30–40 kg/m2 3.7 vs. 1.3 kg [78]
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Table 2. Cont.

Drug Dosage (mg)
Duration
(Months)

Patients Completed Study
D|P

Key Inclusion Criteria
(BMI > 25 kg/m2 or IBW 120–180%)

Mean Weight Loss
D vs. P (kg or %)

Ref.

Si
bu

tr
am

in
e

10 QD

3 59|59 * 27–40 kg/m2 5.1 ± 0.5 vs. 1.4 ± 0.5 kg [77]

6
99|87 * 30–40 kg/m2 5.7 vs. 1.3 kg [78]

104|94 * ≥30 and ≤40 kg/m2 8.2 vs. 3.9 kg [79]

40 2933|2825 * 25–45 kg/m2 1.7 vs. +0.7 kg [80]

15 QD

3 62|59 * 27–40 kg/m2 2 4.9 ± 0.5 vs. 1.4 ± 0.5 kg [77]

6 98|87 * 30–40 kg/m2 7.0 vs. 1.3 kg [78]

12
281|80 ±44 kg/m2 6.5 ± 0.31 vs. 1.9 ± 0.56 kg [81]

68|64 * >27 kg/m2 5.5 ± 0.6 vs. 0.2 ± 0.5 kg [82]

~14 114|103 * ≥30 and <40 kg/m2 8.1 ± 8.2 vs. 5.1 ± 6.5 kg [83]

20 QD

2 21|20 130–180% 5.0 ± 2.7 vs. 1.4 ± 2.1 [76]

6
96|87 * 30–40 kg/m2 8.2 vs. 1.3 kg [78]

151|152 * ≥27 kg/m2 4.9 vs. 0.6 kg [84]

12 62|64 * >27 kg/m2 8.0 ± 0.9 vs. 0.2 ± 0.5 kg [82]

30 QD 6 101|87 * 30–40 kg/m2 9.0 vs. 1.3 kg [78]

Lo
rc

as
er

in 10 QD
or

10 BID

~2 29|28 27–45 kg/m2 3.8 ± 0.4 vs. 2.2 ± 0.5 kg [85]

3 86 or 77|88 * 30–45 kg/m2 1.8 or 3.6 vs. 0.3 kg [86]

6 59|53 * ≥33 and ≤55 kg/m2 2.4 ± 0.8 vs. +0.6 ± 0.8 kg [87]

12 748|243 * ≥27 kg/m2 4.2 vs. 1.4 kg [88]

12
75 or 169|157 * 27–45 kg/m2 44.7 or 37.5 vs. 16.1% [89]

275|684 * 27–45 kg/m2 5.81 ± 0.16 vs. 2.16 ± 0.14% [90]

13 1800|1550 30–45 kg/m2 47.1 vs. 22.6% [91]

24 564|684 * 27–45 kg/m2 7.0 ± 0.2 vs. 3.0 ± 0.2% [90]

40 748|243 * ≥27 kg/m2 4.0 kg vs. 2.1 kg [88]

15 QD 3 82|88 * 30–45 kg/m2 2.6 vs. 0.3 kg [86]

In several clinical trials, cardiovascular and heart valve disorders were observed.
Echocardiography performed 12 months after the initiation of fenfluramine-phentermine
therapy in twenty-four women demonstrated unusual heart valvular morphology and
regurgitation in all patients. Moreover, 30% of them also had newly documented pulmonary
hypertension [92]. Another study reported that, of 233 obese patients who took appetite
suppressants containing d-fenfluramine, 12.7% of them had a prevalence of cardiac valvular
insufficiency [93]. Moreover, after the echocardiography of 200 patients with a history of
exposure to anorectic medications, significant aortic valve regurgitation was observed in
14% of patients exposed to d-fenfluramine [94].

Other authors showed occurrences of multivalvular disease and pulmonary hyperten-
sion after fenfluramine treatment [95–98]. Nine controlled studies of fenfluramine showed
mild or greater aortic valve regurgitation in 9.6% of treated almost 3300 patients compared
with 3.9% of 2000 control subjects [99]. Besides the cardiovascular problems, the most com-
mon events reported during d-fenfluramine (15 mg twice daily) treatment were diarrhea,
asthenia, dry mouth, headache, and tiredness. Side effects were reported significantly more
frequently in patients receiving dexfenfluramine 30 mg twice daily than in those receiving
15 mg twice daily [100].

In 1997, fenfluramines were withdrawn from clinical use due to adverse side effects,
such as cardiac valvulopathy and pulmonary hypertension. The most likely explanation
for fenfluramine-associated valvulopathy is the activation of 5-HT2BRs by norfenfluramine,
being a fenfluramine metabolite. Fenfluramines bind weakly to 5-HT2ARs, 5-HT2BRs, and
5-HT2CRs. Norfenfluramine exhibited a high affinity for 5-HT2BRs, and 5-HT2CRs, and
a more moderate affinity for 5-HT2ARs [33]. In cells expressing recombinant 5-HT2BRs,
norfenfluramine potently stimulated the hydrolysis of inositol phosphates, increased in-
tracellular Ca2+, and activated the mitogen-activated protein kinase cascade, the latter
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of which has been linked to mitogenic actions of the 5-HT2BRs. This 5-HT2BRs action
is important for heart valvulopathy occurrence. Moreover, the level of 5-HT2BRs and
5-HT2ARs transcripts in heart valves was at least 300-fold higher than the levels of the
5-HT2CR transcript, which were barely detectable [101].

