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The effects of nutrition on chronic conditions, such as diabetes, obesity, heart disease,
and stroke, continue to generate interest among researchers. This is based on the fact that
diet is a modifiable risk factor [1]. The composition of diet, including the proportions and
types of macronutrients and micronutrients, is a major contributor to chronic diseases [1].

The beneficial effects of nutritional interventions on chronic conditions have been
well documented, although differences remain among researchers concerning their overall
impact [1]. Evaluations of the role of nutrition in chronic conditions draw on diet’s effects on
body weight, body composition, glycemic and insulin excursions, and vascular remodelling.
The effect of diet in modulating gut microbiota dysbiosis is also an evolving area of
research [2].

This Special Issue, entitled “Nutrition in Chronic Conditions”, aims to examine the
effect of nutrition in the development, care, and management of chronic conditions. This
Special Issue includes 11 original studies conducted in high- and middle-income countries,
3 systematic reviews with meta-analysis, and 3 literature reviews. This editorial provides
an overview of the key findings of the papers published in this Special Issue. These
papers are broadly divided into seven topics: the effects of diet on (1) insulin and glucose
metabolism; (2) gut health; (3) brain and cognitive impairment; (4) infections, chronic
conditions, malnutrition, and all-cause mortality; (5) obesity and dietary variables in
postmenopausal women; (6) non-alcoholic fatty liver disease in mice, specifically the
consumption of coffee; and (7) chronic conditions and COVID-19 infection.

1. Insulin and Glucose Metabolism

The literature on the use of diets with a low glycemic index (GI) and a low glycemic
load (GL) in the management of diabetes in adult populations is vast. However, little
is known if GI and GL peaks are related to glycemic control, particularly in young and
healthy populations. Using a representative national school-based sample of students
(12-17 years old) without diabetes, da Rocha et al. [3] investigated the association between
dietary indicators of the quality of carbohydrate intake and markers of glycemic control.
The authors found the GI of diet was better at predicting insulinemia, regardless of weight
status, compared to the GL [3]. The authors argued that guidance on food consumption
based on carbohydrate quality should be provided to adolescents as a measure of glycemic
control, as higher GlIs are highly associated with the intake of refined carbohydrates.
Encouraging healthy lifestyle habits combined with a diet with low GI and low GL can also
help control obesity and reduce the risk of developing type 2 diabetes [3].

Apart from the impact of low GI diets on metabolism, postprandial insulin, glucose,
and triglyceride responses have been investigated. Louca et al. [4] found that individuals
with hypertension had higher postprandial insulinemic and lipemic responses to two
standardized test meals compared to the normotensive controls after adjustments for sex,
age, and BMI. This effect was partially mediated by visceral fat mass. No significant
difference was observed for postprandial glucose. These findings corroborate existing
literature on the key role of visceral fat in metabolic syndrome [4].
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A drastic and prolonged reduction in carbohydrate intake leads to the exhaustion of
glucose reserves in the body, shifting metabolism into ketogenesis and inducing hepatic
oxidation of fatty acids. This process produces ketone bodies, an important alternative
to glucose as the body’s source of energy. Dilliraj et al. [5] conducted a review to explore
current evidence regarding ketone bodies in relation to nutrition, metabolic pathways,
signalling functions, and effects on clinical conditions. Based on the studies reviewed,
ketone bodies, which are formed under normal metabolism in the absence of glucose,
play a key role in controlling oxidative stress and inflammation, resulting in improved
mitochondrial function and growth, energy rescue, and adaptative epigenetic control.
However, clinical trials are needed to validate the results obtained from in vitro and in vivo
studies as well as from animal models [5].

2. Gut Health

Ojo et al. [6] conducted a systematic review and meta-analysis of randomised con-
trolled trials to evaluate the effects of almonds on gut microbiota, glycometabolism, and
inflammatory markers in patients with type 2 diabetes. This review was conducted against
the backdrop of rising global prevalence of type 2 diabetes and the recognition that nutri-
tional interventions, including the use of almonds, which are rich sources of dietary fibre,
essential minerals, protein, and monounsaturated fatty acids, may be effective in managing
symptoms of type 2 diabetes.

Ojo et al. [6] found that an almond-based diet was effective in promoting the growth
of short-chain fatty acid-producing bacteria and lowering glycated haemoglobin and body
mass index in patients with type 2 diabetes. The nutrient composition of almond, such as
high fibre content and low glycemic index, may be involved in the biological mechanism
of its effect. However, almonds did not appear to have a significant effect (p > 0.05) on
fasting blood glucose, postprandial blood glucose, inflammatory parameters, glucagon-like
peptide 1, and Homeostatic Model Assessment of Insulin Resistance [6].

In a separate systematic review, Ojo et al. [7] carried out a network meta-analysis of
randomised controlled trials. This review aimed to evaluate the effect of prebiotics and
oral antidiabetic agents on the gut microbiome in patients with type 2 diabetes. Prebiotics
are substrates (non-viable) that are resistant to gastric acid and intestinal absorption and
are used selectively by host microorganisms, which leads to benefits [7]. Prebiotics may
promote eubiosis of the gut microbiome and ensure glucose homeostasis in patients with
type 2 diabetes. The network meta-analysis found that prebiotics significantly reduced
(p < 0.05) glycated haemoglobin, compared to the control, in patients with type 2 diabetes.
However, prebiotics and oral antidiabetic agents did not have a significant effect (p > 0.05)
on the gut microbiome, body mass index, fasting blood glucose, and postprandial blood
glucose [7].

3. Brain and Cognitive Impairment

Metabolic syndrome (MS) is a prevalent condition worldwide and is characterised
by a cluster of conditions, including central obesity, hyperglycemia, insulin resistance,
hypertension, and dyslipidemia. Insulin resistance, believed to be a key underlying mecha-
nism responsible for MS, affects multiple tissues and organs, including the central nervous
system, leading to cognitive impairment and Alzheimer’s disease (AD). However, the
inverse relationship between MS and cognitive impairment has not been fully explored.
Rojas et al. [8] reviewed studies investigating a new hypothesis suggesting that cognitive
impairment plays a role in the development of insulin resistance and, consequently, the
appearance of MS. The authors concluded that a bidirectional relationship between MS
and cognitive impairment seems to exist. However, large-scale longitudinal studies are still
required to establish a causal relationship between these two factors [8].

In another study, Sochocka et al. [9] investigated the effect of Ginkgo biloba extract (Egb)
as an alternative therapy on the mechanisms of innate immune response of peripheral
blood leukocytes (PBLs) in patients with AD. The authors found that EGb has advantageous
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properties for health management in older adults and AD sufferers, especially in women
with AD [9].

4. Infections, Chronic Conditions, Malnutrition, and All-Cause Mortality

Helicobacter pylori (H. pylori) infection is the most common cause of gastritis and other
gastrointestinal disorders worldwide. Habbash et al. [10] investigated whether there is
an association between dietary habits and H. pylori infections among 200 Bahraini adults.
The authors found that among H. pylori-infected individuals, the consumption of coffee,
green tea, and honey was significantly lower compared to non-infected individuals. They
also found that vitamin D deficiency was a risk factor for H. pylori infection (OR = 1.1;
95% CI: 1.05, 1.18; p < 0.001). The authors suggested that coffee, green tea, and honey
intake might be protective against H. pylori infection [10]. However, given the retrospective,
cross-sectional study design, no causal relationship between dietary factors and H. pylori
infection could be inferred.

Zupo et al. [11] conducted a systematic review and meta-analysis of the prevalence
of zinc deficiency among patients suffering from inflammatory bowel disease (IBD). Zinc
is essential for cell growth, tissue repair, and immune function. The authors included 17
studies and estimated an overall pooled prevalence of 50% (95% CI 0.48-0.52). However,
the reviewed studies showed high heterogeneity, I? = 96% [11]. These studies were further
divided into two groups: Crohn’s disease (CD) (1 = 9) and ulcerative colitis (UC) (n = 8).
The prevalence of zinc deficiency was higher in patients with CD (54%) compared to those
with UC (41%). The results point out that one in two patients with IBD has zinc deficiency,
which can play a role in the severity of the disease. Therefore, clinicians should monitor
zinc levels and other trace elements in patients with IBD.

Naber and Purohit [12] conducted a review to explore the role of diet in the manage-
ment of chronic kidney disease (CKD). The authors focused on the Dietary Approaches
to Stop Hypertension, the Mediterranean diet, and the whole-food, plant-based diet for
their potential role in delaying CKD progression. They found strong evidence supporting
the relevance of diets, which meet the daily nutritional requirement of patients, in the
prevention and progression of CKD, particularly the whole-food, plant-based diet without
the inclusion of animal products.

Malnutrition is prevalent among patients with chronic heart failure (CHF) due to
the lack of appetite, unintentional weight loss, impaired intestinal function, catabolic
metabolism, and other comorbidities. Schuetz et al. [13] investigated the cost-effectiveness
of an individualised nutritional therapy in 645 hospitalised patients with CHFE. The authors
found that the overall incremental cost-effectiveness ratio for the individualised nutritional
therapy vs. no nutritional therapy was 2625 Swiss Francs per life day gained. They
concluded that the intervention increased life expectancy at an acceptable incremental
cost-effectiveness ratio [13].

Malnutrition and loss of muscle mass are also prevalent among patients with cancer.
In clinical assessments, handgrip strength (HGS) is used as a proxy of overall muscle
strength. However, there are no population-specific values for HGS, particularly among
oncology patients. Tribolet et al. [14] proposed sex-specific values for HGS stratified by age
and tumour entity and tested their prognostic ability. The authors validated the prognostic
value of HGS with respect to long-term mortality in hospitalised undernourished patients
with cancer [14], which might aid clinical decisions.

Kwon et al. [15] examined the association between the intake of dietary fibres and
CVD and all-cause mortality in the general population and among those with hypertension,
diabetes, and dyslipidemia in a 10-year longitudinal study. After adjustments for con-
founders, the authors found that a higher intake of fibres reduced the risk of both all-cause
mortality and CVD mortality [15].
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5. Obesity and Dietary Variables in Postmenopausal Women

There are controversial results regarding the relationship between obesity and bone
metabolism. Lopez-Gémez et al. [16] investigated the differences in bone turnover among
250 postmenopausal women with and without obesity and compared their risk of fracture at
five years of follow-up. The authors found that a bone formation marker (P1NP) was higher
in women without obesity compared to women with obesity. However, postmenopausal
women with obesity showed lower marker levels of bone formation, especially at younger
ages. On the other hand, older women with obesity showed higher markers of bone
resorption. This might be due to a decrease in vitamin D levels in women with obesity
irrespective of age, which is associated with a high parathyroid hormone (PTH) level.
However, no significant difference in the risk of fracture based on BMI was observed
(OR =0.90; 95% CI 0.30-2.72; p = 0.85). The authors concluded that the potential protective
effect of obesity on bone mass and osteoporosis needs to be further investigated in other
studies [16].

6. The Influence of Coffee Consumption on Non-Alcoholic Fatty Liver Disease in Mice

Di Mauro et al. [17] examined the effect of coffee consumption on non-alcoholic fatty
liver disease in mice. In particular, this study aimed to establish if the intake of coffee might
influence the expression of long non-coding ribonucleic acid (IncRNAs) in the liver. In this
study, 24 four-week-old male mice were housed randomly in cages. Following one week of
acclimation, the mice were randomly assigned to 1 of the 3 diets for 12 weeks, including
a standard diet, a high-fat diet, and a high-fat diet plus decaffeinated coffee solution.
This study found that decaffeinated coffee was effective in modulating the expression
of IncRNAs, which are involved in the key pathways in the onset and progression of
non-alcoholic fatty liver disease [17].

7. Chronic Conditions and COVID-19 Infection

In 2020, healthcare systems around the world were challenged by the COVID-19 pan-
demic. During the pandemic, it was observed that age and pre-existing health conditions
(e.g., cancer, asthma, cancer, obesity, and diabetes) were risk factors for negative COVID-19
infection outcomes. Several micronutrient deficiencies were also associated with a higher
risk for severe clinical symptoms. Voelkle et al. [18] found a heightened prevalence of
micronutrient deficiencies (e.g., selenium, vitamin D, vitamin A, and zinc), particularly
in older patients hospitalised for COVID-19. These deficiencies were also associated with
more severe COVID-19 infection. The authors highlighted the need for further research
regarding the effect of micronutrient supplementation on the treatment and prevention of
COVID-19 infection [18].

The lockdown policies adopted by many countries to control the spread of the virus
had a major impact on people’s lifestyles. Arayess et al. [19] observed that a personalised
lifestyle intervention in children with overweight and obesity was less successful in de-
creasing BMI z-score during the COVID-pandemic compared to the same intervention one
year prior to the first lockdown in the Netherlands [19].

8. Conclusions

Based on the above research findings, it is clear that nutrition plays an important role
in the development and severity of chronic conditions in children, adults, and older adults.
Therefore, healthy dietary patterns should be promoted, and further research should be
conducted to fully understand the biological pathways regarding how diet may influence
chronic diseases.
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Abstract: Low glycemic index (GI) and glycemic load (GL) diets are effective for glycemic control
(GC) associated with a carbohydrate-controlled meal plan. However, whether GI and GL peaks
are related to GC is unknown. Objective: To compare the daily GI (DGI)/GL (DGL) and average
GI (AvGI)/GL (AvGL) of meals (accounting for peaks) related to GC markers (GCM) in Brazilian
adolescents. Methods: A representative national school-based (public/private) sample of students
without diabetes, 12-17 years of age, was evaluated. Food intake was based on a 24 h recall. The
models for complex cluster sampling were adjusted (sex, sexual maturation, age, and physical
activity). Results: Of 35,737 students, 74% were from public schools, 60% girls, 17% overweight, and
8% obese. The minimum DGI and DGL were observed at lunch, with higher values at night. Fasting
insulin was 1.5 times higher in overweight/obese (OW) girls, and 1.7 times higher in OW boys than
in normal-weight (NW) girls. The same trend was observed for the homeostatic model assessment
for insulin resistance (HOMA-IR) (OW = 2.82 vs. NW = 1.84 in girls; OW = 2.66 vs. NW =1.54
in boys; p < 0.05). The daily and average metrics were greater for NW adolescents. Glycosylated
hemoglobin was not associated with these metrics, except for AvGL. Insulin and HOMA-IR were
associated with all metrics in NW adolescents, with greater coefficients associated with AvGL. Among
overweight/obese adolescents, only GI metrics were associated (3 = 0.23; AvGI and insulin) and
appeared to have the best association with GCM. Conclusions: Among NW adolescents, GL is a better
measure of carbohydrate quality, but for those with overweight/obesity, carbohydrate consumption
is more associated with GC, probably because they eat/report small amounts of carbohydrates.

Keywords: glycemic control; intake; adolescents; glycemic index; glycemic load

1. Introduction

There is consistent evidence of the protective role of a low-glycemic index (GI) diet
in diabetes. For adults with diabetes, studies have clearly indicated that diets with a low
GI promote better glycemic control. Both glycated hemoglobin and fasting glucose levels
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are reduced compared to low- and high-GI diets, and a low-GI diet also improves insulin
sensitivity [1,2]. Gl refers to the increase in glycemia after the intake of 50 g of available
carbohydrates and characteristics of carbohydrate chain, such as monosaccharides, type
of starch with amylose being less readily digested compared to amylopectin, explain
differences in GI. However, the actual overall glycemic effect of foods depends on the
amount of ingested carbohydrates, which are measured by the glycemic load (GL) and
other components of the meal, such as fat and protein content and organic acids [3]. For
patients with diabetes, both the amount and quality of carbohydrates are usually controlled.

The role of carbohydrate metrics in the prevention of diabetes, cardiovascular disease
and obesity is not well understood. A meta-analysis did not show a protective effect of
low GI food intake [4]. A systematic review of 21 randomized controlled trials including
2538 participants indicated that there was no convincing evidence of the effect of a low-GI
diet on blood pressure, serum lipids or cardiovascular events [5].

The lack of association between the quality of carbohydrate metrics and conditions
other than diabetes may be related to the greater variability in the amount of carbohydrates
consumed during the day.

