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Aim. - To study the effects of a functional food-based dietary intervention on faecal microbiota and
biochemical parameters in patients with type 2 diabetes (T2D).
Materials and methods. - This placebo-controlled, randomized, double-blind study included 81 patients
with T2D divided into two 3-month treatment groups: one following a reduced-energy diet with a
dietary portfolio (DP) comprising high-fibre, polyphenol-rich and vegetable-protein functional foods;
the other taking a placebo (P). The primary outcome was the effect of the DP on faecal microbiota.
Secondary endpoints were biochemical parameters, lipopolysaccharide, branched-chain amino acids,
Faecal microbiota trimethylamine N-oxide, glycosylated haemoglobin (HbA;.) and free fatty acids (FFAs).
Functional foods Results. — Patients with T2D exhibited intestinal dysbiosis characterized by an increase in Prevotella
LPS copri. Dietary intervention with functional foods significantly modified faecal microbiota compared with
Type 2 diabetes P by increasing alpha diversity and modifying the abundance of specific bacteria, independently of
antidiabetic drugs. There was a decrease in P. copri and increases in Faecalibacterium prausnitzii and
Akkermansia muciniphila, two bacterial species known to have anti-inflammatory effects. The DP group
also exhibited significant reductions in areas under the curve for glucose, total and LDL cholesterol, FFAs,
HbA; (P < 0.05), triglycerides and CRP, and an increase in antioxidant activity (P < 0.01) vs. the P group.
Conclusion. - Long-term adherence to a high-fibre, polyphenol-enriched and vegetable-protein-based
diet provides benefits for the composition of faecal microbiota, and may offer potential therapies for
improvement of glycaemic control, dyslipidaemia and inflammation.
© 2018 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction with negative metabolic changes such as dysfunction of the insulin

pathway leading to hyperinsulinaemia that, in turn, stimulates

There has been a constant increase in the incidence and
prevalence of type 2 diabetes (T2D) in both developed and
underdeveloped countries [1]. Complex diseases such as diabetes
are multifactorial, in which changes to the environment, diet and
lifestyle are considered major causes. The usual Western diet,
which is rich in saturated fats and simple sugars, may be associated
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production of tumour necrosis factor (TNF)-a in adipose tissue,
thereby increasing lipolysis, while also increasing free fatty acids
(FFAs) and glycerol [2]. High levels of FFAs can induce deterioration
of 3-cell function, resulting in hyperglycaemia, oxidative stress,
insulin resistance and 3-cell dysfunction [3]. In addition to these
risk factors for T2D, alterations of the microbial community living
in our gut, called the ‘microbiota’, have emerged as a new
candidate factor that may be linked to T2D.

The human gut microbiota comprises 2172 identified bacterial
species so far, grouped mainly into four phyla: Firmicutes (Gram-
positive); Protobacteria; Actinobacteria; and Bacteroidetes (Gram-
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negative) [4]. These microorganisms perform key functions that
the human host is incapable of performing on its own, such as the
breakdown of non-digestible carbohydrates contained in the diet
[5]. Changes to gut microbiota have been linked to the increasing
prevalence of T2D. Also, a body of evidence demonstrates that
intestinal microbiota play a role in the onset of metabolic diseases
in part due to the release of lipopolysaccharide (LPS), which
produces chronic low-grade inflammation [6]. In addition, Gram-
negative-bacteria-promoted metabolic endotoxaemia can activate
an inflammatory response leading to insulin resistance [7].

There is also evidence of a pathophysiological contribution of gut
microbiota to cardiovascular diseases linked to gut microbial choline
metabolism. Modulation of gut microbiota may even modify turnover
of choline and carnitine. These compounds are metabolized by gut
microbiota to produce trimethylamine (TMA), which is rapidly
oxidized by hepatic flavin monooxygenases to form trimethylamine
N-oxide (TMAO), which is proatherogenic and associated with
cardiovascular risk [8]. Furthermore, it has been reported that specific
gut microbiota constitute another, independent contributing source
of elevated branched-chain amino acids (BCAAs), which are associated
with insulin resistance in T2D patients [9].