4.2. Sibutramine

Sibutramine was approved by the U.S. Food and Drug Administration (FDA) in 1997
for weight loss in the short- and long-term treatment of obesity. Sibutramine has dose-
and time- dependent antiobesity effectiveness, as evidenced in clinical studies (Table 2).
Compared to placebo-treated patients, higher doses (15–30 mg) of sibutramine result in
greater weight loss than low doses (10 mg). Moreover, sibutramine efficacy in reducing
body weight in a long-term period (over one year) was greater than in short-term treatment
(six months). However, the Sibutramine Cardiovascular Outcomes (SCOUT) trial showed
that, at 12 months but not six months of sibutramine treatment, patients with marked
lower baseline blood pressure had the tendency to increase [102]. In some other clinical
studies, sibutramine did not increase blood pressure in obese patients [103,104]. Besides,
patients taking sibutramine experienced a significant increase in heart rate [83,105–109],
but without difference in the overall status of the cardiac valves compared to placebo
subjects [105,110–112]. Otherwise, sibutramine’s most frequently encountered adverse
effects were constipation, dry mouth, headache, insomnia, and nausea.

In 2010, the FDA decided to withdraw sibutramine from the market as a consequence
of increased primary outcome events (POEs), such as nonfatal myocardial infarction, non-
fatal stroke, resuscitation after cardiac arrest, or cardiovascular death. Indeed, the risk of
POEs was increased by 16% in the sibutramine treatment group as compared with the
placebo [80]. Nevertheless, other results from SCOUTs did not show an overall deleterious
effect of treatment but an increase in POEs in subjects with a history of cardiovascular
disease and type 2 diabetes [113,114]. Unexpectedly, sibutramine therapy in obese or
overweight high-risk patients induced significant mean reductions for all blood lipids [115].
Although sibutramine and its metabolites exhibit low affinity for 5-HT1A-BRs and 5-HT2ARs,
these receptors are reported as a possible target for the causation of unwanted cardiovascu-
lar effects [116].

4.3. Lorcaserin

In 2012, the FDA approved lorcaserin on the market as a weight loss medication.
The results of several clinical studies have shown its antiobesity effect (Table 2). Despite
the time of treatment, lorcaserin (10 mg once and twice daily) caused greater weight
loss than with a placebo. The most commonly reported adverse effects were headache,
nausea, dizziness, and fatigue, but generally, lorcaserin was well-tolerated. In contrast, the
unwanted effects of fenfluramines and sibutramine, in randomized, double-blind, placebo-
controlled, multinational clinical trials of lorcaserin treatment, were not associated with
any increase in cardiovascular events among patients with high cardiovascular risk [88].
Interestingly, lorcaserin treatment for 6–13 months showed an improvement in metabolic
and cardiovascular parameters in obese patients [91,117,118]. It has also been reported that
this drug decreases the risk of developing diabetes [119]. At the same time, compared to a
placebo, lorcaserin did not affect blood pressure, heart rate, or heart valves [120–122].

However, the US Food and Drug Administration Adverse Event Reporting System
(FAERS) database scrutinization identified that lorcaserin medication was associated with
a significantly greater valvular disorder [123]. Only in overweight and obese patients with
renal dysfunction, lorcaserin treatment barely increased cardiovascular disease risk [124].
At the same time, the results of several clinical studies have shown its modest antiobe-
sity effects, and lorcaserin’s position on the market slowly declined. Moreover, patients
treated with lorcaserin were diagnosed with more frequent occurrences of cancer. Indeed,
incidences of malignancies during lorcaserin pharmacotherapy (though not different from
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the respective placebo groups) were the reason that it was withdrawn as an antiobesity
medication in 2020 [125–127].