A better understanding of the overall impact of carbohydrate intake is to evaluate the
most commonly used markers of glycemic control in relation to glycemic control. Low-GI
diets are commonly used to characterize the quality of carbohydrates in the diet and their
impact on glycemic blood levels, but the quantity consumed is also important, as mea-
sured by the GL [3]. More recently, high peaks of glycemic load, more precisely breakfast,
have also been associated with metabolic syndrome [6]. Although the quality of carbohy-
drate intake has been associated with non-infectious chronic diseases, the contribution of
individual meals is not clear.

Adolescents are an interesting group for testing these possibilities. In addition, insulin
levels increase from childhood until the development of type 2 diabetes in adulthood [7-10],
preventing insulin resistance during adolescence.

This study aimed to evaluate the association of dietary indicators of the quality of
carbohydrate intake with markers of glycemic control in a large representative survey of
Brazilian adolescents. We measured the GI and GL of the whole diet, as well as the average
GI and GL of the individual meals. Thus, the GI of the diet, the load and peaks of GI and
GL were evaluated as indicators of the quality of carbohydrate intake. Insulin, HOMA-IR
and glycosylated hemoglobin were used as indicators of glycemic control.

2. Materials and Methods

The present study is part of the Estudo de Risco Cardiovascular em Adolescentes (ER-
ICA), a nationwide, cross-sectional, multicenter, school-based study conducted in 2013-2014
to estimate the prevalence of risk factors for cardiovascular diseases among adolescents en-
rolled in public and private schools in 273 Brazilian cities with over 100,000 inhabitants [11].

2.1. Subjects and Response Rates

The adolescents were selected by complex sampling with 32 strata (27 Federation
Units and 5 sets of municipalities with more than 100,000 inhabitants representing each of
the country’s macroregions). The schools were selected in each geographic stratum with
a probability of selection proportional to its size, and three classes were drawn in each
school [12]. Adolescents aged 12-17 years were invited to participate in the study.

The sampling process selected 1247 schools that had a total of 114,162 students enrolled,
but 10.4% of them were ineligible (215 pregnant girls, 364 with physical or cognitive
disabilities and 11,256 were outside the age group studied), leaving 102,327 students. Owing
to the need for fasting to analyze biochemical markers and because the blood collection
was performed in schools, avoiding the displacement of adolescents to a laboratory, only
students from the morning session participated in this stage. Almost three quarters (70.9%)
were enrolled in the morning turn and could therefore have blood samples collected.
However, only 40,732 students participated in the study. Among the reasons for the
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abstention of 43.8%, we can list refusals of blood collection, school absences on collection
days and non-fasting.

The information contained in the ERICA questionnaire was organized into blocks, and
during data processing to assess quality and consistency, each block of each adolescent was
searched for certain key information that classified that block as complete or not. For the
analysis of the current study, blocks named student questionnaire, 24 h recall (R24h), blood
sample, anthropometry and blood pressure (data not included in this article) were used,
which, combined, provided complete information on 36,956 adolescents.

Other information on the sampling design [12], the methodology adopted [11] in
ERICA and the percentage of response and characterization of participants and those who
refused to participate [13] can be found in previous publications.

The focus of this study was to identify directions for the prevention of type 2 dia-
betes; therefore, 1219 adolescents who reported having diabetes were excluded. A total of
35,737 students were analyzed, including 21,489 girls and 14,248 boys.

2.2. Variables and Missing Data

Fasting glucose, insulin and glycosylated hemoglobin levels were measured in fast-
ing blood samples using the methods recommended by the Brazilian Society of Clinical
Pathology, following the quality criteria for laboratory analysis [11]. The homeostatic
model assessment for insulin resistance (HOMA-IR) was calculated considering the fasting
glucose and fasting insulin levels. This is a recognized method for assessing glycemic
control in children and adolescents [14-16]. Fasting insulin, glycosylated hemoglobin and
HOMA-IR were used as markers of glycemic control in this study.

Some blood samples were lost during transport, storage or processing, resulting in
missing data for glycated hemoglobin (female = 36; male = 16), fasting blood glucose
(female = 91; male = 62), insulin (female = 84; male = 56) and HOMA-IR (female = 162;
male = 114).

Food intake was assessed by one R24h using the United States Department of Agri-
culture Automated Multiple-Pass Method [17]. Information was collected in notebooks
during face-to-face interviews conducted by trained field evaluators [11]. Ten percent of
the sample answered the second R24h question.

The composition of macronutrients and fiber was calculated based on the compilation
of information on the nutritional composition of food from the Family Budget Survey,
2008-2009 [18]. The amount of glycemic carbohydrates in each food was estimated by the
difference between the total carbohydrates and total fibers, both measured in grams.

The GI of the majority of foods” GI were obtained from the database of the Boden
Institute of Obesity, Nutrition, Exercise and Eating Disorders and Charles Perkins Centre
at the University of Sydney [19] available at http:/ /www.glycemicindex.com/, (accessed
on 1 October 2018); for the 12 regional foods, data were searched in articles [20-25]; and
for 30 foods without information, the glycemic indices of similar foods in composition
were used. In addition, carbonated non-sugared beverages, classified as diet or light, were
assigned a GI value of zero. The same was true for high-alcohol distilled spirits, such as
cachaca and brandy. Beers and drinks are not included in this group because they contain a
considerable amount of carbohydrates in their composition. Meat, offal and sausages have
low or no carbohydrate concentrations and therefore have zero GI.

The daily glycemic index (DGI) and load (DGL) were calculated according to the
recommendations of the Food and Agriculture Organization of the United Nations/World
Health Organization of 1998 [26], with the amount in grams of glycemic carbohydrate
consumed from a given food multiplied by its glycemic index and weighted by the total
glycemic carbohydrate consumed on the day, defining the contribution of each food. The
GI of each food on the day was summed to generate the DGI. DGL considers the amount
of glycemic carbohydrate consumed from a given food multiplied by its glycemic index,
summed for the whole day and divided by 100.
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Similarly, GI and GL were calculated for each occasion of food intake reported at
R24h and the average daily glycemic index (AvGI) and average daily glycemic load (AvGL)
were calculated to synthesize the GI and GL peaks during the day for each of these
intake moments.

Overweight and obesity are very important conditions in the development of glycemic
control [7-10]. Therefore, in the present study, we chose to conduct an analysis stratified by
weight status according to BMI. We considered normal-weight (NW) adolescents with a
BMI z-score < 1, overweight adolescents with a BMI z-score > 1 and obese adolescents with
a BMI z-score > 2. [27]. For the analysis, we stratified overweight and obese adolescents in
the same stratum (i.e., OW).

Sex, age and sexual maturation were associated with insulin secretion [28], and the
results were adjusted for them. In addition, physical activity level has an important
influence on obesity and glycemic control and was included in the adjusted model [29].

The weekly time spent on physical activity was measured using a questionnaire
adapted and validated for Brazilian adolescents, containing a list of 24 activities on which
adolescents responded, when they were practiced, the weekly frequency, and the time
spent in each session [30]. The estimate excluded low-intensity activities, such as walking
the dog or caring for children, and commuting activities, such as walking as a means of
transport to school, home, or work. Finally, reports of weekly physical activity greater
than 2100 min/week were considered of low quality and were therefore disregarded in the
analyses, resulting in 3169 missing data records (1091 girls and 1268 boys). To classify the
physical activity levels, three categories were created: inactive (0 min/week), insufficiently
active (<300 min/week), and active (>300 min/week).

2.3. Data Analysis

Descriptive analyses involved the calculation of means and their respective confidence
intervals for continuous variables and frequencies for categorical variables. GI and GL have
different dimensions, and for their effects to be comparable in linear regression, they were
standardized to a distribution with a mean of zero and standard deviation. The association
between GI and GL and each of the glycemic control indicators was evaluated using
linear regression adjusted for the factors already described. All analyses were performed
considering complex sampling using the proc survey command in SAS® OnDemand for
Academics available at https:/ /welcome.oda.sas.com/ (accessed on 15 January 2022).

3. Results

Among girls, 7.0% were classified as obese, and 17.6% were classified as overweight.
Among boys, 9.6% were classified as obese, and 17.3% were classified as overweight. The
majority of the students were from public schools and lived in the capital of the state. The
mean adolescent age was 14 years (Table 1).

There were no differences in the DGI and AvGI according to sex or weight status, with
a mean of 59. In contrast, the DGL was higher in boys, especially in those with normal
weight (195). Both boys and girls with normal weight had greater DGL and AvGL values.
(Table 1). Among normal weight adolescents the average of Insulin was 8.71 mU/L for
girls and 7.10 mU/L for boys. Among overweight/obese individuals, these values were
1.5 times higher in females (13.20 mU/L) and 1.7 times higher in males (12.04 mU/L).

Glycosylated Hb levels were not predicted by the glycemic control markers. Only
AvGL was associated with glycosylated Hb, but the magnitude of this association was
small (§ = 0.006). The glycemic index of the diet measured as daily and as average values
(DGL and AvGL) were the best predictors of insulin and HOMA-IR, without significant
differences for average or daily among NW adolescents, but greater values of the regression
coefficient for the average GI among overweight/obese adolescents. In NW adolescents,
AvGL was associated with insulin levels (Table 2).
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Table 1. Frequencies, means of sociodemographic, anthropometric and dietary characteristics of
adolescents, by sex and weight status. Brazil, 2013-2014.

Female n = (21,489)

Male (n = 14,248)

Variable Normal Weight Overweight/ Normal Weight Overweight/
(n =16,144) Obese (1 = 5345) (n =10,377) Obese (1 = 3871)
Frequency (%)
(95% CI)
School Type
Publi 75.00 72.33 75.76 65.15
uble (71.82; 78.19) (68.81; 75.84) (72.57; 78.96) (61.09; 69,21) 2
Privat 25.00 27.67 2424 34.85
rivate (21.81; 28.18) (24.16; 31.19) (21.04; 27.43) b (30.79; 38.91)
Residence Area
Capital 74.23 724 73.94 73.62
P (72.85; 75.60) (70.68; 74.20) (72.35; 75.54) (71.62; 75.62)
Countrvside 25.77 27.56 26.06 26.38
Y (24.40; 27.15) (25.80; 29.32) (24.46; 27.65) (24.38; 28.38)
Physical activity level 1
Inacti 26.60 23.33 9.88 10.22
nactive (25.80; 27.41) (22.10; 24.55) © (9.23; 10.52) (9.21; 11.23)
Insufficiently 33.40 32.11 26.44 28.52
active (32.58; 34.21) (30.80; 33.42) (25.42; 27.45) (26.96; 30.07)
Acti 40.00 4456 63.69 61.26
chve (39.17;40.84) 9 (43.17;45.95) 4 (62.59; 64.81) (59.64; 62.89)
Mean (95% CI)

Age (years) 14.74 14.47 14.72 14.38
gely (14.65-14.83) (14.37-14.58) (14.62-14.81) © (14.27-14.48) ©
Dailv GI 59.35 59.14 59.53 59.21

y (59.24-59.46) (58.98-59.31) (59.39-59.67) (59.02-59.39)

Average Gl 59.17 59.12 59.50 59.18

& (59.05-59.28) (58.95-59.29) (59.35-59.65) (58.98-59.37)
) 165.22 140.61 194.86 164.94
Daily GL f f
(163.40-167.04) f  (138.30-142.91) f  (192.52-197.19)8  (162.05-167.83) &
J—— 37.92 34.29 4527 4063
8 (37.55-38.29) h (33.75-34.83) h (44.77-45.76) 1 (39.97-41.30) i
Glucose 84.45 ) 85.26 ) 86.80 88.04
(mg/dL) 2 (84.25-84.66) J (84.95-85.58) J (86.57-87.03) k (87.71-88.37) &
Glycosylated 5.33 5.38 5.40 5.42
hemOglgbin (%) (5.33-5.34) ! (5.37-5.39) ! (5.39-5.41) (5.40-5.43)
8.71 13.20 7.10 12.04
; 4
Insulin (mU/L) (859-884)™  (1291-1348)™  (6.99-7.22)" (11.74-12.34) ™
5 1.84 2.82 1.54 2.66
HOMA-IR (1.81-1.87) © (2.75-2.89) © (1.52-1.57) P (2.58-2.73) P

Missing data: 1 Physical activity level: female = 1091; male = 1268; 2 Fasting glucose: female = 91; male = 62.
3 Glycosylated hemoglobin: female = 36; male = 16. 4 Insulin: female = 84; male = 56. > HOMA-IR: female = 162;
male = 114. *P p-value < 0.05 (Equal letters identify the comparison group in which statistical relevance occurs).
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Table 2. Regression coefficients of standardized values of glycemic index (GI) on measures of glycemic
control, by weight status. Brazil, 2013-2014 1

Normal Weight
Glycosylated Hemoglobin Insulin HOMA-IR
8 p-Value 8 p-Value g p-Value
Daily GI 0.000 0.883 0.091 0.002 0.021 0.002
Average GI 0.001 0.603 0.089 0.002 0.019 0.005
Daily GL 0.004 0.074 0.057 0.059 0.012 0.082
Average GL 0.006 0.011 0.124 <0.0001 0.029 <0.0001
Overweight/Obese
Glycosylated Hemoglobin Insulin HOMA-IR
I p-Value g p-Value g p-Value
Daily GI —0.001 0.843 0.162 0.030 0.034 0.049
Average GI 0.003 0.3561 0.229 0.001 0.051 0.002
Daily GL 0.001 0.746 —0.084 0.308 —0.026 0.168
Average GL —0.003 0.544 0.072 0.315 0.018 0.278

1 linear regression adjusted for age, sex, self-evaluated sexual maturation and physical activity (inac-
tive/insufficiently active/active).

The overall composition of the diet compared with the obesity status of participants
was quite similar, with the greatest difference being the lower energy intake among those
who were overweight/obese (Table 3).

Table 3. Energy intake and nutrients by weight status. Brazil, 2013-2014.

Normal Weight (1 = 26,521) Overweight/Obese (1 = 9216)
Mean o Mean % Total
@s%cr o TotalEnergy g0 ey Energy
2372 2059
Energy (keal) (2351-2393) (2034-2084) *
1 271
Total carbohydrate (g) (312_219) 53 (267-274) * 52
. 297 254
Glycemic carbohydrate (g) (295?300) 50 (251—5258) . 49
Glycemic carbohydrate 274 4% 235 45
from food (g) (272-277) (232-238) *
Glycemic carbohydrate 23 20
from added sugar (g) (22-24) 4 (19-20) * 4
. 19 16
Fiber (g) (19-19) 3 (16-17) * 3
. 93 84
Protein (g) (92-94) 16 (83-85) * 16
. 83 72
Lipids (g) (82-83) sl (71-73) * sl

* p-value < 0.05.

Variations in GI and GL throughout the day are shown in Figure 1, with lower values
of GI in occasions related to lunch, whereas intermediate intake associated with snacks had
higher values without differences according to adolescents” weight status.
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Figure 1. Boxplot of glycemic index of occasion meal time by weight status. Brazil 2013-2014.

4. Discussion

The present study provides an advance in the discussion of the effects of GI and GL on
markers of glycemic control by comparing different methods of assessing these indices. The
GI of chosen foods is associated with glycemic control in overweight/obese adolescents,
who had a lower intake of carbohydrates, compared to NW adolescents. Differences in the
weight status of adolescents and whether the index, load, average, or peak of carbohydrate
intake were analyzed may explain the controversial findings in the literature.

Fasting glucose was not related to any of the carbohydrate metrics (results not shown).
Although it seems controversial at first, it is necessary to consider that, in this study, we
evaluated a sample of healthy adolescents. Zdravkovic¢ [31] evaluated 87 obese adolescents
and 17 normal-weight controls looking for symptoms of prediabetes in Belgrade. The oral
glucose tolerance test showed isolated altered fasting glucose in only 13.9% of the obese
group, indicating that it can be difficult to detect such an alteration.

In our study, average GI was the most important characteristic associated with insulin
levels in both normal and overweight adolescents. GI meal values showed similar variation
throughout the day (Figure 1) by weight status.