Therefore, the present clinical trial has investigated the effect of
a dietary portfolio (DP) based on a combination of functional foods,
including inulin, chia seeds, soy protein, dehydrated nopal
(because of its prebiotic properties), omega-3 fatty acids, vegetable
protein, polyphenols, and soluble and insoluble fibre, all known to
reestablish the gut microbiota, and attenuate the biochemical
abnormalities and metabolic endotoxaemia caused by dysbiosis of
the microbiota in patients with T2D. Our hypothesis was that a
dietary intervention with functional foods would reduce biochem-
ical abnormalities and metabolic endotoxemia compared with P,
and also induce changes to gut microbiota leading to a healthier
metabolic profile.

Materials and methods
Participants and sample collection

Patients with T2D for 1-7 years and aged 30-60 years, with a body
mass index (BMI) of 25-39.9 kg/m?, and a healthy control group of
subjects aged 20-40 years, with a BMI of 18.5-24.9 kg/m?, were
recruited through advertisements at the Department of Physiology of
Nutrition at the Instituto Nacional de Ciencias Médicas y Nutricion
Salvador Zubiran, Mexico City.

T2D participants were all receiving pharmacological treatment
for control of glucose with metformin or a combination of
glibenclamide and metformin, and followed from August 2014 to
September 2016. Exclusion criteria for these T2D participants
included HbA;. > 9.9%, fasting glucose > 12.2 mM (220 mg/dL),
total cholesterol > 62.4 mM (240 mg/dL), triglycerides > 3.99 mM
(350 mg/dL), serum creatinine > 106 uM (1.2 mg/dL) in women
and > 114.9 uM (1.3 mg/dL) in men, a history of cardiovascular
events, weight loss of > 3 kg within the last 3 months, cancer,
acquired immunodeficiency syndrome (AIDS), kidney or liver
disease, pregnancy, smoking, substance abuse and alcohol con-
sumption. To ensure comparable data, patients were interviewed for
their history of gastrointestinal diseases and use of probiotics. No
participants in either the healthy control or T2D group had taken
antibiotics during the previous 2 months.

The study was approved by the Ethics Committee of the
Instituto Nacional de Ciencias Médicas y Nutricién, Salvador
Zubiran (No. 1165), registered at www.clinicaltrials.gov
(NCT03421301) and conducted in accordance with the Declaration
of Helsinki. Written informed consent was obtained from all
participants.

Study design
The study was divided into two stages:

e basal comparisons between healthy and T2D subjects to create a
reference for faecal microbiota, LPS, BCAAs and TMAO;

e a single-centre randomized, controlled, double-blind parallel-
group vs. P study, consisting of six clinical visits, to evaluate the
effects of a dietary intervention on faecal microbiota in patients
with T2D.

At the first visit, a screening evaluation was conducted to
determine whether participants met the inclusion criteria (Fig.
S1; see supplementary material associated with this article
online). All eligible subjects were then invited to a second visit,
which consisted of obtaining a medical history, undergoing a 2-h
oral glucose tolerance test (OGTT), and collecting stool samples for
DNA isolation and a 5-mL blood sample. All participants also
received, as the first stage, areduced-energy dietary plan adjusted
to be 500 kcal less than their usual kcal consumption. At the third
visit, all subjects were randomized to receive either the DP or P
treatment in combination with the reduced energy diet for
1 month. At the fourth and fifth visits, separated by a 1-month
interval, dietary assessment and compliance with the DP or P were
evaluated. At each follow-up visit, a 24-h dietary recall was
collected, a physical-activity questionnaire was filled out, and
anthropometric and clinical parameters were assessed. At the
sixth visit, a 2-h OGTT was performed, and a stool sample for DNA
isolation and 5 mL of blood were again collected (for details, see
the supplementary Appendix associated with this article online).