5. Positive-Allosteric Modulators of the 5-HT2CR

The 5-HT2CR is not only an antiobesity drug target, but also a binding site for positive-
allosteric modulators (PAMs). PAMs are groups of substances that increase the affinity
and/or efficacy of respective receptor ligands (Figure 1). A potential PAM therapeutic
role is the ability to potentiate the effect of an endogenous cognate ligand or other probes
interacting orthosterically by binding at a distinct, allosteric, receptor recognition site [128].
Thereafter, several new molecules related to 5-HT2CR PAMs were pharmacologically eval-
uated. Recently, there have been a few papers showing 5-HT2CR PAM to be potentially
safer antiobesity drugs. Garcia-Carceles et al. [129] screened a chemical library from Vivia
Biotech using the ExviTech platform and validated and synthesized analogues of Com-
pound 5 (VA240). Among 35 synthesized akins, the most interesting was Compound 11
(PAM 11: (N-[(1-benzyl-1H-indol-3-yl)methyl]pyridin-3-amine, VA012). This compound
dose-dependently enhanced 5-HT efficacy (highest potentiation—by 35% at 10 μM—of
5-HT-induced inositol monophosphate release in 5-HT2CR HeLa cells), displayed low
binding competition with 5-HT or other orthosteric ligands, and did not exhibit significant
off-target activities. Importantly, PAM 11 and WAY 161503 (an agonist of 5-HT2CRs used
as a reference drug) were administered acutely to reduce food intake in rats, and PAM 11
acted with higher efficacy and with more prolonged action. Moreover, PAM 11-evoked
food intake inhibition was not eliminated after pretreatment with the 5-HT2AR antagonist
ketanserin. These findings indicate that the effect of PAM 11 was not related to the acti-
vation of 5-HT2ARs and suggest that it has no direct action at the orthosteric site of the
5-HT2CR. Furthermore, PAM 11 administered subchronically (seven days) in a restricted
food access model also reduced both food intake and body weight gain in rats. Finally,
after combined treatment with PAM 11 and sertraline (a 5-HT reuptake inhibitor) admin-
istered in a dose-induced mild feeding suppression, potentiation of feeding reduction
was demonstrated. This is clear evidence for the allosteric potentiation of 5-HT-induced
anorexia, especially 5-HT2CR-induced anorexia [129]. Another study synthesized a se-
ries of N-heterocycle imidazole-linked phenyl cyclopropyl methanone molecules. One
of three active 5-HT2CR allosteric modulator molecules, Compound 58, showed unique
and beneficial dual characteristics. Compound 58 selectively exhibited PAM response at
5-HT2CRs and negative-allosteric modulator at 5-HT2BRs, which is rarely reported for al-
losteric modulators. From the point of view of 5-HT2CR agonist’s unwanted cardiovascular
effects (depending on 5-HT2BRs activation), the negative 5-HT2BRs modulation is a unique
property. Besides, at the same dose, both Compound 58 and lorcaserin reduced food intake
in rats [130].

Figure 1. Mechanisms of the 5-HT2CR function modulation by agonists and positive-allosteric
modulators (PAMs). The 5-HT2CR agonists bind to the same orthosteric sites as endogenous serotonin
(5-HT) at the 5-HT2CR to evoke a response. Opposed to the 5-HT2CR agonists, the 5-HT2CR PAMs
bind to allosteric sites at the 5-HT2CR, enhancing the affinity and efficacy of the 5-HT2CR response
by 5-HT.
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6. Conclusions and Perspectives

This paper reviews the preclinical and clinical efficacy of 5-HT2CR agonists in obesity
treatment. Moreover, we showed evidence of new therapeutic molecules, based on 5-HT2CR
targets, as potential antiobesity drugs.

In preclinical studies, nonselective or more selective 5-HT2CR agonists showed effec-
tiveness in decreasing body weight, reducing food intake, and inhibiting food seeking-
behavior. Consequently, 5-HT2CR drugs, such as fenfluramines, sibutramine, and lorcaserin,
were approved in the trade as obesity pharmacology medications. Clinical trials confirmed
5-HT2CR agonist’s action in reduced food intake and decreased body weight in patients
with BMI >25 kg/m2 or an ideal body weight of 120–180%. However, after a few years,
the 5-HT2CR agonist’s position on the market slowly declined, until being withdrawn
from the market due to unwanted effects (higher risk of cardiac valvular abnormalities)
occurrence. Nonetheless, the above-mentioned drugs have contributed to understanding
the mechanisms of 5-HTR action that permitted the design of new selective molecules.
Herein, we showed that 5-HT2CR PAM intensifies 5-HT action for reduced food intake
and decreased weight loss in a few in vivo studies. Moreover, we presented selective
5-HT2CR PAM without 5-HT2BR-linked cardiac valve affinity that offers a new angle into
the pharmacological potential safer in obesity treatment.

Nowadays, more attention is being paid to precision medicine that offers new grounds
for obesity prevention and targeting correct treatment based on genetic, pharmacogenomic,
and environmental factors [131–133]. Recent human studies underline the connectivity
between 5-HT availability and BMI as a predictor of obesity treatment success [134]. Fur-
thermore, the loss of 5-HT2CR function due to mutation can predispose humans to obesity.
Thus, sequencing genes encoding the 5-HT2CR should be included in diagnostic panels
for obesity [135]. Currently, a series of highly specific 5-HT2CR PAM selectively increase
in vitro 5-HT efficacy [136]. This elevates the possibility of 5-HT2CR PAM being used in a
more directed way as precision medicine.