For mixed meals, GI peaks could be more important than the GI of individual foods.
Chiavaroli [32] showed that the postprandial glycemic response of rice was greater than
that of spaghetti. However, when tomato sauce and extra virgin olive oil are added to these
foods, the maximum fasting glucose peak is reduced, mainly for rice. For the pesto sauce,
the peaks were even smaller. The authors attributed this reduction to the addition of fat to
the high-carbohydrate meal.

One study with 516 adolescents observed that GI peaks to daily mixed meals were not
related, although the glycemic load of breakfast was a predictor of metabolic syndrome
among girls; this finding is the only association found with only 17 cases of metabolic
syndrome [6].

Cooper [33] showed that insulin increment was greater when female adolescents
had a meal breakfast with a high GI compared to a low GI, with the same carbohydrate
amount. Another study also showed an association between GL and metabolic syndrome
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in adolescence, with obesity being the most prevalent component [34]. Ojo [1] included
six clinical trials that evaluated low GI diets as glycemic control markers in adults with
type 2 diabetes. They concluded that a low-GI diet is more effective in controlling glycated
hemoglobin and fasting blood than a high-GI diet.

According to Vega-Lopez [4], the association between GI and glycemic response with
markers of glycemic control has been shown only in the strongest interventional studies,
while findings from observational studies are weaker, and new diet quality metrics, such as
average GI, need to be explored.

Although the GI of meals showed little variation, our findings indicate a regular
pattern of intake related to the quality of carbohydrate intake. The small GI values for
lunchtime are a consequence of the traditional intake of rice and beans in the Brazilian
population, as shown in the last national survey [35-38].

The results of the variation in GI during the day indicate that intakes between the
main meals had the greatest values, probably due to the intake of sweets, sodas and cookies
as snacks. A significant intake of cookies and sugar-sweetened beverages was observed
among adolescents in Brazil. The National School Health Survey (PeNSE 2012) found that
20% of 108,726 adolescents aged 14-16 years investigated regularly consume sweets and
sodas [39].

A cross-sectional study of 351 children and adolescents (6-18 years of age), with and
without overweight, analyzed the association between the insulinemic potential of the total
diet and meals through the GI, GL, insulin index, insulin load and overweight risk. Dietary
assessment was performed using a three-day food record. They found that higher insulin
demand, especially at breakfast and dinner, was associated with being overweight, and
night eating may be associated with eating compulsive behaviors related to obesity [40-42].

A limitation of the present study is that only one R24h was used, although it was
based on the multiple passage method [43], which is considered a good way to stimulate
memory for intake in all mealtimes [44]. In addition, measures of association using only
one record are prone to sub-estimation, indicating that the effects may be greater than those
observed. In addition, in large samples, it is possible to accept an isolated application when
the objective is to estimate the energy and macronutrients [45].

Another possible limitation of our study is the lack of response to the blood drawn.
However, Silva [13] showed no differences between participants and non-participants in
relation to sex and age, but it was greater in public schools than in particular schools.

These findings suggest that carbohydrate quality metrics are associated with markers
of glycemic control. The diet GI index was better at predicting insulinemia and, con-
sequently, HOMA-IR, independent of weight status, than GL. In clinical practice, the
findings show that the guidance of food consumption based on carbohydrate quality is a
possibility for glycemic control, since higher Gls are highly associated with the intake of
refined carbohydrates.

Encouraging healthy lifestyle habits combined with a low GI and low GL diet can also
help control obesity, which is closely related to glycemic control, insulin resistance and the
early development of increasing type 2 diabetes among children, adolescents and young
adults. In addition, public policies that support the prevention of chronic diseases with the
identification of individuals at risk of developing them, early diagnosis and individualized
clinical follow-up have lower costs compared to the amount that has been spent on the
treatment of type 2 diabetes and obesity worldwide.
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Abstract: Postprandial insulinaemia, triglyceridaemia and measures of inflammation are thought to
be more closely associated with cardiovascular risk than fasting measures. Although hypertension is
associated with altered fasting metabolism, it is unknown as to what extent postprandial lipaemic
and inflammatory metabolic responses differ between hypertensive and normotensive individuals.
Linear models adjusting for age, sex, body mass index (BMI), visceral fat mass (VEM) and multiple
testing (false discovery rate), were used to investigate whether hypertensive cases and normotensive
controls had different fasting and postprandial (in response to two standardised test meal challenges)
lipaemic, glycaemic, insulinaemic, and inflammatory (glycoprotein acetylation (GlycA)) responses in
989 participants from the ZOE PREDICT-1 nutritional intervention study. Compared to normoten-
sive controls, hypertensive individuals had significantly higher fasting and postprandial insulin,
triglycerides, and markers of inflammation after adjusting for age, sex, and BMI (effect size: Beta
(Standard Error) ranging from 0.17 (0.08), p = 0.04 for peak insulin to 0.29 (0.08), p = 4.4 x 10~ for
peak GlycA). No difference was seen for postprandial glucose. When further adjusting for VFM
effects were attenuated. Causal mediation analysis suggests that 36% of the variance in postprandial
insulin response and 33.8% of variance in postprandial triglyceride response were mediated by
VEM. Hypertensive individuals have different postprandial insulinaemic and lipaemic responses
compared to normotensive controls and this is partially mediated by visceral fat mass. Consequently,
reducing VEM should be a key focus of health interventions in hypertension. Trial registration: The
ClinicalTrials.gov registration identifier is NCT03479866.

Keywords: postprandial; hypertension; insulinaemia; triglyceridaemia; inflammation

1. Introduction

Hypertension is the most prevalent modifiable risk factor for cardiovascular morbidity
and mortality affecting over 1.3 billion people around the world [1]. Studies have shown
that hypertension clusters with metabolic factors including glucose intolerance, hyperin-
sulinaemia, and dyslipidaemia [2]. Indeed, results from the prospective follow-up study,
Pressioni Arteriose Monitorate E Loro Associazioni (PAMELA), suggest that elevated blood
pressure (BP) is the most common component of the metabolic syndrome (MetS), with
95.4% of participants with MetS having elevated BP, and up to 80% of individuals with
MetS being hypertensive [3,4]. Moreover, hypertensive individuals that fulfil the criteria
for MetS have up to a 73% increased age and risk factor-adjusted risk for cardiovascular
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events [5]. Hypertension may also be linked with the onset of new MetS [6]; it is strongly
associated with insulin resistance, a component of MetS, independently of other risk factors,
including obesity [7]. Mechanisms behind this may centre around the hormonal actions of
insulin, which can regulate renal sodium clearance [8], a key mechanism involved in BP
regulation. The increased cardiovascular risk associated with MetS and hypertension may
also be linked to endothelial dysfunction and atherosclerosis [2].

Although previous research has explored fasting metabolism in hypertensive individ-
uals, the majority of the population spend most of their waking hours in a postprandial
state [9,10] and postprandial glycaemia, insulinaemia, lipaemia, and inflammation are
thought to be more closely associated with cardiovascular risk than fasting levels [11],
it is therefore of utmost importance to understand postprandial metabolic responses in
hypertensive individuals. Hypertensive individuals have been found to have higher post-
prandial triglyceride levels [12], and postprandial hypertriglyceridaemia also correlates
with levels of visceral adiposity [13], and causal links have been shown in murine mod-
els [14,15]. Additionally, postprandial glucose disposal in the presence of insulin resistance
may promote hypertension through various atherogenic processes [2].

However, a comprehensive exploration of the fasting and postprandial differences in
metabolic markers (triglycerides, insulin, glucose, and inflammation), between hyperten-
sive and normotensive individuals, when challenged by a standardised mixed-nutrient
meal, is lacking. Here, we investigate whether individuals with hypertension have a
different postprandial response compared to normotensive controls. We further explore
whether visceral fat mass (VFM), thought to be a key marker of glucose homeostasis and
lipid metabolism, is a mediator of associations between hypertension and postprandial
insulin and triglyceride response in the ZOE UK PREDICT 1 study [9]—a single-arm,
randomized cross-over trial of standardized meal interventions designed to quantify and
predict individual variations in postprandial responses (NCT03479866).

2. Materials and Methods
A consort diagram with the study design is presented in Figure 1.

PREDICT-1 study
n=1002

v

Day 1 clinical measurement visit:
Participants arrive in a fasted state at 8:30 AM (fasting from 9pm).

Day 1 clinical measurement timeline:

Blood pressure,

anthropometrics &
questionnaires

l

l

Define hypertension: ;

SBP > 140 mmHg OR DBP > 90 mmHg OR on antihypertensive medication .
[ Cannulation ]

Excluded: n = 13 ¢

|| missing hypertension
status

Fasting blood draw I

Study sample T
n =989 l Breakfast test
meal challenge

Blood draw at 15, 30, 60, 120,

Linear models:

BMI + visceral fat mass

Fasting levels or postprandial response ~ hypertension status + age + sex +

180, and 240 minutes
post-breakfast

T

l

Lunch test meal

Blood draw at 30, 60, and 120

challenge

Mediation analysis

Sensitivity analysis:
Removing those using
antihypertensive drugs & further
adjusting for menopause status

minutes post-lunch (270, 300,
and 360 minutes
post-breakfast)

Figure 1. Flow chart of study analytical pipeline and clinical visit timeline. Study population
and design.
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We included 989 individuals from the UK based ZOE PREDICT-1 study. The ZOE
PREDICT-1 study [9] was a single-arm nutritional intervention conducted between June
2018 and May 2019. Study participants were apparently healthy individuals but included
those with risk factors such as hypertension. Participants were aged between 18-65 years
recruited from the TwinsUK registry [16], and the general population using online advertis-
ing. Participants attended a full day clinical visit consisting of test meal challenges followed
by a 13-day home-based phase, as previously described [9].

Data relevant to this analysis pertain to the day 1 baseline clinical measurement visit
at St. Thomas” Hospital. As shown in Figure 1, during their visit, participants arrived
at 8:30 am in a fasted state (fasting from 9 pm the previous night). On arrival, partici-
pants provided baseline characteristics, including age, sex, anthropometric measurements
(including adiposity as described below) and BP was recorded. Participants were cannu-
lated and a fasting blood sample was taken. Within a tightly controlled clinical setting,
participants consumed meal 1: breakfast muffins and a milkshake (890 kcal, 85.5 g car-
bohydrate, 52.7 g fat, and 16.1 g protein at the 0-h timepoint, following baseline blood
draw, BP, and anthropometrics). Venous blood samples were collected at 15, 30, 60, 120,
180, 240, 300, 360 min post meal 1. Meal 2: lunch muffins (502 kcal, 71.2 g carbohydrate,
22.2 g fat, and 9.6 g protein) was consumed at the 240-min timepoint (after the 240-min
blood sample). Participants were permitted to sip water throughout (Figure 1). Outcome
variables from blood sampling were blood triglyceride, glucose, insulin, and glycoprotein
acetylation (GlycA) (as a marker of inflammation) levels [9]. GlycA is a particular proton
nuclear magnetic resonance spectroscopy signal that reflects the methyl groups bound to
N-acetylglucosamine residues attached to circulating plasma proteins and is recognised
and validated as a biomarker of systemic inflammation [17]. GlycA moderately correlates
with several other biomarkers of inflammation but has greater analytical precision and
lower-intra-individual variability [18]. Moreover, GlycA levels have also been shown to
associate with both acute and chronic inflammation, severity of inflammatory disorders,
and cardiovascular events independent of other inflammatory markers [19,20]. For each of
these variables, we considered (i) the baseline fasting measures; (ii) the peak (over the 6-h
(360 min) visit for triglycerides and GlycA, and 2-h (240 min) for insulin and glucose) [9]
and (iii) the magnitude of increase (delta increase = peak — baseline). Postprandial peaks
were previously identified using line trajectories as detailed in Berry et al. 2018 [9] and the
specific timepoints used here are based on these previous reports.

2.1. Blood Pressure

Prior to the breakfast test meal challenge, BP was measured by a trained nurse with
the patient in a seated position for 3 min. The cuff was placed on the subject’s arm so
that it was approximately 2-3 cm above the elbow joint of the inner arm, with the air tube
lying over the brachial artery. The subject’s arm was placed on the table or supported
with the palm facing upwards, so that the tab of the cuff was placed at the same level of
the heart. Triplicate measurements were taken with an interval of approximately 1 min
between each reading. The first reading was discarded and the mean of the second and
third measurements recorded.

Participants were classified into hypertensive cases if their systolic BP > 140 mmHg OR
their diastolic BP > 90 mmHg OR they were using antihypertensive medication, otherwise
they were considered as non-hypertensive controls.

2.2. Adiposity

Body fat distribution was determined by whole body dual-energy X-ray absorp-
tiometry (DXA) using a fan beam X-ray bone densitometer (QDR-4500 W, Hologic, Inc.,
Marlborough, MA, USA) with the participant in the supine position and analysed with
QDR Systems software version 12.6 (Hologic, Inc., MA, USA), as previously described [21].
DXA fat mass from the abdominal region was recorded as VFM in a similar manner to
Bertin et al. [22].
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2.3. Statistical Analysis

Statistical analysis was performed using R version 4.0.2. Circos plot was generated
using the R package ‘ggplot2’.

Continuous variables were standardised using z-scores. Linear models were used to
investigate whether hypertensive cases and non-hypertensive controls had different fasting
levels and postprandial responses after adjusting for age, sex, body mass index (BMI), and
multiple testing (Benjamini-Hochberg false discovery rate (FDR < 0.05)). For each of these
comparisons, we report effect size (Betas) and standard error (SE). To explore links between
metabolic factors and visceral adiposity we conducted a sensitivity analysis by additionally
adjusting for VEM.

To investigate the mediatory effects of VFM (indirect effect) in the relationship be-
tween hypertension and postprandial insulin and triglyceride levels (direct effects), we
constructed a causal mediation analysis using the R package “mediation” [23]. The variance
accounted for (VAF) score depicts the ratio of indirect-to-total effect and determines the
proportion of the variance that can be explained by the mediator, in this instance, VEM.

We conducted additional sensitivity analyses by (i) removing any individuals on
antihypertensive medication; (ii) adjusting for menopausal status; and (iii) stratifying by
sex. We also investigated associations between hypertension status and insulin resistance
using the Homeostasis Model Assessment for Insulin Resistance (HOMA-IR) formulated
as fasting insulin (uWU/mL) x fasting glucose (mmol/L)/22.5 [24].

3. Results

We analysed data from 989 participants who attended a full day (6-h) clinical visit
consisting of two test meal challenges and had BP measurements. We included 203 hyper-
tensive cases and 786 normotensive controls, aged 45.57 (mean, SD = 11.94) years, mainly
females (72.7%), and were on average slightly overweight (BMI = 25.61, SD = 5.07) kg/m?
(Table 1) with an average waist-to-hip ratio of 0.85.

Table 1. Demographic characteristics of the study population overall and by hypertension status.

Overall Hypertensive Cases Normotensive
(1 = 989) (1 = 203) Controls
(n =786)
n % n % n %
Antihypertensive 56 57 56 76 0 0
drug use
Females 719 72.7 135 66.5 584 74.3
Peri-menopausal 54 8.8 15 125 39 79
Post-menopausal 201 32.7 72 60 129 26.1
Mean Sd Mean Sd Mean Sd
Age (years) 45.6 11.9 52 10.2 43.9 11.8
BMI (kg/m?) 25.6 5.1 27.4 5.6 252 4.8
Waist to hip ratio 0.85 0.08 0.88 0.09 0.84 0.08
VEM (g) 527.2 311.6 689.8 358.8 485.1 283.7
HOMA-IR 14 1.1 1.9 1.8 1.3 0.9

Abbreviations: BMI, body mass index; VEM, visceral fat mass; HOMA-IR, Homeostasis Model Assessment for
Insulin Resistance.