Dietary intervention

T2D patients followed a 15-day reduced-energy diet tailored to
provide a 500 kcal/day deficit compared with their usual diet, as
recommended by the US National Institutes of Health (NIH)
[10]. The diet plan was 45-55% carbohydrate, 15-20% protein, 25-
35% fat (< 7% saturated fat), 200 mg/day of cholesterol, 20-35 g of
fibre and 2000-3000 mg/day of sodium, based on total energy
consumed. After this 15-day period, participants continued to
follow their reduced-energy diets, but with the addition of either
the DP (combination of functional foods) or P. The DP provided
200 kcal, subtracted from the diet, comprising 14 g of dehydrated
nopal, 4 g of chia seeds, 30 g of soy protein and 4 g of inulin, while
the P consisted of 28 g of calcium caseinate and 15 g of
maltodextrin. The kcal number, appearance and flavour were
similar between the DP and P, and both were given in packets in
dehydrated form ready to be dissolved in water. The DP was
divided into two packets: the first contained 17.3 g of DP or P to be
consumed at breakfast, dissolved in 250 mL of water; the second
packet was consumed at dinnertime (1500-1600 h) and contained
34.7 g of P or DP to be dissolved in 300 mL of water.

Statistical analyses

Continuous variables were expressed as means + standard
deviation (SD), while dichotomous variables were expressed as
frequencies and percentages. Variables were assessed using the
Kolmogorov-Smirnov Z test to examine distribution type. To evaluate
the basal characteristics between groups (DP vs. P), an independent-
samples t-test was used and, to compare proportions, a Chi® test was
used. Differences in the percentage changes between the DP and P
groups were expressed as medians and 95% confidence intervals (CIs),
and analyzed using the Mann-Whitney U test. Comparisons between
healthy controls and T2D patients were performed using the
independent-samples t-test. Correlations between two variables
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were evaluated by Pearson’s test if the distribution was normal, or by
Spearman’s test if it was not. A P < 0.05 was considered significant.
Data were analyzed using SPSS version 25 software for Macintosh
(IBM Corp., Armonk, NY, USA).

Results
Anthropometric and biochemical variables in healthy and T2D subjects

As expected, all anthropometric parameters were significantly
higher in patients with T2D: body weight, BMI, waist circumfer-
ence, body fat and visceral area were 35%, 40%, 27%, 51% and 98%
higher, respectively, than in the healthy control subjects. Further-
more, those with T2D had significantly higher systolic and diastolic
blood pressure compared with healthy subjects, but were not
classified as elevated according to the American Heart Association.
Also, as expected, the biochemical variables of glucose and lipid
metabolism during fasting were significantly higher with T2D than
in the healthy controls. In addition, glucose tests and homoeostasis
model assessment for insulin resistance (HOMA-IR) revealed that
the T2D group had hyperglycaemia associated with insulin
resistance, leading to significantly higher HbA;.. These abnormali-
ties were accompanied by alterations in lipid metabolism, with
T2D patients having 104% and 32% higher serum triglyceride and
low-density lipoprotein cholesterol (LDL-C), respectively, than
healthy subjects. In addition, the LDL-C/high-density lipoprotein
(HDL)-C ratio was 3.2 for T2D patients whereas, in healthy
subjects, it was 1.5. Interestingly, there was a significant increase
in alanine aminotransferase (ALT) (Table S1; see supplementary
material associated with this article online).

Glucose metabolism

To determine to what extent biochemical differences were
contributing to the presence of T2D, different biomarkers were
measured in the healthy controls and T2D patients. The results
showed that those with T2D had significantly higher areas under
the curve (AUCs) for glucose after OGTT than healthy subjects and
that this was dependent on the number of years of living with
diabetes: the more years since the onset of T2D, the greater the
AUC (P < 0.0001). In contrast, circulating levels of insulin
decreased with evolution of the disease, as observed for the
insulin AUC (P = 0.001; Fig. 1A). As expected, T2D patients had
significantly higher levels of the incretin glucose-dependent
insulinotropic polypeptide (GIP) and plasma FFAs compared with
healthy subjects (Fig. 1B and C). In fact, there was a significant
correlation between plasma FFAs and serum glucose, indicating
increased lipolysis from adipose tissue in those with T2D, with a
similar pattern observed between plasma FFAs and HbA . (Fig. 1D).
Experimental evidence suggests that low levels of HDL-C may also
be contributing to the pathophysiology of T2D: in the present
study, patients with T2D showed 33% lower HDL-C than healthy
subjects, whereas their HOMA-IR was 2.8-fold higher than in
healthy subjects (Fig. 1E). Interestingly, T2D subjects had
approximately 54.2-fold higher circulating levels of LPS compared
with healthy subjects (Fig. 1F), thereby indicating a chronic low-
grade inflammation termed ‘metabolic endotoxaemia’ and caused
by possible dysbiosis in faecal microbiota.