In conclusion, we underline the role of 5-HT2CR as a crucial therapeutic target in
obesity treatment. Further, 5-HT2CR PAM discovery and syntheses are recommended.
Furthermore, 5-HT2CR PAM optimization and clinical weight loss validation are necessary
for successful antiobesity treatment and to reveal the full therapeutic potential of PAM.
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Abstract: (1) Background: serious games seem to show promising strategies to promote treatment
compliance and motivate behavior changes, and some studies have proven to contribute to the
literature on serious games. (2) Methods: this systematic review aimed to analyze the effect of
serious games in promoting healthy eating behaviors, effectively preventing childhood obesity, and
improving physical activity in children. Five electronic bibliographic databases—PubMed, ACM
Digital Library, Games for Health Journal, and IEEE Xplore were used to conduct a systematic
literature search based on fixed inclusion and exclusion criteria. Peer-reviewed journal articles
published between 2003 and 2021 were selected for data extraction. (3) Results: a total of 26 studies
were identified, representing 17 games. Half of the studies tested interventions for healthy eating and
physical education. Most of the intervention’s games were designed according to specific behavioral
change theories, predominantly the social cognitive theory. (4) Conclusions: studies confirmed the
potential of serious games for obesity prevention but considering the restrictions encountered, we
exhort for novel designs with different theoretical perspectives.

Keywords: serious games; nutrition; childhood obesity; real foods

1. Introduction

In recent decades, the prevalence of obesity in children has increased significantly,
and it is now recognized as a global epidemic [1]. Multiple complex factors are associated
with this prevalence [2], namely behavioral factors such as decreased PA and increased
consumption of unhealthy food choices [3]. There is growing evidence of the impact
that being overweight and obese have on short and long-term health and well-being [4],
supports the relevance of their prevention as public health priorities [2,5].

The prevalence of obesity in children has increased dramatically, as evidenced in
2015, when a total of 107.7 million children were classified as obese, corresponding to a
worldwide prevalence of childhood overweight and obesity of 23% [6]. Once established,
it is difficult to reverse and likely to persist into adult life [7].

Obesity is a multisystem disease characterized by the accumulation of excessive fat
in the body [3], already defined by the World Health Organization (WHO) as a condition
of abnormality in the content of body fat, or an excess of fatty tissue, which affects or
deteriorates the health of an individual [1]. This is associated with the development of
chronic non-communicable diseases such as hypertension, type 2 diabetes mellitus, hepatic
steatosis, and dyslipidemia in children, which were previously considered to be “adult
diseases,” favoring the increased risk of early mortality in adulthood [1].

One of the most frequent behavior patterns among children is to spend too much time
in front of a screen (television (TV), computers, tablets). They often do this while they are
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eating, which causes a greater food intake as well as less energy expenditure (sedentary
behavior). This has created a link between childhood obesity and food intake [8], combined
with a lack of PA. In addition, commercials and other programs on TV are one of the drivers
of this problem, due to the favorable publicity they give to unhealthy foods, which has a
negative impact on the relationship between children and food [9]. It was also detected that
destructive health behaviors generally prevail throughout the family, so that the possibility
of a child becoming an obese adult is as high as 80%. Therefore, it is clear that an obese
child will more likely become an obese adult [8].

It is imperative to find new methods to combat this epidemic that involves children
from an early age and the family, rather than individual component programs [10]. Serious
games make up part of this diversity of strategies and tools to intervene in young age
groups due to the predisposition of children to learn, coupled with their attraction to
video games.

Most 10-year-old children spend more than one hour per day playing digital games in
Europe and the United States of America [11]. Videogames appeal to both children and
their parents (in the USA, 74% of parents play games with their children on a weekly basis
at least) [12].

Serious games are video games designed to achieve a change of some type while
entertaining [13]. In health, they are targeted towards the rehabilitation of patients suffering
from various disabilities [14], for the treatment of specific diseases [15], and also for the
promotion of healthy lifestyles [16]. In 2013, video games for self-healthcare and wellness
(which exclude games for patients and professional training) accounted for 41% of all
health games [17].

Beyond the revision of serious games for promoting good health-related behaviors [18],
some reviews addressed nutrition and obesity prevention. Mack et al. (2017) reviewed
video games explicitly targeting nutrition, PA, and obesity for children between 7 and
15 years of age [19]. Baranowski et al. (2019a) made a scoping review of nutrition education
and dietary behavior change videogames/or interactive games (as part of human-delivered
interventions) [20]. Moreover, Chow et al. (2019) gathered forty-three studies that used
video or physical games and gamification (i.e., game-based approaches) to influence chil-
dren’s (≤12 years old) eating behavior [21].

From the above, it is still rather unclear what the contribution of challenging games is
to a change in lifestyles, mainly in terms of reducing obesity. However, they do show a clear
potential to induce change. Effects are minor [19] and are primarily reported in the short
term [21]. Games differ remarkably in their targeted knowledge and behaviors, population,
game mechanics, behavioral theories, research designs, and findings [20], hampering the
analysis. A more solid research-based game design and evaluation would enable a more
in-depth analysis of serious games’ characteristics and outcomes [20] to conclude their
effectiveness [16] properly.