3.1. Fasting Levels

We first investigated differences in the fasting (baseline) states between hypertensive
cases and normotensive controls. As depicted in Figure 2, after adjusting for multiple
testing we found that individuals with hypertension had significantly higher fasting glu-
cose (Beta (SE) = 0.18 (0.08), p = 0.02), insulin (Beta (SE) = 0.34 (0.07), p = 8.61 X 1077),
triglycerides (Beta (SE) = 0.38 (0.08), p = 2.6 x 107°), and GlycA (Beta (SE) = 0.26 (0.08),
p = 1.2 x 1073) (Figure 2), in line with the literature [7]. We also found that hyperten-
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sive patients have higher HOMA-IR (Beta (SE) = 0.36 (0.07), p = 3.6 x 10~7) compared to
normotensive controls.
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Figure 2. Circos bar plot with bars representing standardised coefficients of linear models between
metrics and hypertension status with error bars representing standard error. Bars are colour coded
based on covariates. Light blue bars indicate adjustment for age, sex, and BMI, while navy bars
indicated adjustment for age, sex, BMI, and VEM. * FDR < 0.05 (for age, sex, and BMI adjusted model),
# nominal significant (for age, sex, BMI, and VFEM adjusted model). Abbreviations: BMI, body mass

index; VFM, visceral fat mass.

3.2. Peak Levels
We observed significantly higher postprandial peaks in insulin (2-h insulin peak, Beta
(SE) = 0.17 (0.08), p = 4.4 x 1072), triglycerides (6-h peak triglyceride, Beta (SE) = 0.23
(0.08), p=5.6 x 10~3) and GlycA (6-h peak GlycA, Beta (SE) = 0.29 (0.08), p = 4.4 x 10~%)
in hypertensive cases, after adjusting for age, sex, BMI and multiple testing (Figure 2).
However, when additionally adjusting for VFM, a marker of adipose tissue strongly related
to metabolic disturbances and hypertension [25], effects were attenuated (peak triglycerides,
Beta (SE) = 0.17 (0.08), p = 0.04; peak insulin, Beta (SE) = 0.1 (0.09), p = 0.25); (peak GlycA,
Beta (SE) = 0.2 (0.08), p = 0.01). Given the links between VFM and, cardiometabolic risk
factors, including insulin resistance and triglycerides, we conducted a causal mediation
analysis using bootstrapping and 1000 simulations to determine the indirect effect of VFM
on the relationship between hypertension and postprandial triglyceride, and insulin re-
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sponses. This suggested that VFM was fully mediating the positive association between
hypertension and 2-h peak insulin (VAF = 36% (0.02, 0.1) p = 0.002), and partially medi-
ating the positive association between hypertension and 6-h triglyceride peak (variance
accounted for (VAF) = 33.8% (0.03, 0.16) p= 0.004) (Figure 3).

0.15 (0.04),
p=4.75x10*

0.37 (0.07),

0.06 p =1.55x 107

VAF: 36 %,
p=1.18x107?

0.17 (0.08),
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0.16 (0.04),
p=352x104

0.54 (0.07),

0.09 p =9.89 x 10-16

VAF: 33.8 %,
p=4x103

0.23 (0.08),
p=56x103

Figure 3. Mediation analysis of the association between hypertension and peak postprandial insulin
and triglyceride response via visceral fat. Path coefficients are illustrated beside each path and
indirect effect and variance accounted for score is denoted below the mediator. Abbreviations: TG,
triglycerides; HTN, hypertension; VAF, variance accounted for.

3.3. Change from Fasting Levels

Results were consistent when we rerun the analyses investigating the correlation
between hypertension status and postprandial metabolic changes measured as delta. Beta
coefficients were in the same direction, although p values were attenuated (Figure 2).

3.4. Sensitivity Analysis

To account for potential confounding, we conducted sensitivity analyses by (i) exclud-
ing those on antihypertensive drugs, (ii) adjusting for menopausal status (pre-, peri- and
post-menopausal, as determined by a health and lifestyle questionnaire), (iii) stratifying by
sex. Results/effect sizes remained consistent. See Supplementary Table S1.

4. Discussion

In the largest study of its kind to look at differential postprandial responses in hyperten-
sive individuals compared to normotensive subjects, we find that in addition to a disrupted
fasting metabolic state, individuals with hypertension have higher postprandial insulin,
triglycerides, and inflammatory responses after adjusting for traditional risk factors. Causal
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mediation analysis further suggests that VEM, a key risk factor in metabolic syndrome [26],
fully mediates the associations between hypertension and insulin responses and partially
mediates that with postprandial triglyceride response. Moreover, we find an increased
level of insulin resistance in hypertensive participants compared to normotensive controls.

Postprandial lipaemia is a greater predictor of cardiovascular events, in contrast to fast-
ing triglyceride levels [11,27]. Here, we report higher spikes in postprandial triglycerides in
hypertensive cases, after consumption of a mixed-nutrient challenge. In support of our find-
ings, Hwu et al. [12] found higher postprandial triglycerides in hypertensive participants
4-h after a 1000 kcal, high fat meal (65.9% fat, 18.9%, carbohydrates, 15.2% protein). More-
over, when compared to normotensive participants, Kolovou and colleagues [28] also report
higher postprandial triglycerides in 25 individuals with essential hypertension following a
meal dense in fat (83.5% fat, 14% carbohydrates, 2.5% protein). Although, in contrast to our
study, the hypertensive participants were found to have normal fasting triglycerides [28].
Moreover, Kolovou et al. show significant positive correlations between BMI and maximal
postprandial triglyceride concentration within the hypertensive participants. Extending
this link between elevated postprandial triglycerides, hypertension, and body fat. Here,
we find that VFM partially mediates the relationship between hypertension status and
postprandial lipaemia, suggesting that despite the link with cardiovascular events [9],
the lipaemia is likely to have a smaller effect on blood pressure than previously thought.
Rather, this data suggests that the relevance of triglyceride metabolism in hypertension lies
mainly in higher adipose fat. A possible explanation, is the variety of vasoactive factors
(both vasodilators such as leptin, adiponectin, apelin and omectin) and vasoconstrictors
like resistin, chemerin, and visfatin released by adipocytes [25] and that levels of visceral
fat are directly involved in blood pressure regulation or influence blood pressure through
activation of sympathetic nervous system activity [25].

Approximately, half of all patients with essential hypertension are thought to be
insulin-resistant [2,29]. Indeed, here we report that hypertensive individuals have higher
levels of insulin resistance, as determined by the HOMA-IR index. As expected, we also
find hypertensive individuals to have postprandial hyperinsulinaemia. The links between
hyperinsulinaemia and hypertension is thought to be driven via a few key mechanisms,
(i) a decrease in insulin sensitivity, (ii) insulin mediated glucose disposal [2], both of which
are thought to promote hypertension and atherogenesis. (iii) increased plasma aldosterone
levels [30], and (iv) upregulated angiotensin II receptors [31], two components of the renin-
angiotensin-aldosterone system, a critical regulator of BP. Visceral fat, particularly that
deposited around the liver has been linked with impaired insulin clearance or hepatic
insulin action [32], which would further exacerbate these actions, and may explain the
mediation effects we observe.

Additionally, evidence of a causal role of VFM in insulin and triglyceride actions has
also been found in murine models, where the removal of VFM restored insulin action and
improved lipid profiles [14,15], which supports our reports of a strong mediatory role of
VFM in postprandial response.

We also observe higher fasting glucose concentrations in hypertensive cases. However,
despite our findings on insulin resistance, fasting glucose, and fasting/postprandial hyper-
insulinaemia, we did not find significant differences in glycaemic responses. In contrast,
in a cross-sectional, longitudinal analysis of 3437 individuals, of which 497 developed
hypertension, fasting and postprandial glucose were independent predictors of incident
hypertension [33]. This may be explained by an early stage of insulin resistance in the hy-
pertensive cases (HOMA-IR = 1.9, Table 1), whereas hyperglycaemia is thought to become
prevalent at more advanced stages [2].

These results suggest that hypertensive individuals may be more prone to cardiovas-
cular events as a result of exacerbated metabolic responses. Regardless of fasting levels, an
exacerbated postprandial increase in insulin, triglycerides, glucose and inflammation have
detrimental effects on vascular health [26]. Postprandial hyperlipaemia has been linked
with impaired lipid metabolism, endothelial dysfunction, hypercoagulability, all of which
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are key factors involved in atherogenesis [34]. Detrimental effects of postprandial hyper-
insulinaemia relate to the hormonal action of insulin, which has the capacity to stimulate
numerous cellular responses and has been shown to promote protein synthesis, de novo
lipogenesis, and cellular proliferation while inhibiting autophagy, and lipolysis, necessary
actions for cellular turnover. Likewise systemic inflammation is independently linked with
atherogenesis and coronary heart disease events [12].

Our findings also suggest that BMI is unable to capture the true effects brought about
by adiposity. Although BMI is easy to measure in contrast to VEM, the utility of BMI to
distinguish between fat and muscle has long been questioned [35]. The present results
suggest visceral fat mass should be more routinely measured and used as an actionable
target with dietary efforts seeking to reduce visceral fat in hypertensive patients, and in
turn mitigate adverse postprandial responses.

The finding that VEM is a causal mediator between hypertension and an atherogenic
postprandial triglyceride response has a number of implications for management of hy-
pertension. Firstly, it emphasises the importance of VFM and suggests that VFM should
be measured and actioned as a target for treatment. Many lifestyle interventions that are
advocated for hypertension, for example, weight loss and reductions in alcohol intake are
expected to reduce VFM as well as hypertension but in the context of hypertension they
tend to be evaluated according to the reduction in blood pressure achieved. The present
results suggest that normalisation of both blood pressure and VEM is likely to achieve
optimal risk prevention. Interventions such as bariatric surgery may be very effective
in reducing both blood pressure and VFM [36] and their benefit in terms of reduction in
VFM may strengthen this indication. The relative benefits and risk of such an intervention
can, however, only be rigorously assessed by randomised clinical trials. Secondly, the
importance of VEM as contributing to atherogenic risk in hypertension raises the possibility
that it could be incorporated in a risk score guiding the indication for statin therapy to
offset the atherogenic risk. Again, this would need to be guided by prospective studies
evaluating cardiovascular risk and would require more widely available measures of VFM.

Although our study is strengthened by numerous factors, including the tightly con-
trolled nature of the study, there are important limitations. These include (i) the use of
office blood pressure measured on a single day to define hypertension, which is prone to
measurement error, and white coat effect, i.e., BP increases due to physiological changes
when in the presence of a clinician [37], which may have resulted in misclassification
bias. These limitations can be overcome by using other means of BP measurement such
as ambulatory BP monitoring. However, ambulatory BP was not available for the full
sample due to the associated costs and participant burden. (ii) the predominantly female
(72.5%) sex of our sample; further research may be required to accurately elucidate any
differences between the sexes. (iii) Our sensitivity analysis with menopause status was
based on a self-reported questionnaire rather than hormone profiles and may lack accuracy
in identifying those pre- and post-menopausal. (iv) While fasting metabolic levels have
been widely explored in hypertensive individuals, there is a lacuna of research admin-
istering meal challenges in individuals with hypertension and measuring postprandial
metabolic responses. Accordingly, there is relative novelty in our study and a lack of studies
to compare our findings to.

5. Conclusions

Our findings further the clinical perspective of hypertension as a metabolic disorder
and suggest that visceral adiposity is a key factor exacerbating postprandial hypertriglyc-
eridaemia and hyperinsulinaemia. Consequently, reducing VFM should be a key focus of
health interventions in hypertension.
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Abstract: Ketone bodies are small compounds derived from fatty acids that behave as an alternative
mitochondrial energy source when insulin levels are low, such as during fasting or strenuous exercise.
In addition to the metabolic function of ketone bodies, they also have several signaling functions
separate from energy production. In this perspective, we review the main current data referring
to ketone bodies in correlation with nutrition and metabolic pathways as well as to the signaling
functions and the potential impact on clinical conditions. Data were selected following eligibility
criteria accordingly to the reviewed topic. We used a set of electronic databases (Medline /PubMed,
Scopus, Web of Sciences (WOS), Cochrane Library) for a systematic search until July 2022 using
MeSH keywords/terms (i.e., ketone bodies, BHB, acetoacetate, inflammation, antioxidant, etc.).
The literature data reported in this review need confirmation with consistent clinical trials that
might validate the results obtained in in vitro and in vivo in animal models. However, the data on
exogenous ketone consumption and the effect on the ketone bodies’ brain uptake and metabolism
might spur the research to define the acute and chronic effects of ketone bodies in humans and pursue
the possible implication in the prevention and treatment of human diseases. Therefore, additional
studies are required to examine the potential systemic and metabolic consequences of ketone bodies.

Keywords: beta-hydroxybutyrate; evolution; ketogenesis; anti-inflammatory

1. Introduction

Ketone bodies are small compounds created from fatty acids that serve as an
alternative mitochondrial energy source when insulin levels are low, such as during fasting
or strenuous exercise [1].

The most important ketone bodies in humans are acetoacetate (AcAc) and
B-hydroxybutyrate (BHB), in particular, the R-enantiomer of BHB. Ketone bodies are
believed to be adaptive molecules secreted by the liver and quickly distributed to vital
organs as a part of an integrated survival mechanism evolved and conserved to provide
bioenergetic and signaling advantages when humans face life-threatening conditions or
risk factors that could increase the likelihood of premature death [2]. During times of scarce
glucose, for example, during fasting or strenuous exercise, BHB is the currency by which
energy stored in adipose tissue is turned into fuel that serves the cells to maintain their
functions. BHB derives from fatty acids mobilized from adipose tissue and transported to
the liver. BHB circulates in the blood to all tissues. After being absorbed into a cell, BHB is
broken down in the mitochondria to generate acetyl-CoA, which is further metabolized
into ATP. This is the canonical “energy currency” function of BHB.

By reducing carbohydrate ingestion, there is an exhaustion of the body’s glucose
reserve, shifting the metabolism into ketogenesis, inducing hepatic oxidation of fatty acids,
and producing ketones as an important alternative to glucose as the body’s energy source [3].
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Ketosis is a physiological metabolic state characterized by an increased serum ketone body
level from ~0.2 mM to above 3.0 mM [4], caused by exercise [5], fasting/starvation [6], or
diabetes [7,8]. In peculiar conditions, the ketosis might develop into overt ketoacidosis,
with a decreased serum bicarbonate level and pH, causing serious illness and hospital-
ization. Ketoacidosis is mainly associated with alcoholism and diabetes mellitus type I,
starvation, particularly during malnutrition, and poor dietary intake in people following
low-carbohydrate and /or low-caloric diets [9].

In addition to the metabolic function of ketone bodies, they also have several sig-
naling functions separate from energy production. Ketone bodies are involved in epige-
netic changes [10-12], controlling cellular signaling metabolites [13], gut microbiota, and
butyrogenesis [14]. The epigenetic changes regulate cellular gene expression and metabolism,
with an implication for physiological and pathological conditions [15,16]

In this review, we discuss not only the metabolic effect of ketone bodies but also their
implication in clinical conditions, suggesting possible future research fields in the use of
these molecules as a clinical approach.

2. Methods

In this perspective, we have reviewed the main current data referring to ketone bodies
in correlation with nutrition and metabolic pathways as well as to signaling functions, and
the potential impact on clinical conditions. Data were selected following eligibility criteria
according to the reviewed topic. We used a set of electronic databases (Medline/PubMed,
Scopus, Web of Sciences (WOS), Cochrane Library) for a systematic search until July 2022
using MeSH keywords/terms, such as “ketone bodies”, “BHB”, “acetoacetate”, “inflam-
mation”, “anti-oxidant”, “critical illness”. We applied no date or language restrictions.
We followed the Preferred Reporting Items for the Systematic Review and Meta-Analysis
(PRISMA) statement [17]. Two independent reviewers performed title-abstract screening
on all selected studies, then the full texts of the selected articles were reviewed. In cases
of duplicate information, the data were checked and combined. Studies reporting ketone
bodies as well as BHB and acetoacetate were selected. Publications were selected using spe-
cific keywords (i.e., ketone bodies, BHB, acetoacetate, inflammation, antioxidant, etc.) also
according to the date of publication (not older than 1990) and for the fulfillment of the topic
of this review. Studies that were just case reports and commentaries were excluded. The
extraction of the data from included studies was performed by two reviewers separately,
considering key characteristics including publication year, author, type of study, country,
sample size, and laboratory findings. The funnel plot and Egger’s regression test were used
to assess publication bias [18].