Faecal microbiota

Clustering bacterial communities using principal coordinates
analysis (PCoA) revealed that the faecal microbiota of T2D patients
was unlike those in healthy subjects [analysis of similarities
(ANOSIM): r = 0.6065, P=0.001; Fig. 2A]. According to the

Shannon diversity index (see Fig. 6B), there was no difference in
alpha diversity between healthy and T2D subjects. The relative
abundance of the three main phyla (Bacteroidetes, Firmicutes and
Proteobacteria) represented approximately 99.32% of all sequen-
ces at the phylum level. However, patients with T2D showed an
increase of 10.4% in relative abundance of Firmicutes compared
with healthy subjects (Fig. 2B). At genus level, our analysis
revealed a marked difference in faecal microbiota between T2D
and healthy subjects (Fig. 2C). Linear discriminant analysis effect
size (LEfSe) indicated a clear difference in faecal microbiota
between T2D and healthy subjects, with increased levels of
Prevotella copri, Bacteroides plebeius and Bacteroides eggerthii with
T2D, and of Bacteroides fragilis, Akkermansia muciniphila, Bacteroi-
des uniformis and Bacteroides ovatus in healthy controls (Fig. 2D).

There is also evidence that gut microbiota are modified by oral
hypoglycaemic agents (OHAs) [11] as, in the present study,
patients with T2D were taking different types of OHAs, metformin
or metformin plus glibenclamide. Interestingly, the faecal micro-
biota showed several differences between groups at the species
level in response to medication type (Fig. 2E), particularly on a heat
map, which revealed that T2D patients treated with metformin had
the greatest abundance of P. copri, followed by the metformin plus
glibenclamide group (Fig. 2F). Interestingly, this latter group also
showed the greatest abundance of Escherichia coli. In contrast,
healthy subjects showed the greatest abundance of Faecalibacte-
rium prausnitzii and B. fragilis.

TMAO, choline and betaine concentrations

Given the close relationship between diabetes and cardiovas-
cular disease, and the link between gut microbiota and TMAO
formation, TMAO concentrations and its related metabolites were
measured in healthy and T2D subjects: those with T2D had a 48.2%
higher TMAO concentration than healthy subjects (Fig. 3A), while
men with T2D had a 47% higher TMAO concentration than women
(Fig. 3B). In contrast, betaine in T2D was significantly lower (20.4%)
than in healthy subjects, whereas there was no difference in
choline concentrations between healthy and T2D subjects (Fig. 3C
and D). TMAO concentrations and AUCs for glucose were
significantly higher in T2D than in healthy subjects (Fig. 3E). On
investigating the association between TMAO and vascular risk
factors, T2D patients showed an inverse correlation between
TMAO and HDL-C concentrations (r = —0.265, P = 0.019; Fig. 3F).

Total and branched-chain amino acids

Serum levels of amino acids, mainly BCAAs, have previously been
associated with insulin resistance and, recently, it was also
suggested that specific bacteria might be involved in the synthesis
of these amino acids [9]. Total serum amino acids (except for
glutamine) in T2D patients were 1.3-fold higher than in healthy
subjects (Fig. 4A), and serum BCAAs leucine, valine and isoleucine
were the most increased (by 2.46-fold) compared with healthy
subjects (Fig. 4B). In addition, experimental studies have brought
evidence that the structure and function of the gut is preserved by
glutamine [12], which is also able to regulate intestinal permeability
[13]. In the present study, there was wide variability in serum
glutamine concentrations in those with T2D, with 32% showing very
low concentrations of glutamine at 24-69 wM, values well below
normal (205.44 pwM), indicating possible deterioration of gut
permeability. Interestingly, T2D patients with low glutamine
concentrations (< 100 wM) had significantly (P = 0.001) higher
serum LPS levels than those with glutamine concentra-
tions > 100 M, indicative of altered gut permeability (Fig. 4C).