While authors such as Baranowski and colleagues (2019a) appeal to the embrac-
ing of behavior change procedures in games’ design, trying to change the player’s at-
titudes, beliefs, risk perceptions, knowledge, or skills in the mediation to better health
outcomes [20], others such as Guy, Ratzki-Leewing, and Gwadry-Sridhar (2011) [22] remind
us that nutritional expertise and financial resources seem not to be the leading solutions to
healthy eating. There is a need for an ecological, multilevel approach to childhood obesity
prevention [23].

In this light, games would benefit from acknowledging the kid’s food environment in
their narratives (e.g., the pressure of publicity/markets on children’s food choices and the
food available in their environment). Likewise, they would benefit from recognizing social
stigmas in girls’ sports practices as barriers to PA. This would leverage communication
beyond solely depicting information (e.g., the nutritional content of foods, pointing to what
is good or bad). Games can propose solutions to barriers or provide extra motivational
arguments for behavioral change by acknowledging reality.
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Additionally, as far as eating behavior is concerned, there seems to be a distinct lack
of games to encourage children’s (sensorial) food exploration. In analyzing a diversity of
games, Chow et al. (2019) [21] only found one article that developed a digital experience
with natural foods [24]. EducaTableware hopes to help kids enjoy eating disliked foods in
dietary education, by introducing an element of fun into eating, encouraging them to give
audio feedback when consuming foods with different textures.

Serious games (video games or interactive games] could introduce children to diverse
foods, guiding them to what is good for them [25]. This could help surpass some neophobia
and picky eating [26] in particular contexts. It also adds a performative aspect to behavior
change, or an in-game transformation perspective, that is more usual in PA.

In pursuing innovative ways to support obesity prevention and being aware of the
allure and promise of challenging games in health, this study took shape. It is a systematic
review of the existent literature on the effect of serious games for promoting healthy diet
behaviors (as well as PA) in children and adolescents. Data were also collected regarding
the theories for change behind the game design, the (possible) acknowledgment of the kid’s
environment, and performative aspects of the game (motion and tangibility).

2. Materials and Methods

In order to conduct the present systematic review of the literature, a slightly modified
PRISMA (Preferred Reporting Items for Systematic reviews and Meta-Analyses) checklist
was followed [27].

The identification of papers was conducted through a search on PubMed, ACM
Digital Library, Games for Health Journal, and IEEE Xplore with the following expression
[(“serious game” OR gamification) AND (nutrition OR “health promotion”)].

The search was carried out in September 2022, where the filters were applied to exclude
systematic reviews and meta-analyses and the inclusion of full papers, short papers, and
extended abstracts. In total, publications were collected and analyzed, unless they were
written in a language different from English, Portuguese, or Spanish.

After collecting all publications to be analyzed, three authors (SA, SL, and SC) re-
viewed the abstracts—each of them reads the abstract of the papers individually—to seek
agreement between them in deciding which publications would be included. A third
element (EP) participated in the discussion of included and excluded papers to solve
disagreements in the decisions of the other two authors.

The search retrieved duplicate articles, which were removed. The inclusion criteria
were: papers evaluating an intervention in nutrition and/or PA, where there was a change
in behaviors (for instance, increase in the intake of healthy foods/decrease in the intake
of unhealthy foods or beverages; increase in PA; increase in knowledge about healthy
behaviors) after the intervention. The exclusion criteria considered were: papers written in
languages other than English, Portuguese, or Spanish (n = 3); narrative reviews (n = 70);
studies not focused on nutrition and/or PA (n = 50); studies using patients as target
population (n = 37); studies not using games, or where their role is only subsidiary (n = 35);
studies which did not contemplate any intervention (n = 37); and studies not targeting
children and/or adolescents (n = 57).

The revision of the abstracts excluded 289 studies from the 403 initially retrieved (after
the exclusion of repeated abstracts), making a total of 95 articles to read in full. Next, the
three authors that conducted the abstracts’ assessments and analyzed the full papers in
detail opted for the exclusion of 83 of them. These exclusions were motivated by: a paper
written in Spanish (n = 1); narrative reviews (n = 3); studies not focused on nutrition and/or
PA (n = 7); studies using patients as target population (n = 6); studies not using games,
or where their role is only subsidiary (n = 24); studies which did not contemplate any
intervention (n = 19); and studies not targeting children and/or adolescents (n = 23).

Only 12 papers met the inclusion criteria. Their reference lists were also reviewed,
and another 14 studies were included in the revision. All these steps are represented in a
flowchart (Figure 1).
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Figure 1. PRISMA diagram showing the screening process.

The study information was systematized in a table including the following character-
istics: first author’s name, year of publication, country of study, sample’s characteristics,
area of intervention, type of study, description of the intervention, and finally, the results
that each study had. The table is presented in Appendix A.

3. Results

After using the predefined search strategy, 403 results were pulled from the databases.
Three hundred and eighty-four remained for screening after duplications were eliminated.
Following a review of the titles and abstracts, 95 papers were kept. After reading the studies,
12 papers fulfilled the inclusion criteria and were maintained for data extraction. An
additional 14 pertinent papers were found and included in the final analysis by examining
the references from the included reviews. The selection of 26 distinct studies for data
analysis were totaled. Figure 1 displays the progression of the screening.