3. Metabolism of Ketones: Ketogenesis and Ketolysis

The human body produces energy as ATP generated by the mitochondria, for survival.
The main energy sources are carbohydrates, fats, amino acids (predominantly glutamine),
lactate, and ketone bodies (Figure 1).

Ketone bodies, that are produced during ketogenesis are of three types: acetone,
acetoacetate (AcAc), and 3-hydroxybutyrate (BHB). The mainly produced ketone body
molecule during ketogenesis is BHB, mainly the R-BHB enantiomer. BHB levels increase in
plasma much faster than acetoacetate or acetone, for example, in prolonged fasting [19].
During the conditions such as fasting or vigorous exercise, the consumption of blood
glucose lowers insulin levels, turning on ketogenesis, and triglycerides are catabolized
to fatty acids that are converted into ketone bodies in the liver [2]. Ketone bodies arrive
in metabolically active tissues (muscle, brain) via the blood stream to be metabolized
into acetyl-CoA and eventually ATP (Figure 1). BHB is converted, in extrahepatic tissues,
by the enzyme 3-hydroxybutyrate dehydrogenase (BDH1) to AcAc [2], which generates
Acetyl-CoA [20,21] by exchanging the CoA-fraction from succinyl-CoA [22] by succinyl
CoA-oxoacid transferase (SCOT) [23]. Acetyl-CoA enters the TCA cycle and produces
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22 ATP per molecule post oxidative phosphorylation. Acetoacetate can be converted also
to 3-hydroxybutyrate by BDH or to acetone via a non-enzymatic decarboxylation [20].
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Figure 1. Schematic Diagram of the metabolic pathways of key energy sources in the human body.
NAD: nicotinamide adenine dinucleotide; FADH: reduced flavin adenine dinucleotide; NADH:
nicotinamide adenine dinucleotide (NAD) + hydrogen (H); PDH: pyruvate dehydrogenase; LDH:
lactate dehydrogenase; CPT: carnitine palmitoyl transferase; 8 HOB: beta hydroxybutyrate; BDH:
D-3-hydroxybutyrate dehydrogenase; SCOT: succinyl-CoA acetoacetate transferase; AcAc: acetoac-
etate; CoA: coenzyme A; CoA-SH: coenzyme A with sulfhydryl functional group; CO2: carbon
dioxide; H20: water; ADP: adenosine diphosphate; ATP: adenosine triphosphate; Pi: phosphorylated
forms of phosphatidylinositol; NH3: ammonia; NH4: ammonium; H+: hydrogen ion; HMG-CoA:
B-hydroxy-B-methylglutaryl-CoA; MCT: monocarboxylate transporters; GLUT: glucose transporter;
AAT: amino acid transporter; ALT: alanine amino transferase; PC: pyruvate carboxylase; MPC:
mitochondrial pyruvate carrier.

phory

The short-chain fatty acids (SCFAs), butyrate, acetate, and propionate (in a
molar ratio of 3:1:1), are produced as microbial fermentative end-products of undi-
gested /unabsorbed dietary carbohydrates [24,25]. Butyrate is produced by acetate
and/or lactate-utilizing butyrate-producing bacteria through the butyryl-CoA: acetate
CoA-transferase pathway [24,26,27]. This pathway is typically present in Firmicutes, within
Lachnospiraceae (Eubacterium hallii, Eubacterium rectale, Coprococcuscatus, Roseburia intestinalis),
Ruminococaceae (Faecalibacterium prausnitzii), and Clostridium spp. in which butyrate and
acetyl-CoA are formed from butyryl-CoA and the transformation of the CoA moiety to the
external acetate molecule [25-29], while Bifidobacterium and Lactobacillus spp. use lactate
to produce SCFAs. These molecules, similarly, and in combination with ketone bodies,

have an anti-inflammatory role via an epigenetic mechanism such as butyrate-associated
HDAC inhibition [30].
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4. Endogenous Sources of Ketone Bodies

Ketone bodies might derive from endogenous or exogenous sources (Figure 2): en-
dogenous ketones are normally present in our bloodstream and are produced mostly by
the liver and by certain species of gut bacteria.

Endogenous Exogenous
Ketones Ketones

Adipose tissue

Triglycerides
Lipolysis
FFA

ACAT
Acetyl CoA  <+—— |Acetoacetyl CoA

Ketone Esters
/ Ketone Salts

Capillary

NADH  NADs H
(CBHB ] [“ACAC
T By — S
v Succinate
Acetoacetyl CoA

"Acetyl CoA

TCA Cycle

Human Cell
NADH jectron Tran
FADH2 —— NADH
Se NAD" 24"
FaDH'
FADe2H"

sport

(" Oxidative Phosphorylation

Figure 2. Endogenous and exogenous metabolic pathways. NAD: nicotinamide adenine dinu-
cleotide; FADH: reduced flavin adenine dinucleotide; NADH: nicotinamide adenine dinucleotide
(NAD) + hydrogen (H); CPT: carnitine palmitoyl transferase; 8 HOB: beta hydroxybutyrate; BDH:
D-3-hydroxybutyrate dehydrogenase; SCOT: succinyl-CoA acetoacetate transferase; AcAc: acetoac-
etate; CoA: coenzyme A; ADP: adenosine diphosphate; ATP: adenosine triphosphate; Pi: phosphory-
lated forms of phosphatidylinositol; H+: hydrogen ion; HMG-CoA: f-hydroxy-8-methylglutaryl-CoA;
MCT: monocarboxylate transporters.

Microbiota-derived SCFAs, primarily butyrate, acetate, and propionate are metabolites
produced by gut microbiota via dietary non-digestible carbohydrate fermentation [24,25].
SCFAs play a significant role in CHO and lipid metabolism. Butyrate and acetate are used
as precursors for lipid synthesis (cholesterol, long-chain fatty acids), whereas propionate
is used as a precursor for hepatic gluconeogenesis [24,31]. SCFAs are influenced by the
diet (fiber, fats, plant-based proteins) and are important during pregnancy and lactation,
controlling the formation of infant gut microbiota. The difference in SCFA-producing
bacteria in gut microbiota leads to a different anti-inflammatory state with an impact on
inflammatory conditions (e.g., obesity, asthma) [11,12].

In physiology, ketosis can be achieved by fasting, via exogenous supplementation,
or the consumption of a ketogenic diet. Fasting from 12-16 h up to 48 h increases serum
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ketone body concentrations but may elicit inconsistent effects on performance in humans
and animal models [32].

5. Exogenous Sources of Ketone Bodies

Exogenous ketone bodies are able to obtain ketosis [1]. Exogenous ketone bodies
can be acquired from diet or supplements, such as medium-chain triglyceride (MTC) oils,
ketone salts, or esters. MTCs are usually sold as oils or as lyophilized powders and are
used to provide the mitochondria with non-carbohydrate energy. They are composed of
8-10 carbon fatty acid chains and they are capable of inducing ketosis thanks to the excess
of acetyl CoA produced by the liver while it metabolizes MTC. Ketone salts can be a good
alternative to ketogenic diets thanks to their application versatility. They are easy to take
and can quickly raise the blood level of ketones. These compounds have a low risk of
health issues in humans, and the only concern happens because of the sodium salts as they
could increase blood-free sodium levels [33]. Another issue could be the racemic mixture
that is present in this product; usually, BHB salts are a combination of D-BHB and L-BHB. It
is known that the L form cannot be metabolized by the liver and remains in the blood until
it is eliminated through urine or feces. Ketone esters are produced by synthesis, linking
one molecule of BHB. Ketone esters are more capable of increasing and maintaining the
state of ketosis compared with ketone salts. Some small clinical trials have compared the
two different forms of the same molecule, concluding that the ketone esters were able to
increase free BHB levels 50% higher than ketone salts [34]. Recently, supplementation with
ketone body esters has shown an improvement in exercise performance [35,36].

A ketone diet is characterized by the supply of approximately 80-90% of calories from
fat, 10-15% of calories from protein, and <5% calories from carbohydrates [37], stimulating
fat oxidation and promoting fat loss, which are important in obesity conditions [38]. The
ketone diet has demonstrated successful results in the treatment of epilepsy and other
neurological conditions [39]. However, prolonged ketone diets seem to have an impact on
liver steatosis [40,41], glucose homeostasis [40—-42], and dyslipidemia [43].

6. Metabolic Functions of Ketone Bodies in Vital Organs

During low-carbohydrate conditions, ketone bodies are used in proportion to their
plasma concentrations, and consequently, liver production.

It has been demonstrated that the acetoacetate generated from an oral intake of BHB
esters reaches first the heart, followed by the kidneys, brain, skeletal muscles, and intestine.
Normally, heart tissue can oxidize ketones which enter cardiomyocyte cells, thanks to a
specific carrier called MCT1 (monocarboxylate transporter) [44]. In the mitochondria of these
cardiomyocytes, ketones are converted into AcAc and then into aceto-acetyl CoA, thanks
to the activity of the enzyme SCOT. After this conversion, a thiolase transforms the last
product into two molecules of acetyl CoA, which enter the TCA cycle for the production of
ATP. In stressful situations, such as heart failure and aortic stenosis-induced left ventricular
hypertrophy, the circulating levels of ketones and their oxidation states are heightened,
supporting the role of ketones in providing the increased energy demanded by the heart [45].

In the ketosis physiological state, BHB can easily enter proximal tubular cells because
there is no saturation mechanism [10]. There, BHB is oxidized through the TCA cycle that
produces acetyl CoA, which is then transformed via oxidative phosphorylation into ATP.

An adequate and consistent energy supply is necessary to maintain brain cell functions
since low glycogen storage is present inside the brain [46]. This is evidenced in pathological
conditions with defects in the brain (e.g., glucose transporter type 1 (GLUT-1 deficiency),
with impaired cerebral glucose uptake and consequent seizures, movement disorders,
and cognitive impairments [47]. The uptake of ketone bodies across the blood—brain
barrier (BBB) is possible via monocarboxylate transporter (MCT) [48], with MCT1-isoform
expressed by endothelial cells and astroglia [9]. The brain uses ketone bodies, which can
give more than 50% of its energy requirements.
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Ketone bodies are also important energy substrates for skeletal muscle, with a robust
anticatabolic response, reducing phenylalanine efflux from muscle [49].

Ketone bodies derived from short-chain fatty acids are employed by colonic epithelial
cells as respiratory fuels where they predominantly use butyrate sequentially followed by ace-
toacetate, glutamine, and glucose, notwithstanding the interaction of substrates [50]. Ketone
body signaling facilitates Lgr5+ intestinal stem cell (ISC) homeostasis aiding in post-injury
intestinal regeneration, restoring intestinal regeneration, and resuming ISC function [51].

7. Biological Properties of Ketone Bodies

The increase in ketone body blood levels derives from fatty acid breakdown during
low carbohydrate availability, resulting in a danger signal of starvation and a physiological
response for improving survival during starvation. The energy production from ketone
bodies is associated with increased radical oxygen species (ROS) release in the mitochondria,
an increase in NAD+ levels, and a lower AMP/ATP ratio. Ketone bodies and the ketogenic
diet act in upregulating anti-oxidant and anti-inflammatory mechanisms (Figure 3).

Ketone Bodies
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Figure 3. Molecular pathways involved in ketone bodies effect on oxidative stress, inflammation,
and epigenetic control. HDAC: histone deacetylase; BDNF: brain-derived neurotrophic factor; NFkB:
nuclear factor kappa-light-chain-enhancer of activated B cells; FOXO3A: forkhead box O3; Mt2:
mammalian metallothionein-2; UCP: uncoupling protein; PPARy: peroxisome proliferator-activated
receptor y; p53: protein 53; Ku70: DNA repair subunit protein; GSK3: serine/threonine protein
kinase; mTOR: mammalian target of rapamyecin.

Consistently, ketone bodies preserve mitochondria and their role in cellular energy
homeostasis [52]. An increased uptake of Ca2+ into mitochondria enhances ROS pro-
duction and blocks the synthesis of ATP, inducing cytochrome c release and mitochon-
drial membrane potential [53]. These modifications cause mitochondrial swelling and
apoptosis [54], with consequently impaired energy homeostasis [55]. BHB is able to main-
tain mitochondrial density and function [56] by controlling the mitophagy of damaged
mitochondria and inducing the renewal of the mitochondria population [57]. The mitochon-
drial biogenesis is enhanced via Nrf2 activation, which induces the transcription of PGC-1
(peroxisome proliferator-activated receptor gamma coactivator-1) [58], which controls the
transcription of TFAM (mitochondrial transcription factor A), resulting in the replication of
mitochondrial DNA and the mitochondrial biogenesis [59].

The block of glutathione peroxidase (GSH-Px), a key rate-limiting enzyme in ROS
formation [60] by BHB, reduces the production of ROS, with a consequent improvement in
mitochondrial respiration and homeostasis [61-65], ATP production, activation of adeno-

36



Nutrients 2022, 14, 3613

sine receptors that lower oxidative stress [66], upregulation of antioxidant genes and
activation of antioxidant enzymes that control lipid peroxidation and protein oxidation [67].

Ketones’ anti-inflammatory effects are related to the inhibition of the NLRP3 (NOD-
like receptor pyrin-domain containing-3) inflammasome, which activates caspase-1 and
the release of the pro-inflammatory cytokines (IL-1f3 and IL-18) [68]. Ketone bodies block
the K+ efflux, which activates the NLPR3 inflammasome [69]. During brain injury in-
duced by the middle cerebral artery occlusion (MCAO) model, ketone bodies inhibited
NLRP3 and inflammation [70]. In a randomized, controlled dietary intervention trial with
40 overweight subjects aged 18-55 years fed with a diet very low in carbohydrates or an
isocaloric diet low in fat for 12 weeks, the subjects following the ketogenic diet showed
lower inflammation, with the reduction of interleukin-8 (IL-8), TNF-alpha, plasminogen
activator inhibitor-1 (PAI-1), monocyte chemoattractant protein (MCP-1), E-selectin, and
intercellular adhesion molecule-1 (ICAM-1) in the presence of mild inflammation [71].

The immune response is controlled by ketones by the binding of BHB to HCAR2
(hydroxycarboxylic acid receptor 2), which results in the induction of prostaglandin D2
(PGD2) production by cyclooxygenase 1 (COX1) [72] and the inhibition of NF-KB (nuclear
factor kappa-light-chain-enhancer of activated B cells) mediated inflammation through the
blockage of IKB kinase (IKK), by a metabolite of PGD2.

BHB is involved in controlling cellular function via epigenomic regulation. Ketone bod-
ies control histone post-translational modifications, including histone methylation (Kme),
histone/lysine acetylation (Kac), and 3-hydroxybutyrylation (Kbhb), which regulate chro-
matin architecture and gene expression. BHB is able to inhibit the histone deacetylase
(Class 1 and Class Ila HDACs) leading access to transcription factors of genes encoding
oxidative stress resistance factors like FOXO3 (forkhead box O3) and Mt2 (Mammalian
metallothionein-2) [73]. The induction via BHB of histone Kbhb levels with site-specific
lysine residues (H3K4, H4K8, H3K9, H4K12, H3K56) is increased in human embryonic
kidney 293 (HEK293) cells during prolonged fasting, supporting a direct role in chromatin
structure and functions regulation [74]. In HEK293 cells transiently transfect with ORM
(yeast)-Like protein isoform 3 (ORMDL3) mRNA expression, an asthma susceptibility
gene [75], BHB controlled inflammation inhibiting ER stress response pathway proteins
and enhancing both Foxp3 and manganese superoxide dismutase (MnSOD) transcription
via AMP-activated protein kinase (AMPK) activation, leading to a decrease in cellular
oxidative stress [76].

BHB inhibition of HDACs leads to increase expression of brain-derived neurotrophic
factor (BDNF), which exerts neuroprotective effects against various insults to the central
nervous system, as the functional recovery after traumatic brain injury (TBI) in mice [77].

BHB can act as an inducer of transcription factor Nrf2 (nuclear factor-erythroid factor
2-related factor 2). Nrf2 is a transcription factor that regulates the cellular defense against
toxic and oxidative insults through the upregulation of the expression of genes involved
in the oxidative stress response and drug detoxification [78]. Human microvascular en-
dothelial cells (HMEC-1) exposed to ketone bodies increased NRF2 expression with a clear
translocation to the nucleus and induction of antioxidant proteins [79].