On the other hand, our data also showed that T2D patients with
an average HbA;. of 7.2 + 1.2% had significantly higher BCAA serum
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Fig. 1. Biochemical and hormonal parameters in healthy controls and type 2 diabetes (T2D) patients: (A) area under the curve (AUC) for glucose (G) and insulin (I)
concentrations (n = 25 subjects in each group); (B) concentrations of serum glucose-dependent insulinotropic polypeptide (GIP) after oral glucose tolerance tests in healthy
controls and patients with T2D (n = 34 in each group); (C) plasma free fatty acids (FFA) in healthy and T2D subjects (n = 50 in each group); (D) correlations between serum
glucose and plasma FFA, and between HbA; . and plasma FFA in healthy and T2D subjects; (E) high-density lipoprotein (HDL) cholesterol and homoeostasis model assessment
for insulin resistance (HOMA-IR) in healthy and T2D subjects; and (F) plasma lipopolysaccharide (LPS) in healthy (n = 50) and T2D subjects (n = 151) assessed for eligibility.

Data are means & SEM. ~ P < 0.0001. 2y: 2 years (since diabetes diagnosis).

concentrations than healthy subjects with an average HbA;. of
5.1 +£0.23% (Fig. 4D). Indeed, recent studies in rodents have
demonstrated that, in particular, P. copri is associated with insulin
resistance and glucose intolerance, along with augmented circulating
levels of BCAAs. In our present T2D patients, it was observed that
increasing levels of BCAAs were associated with an increase in P. copri
abundance (Fig. 4E). Moreover, our results have also shown that the
higher the BCAA serum concentration, the higher the serum LPS
concentration (Fig. 4F).

Dietary intervention with functional foods

The American Diabetes Association (ADA) and European
Association for the Study of Diabetes (EASD) have devised
recommendations for glycaemic control in people with T2D through
dietary interventions with healthy foods in accordance to their

individual preferences and cultures [14]. The DP intervention was
developed using foods rich in soluble fibre, omega-3 fatty acids,
prebiotics, and vegetable proteins of good quality and low glycaemic
index (GI). This dietary intervention with functional foods has led to
better compliance with the dietary changes.

For the dietary intervention stage of our study, 81 T2D patients were
randomly assigned to either the DP or P group, although nine subjects
from each group discontinued the study, mostly due to the patients’
own decision. At the end of the study, 28 and 25 subjects from the DP
and P groups, respectively, were analyzed (Fig. S1; see supplementary
material associated with this article online); their anthropometric and
biochemical variables are presented in Table S2 (see supplementary
material associated with this article online). There were no significant
differences for such variables of glucose and lipid metabolism or in
blood pressure between groups. However, T2D patients following the
DP showed significant reductions in specific biochemical parameters
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level by type of medication used to control blood glucose; and (F) heat map of eight bacterial species with the biggest differences in healthy and T2D subjects according to type

of antidiabetic medication. MET, Metf: metformin; GLIB: glibenclamide.

compared with the P group: AUCs for glucose, triglycerides, total
cholesterol and LDL-C showed reductions of —8.7%, —23%, —7.8% and
—9.9%, respectively, compared with basal values (Figs. 5 and 6A). In
addition, T2D patients in the DP group had significantly reduced levels

of FFAs, HbA;. and C-reactive protein (CRP) by —15.6%, —7.2% and —13%,
respectively, vs basal values. In addition, LPS concentrations decreased
in both groups (—65% in the DP group, —52% in the P group), indicating
that modifications in diet can help to reduce metabolic endotoxaemia
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mediated by LPS. On the other hand, plasma antioxidant activity was
significantly increased only in subjects following the DP (5.6%)
compared with their basal levels (Fig. 5B).