The 26 papers included in this revision corresponded to interventions conducted
around the world between 2003 and 2022, the majority of them in the USA (n = 15), and
the rest in the Netherlands (n = 1), Germany (n = 2), Italy (n = 2), UK (n = 1), Mexico
(n = 2), Finland (n = 1), Australia (n = 1), and Canada (n = 1). In total, they represented
17 different games.
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Half of the studies (n = 13) tested interventions directed both to healthy eating and
PA, six studies focused merely on improving healthy eating, and two focused only on PA.
The sample size ranged between 20 and 1578 participants; three of these studies included
teams of parents and their offspring. When parents were involved, the primary objective
was to receive information about the results of the intervention and to be able to assist with
future behavioral change. The age of the participants mostly ranged between eight and
fifteen years old, with only one of the studies including participants up to eighteen years
old and another three children from three to eight years old.

Fifteen studies were randomized controlled trials, and eleven were quasi-experimental
studies, with pre-and post-intervention evaluation. Regarding the period in which the
intervention took place, it ranged from one day to three months.

Most of the intervention games (nine out of seventeen) were designed according to
specific behavioral change theories, predominantly the social cognitive theory (SCT) [28]
and the self-determination theory (SDT) [29], but also the Elaboration Likelihood Model [30].
Other behavioral theories were also used, such as the Transtheoretical Model of Change [31],
Behavioral Inoculation Theory [32], Maintenance Theory [33], the Theory of Reasoned
Action [34], Transportation Theory [35], and in two cases, Behavior Change procedures
from the Michie inventory [36] were applied. Other theories were used from game design
and theoretical education areas. Following the concept of serious gaming, one paper [37]
reported using the theory of persuasive gaming and the positive gaming concept [38],
and another one [39] reported using images from collaborative games in conjunction with
parental PA modeling concepts. A third game [40] explored the idea of Situated and
Embodied Cognition, including Gestural congruency. No theory was specified in the
remaining games [41–47].

Serious games that did not use any particular behavioral theory aimed chiefly at
increasing players’ nutrition knowledge or PA. Examples of nutrition information are
knowledge about healthy/unhealthy foods, energy-dense foods, food quality vs. calorie
content, or meal composition. As for the games with embedded behavior change theories,
they expected some behavioral change in their players at the postgame (or follow-up),
although with diverging goals: increase healthy food intake, fruits, and vegetables (FV)
consumption, water intake, or level of PA; positive changes in anthropometric measures
or attitudes and intentions; or to decrease consumption of sugary foods, sugar-sweetened
beverages (SB), packaged snacks (PS), or non-healthy foods.

Regarding PA, serious games are a potent means to prompt movement and activity
during gameplay. Of the ten games that included PA as an interventional area (alone
or in conjunction with diet improvement), in five of them, motion control interfaces and
movement sensors were used to imbed PA in the game (namely, Microsoft Kinect V2
sensor, SMALLab mixed reality platform, Fitbit activity trackers, or GPS mobile sensor).
In the other six, motion does not occur in the game: they are uniquely cognitive-based
(e.g., by delivering information on energy expenditure tied to caloric intake and healthy
eating concepts).

Games with nutrition as a unique interventional area (n = 7) are solely cognitive-
based. As for the others, tangible elements (besides PC keyboards, touchscreens, and
touchpads) are almost absent, except for one boardgame (that uses cards, dice, and pawns)
and a mixed reality game that uses trackable wands for players to interact with the digital
world (e.g., picking digital objects). Thus, natural foods are never present in these games.
Nutrition communication is always cognitive-based.

Notwithstanding, in two serious games (Squire’s Quest! I and Squire’s Quest!
II—two versions of the same game) players are elicited to eat FV during the day and
to prepare authentic recipes with their parents (or other adults) by establishing specific
goals in the game. During gameplay, they are taught how to make simple FV recipes
(“Virtual Kitchen”) through brief demonstration video clips and then asked to set goals to
make an actual recipe at home.
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In five games, the children’s food environment is somehow acknowledged, ranging
from simply referring to a grocer or restaurant and their food availability, to asking children
to set solutions for environmental barriers to FV consumption and PA.

Regarding the interventions’ impact assessment, this was generally carried out through
questionnaires. Some studies, in addition to questionnaires, included anthropometric
measurements, the determination of biochemical parameters, and the use of accelerometers
to measure PA, as well as data collected during gameplay through in-game log files. One
study performed a food-tasting test as a pretext to assess energy-dense food consumption
post-intervention. Different measurements were used to assess eating behavior, including
the Food Intake Recording Software System (FIRSSt)—a computer-based 24-h dietary
recall program for children. Questionnaires were administered in person in most studies.
However, five questionnaires were administered by phone to children or parents in cases
where they were also the target of the study. One study [48] used the EGameFlow and
guessed questionnaires to evaluate children’s enjoyment of the game and user experience
satisfaction to link these concepts to learning. Besides that, Wengreen et al., 2021, estimated
the daily FV consumption of all the children eating a school-prepared lunch using a waste-
based measure by weighting and taking photos before/after lunch trays [44].