8. Role of Ketone Bodies in Pathophysiological Ailments

Critical illness has demonstrated various disruptions in metabolism and mitochon-
drial function. Whether it arises from organ failure or microbial infections, the metabolic
response to these ailments requires maintenance of metabolic balance, nutrient utilization
for different activities, and functional recovery. On the other hand, a metabolic response
can create clinical consequences such as catabolic processes that can impair physiological
stability. Furthermore, a long period of metabolic imbalance could produce mitochon-
drial dysfunction, including energy crisis and high free-radical production, resulting in a
compromised immune system, tissue and organ failure, and death [80-83].

Critical-illness-affected patients require an energy source to support physiological
stress responses and to give robust protection to critical organs such as the heart, brain,
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liver, and kidney [81,83] (Figure S1). Additionally, increasing evidence across animal and
human studies has shown ketones are a beneficial alternative substrate due to reloading
acetyl-coenzyme-A through an independent pathway irrespective of glucose levels [84],
and are useful to maintain the cytosolic NAD+ (nicotinamide adenine dinucleotide) pool
which is pivotal for cellular survival, antioxidants, and pro-survival pathways [85]. As
serum ketone body concentration varies during physiological and pathological conditions
and acts as potent endogenous signaling molecules, they may act in cellular protection and re-
pair, mitochondrial biogenesis, antioxidant defenses, and enhanced autophagy [80,82,86-88].
With the known and possible mechanistic properties of ketones, their use as an individual
or adjunct therapy for different conditions in critical illness has been explored.

8.1. Heart Failure

During heart failure, the heart undergoes a metabolic switch favoring ketone metabolism
in cardiomyocytes, which are more efficiently used than in the normal heart. Moreover, ke-
tone body oxidation is a more efficient energy substrate than terminal fatty acid oxidation [88].
Significant improvement in the cardiac output of about 24% was observed after ketone
infusion in both chronic heart failure patients and animal models with heart failure [84,89].
These cardioprotective properties can be attributed to their increased utilization in the
heart or upregulation of crucial oxidative phosphorylation mediators [44]. It has also
been demonstrated that ketones improve blood lipid profile in obese adults by lower-
ing LDL (low-density lipoprotein) cholesterol and raising HDL (high-density lipoprotein)
cholesterol, reducing adipocyte cell volume, and lowering serum lipolytic products [84].
Ketones” mechanistic action in inhibiting NLRP3 inflammasome and activation of the
GPCR109A (G-protein-coupled receptor) has been shown to rescue heart failure by re-
ducing mitochondrial hyperacetylation, resulting in lower inflammation and oxidative
stress and preventing atherosclerosis [84]. A study in mice also showed that BHB reduces
sympathetic outflow and lowers heart rate and total energy expenditure by antagonizing
GPR41, a G-protein—coupled receptor for short-chain fatty acids [88].

8.2. Kidneys and Liver Diseases

During the development of kidney diseases, impaired lipolysis and mTORC1
(mammalian target of rapamycin complex 1) hyperactivation are observed; with this
pathological condition, ketone supplementation might be an alternative energy source for
mitochondrial respiration. Moreover, ketones’ reno-protective roles are mainly via the en-
dogenous inhibition of HDAC (histone deacetylase) and NLRP3, both increased expression
of protective genes; consequently, it inhibits mTORC1, inflammation, oxidative stress, and
tissue fibrosis [84,89]. Additionally, one mice study involving high-fat liver injury showed
that oxidation of the ketone body acetoacetate by liver-resident macrophage-like Kupffer
cells lowers fibrosis [89].

8.3. Brain Injury and Neuronal Diseases

Substantial evidence has shown ketone bodies’ pleiotropic neuroprotection properties
due to their pivotal role in cerebral energy homeostasis and an active signaling molecule.
BHB directly regulates inflammation and neurotrophic factors by inhibiting the activa-
tion of innate immune sensor NLRP3 and inhibiting HDAC, which upregulates BDNF
(brain-derived neurotrophic factor) [90]. BDNF is crucial in the maintenance, restora-
tion, and improvement of neural networks and brain functions after a brain injury. Thus,
BDNF production in the brain plays an essential role in the prolonged maintenance of
neuroplasticity [90]. Ketones have been known to have anti-seizure effects, which can be
achieved through their action in altering synaptic neurotransmission via increasing GABA
(gamma-aminobutyric acid) synthesis and decreasing glutamate synthesis [91]. Similarly,
the anti-epileptic effects of ketones via activation of the KATP channels and GABA sig-
naling lead to lower neuronal firing [92]. Multiple in vitro studies have demonstrated
that ketones can increase the survival rate of cultured neocortical neurons and isolated
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cortical mitochondria from exposure to hydrogen peroxide both with and without glucose
addition [93]. It also reduced apoptosis after hypoxia in rat hippocampal neuron cultures
from various insults, including hypoglycemia, hypoxia, and N-methyl-D-aspartate-induced
excitotoxicity [93]. Furthermore, ketones demonstrated strong neuroprotective properties
in various animal models of brain injury, reducing neuronal apoptosis and brain edema and
enhancing sensory-motor and cognitive performance [89,93]. It has also reduced neuronal
loss and infarct size in animal models of stroke and reduced the glutamate release and
seizure severity in a mouse model of epilepsy [89,93]. In spinal cord injury models in rats,
ketosis reduced spinal lesions enhanced the GLUT 1 and MCTT1 vascular transporters, and
forelimb motor function improvement [94]. Preclinical studies in adult rats with moderate
and severe traumatic brain injury strongly demonstrated therapeutic actions, where it
showed a significant reduction of infarct and penumbral volume in MRI, decreased tissue
death and edema, and improved neurological scores [91]. The administration of ketones
and hypertonic saline (HTS) showed beneficial effects in managing intracranial hypertonic
pressure with enhanced cerebral metabolism [95]. Thus, the administration of exogenous
ketones in patients with different stages of brain injury might benefit clinical outcomes
due to the suggested neuroprotective property in maintaining mitochondrial function and
decreasing inflammation, oxidative stress, and seizure problems [91]. Ketogenic interven-
tions might facilitate the brain’s utilization of ketones as an essential energy source and
as a signaling molecule that may slow down the disease progression and delay or even
prevent the disease onset if started earlier [96]. In vitro models of Parkinson’s disease in
mouse neuronal cultures demonstrated increased cell survival, enhanced mitochondrial
membrane potential, and lower cytochrome c release, while a 60% increase in cell sur-
vival was also observed in human neuroblastoma cell culture [97]. Motor function was
restored and prevented losing dopaminergic neurons after several infusions of sodium
BHB (1.6 mmol/kg/day) [44]. Similarly, in the in vitro model of Alzheimer’s disease, the
cultured mouse hippocampal neurons were protected from amyloid beta 1 to 42 toxicity
after 4 mmol/L -OHB was administered [44]. Ketone supplementation provided cognitive
protection for several months [91] and even better performance in paragraph recall and
Alzheimer’s assessment scale tests in humans subjected to a ketogenic diet [97]. While in
animal models of amyotrophic lateral sclerosis, the clinical and biological manifestations of
the disease were beneficially altered after exposure to hyperketonemia, which had more
remarkable motor neuron survival and enhanced motor function [98].

8.4. Muscle Weakness

Post-recovery weakness involves more than 50 percent of patients recovering from
critical illness. This condition is characterized by muscle dysfunction, atrophy, and damage,
with consequent immobility, inflammation, and catabolism. The maintenance of mobility is
the basis of critical care management [44]. Ketone bodies seem to have a direct effect on
protein turnover, as their increase is associated with a decrease in proteins and amino acid
efflux from skeletal muscle [81,99]. Additionally, ketone supplementation reduces muscle
atrophy, and increased cholesterol myofiber, which is associated with muscle force [100]
and stimulates muscle regeneration [81,84].

9. Neuroprotective Actions of Ketone Bodies

It has been observed that ketone bodies have multiple key roles in the brain, which
are exerted not only during fasting but also in the newborn period. The development and
function of a healthy neonatal brain appear to be related to locally produced ketones, which
are the preferred precursors for fatty acids and cholesterol for the creation of dry matter
in the brain [22,101,102]. Human newborns are characterized by extensive subcutaneous
adipose stores [103], which provide fatty acids and ketones. The medium-chain fatty acids
(MCFAs) in breast milk, synthesized de novo from glucose within the epithelium of the
milk duct, promote the production of ketone bodies in the infant liver [104] and gut [105].
Some of the MCFAs in breast milk create adipose stores in the infant, that prolongs mild
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ketonemia after lactation ends. The energetic support of the development of the brain in
infants is mainly supported by ketone uptake and oxidation, with a molar utilization of BHB
that is around 50% greater than that of glucose [106,107]. The newborn rats start ketosis
from the beginning of the suckling period, thanks to the MCFAs in the dam’s milk [28,108].
The levels of BHB and AcAc are 3- to 4-fold higher at the blood-brain barrier in newborns

in comparison to adults [109,110].

Ketone Bodies Influence Neurotransmitters

The brain’s major excitatory neurotransmitter is glutamate [111], which is not trans-

ported from blood, but is synthesized in the brain and delivered to neurons upon depo-

larization. Ketone bodies control neurotransmitters metabolism as acetyl-CoA production

by ketone bodies decreases oxaloacetate, increasing glutamate levels and inducing GABA

synthesis [112,113] (Figure 4). In the presence of ketone bodies, it metabolizes to acetyl-CoA
and oxaloacetate follows citrate synthesis [110,114,115], reducing the activity of glutamic
oxaloacetic transaminase (GOT) and preserving glutamate for the glutamate decarboxylase
reaction to yield GABA. Ketone bodies DL-f-hydroxybutyrate were shown also to control
GABA activity during the developmental, resulting in a switch from being predominantly
depolarizing—excitatory to predominantly hyperpolarizing—inhibitory [116].
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acetoacetyl-CoA; Ac- CoA: acetyl-CoA; CoA: coenzyme A; NADH/NAD: nicotinamide adenine
dinucleotide; GOT: glutamate-oxaloacetate transaminase; GABA: gamma-aminobutyric acid.

10. Discussion
This review has highlighted the impact of ketone bodies on several human phys-
iological and pathological conditions. Ketone bodies are an alternative energy source
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in hypoglycemia conditions, such as when fasting or during strenuous exercise, they
have several signaling functions inside human cells, affecting cell genome acetylation
and consequently gene expression, controlling adipose tissue metabolism, changing sym-
pathetic nervous system activation and the whole-body metabolic rate, inhibition, and
inflammasome activation. These ketone bodies’ effects on human cells might suggest their
implication in the control of human pathological conditions.

The psychophysiological and metabolic milieu that triggers the secretion of ketone
bodies includes (i) starvation; (ii) severe injuries; (iii) acute infections or viral illnesses [89]
(iv) physical exhaustion, and (v) in the presence of harsh ecological stressors. In these
contexts, ketone bodies galvanize and modulate the body’s survival factors during these
unfavorable conditions by offsetting physiological dyshomeostasis and psychophysical
functionality. Therefore, the advantage of ketone metabolism is the conservation of precious
glycogen reserves and the immediate supply of a potent and effective fuel for the brain.
The most apparent sign that ketone bodies are a well-preserved and highly adaptive trait of
evolution is the fact that even infants and embryos utilize ketone bodies as a critical bioen-
ergetic buffer to sustain the tremendous growth of the neonatal brain. Evolutionary forces
selected ketone bodies to ensure self-preservation during the most critical time for any
specie evolution. Ketone bodies enter the TCA cycle with fewer steps than glucose and pro-
duce more ATP per mole than pyruvate with a lower oxygen requirement to produce more
ATP per mole than glucose, preventing the depletion of NAD+ and endogenous antioxi-
dants while increasing cellular bioenergetic efficiency [101]. Cotter et al. [117] demonstrated
that postnatal mice without ketone bodies oxidation present a lethal metabolic state, even
in the presence of alternative metabolic fuels supplied through milk. A similar condition
seems to be present in humans, where the sudden infant death syndrome (SIDS) has been
attributed to SCOT deficiency [117]. In the light of this evolutionary perspective, nutri-
tional ketosis when induced by exogenously or endogenously seems to enhance survival
during hemorrhagic shocks, severe hypoxia, cerebrovascular ischemia, heart attacks, deep
wounds, traumatic brain injuries, sepsis, poisoning, and severe intoxications in in vivo
animal models. Nutritional ketosis might affect the biophysical state with a possible role
in controlling central fatigue, anxiety, aggression, clinical depression, sense of hunger, or
perceived pain while increasing focus and mental performance. In line with seminal studies
emerging from calorie restriction, more recent evidence shows that being in nutritional
ketosis might control degenerative conditions including recalcitrant metabolic diseases that
manifest dysfunctional homeostatic adaptations and deteriorations.

The ketone metabolism is a constitutive feature of organ functions, mainly in the
brain [118]. These findings suggest the need for clinical studies to evaluate the possible
effect of the administration of exogenous ketone bodies to enhance general brain health.

Currently, there is considerable interest in ketone body supplementation, such as
drinks containing ketone esters and ketone salts, which can increase ketone bodies” blood
concentration without dietary changes [119], positively affecting the ketone body’s brain
uptake and metabolism. For example, the oral ingestion of exogenous BHB is able to
obtain rapid and significant ketosis (i.e., above 6 mmol/L) in humans. The oral BHB
administration (3 mg KE/g of body weight) in non-fasted mice, increased acetyl-CoA and
citric cycle intermediates in the brain [120], with a preferential distribution in the neocortex.
Acetate supplementation increased plasma acetate and brain acetyl-CoA levels in rats [121],
with no modification in brain ATP, ADP, NAD, GTP levels, or the energy charge ratio,
glycogen, and mitochondrial biogenesis when compared to controls [121]. The literature
data suggest that ketone bodies had a major impact on the evolution of our brains over
2 million years, when the life of hominid monkeys was characterized by intermittent
starving and fat intake, optimal for the generation of ketone bodies, supporting the “ketone-
brain expansion” hypothesis [122].
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11. Conclusions

In conclusion, ketone bodies showed a significant role in controlling oxidative stress
and inflammation, which result in improved mitochondrial function and growth, energy
rescue, and adaptative epigenetic control (Figure 5). In this context, ketolysis is an adaptive
response of the human body to resist acute and chronic diseases, acting as an alternative
fuel during periods of deficient food supply, with the reduction of oxidative stress in the
mitochondria, and the protection of cell functions. The absence of consistent clinical trials
partially dampens the interesting results obtained in vitro and in vivo in animal models.
However, the data on exogenous ketones consumption and its effect on the ketone bodies’
brain uptake and metabolism might spur the research to define the acute and chronic effects
of ketone bodies in humans and pursue the possible implication in the prevention and
treatment of human diseases. Therefore, additional studies are required to examine the
potential systemic and metabolic consequences of ketone bodies.
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Figure 5. The six hallmarks of ketonic action. ATP: Adenosine triphosphate; NLRP3: NOD-, LRR- and
pyrin domain-containing protein 3; NFkB: nuclear factor kappa-light-chain-enhancer of activated B cells;
ROX: chemical reduction oxidation; GABA: gamma-aminobutyric acid; HDAC: histone deacetylase.
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Abstract: The use of nutritional interventions for managing diabetes is one of the effective strategies
aimed at reducing the global prevalence of the condition, which is on the rise. Almonds are the
most consumed tree nut and they are known to be rich sources of protein, monounsaturated fatty
acids, essential minerals, and dietary fibre. Therefore, the aim of this review was to evaluate the
effects of almonds on gut microbiota, glycometabolism, and inflammatory parameters in patients
with type 2 diabetes. Methods: This systematic review and meta-analysis was carried out according
to the preferred reporting items for systematic review and meta-analysis (PRISMA). EBSCOhost,
which encompasses the Health Sciences Research Databases; Google Scholar; EMBASE; and the
reference lists of articles were searched based on population, intervention, control, outcome, and
study (PICOS) framework. Searches were carried out from database inception until 1 August 2021
based on medical subject headings (MesH) and synonyms. The meta-analysis was carried out with
the Review Manager (RevMan) 5.3 software. Results: Nine randomised studies were included in
the systematic review and eight were used for the meta-analysis. The results would suggest that
almond-based diets have significant effects in promoting the growth of short-chain fatty acid (SCFA)-
producing gut microbiota. Furthermore, the meta-analysis showed that almond-based diets were
effective in significantly lowering (p < 0.05) glycated haemoglobin (HbA1c) levels and body mass
index (BMI) in patients with type 2 diabetes. However, it was also found that the effects of almonds
were not significant (p > 0.05) in relation to fasting blood glucose, 2 h postprandial blood glucose,
inflammatory markers (C-reactive protein and Tumour necrosis factor «, TNF-«), glucagon-like
peptide-1 (GLP-1), homeostatic model assessment of insulin resistance (HOMA-IR), and fasting
insulin. The biological mechanisms responsible for the outcomes observed in this review in relation to
reduction in HbAlc and BMI may be based on the nutrient composition of almonds and the biological
effects, including the high fibre content and the low glycaemic index profile. Conclusion: The findings
of this systematic review and meta-analysis have shown that almond-based diets may be effective in
promoting short-chain fatty acid-producing bacteria and lowering glycated haemoglobin and body
mass index in patients with type 2 diabetes compared with control. However, the effects of almonds
were not significant (p > 0.05) with respect to fasting blood glucose, 2 h postprandial blood glucose,
inflammatory markers (C-reactive protein and TNF-«), GLP-1, HOMA-IR, and fasting insulin.