Faecal microbiota after dietary intervention

As previously demonstrated, the faecal microbiota in healthy
subjects differ significantly from those of patients with T2D. Thus,
targeting the intestinal microbiota could offer new possibilities for
diabetes treatment. Consumption of the DP modified faecal micro-
biotain those with T2D at the species level. In fact, DP consumption for
12 weeks increased levels of F. prausnitzii and A. muciniphila by
approximately 34% and 125%, respectively, while reducing levels of
P. copri by 13%. Remarkably, DP consumption also stimulated the
abundance of Bifidobacterium longum (Fig. 6A), shown to improve
insulin signalling [15]. In addition, there was an increase of B. fragilis,

which has a strong capacity to use a wide range of dietary
polysaccharides [16]. Interestingly, only after the DP dietary
intervention was there a significant difference in alpha diversity
(Fig. 6B). The species associated with biochemical parameters were
B. plebeius with TMAO, and Lactobacillus reuteri and Mucispirillum
schaedleri with CRP; however, there were also associations between
LPS and HbA,.,, HOMA and BCAAs, and tyrosine and phenylalanine
(Fig. 6C). Furthermore, there was a cross-sectional association of
amino acids with plasma LPS in T2D participants (Fig. 6D).

Discussion

The total number of people living with diabetes worldwide is
projected to rise from 171 million in 2000 to 366 million in 2030
[1]. It is estimated that, in Mexico, there are approximately
16.4 million people with T2D, placing Mexico in the top
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10 countries with the highest incidences of T2D [17]. In our study
population, those with T2D of 2 years’ duration also showed, in
addition to hyperglycaemia and low insulin concentrations,
elevated concentrations of the incretin GIP, indicating that its
insulinotropic effect is almost totally lost in T2D, which is in
agreement with a previous report [18]. Elevated GIP levels induce
cytokine expression [19], lipolysis [20] and insulin resistance in
human adipocytes [21], whereas a significant increase in plasma

FFA concentrations was observed as a result of enhanced lipolysis
that, in turn, inhibited insulin-stimulated glucose uptake in
muscle, thereby leading to insulin resistance [22]. Thus, the higher
the levels of circulating FFAs, the higher the serum glucose and
HbA ;. concentrations.

The susceptibility of the Hispanic population to having low HDL
concentrations has already been demonstrated [23]. Our present
subjects with T2D showed significantly lower HDL-C concen-
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trations and higher HOMA-IR index scores than healthy subjects,
which is in agreement with evidence supporting an association
between low HDL-C levels and T2D [24]. Moreover, it has been
determined that insulin resistance is associated with the low-
grade chronic systemic inflammation known as metabolic
endotoxaemia, mediated by LPS [6]; the latter is a major
component of the Gram-negative bacteria that play important
roles in the activation of proinflammatory pathways when bound
to their toll-like receptor (TLR)-4, leading to an increase in
inflammatory cytokines [25]. Indeed, our T2D patients showed a
55-fold increase in serum LPS compared with healthy subjects,
which is indicative of marked chronic metabolic endotoxaemia.
LPS infiltration also increases the intestinal epithelial tight-
junction permeability [26] associated with dysbiosis in gut
microbiota.

Several clinical trials have demonstrated changes in both the
composition and function of gut microbiota in association with
hyperglycaemia and T2D [27]. Our present results have revealed
that the gut microbiota in T2D subjects differed from phyla to
species levels compared with healthy subjects. The main species
increased in T2D were P. copri, B. plebeius and B. eggerthii whereas,
in healthy subjects, these were B. fragilis, A. muciniphila and

B. uniformis. In fact, P. copri, an LPS-producing bacteria, has been
linked to a low-grade inflammation that impairs barrier function,
and triggers systematic inflammation and synthesis of BCAAs, LPS
and insulin resistance in mice [9].