There was a control group in almost all experimental—sixteen out of seventeen—and
four quasi-experimental studies. In some cases, the control group received written informa-
tion; in others, lectures in a classroom context played generic games (such as web-based
games) or participated in incomplete parts of the game. There were cases in which the
control group constituted the wait list group and received the intervention sometime after
the study.

The vast majority of interventions in nutrition had a positive impact, with changes
in knowledge and behavior. Only one of the games [49] did not significantly impact
the different variables tested. Several games increased children’s nutritional knowledge
compared to the control or baseline group. Moreover, most serious games that embedded
behavioral change theories registered positive results, despite the diversity of the foreseen
goals. Globally, they reported an increase in the consumption of healthy foods or FV and a
decrease in sugary or processed foods. Positive changes in intentions and attitudes toward
healthy eating and physical exercise were also attained. In one study [48], enjoyment
and user experience satisfaction with the game were positively correlated and significant
predictors of learning.

Even so, some studies found effectiveness in both interventions (game and control),
and others found significant positive results immediately after gameplay (and not in
the follow-up). In one study [50], although players decreased the consumption of SB
and PS, there were no positive effects in FV and water intake, PA, or screen time (or,
generally speaking, a shift to a more balanced diet). The same happened in other studies,
especially in variables such as the availability of FV at home or some objective variables
(e.g., positive changes in anthropometric measurements—e.g., body mass index or waist
measurement—or in fasting insulin (a biological parameter important for preventing diabetes).

None of the selected articles targeted for PA registered an increase in the PA after
the game (reported by the kids or measured using an accelerometer); there were only
positive changes in attitudes and intentions [39,51]. Solely one game, explicitly designed
to increase PA [43], produced positive results during gameplay, with players achieving a
speed representative of “moderate to vigorous activity”.

Lastly, eight of the seventeen games were designed following formative evaluations,
and two included procedures to tailor content to the player’s preferences (e.g., FV was
selected based on the child’s food preferences reported at baseline). Several games were
beta-tested, and some were piloted before the final intervention.

Formative evaluations used quantitative (e.g., surveys) and qualitative methods
(e.g., focus groups, observation) to assess children’s interest in the game’s story (or what
their preferred story genre was), or which characters were more appealing, but also, play
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issues (frequency of play, motives, and favorite games). Several followed iterative method-
ologies during game development, such as a user-centered design.

All these results are systematized in Table A1.

4. Discussion

This study analyzes interventions using serious games to improve children’s and
adolescents’ knowledge and practices of a healthy diet and PA.

The papers reviewed were published in peer-reviewed journals before September
2022 and scrutinized regarding the interventions’ characteristics and effectiveness and
specific games’ characteristics/concrete features that push serious games away from solely
cognitive forms of communication.

Our results confirm previous findings, which point to promising results in using
serious games for health promotion and obesity prevention in terms of interventions
in nutrition. The vast majority of interventions had a positive impact, with changes in
knowledge and behavior. Only one game [49] did not significantly impact the tested
variables. This is very positive, considering that in some cases the intervention was very
brief and the players were only briefly exposed to the game (e.g., in one study, only
30 min–2 h/day, during one week). Therefore, we sought to find out if implementing some
interventions over a more extended period of time could have a more significant impact.

In reality, as in other reviews [16], we found that the effects were relatively small.
Moreover, there was also a need for long-term follow-up evaluations in most studies that
could confirm if the results were sustainable. Our sample is very diverse in its goals,
evaluation methods, and tools.

Unfortunately, the interventions targeted at PA were ineffective in the postgame.
However, changes in attitudes and intentions were promising, but we were expecting
positive changes in PA (besides PA knowledge) because nearly half of the serious games
involved motor skills and some cognitive information, although this concurs with previous
findings [18]. Some factors that could justify this result is the rather brief duration of
the interventions, a higher resistance of less physically active players to the PA messages
diffused in interventions [52], or the need to integrate the game intervention in a broader
multi-component program [16].

Despite this drawback, we registered the positive influence of in-game PA, and in
one study, it led the group to an average speed equaling “moderate to vigorous” aerobic
activity levels [43]. This accords with previous research, which points to the effectiveness
of active video games in supporting children’s PA and energy expenditure [53] (even if not
reaching the daily PA recommendations) versus sedentary games more linked to children’s
health education.

This output encourages the mentioned alternative approach of serious games in
nutrition with a performative facet: that could foster sensory education by including natural
healthy foods as tangible elements in the game, as opposed to solely cognitive-based games.
The hypothesis is that effectiveness can be prompted by including taste/sensory activities
in the game, such as having PA in active videogames. In the studies reviewed, real foods
were never present in games, following the trend of serious educational games that revolve
around cognitive skills [17]. Nutrition communication is always cognitive-based.