Keywords: type 2 diabetes; almonds; tree nuts; glycated haemoglobin; gut microbiota; body mass index
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1. Introduction

The use of nutritional interventions is one of the strategies for managing diabetes,
which is on the increase worldwide. It is projected that the global prevalence of diabetes
could reach 700 million by 2045, up by 51% from 463 million who were living with the
condition in 2019 [1]. Over 90% of people with diabetes have type 2 diabetes, which is
linked to lifestyle factors [2], and this has implications in terms of morbidity and mortality.
Poor diabetes control increases the costs of healthcare as a result of potentially avoidable
hospital treatment and drug prescription and in the UK, the total annual spending on
patients with type 2 diabetes is expected to rise to about £2.2 billion by 2040-2050 [3,4].
Therefore, nutritional interventions, which are effective in terms of clinical outcomes, are
often recommended for diabetes management [5]. In this regard, the use of nuts, including
tree nuts, such as almond, walnut, hazelnut, cashew nuts and Brazil nuts, and groundnuts
(mainly peanuts), which are high in unsaturated fatty acids and are rich sources of bioactive
nutrients that have significant metabolic and cardiovascular health benefits, have been
suggested [6,7].

Almonds are the most consumed tree nut and they are known to be rich sources
of protein, monounsaturated fatty acids, essential minerals, and dietary fibre [6,8]. The
role of dietary fibre in modulating gut microbiota dysbiosis and in the regulation of
glycaemic parameters have been demonstrated in previous systematic reviews and meta-
analyses [9,10] and in randomised controlled trials [11,12].

1.1. Description of the Intervention

Nuts have been part of the human diet for centuries. Nuts are included in different
recipes and, more recently, nuts, particularly almonds, have been consumed as a healthy
snack [13]. However, the level of consumption of nuts may vary globally, across different
populations. Almonds are tree nuts that have a low glycaemic index, are rich in dietary
fibre and unsaturated fatty acids, and have low carbohydrate content [6]. The macro- and
micronutrient components of almonds, including monounsaturated fatty acids, polyun-
saturated fatty acids, fibre, vitamins, minerals, phytosterols, and polyphenols, have been
associated with health benefits including anti-inflammatory and lipid-lowering proper-
ties [6,8]. Almonds also have antioxidant properties [8]. The polyphenols and fibre content
of almonds may be used as substrates for gut microbial growth and regulation of gut
microbiota [8]. It has been suggested that there is an inverse relationship between the
consumption of nuts and the risk of developing type 2 diabetes [6].

1.2. How This Intervention Might Work

It has been reported that almond consumption increases satiety, decreases postprandial
glycaemia, and regulates oxidative stress [6]. Almond consumption may also decrease
the rate of nutrient digestion, reduce glucose response, and stimulate incretin and the
production of glucagon-like peptide- 1 (GLP-1) [6,14]. The fermentation of the dietary
fibre component of almonds may lead to improvement in the composition and metabolic
products of gut microbiota, such as an increase in the prevalence of health-promoting
bacteria and short-chain fatty acid production, including propionic, butyric, and acetic
acid [10,15,16]. The short-chain fatty acids produced during this process have been shown
to improve glycometabolism in patients with diabetes [10,15,17]. An almond-based low-
calorie diet has also been found to be effective in reducing weight [18], which is useful in
promoting insulin sensitivity and regulating glycaemic control.

1.3. Why It Is Important to Do This Review

Incorporating almonds in well-balanced healthy diets have been shown to confer
beneficial effects on glycaemic control in patients with type 2 diabetes [6,14,19]. However,
it would appear that previous systematic reviews and meta-analyses in this area of research
have either focused on the effects of tree nuts in general [20-22], on blood pressure [23],
or on fasting blood lipids [24]. For example, Mohammadifard et al. [23], conducted a
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systematic review and meta-analysis on the effect of tree nuts, peanuts, and soy nuts on
blood pressure, while Blanco-Mejia et al.’s [20] review focused on the effects of tree nuts on
metabolic syndrome. Muley et al. [21], on the other hand, evaluated the effects of tree nuts
on glycaemic control in adults with type 2 diabetes, while Musa—Veloso et al. [24] examined
the effects of almond consumption on fasting blood lipids. Viguinliouk et al.’s [22] review
examined the effect of tree nuts on glycaemic control in patients with diabetes.

However, the present systematic review and meta-analysis will complement the
existing literature by providing evidence that focuses on the role of almonds on gut
microbiota, glycaemic control, and inflammatory markers. There are indications that
increased markers of inflammation and disequilibrium of the gut microbial community are
associated with the dysregulation of glycaemic control and type 2 diabetes [10,25,26].

1.4. Aim

To evaluate the effects of almonds on gut microbiota, glycometabolism, and inflamma-
tory parameters in patients with type 2 diabetes.

2. Methods

This systematic review and meta-analysis was carried out according to the preferred
reporting items for systematic review and meta-analysis (PRISMA) [27].

2.1. Types of Studies

Only randomised controlled trials (RCTs) including crossover and parallel designs
were included in this review.

2.2. Types of Participants

Adult participants with type 2 diabetes regardless of the existence of co-morbidities
(e.g., obesity) were selected for the review.

2.3. Types of Interventions

We included RCTs comparing the provision of almonds or advice to increase almond
consumption with a control group (no intervention or habitual diet or other types of nuts)
also with type 2 diabetes. There was no restriction regarding the minimum and maximum
amount of almonds consumed. RCT including multiple interventions (diet and exercise)
were not considered. There was no restriction regarding the duration of the interventions.

2.4. The Inclusion Criteria

Randomised controlled trials involving participants with type 2 diabetes and aged
18 years and over were included in this review. Studies with outcomes of interest involv-
ing gut microbiota, glycometabolism, anthropometric measurements, and inflammatory
parameters were also included in this review.

2.5. The Exclusion Criteria

Studies excluded were those with prediabetes; involving other tree nuts other than
almonds, such as walnuts; involving patients with gestational diabetes, type 1 diabetes,
and only healthy populations. Cluster randomised trials were not eligible for inclusion.
Furthermore, studies with participants aged below 18 years and animal studies were
excluded from this review. Pregnant and lactating women were not included.

2.6. Types of Outcome Measures
The following were the primary outcome measures of interest:

Gut microbiota;

Blood glucose parameters: glycated haemoglobin (HbAlc, %);

Inflammatory markers: tumour necrosis factor « (TNF-«); high-sensitivity C-reactive
protein (hsCRP);
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Body mass index (BMI) (Kg/m?).

Secondary outcome measures of interest:

Fasting blood glucose (FBG, mmol/L);

Postprandial blood glucose (2 h PBG, mmol/L);

Homeostatic model assessment of insulin resistance (HOMA-IR);
Glucagon-like peptide-1 (GLP-1);

Fasting insulin.

2.7. Search Methods for Identification of Studies

EBSCO-host (which encompasses the Health Sciences Research Databases, including
MEDLINE, Academic Search Premier, APA PsycInfo, Psychology and Behavioural Sciences
Collection, APA PsycArticles databases, and CINAHL Plus with Full Text), Google Scholar,
and EMBASE were the databases searched for relevant articles. In addition, the reference
lists of articles were also searched based on the population, intervention, control, outcome,
and study (PICOS) framework (Table 1). Searches were carried out from database inception
until 1st August 2021. Search terms were drawn from medical subject headings (MesH)
and synonyms and were combined using Boolean operators (OR/AND). Two members
of the research team (O.0. and O.0.0.) conducted the searches independently and these
were cross-checked by the other two members of the team (X.W. and A.R.A.A). Resolution
of differences was through discussion and consensus. Search results from databases were
exported to EndNote (Analytics, Philadelphia, PA, USA) and de-duplicated.

Table 1. Search terms and search strategy.

. . . Outcome . Combining
Patient/Population Intervention Comparator (Primary) Study Designs Search Terms
Patients with . Randomised
diabetes Almonds Control Glycometabolism controlled trial
1. Randomised
diabetes OR type 2 Almond OR Tree, .
R trial OR
diabetes OR Almond OR andomized OR
Diabetes OR Almond Tree OR rlacebo gR dr Column 1 AND
Diabetes Sweet Almond OR P thera ORug Column 2 AND
complications OR Almond Trees OR ran domlp}E)R trial Column 3
diabetes mellitus, Tree Nuts OR OR g};oups
' type 2 OR. Almond, Sweet 2 “Animals” NOT
diabetes mellitus P ”
Humans
3.1NOT 2

3. Data Collection and Analysis
3.1. Selection of Studies

The PRISMA flow chart (Figure 1) was based on a set of inclusion and exclusion

criteria that were used to select the studies included.
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Included EligibilityJ Screening | Identification J

Records Records identified
Records identified Records identified identified through reference
through EMBASE: through EBSCO through Google lists of article: n =3
n=1351 Host: n= 281 Scholar: n= 4
Records after removing
duplicates: <
» p
n= 198
| Studies excluded using
l — | abstracts and titles: n=172

Full-text articles assessed for
eligibility: n =26

Studies with no outcomes
of interest: n= 10

n=17 Review articles: n=4
Studies with abstract only:

n=72
Studies included in systematic Studv not randomised
review: n=9 controlled study: n=1
\ -
v n=1 Study with difficulty

extracting data: n= 1

Studies included in meta-
analysis:
=8

Figure 1. PRISMA flow chart on selection and inclusion of studies.

3.2. Data Extraction and Management

The data were extracted in a pre-piloted and standardised form. We extracted the
following information: the country where the study was conducted, characteristics of
the study population (e.g., mean age), sample size, outcome data, intervention details
(duration) (Table 2).

Where the findings of more than one study were reported in one article, only the data
from the study pertaining to patients with diabetes were included in the analysis.

The data was extracted by one researcher (O.0.) from the articles included and the
three other members of the research team (0.0.0., X.W., A.R.A.A) cross-checked the
information. Final values and changes from baseline were used to compare the intervention
group with the control group. The units of measurements for some of the parameters were
converted to ensure the same unit of measurements for all the studies for that parameter.
In studies reporting values in median and 1st and 3rd quartile values, these were converted
to means and standard deviations.

3.3. Assessment of Risk of Bias in Included Studies

Two members of the research team (O.0. and O.0.0.) evaluated the risk of bias of
the included studies using the domain-based risk assessment tool [28]. The results were
cross-checked by the other two members of the team (X.W. and A.R.A.A). Allocation
concealment, the random sequence generation, blinding of outcome assessment, blinding
of participants and personnel, selective reporting, incomplete outcome data, and other
biases were the domains evaluated [29].
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The risk assessment was conducted using the Review Manager 5.3 software (Copen-
hagen, Denmark) [28].

3.4. Data Analysis

Whenever there were enough trial reporting data on the same outcome, we performed
a meta-analysis. Continuous data were analysed as mean difference (MD) with 95%
confidence intervals (CIs), except for the fasting insulin due to differences in the units of
measurements of the studies included and, thus, the standardised mean difference (SMD)
was used for the meta-analysis. Forest plots were used to depict the results of the meta-
analysis and in respect of statistical significance of the overall effect of the intervention, this
was set at p < 0.05.

Sensitivity analysis was also conducted by removing studies one by one from the
meta-analysis to assess the level of consistency of the results. The I? statistic expressed as
percentage was used to measure the degree of heterogeneity of studies included [29] in
the review. A fixed-effects model was used for the meta-analysis for all the parameters of
interest except for the fasting insulin due to differences in the units of measurements of
the studies included and the standardised mean difference was used for the meta-analysis.
Whenever a substantial heterogeneity (>50%) was observed and there were enough studies
included in the outcome, subgroup analysis was conducted. In addition, final values
and changes from baseline were used to compare the intervention group with the control
group [29]. If 10 or more studies were included, we would have performed a funnel plot
to assess the presence of publication bias and small study effect. The meta-analysis was
carried out in Review Manager (RevMan) 5.3 software [28].

4. Results

Nine studies were included in the systematic review and eight were used for the
meta-analysis (Figure 1). The description and characteristics of eligible studies, including
the type of study, details of sample, mean age, the aim of study, interventions, and results
are outlined in Table 2. While one study was conducted in Canada [30], three each were
conducted in Taiwan [31,33,34] and the USA [32,35,36], and two in China [6,14].

4.1. Evaluation of the Risk of Bias of Included Studies

The risk of bias of included studies is shown in Figure 2a,b. All studies showed a
low risk of bias in relation to the random sequence generation (selection bias), incomplete
outcome data (attrition bias), and selective reporting (reporting bias). However, unclear
risk of bias was found in relation to allocation concealment, blinding of participants and
personnel, and blinding of outcome assessments in some of the studies [31-34,36].

The presentation of the results of the systematic review and meta-analysis were
divided into.

Gut microbiota, glycaemic control, inflammatory parameters, body mass index, home-
ostatic model assessment of insulin resistance (HOMA-IR), glucagon-like peptide-1 (GLP-1),
and fasting insulin.

4.2. Gut Microbiota

Only one study [14] examined the effects of almonds on gut microbiota. Ren et al. [14]
found that the almond-based low-carbohydrate diet (LCD) significantly increased the short-
chain fatty acid (SCFA)-producing bacteria Roseburia, Ruminococcus, and Eubacterium. In
particular, the LCD group had a significantly higher population of Roseburia (p < 0.01) at the
genus level compared with the low-fat diet (LFD) group by the third month, and compared
to the baseline, Eubacterium (p < 0.01) and Roseburia increased significantly (p < 0.05) and
Bacteroides (p < 0.05) significantly decreased in the almond-based LCD group.
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Figure 2. Shows (a) risk of bias graph and (b) risk of bias summary of studies included.

4.3. Glycaemic Control

Chen et al. [31] did not find any significant effect with respect to change in glycated
haemoglobin (HbA1lc) and fasting serum glucose values in the almond-based and control
diets. However, in the study by Cohen et al. [32], there was a significant reduction (p = 0.045)
in HbAlc in the almond-based diet group compared with control group. Ren et al. [14]
also showed that almond-based LCD may be effective in modulating glycometabolism in
patients with diabetes.