Our present study has demonstrated that patients with T2D
have significant increases in plasma BCAAs, HbA., P. copri and
insulin resistance, with a significant association between LPS and
plasma BCAAs. It has also been suggested that increased
concentrations of BCAAs are associated with the development of
insulin resistance due to a reduced breakdown of BCAAs in adipose
tissue [28], and that the gut microbiota might be another
independent contributing source of elevated serum BCAA levels
in T2D. In addition, the amino-acid glutamine, involved in the
regulation of intestinal permeability, also showed wide variability
in plasma in those with T2D, with around 30% having glutamine
concentrations < 100 wM, which were associated with a 41.4%
higher LPS concentration than in those with glutamine concen-
trations > 100 M, thereby indicating diminished intestinal
integrity and expression of multiple tight-junction proteins
[29]. Thus, glutamine deprivation exacerbates proinflammatory
cytokine production, whereas glutamine supplementation limits
the inflammatory response in vitro and protects the intestinal
mucosa in different models of intestinal injury [13].

It is important to point out that the use of medications to treat
T2D significantly modified gut microbiota in such patients
compared with healthy subjects before the dietary intervention.
Indeed, the use of metformin alone or in combination with
glibenclamide reduced F. prausnitzii, a Gram-positive species
associated with anti-inflammatory properties [31] and thought
to be a sensor of intestinal health. While use of metformin plus
glibenclamide increased E. coli, Coprococcus eutactus and B. ple-
beius, the combination also reduced B. uniformis and
A. muciniphila. There is even evidence that metformin increases
the relative abundance of Escherichia species [11], thereby
promoting tolerance to diverse diseases [30].

Multiple studies have established that gut microbiota signifi-
cantly contribute to a variety of cardiometabolic diseases [32], and
that T2D is associated with altered gut microbial choline and
carnitine metabolism [33]. Choline is metabolized by gut micro-
biota to produce TMA, which is oxidized by hepatic flavin
monooxygenases to form TMAO, which is proatherogenic and
associated with increased cardiovascular risk [34]. Our present
study revealed a 48.2% increase in TMAO in T2D patients,
associated with an increased AUC for glucose and low levels of
plasma HDL-C. It has also been demonstrated that omnivorous
subjects produce significantly more TMAO than vegetarians
through a microbiota-dependent mechanism [34], while the
polyphenols derived from dietary plant intakes have protective
effects on vascular endothelial cells possibly via antioxidants that
prevent LDL oxidation [35]. In fact, a significant decrease in LDL-C
concentration was observed only in T2D patients consuming our
combination of plant-based functional foods.

Modulation of the host microbiota through long-term adher-
ence to a high-fibre plant-based diet has been suggested as a
potential treatment for T2D, glycaemic control and restoration of
microbiota function [36]. Dietary supplementation with complex
carbohydrates modifies the composition of gut microbiota and
may have a major potential to prevent and treat cardiometabolic
disease [37]. Inulin, chia seeds and nopal contain complex
carbohydrates that are non-digestible by the host, but able to
modulate gut microbiota [38,39]. In addition, nopal has been
reported to protect against metabolic endotoxaemia [40], and to
reduce postprandial peaks of glucose in patients with T2D
[41]. After dietary treatment with a combination of functional
foods, significant decreases were observed in the AUCs for glucose,
triglycerides, total cholesterol, LDL-C, FFAs, HbA,. and CRP, with an
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increase in serum antioxidant activity, compared with the P group.
Notably, these changes were accompanied by an increase in alpha
diversity and, in particular, a decrease in levels of P. copri, with
increases in F. prausnitzii and A. muciniphila independently of the
antidiabetic medications used by T2D patients.

Thus, the results of our present work demonstrate that a
combination of different functional foods can modify the faecal
microbiota that, in turn, improve carbohydrate and lipid
metabolism while reducing metabolic endotoxaemia. Never-
theless, it is still necessary to study longer-term dietary
interventions that reverse dysbiosis in faecal microbiota while
improving other metabolites related to insulin resistance and
cardiovascular risk.
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