The foreseen perspective can be added to the extent of theories applied in serious
games for nutrition and PA. In our review, most games included behavior change theories,
such as the social cognitive theory or self-determination theory in their design, seeking
to extend information to attitudes and behavior change. Moreover, other theories and
concepts influenced by psychology were also used—namely, the idea of persuasive gaming
or the positive gaming concept; concepts such as enjoyment and experience; or the Situated
and Embodied Cognition.

It is interesting to see that, alongside the demand for a more solid research base in
design and evaluation [20], the research community is also concerned about exploring
different theories in serious games. Embodied learning, for example, could be linked to
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sensorial education with foods, or self-efficacy [54] in researching and preparing foods.
In this trend, there are already two games (Squire Quest! I and II) that prompt players to
establish goals to make recipes at home, offering small cooking demonstration videos.

In our attempt to approach children’s reality in serious games, we have analyzed the
(possible) use of a formative evaluation in the game/intervention design and the (possible)
acknowledgment of the children’s food environment in the game narrative and concept.

Formative evaluations are crucial, helping to create the game/interventions for the
target audience. Moreover, we found that twelve out of the eighteen games were designed
following these evaluations using quantitative (e.g., surveys) and qualitative methods. Two
also included tailoring mechanisms to suit the game to their players. Only a few games
used formative evaluation to access nutritional or PA issues (versus play profiles, story, and
character topics). In these examples, preferences, reasons, needs for nutritional information,
or parental attitudes towards and support for their child’s PA were accessed. In one
challenging particular game, recipes presented in a “Virtual Kitchen” were tested before
their inclusion to ensure they were child-friendly, tasted good, and looked attractive [55].

Five of the reviewed serious games somehow recognize the children’s (occidental)
food environment. However, there is a lack of games that expose the truth about the
food industry and our social/eating environment. Some online games (not object to
evaluation) [56] revolve their narrative around these problems as behavior change issues in
the story [18] and as sparks of motivation. In our review, three games acknowledge these
limitations and ask players to set solutions for environmental barriers to FV consumption
and PA.

Finally, most serious games were targeted to 8–15-year-old children (as reflected in
the interventions). This is a suitable age range as kids in this age group are progressively
more autonomous in their food choices, making it essential that they are aware of options
of what is good for their health and especially that they feel motivated to choose well.
Additionally, it would be interesting to see more multiple-component interventions (vs.
individual interventions) or simply interventions aimed at parents. As mentioned before,
diet changes should be supported by the family and the family environment (and we only
found two games that included parents and their offspring).

In our review, all the games were developed in Western countries (nine in the USA),
which may indicate the regional prevalence of the obesity epidemic and the easy access to
funding or technological means, while also setting the tone for the problems addressed in
the games. It would be desirable to find studies in other parts of the world where children’s
and adolescents’ eating habits and leisure time may differ.

Lastly, evaluation methods mostly comprised self-report (or parent-reported) ques-
tionnaires and interviews, or some objective measurements, such as the measurement of
PA using accelerometers or biometrics—the latter generally not advancing positive results.
Some qualitative methodologies could enrich these variables, bringing different indicators
of efficacy, for example, through experiments evaluating whether kids positively respond to
a food environment change (e.g., in school) in conjunction with a serious game intervention.
Food-tasting tests could also be exciting tools to evaluate the game’s impact, especially if
sensorial education is involved.

This study has some limitations that could interfere with the results. Its primary focus
is nutrition, leaving some PA games and exergames out of the analysis. Even so, previous
reviews confirm our results. The low number of scientific articles retrieved can indicate
that this subject has yet to be fully explored, and more games should be developed with
different theoretical perspectives and tested.

5. Conclusions

This review provides an overview of research interventions using serious games as
strategies to promote healthy eating and PA in children. Despite some inconsistencies, our
findings confirm that most studies in nutrition have been effective in increasing knowledge
and/or changing kids’ diets to healthier ones. Notwithstanding PA, results seem to be
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mainly limited to the gameplay. The intrinsic entertainment and motivation of games,
coupled with accurate information and a solid theoretical psychology ground, bring some
hope for progress in obesity prevention.

All serious games analyzed, approached nutrition through cognition and only two
versions of the same game elicited players to prepare recipes at home. A performative facet,
using sensorial experiences with foods (seeking transformation in the course of the game),
was never present. There is a need for more diversity of games because playing with foods
is a good way for kids to get to know and appreciate novel foods, especially healthy ones
with bitter tastes.

Although formative evaluation is sometimes used in the game design, only a few ex-
amples gathered information about the player’s needs and behaviors about the intervention
theme. Moreover, although some games acknowledged the children’s food environment
and food choice pressures, these issues are mostly subtly referred to. From our point of view,
serious games should pursue new perspectives other than the mainstream accountability
of kids’ behaviors for the obesity epidemic. A broader and more ecological perspective
is needed.

Finally, as argued by other authors, interventions would benefit from being more
research-based, possibly by having more prolonged intervention periods and more long-
term evaluation follow-ups. To these claims, we add the benefit of exploring new theoretical
grounds for serious games and possibly new evaluation methods to explore all the possibil-
ities of communication in this area of research.
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