Bodnaruc et al. [30] noted that the almond-based meal was associated with lower
postprandial glucose. According to Hou et al. [6], while the almond-based diet did improve
fasting, postprandial blood glucose, and glycated haemoglobin in patients with type
2 diabetes, these were not significantly different from the control group. Li et al. [33]
observed that including almonds in a healthy diet led to significant improvement (p < 0.05)
in glycaemic control, while Lovejoy et al. [35] showed that an almond-enriched diet had no
significant effect (p > 0.05) on glycaemia in patients with diabetes.
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With respect to the meta-analysis, the results of the effects of almonds on glucose
control are shown in Figure 3a—d. Six studies each contributed data for the HbAlc analysis
(almond group (gp), n = 115; control gp, n = 114) (Figure 3a; sub-group analysis, Figure 3b)
and fasting blood glucose analysis (almond gp, n = 113; control gp, n = 111) (Figure 3c). The
almond-based diet group experienced a significant reduction (p < 0.001) in HbAlc levels
compared to the control group with a mean difference of —0.52 (95% CI: —0.58, —0.46).
Regarding the 2-hour postprandial blood glucose levels, two studies contributed to the
data analysis (almond gp, 1 = 44; control gp, n = 41) (Figure 3d). The levels of fasting blood
glucose and 2-hour postprandial blood glucose were lower in the almond group compared
to the control group, although the differences were not significant (p > 0.05). The mean
differences were —0.03 (95% CI: —0.18, 0.11) for fasting blood glucose and —0.15 (95% CI:
—0.44, 0.13) for postprandial blood glucose.

The sensitivity analysis conducted by removing studies one by one from the meta-
analysis did not change the results in relation to HbAlc (p < 0.05), fasting blood glucose
(p > 0.05), and 2 h postprandial blood glucose (p > 0.05). The sub-group analysis for HbAlc
showed that, although there was a significant difference (p < 0.001) between the almond
group and control with respect to the meta-analysis of the randomised parallel studies, the
differences were not significant (p = 0.25) in relation to the cross-over studies (Figure 3b).

4.4. Inflammatory Markers

The study by Liu et al. [34] observed that the addition of almonds into a healthy
diet could ameliorate inflammation and oxidative stress in patients with type 2 diabetes.
Similarly, Sweazea et al. [36] noted that the daily consumption of almonds in the absence
of other dietary or physical activity activities could be an effective approach in reducing
inflammation in patients with type 2 diabetes.

The meta-analyses of the effects of almonds on inflammatory markers are shown in
Figure 4a,b. Three studies contributed data for the C-reactive protein analysis (almond gp,
n = 63; control gp, n = 63) (Figure 4a) and two studies for tumour necrosis factor- o« (TNF- o)
analysis (almond gp, n = 30; control gp, n = 31) (Figure 4b). The levels of C-reactive protein
and TNF- « were lower in the almond group compared to the control group. However, the
differences between the two groups were not significant (p > 0.05), with mean differences
of —0.54 (95% CI: —1.61, 0.53) for C-reactive protein and —16.67 (95% CI: —53.25, 19.91) for
TNEF- « respectively. The results did not change between the almond group and control
group (p > 0.05) with respect to C-reactive protein and TNF- « following sensitivity tests.

4.5. Body Mass Index (BMI) (Kg/m?)

Chen et al. [31] did not find any significant effect of the almond-based diet with respect
to body weight and BMLI. In contrast, Cohen et al. [32] found that chronic almond ingestion
resulted in a 4% reduction in BMI compared with control (p = 0.047). Six studies contributed
to the results of the analysis for BMI (almond gp, # = 105; control gp, n = 105).

The meta-analysis showed that the BMI was significantly lower (p < 0.05) in the
almond group compared with the control group (Figure 5), with a mean difference of —0.36
(95% CI: —0.52, —0.19). The results of the sensitivity analysis showed consistency in terms
of the significant difference between the almond group and the control group, except when
the Hou et al. [6] study was removed.
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Almond Control Mean Difference Mean Difference
Study or Subgroup  Mean  SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Chenetal 2017 7.39 1.08 33 745 08 33 1.7% -0.06 [0.51, 0.39] ——
Cohenetal 2011 B8 07 5] BE 0.3 7 1.0%  0.20 [0.40, 0.80] I —
Houetal 2018 B.6S 013 14 BYF 015 11 282% -032[-043,-0.21] -
Lovejoy et al 2002 TA1o0r 30 68 0.7 30 28%  0.30 [0.05, 0.65] T
Renetal 2020 B.77 013 22 744 012 23 B57% -0.67 [-0.74,-0.60] |
Sweazeaetal 2014 B.85 075 10 705 049 10 07% -0.20[0.93 0.53] —
Total (95% CI) 115 114 100.0% -0.52 [-0.58, -0.46] +
Heterogeneity, Ghiz= §9.25, df= 5 (P < 0.00001); F= 92% 2 . p 1 2
Testfor overall effect Z=17.25 (P = 0.00001) Favours [Amond] Favours [contral]
(a)
Almond Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% Cl IV, Fixed, 95% Cl
1.1.1 Randomised Cross-over Study
Chenetal 2017 739 105 33 745 08 33 17% -0.06 [0.51, 0.39]
Lovejoy et al 2002 71 07 30 68 07 30 28% 0.30F0.05 0.65 B Ea—
Subtotal {95% CI) 63 63  45% 0.16 [0.12, 0.44] s
Heterogeneity: Chi*=1.52, di=1{P=0.22); F=34%
Testfor overall effect Z=1.14 (P = 0.25)
1.1.2 Randomised Parallel Study
Cohenetal 2011 68 07 3] 66 0.3 T 1.0%  0.20 [0.40, 0.80]
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Subtotal (95% CI) 52 51 95.5% -0.55[-0.62,-0.49] L 3
Heterogeneity, Chi*= 33.41, df= 3 (P = 0.00001); F= 81%
Testfor overall effect Z=17.91 {P = 0.00001)
Total (95% CI} 115 114 100.0% -0.52 [-0.58, -0.46] L 2
Heteroneneity, Chi*= 5§9.25, df= 5 (P < 0.00001); = 92% =1 -D=5 o 015
Test for overall eﬁec.t. Z=17.258 (P =0.00001) Favours [Amend] Favours [control]
Testfor subgroup differences: Chi®= 2432, df=1 (P = 0.00001), F=195.9%
(b)
Almond Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% Cl IV, Fixed, 95% CI
Chenetal 2017 T8 2 33 T8 18 33 2.45% 0.00[052 082]
Cohen et al 2011 T 2 4] 710141 T 0.6% 0.00F1.80,1.80
Hou etal 2018 673 017 14 BF7 02 11 94.7% -0.04 [018,0.11]
Lietal 2011 83 27 20 86 2.7 20 0.7% -0.30[1.97,1.37] —
Lovejoy et al 2002 063 26 30 g 27 30 1.2% 063 [071,1.97] ]
Sweazea etal 2014 T84 161 10 8488 42 10 0.3% -0.74[353 2.09]
Total (95% CI) 113 111 100.0% -0.03 [0.18, 0.11] [
Heterogeneity: Chi®=1.30, df= 5 (P = 0.94); F=0% 54 52 D é jl
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(9
Almond Control Mean Difference Mean Difference
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Hou etal 2018 885 034 14 903 038 11 97.8% -0.18 047, 0.11] T~
Lovejoy et al 2002 1857 38 30 146 38 30 22% 1.10[0.82, 3.07]
Total (95% CI) 44 41 100.0% -0.15[-0.44, 0.13]
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Figure 3. The effect of almonds on (a) glycated haemoglobin (Hbalc, %), (b) Hbalc (%)—subgroup analysis; (c) fasting
blood glucose (mmol/L); (d) 2 h postprandial blood glucose (mmol/L).
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Almond Control Mean Difference Mean Difference
Study or Subgroup  Mean  SD Total Mean SD Total Weight IV, Fixed, 95% Cl IV, Fixed, 95% CI
Chenetal 2017 3024 33 29 29 33 586%  040[1.30,1.500
Livetal 2013 1.8 16 200 327 35 200 403%  -1.29[2.98 040
Sweazea etal 2014 311 249 10 102 166 10 1.1% -7.00[17.49,2.31] 4
Total (95% CI) 63 63 100.0% -0.54 [1.61,0.53] 4
Heterogeneity: Chi®= 3.0, df = 2 {F = 0.21), F= 35% -1=U _I T t 1=D
Test for overall effect: Z=0.98 (P = 0.33) Favours [Almond] Favours [contral]
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Figure 4. The effect of almonds on (a) C-reactive protein (mg/L) and (b) tumour necrosis factor-« (pg/mL).
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Figure 5. The effect of almonds on body mass index (Kg/m?).

4.6. Homeostatic Model Assessment of Insulin Resistance (HOMA-IR)

According to Chen et al. [31], the almond-based diet did not show a significant effect

with respect to HOMA-IR compared with control.

Three studies contributed data for HOMA-IR meta-analysis (almond gp, 1 = 63; control
gp, n = 63) and the difference between the almond and control groups was not significant
(p > 0.05) (Figure 6). The mean difference was —0.41 (95% CI: —1.32, 0.50). The sensitivity
analysis did not change the results between the almond group and the control group

(p > 0.05) in respect of HOMA-IR.
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Figure 6. The effect of almond on HOMAR-IR.
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4.7. Glucagon-Like Peptide-1 (GLP-1)

There was significant difference (p < 0.05) between the almond-based diet group
and the control group with respect to the GLP-1 in the study by Ren et al. [14], although
Cohen et al. [32] did not find any significant differences (p > 0.05) between the two groups.

Regarding the GLP-1 meta-analysis, two studies contributed data (almond gp, n = 28;
control gp, n = 30) (Figure 7). GLP-1 was higher in the almond-based diet group compared
with control, although the difference was not statistically significant (mean difference: 0.65;
95% CI: —0.16, 1.47; p-value = 0.12). The sensitivity analysis did not change the results
between the almond group and the control group (p > 0.05) with to respect to GLP-1.

Almond Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Cohenetal 2011 668 54.8 B 523 383 7 0.0% 1450[-37.79,66.79] + {
Renetal 2020 1485 1.4 22 049 1.4 23 100.0% 065 [0.17,1.47]
Total (95% CI) 28 30 100.0% 0.65 [-0.16, 1.47]
Heterogeneity: Chi*= 027, df=1 (P =060}, F=0% -1IEI |5 EII é 1IEI

Testfor overall effect Z=1.57 (P=0.12)

Favours [Almond] Favours [control]

Figure 7. The effect of almond on GLP-1 (pmol/L).

4.8. Fasting Insulin

Bodnaruc et al. [30] found that an almond-based diet was associated with lower
insulinemia, while Chen et al. [31] did not find any significant effect with respect to
insulin levels in the almond-based and control diets. Five studies contributed data for this
outcome (almond gp, n = 99; control gp, n = 100) (Figure 8). It was observed that there
was no significant difference between the almond-based group compared to the control
group in relation to insulin (standardised mean difference: —0.12; 95% CI: —0.40, 0.16;
p-value = 0.39). There was also no significant difference (p > 0.05) between the almond
group and the control group following the sensitivity analysis in regards to fasting insulin.

Almond Control Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean 5D Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Chenetal 2017 118 &7 33123 G 33 332% -0.08 [0.57, 0.40] —
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Lietal 2011 127 49 20 138 54 20 200% -0.21 083, 0.41] N
Lovejoy et al 2002 9.4 526 30 936 559 a0 30.2% -0.08 [0.58, 0.43] —a—
Sweazea etal 2014 183 94 10 226 182 10 10.0% -0.28 F1.47, 0,60 — 1
Total (95% CI} 99 100 100.0% -0.12 [-0.40, 0.16] *
Heterogeneity: Chi*=0.30, df= 4 (P = 0.95), F= 0% 12 =1 EII ‘i é

Testfor overall effect: 2= 0.86 (P = 0.39)
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Figure 8. The effect of almond on fasting insulin (standardised mean difference).

5. Discussion

The results of the systematic review suggest that almond-based diets can promote
the growth of short-chain fatty acid (SCFAs)-producing gut microbiota. Furthermore, the
meta-analysis showed that almond-based diets were effective in significantly lowering
(p < 0.05) glycated haemoglobin and body mass index (BMI) in patients with type 2 diabetes.
However, it was also found that the effects of almond-based diets were not significant
(p > 0.05) in relation to fasting blood glucose, 2 h postprandial blood glucose, inflammatory
markers (C-reactive protein and TNF-«), GLP-1, HOMA-IR, and fasting insulin.

Our findings of the beneficial effects of almond-based diets on glycated haemoglobin
are consistent with a previous study on almond supplementation in patients with type
2 diabetes [19] and an earlier review on the effect of tree nuts on glycaemic control in
patients with diabetes [22]. Similarly, our results in relation to BMI are consistent with
the findings of a previous study on the effect of almond consumption in the general
population [18] and an earlier review of the effect of almonds on BMI [37].
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The biological mechanisms responsible for the outcomes observed in this review in
relation to reduction in glycated haemoglobin and BMI may be based on the nutrient
composition of almond and its biological effects [37]. When compared to other nuts, it
has been reported that almonds have the highest levels of fibre, monounsaturated and
polyunsaturated fats, flavonoids, phytosterols, and phenolic acids [5,37]. Almonds also
have a low glycaemic index [5] and almond-based diets have been shown to modulate
gut microbiota dysbiosis and promote the production of GLP-1 in patients with type
2 diabetes [14].

The glycaemic index (GI) of food is an important measure of the quality of the food
and it is a reflection of the digestibility of the available carbohydrates in the food compared
with the reference food, often glucose [38]. It is a measure that ranks food based on the
blood glucose response that they produce when ingested compared with the response to
glucose or white wheat bread, which are reference foods [39]. Therefore, foods with low GI,
such as almonds, usually breakdown slowly during digestion, and are slowly assimilated
and, thus, have a slower impact on blood glucose levels and insulin response [40—-42]. In a
previous systematic review and meta-analysis, Ojo et al. [40], found that diets with low
GI were more effective in improving glycated haemoglobin and fasting blood glucose
compared with high-GI diets in patients with type 2 diabetes. In contrast, diets with high
GI have been associated with type 2 diabetes and cardiovascular diseases due to their effect
on blood glucose and insulin levels [38].

Due to the gradual entrance of glucose into the blood leading to reduced and more
sustained insulin release, low-GI diets are more effective in controlling glycaemia compared
with high GI diets [41]. In addition, low GI diets may be effective in increasing insulin
sensitivity by reducing fluctuations in blood glucose levels and minimising insulin secretion
over the day [41]. Based on the effectiveness of low-GI diets in controlling glycemia in
patients with diabetes, the FAO [42] has recommended the use of a glycaemic index of
foods along with the information about food composition in clinical applications in patients
with diabetes.

Apart from the potential to improve glycaemic control, it has been suggested that
diets with low GI may be useful in reducing weight because they produce a low insulin
response [43]. This view is based on the lipogenic effect of hyperinsulinaemia [43]. On the
other hand, high-GI diets may elicit a higher postprandial insulin response and this may
lead to quicker hunger response and overeating through the reduction in metabolic fuels
in the body [43]. Increased satiety and reduced voluntary food intake has been proposed
as another mechanism through which foods with low GI can reduce weight [43].

Nuts, including almonds, are rich in energy density and high in fat, therefore, the
greater fat availability could lead to reduced gastric emptying and increased satiety [5,14].

Another area of interest is the high soluble fibre and unsaturated fatty acid content
of almonds [6]. According to Huo et al. [6], unsaturated fatty acids have been reported
to promote the movement of glucose receptors to the cell surface and this could enhance
insulin sensitivity. The role of polyunsaturated fatty acids on insulin sensitivity may be
based on the fatty acid composition of the cell membrane, which relies on the fatty acid
composition of the diet and regulates insulin action [44]. Kien et al. [45] suggested that a
possible mechanism of dietary fatty acids in reducing the risk of insulin resistance may be
due to the presence of a high level of unsaturated fatty acids in the cell membrane that
could influence the physical properties, including plasticity, which promotes the movement
of glucose receptors to the cell surface. It has also been shown that skeletal muscle insulin
resistance due to obesity or dietary fatty acids may result from defective mitochondrial
oxidation of fatty acids, which could lead to the accumulation of ceramides that may inhibit
insulin signalling [45]. In addition, a high saturated fatty acid level of the membrane
phospholipids increases insulin resistance [44].

Haag and Dippenaar [46] noted that the high saturated fat content of the cell mem-
brane may lead to rigid and unresponsive membranes, while membranes that are high
in unsaturated fatty acids promote fluidity and responsiveness. Therefore, the polyun-
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saturated content and omega-3/omega-6 ratio in the muscle and fat membranes are of
significant importance in the aetiology of insulin resistance [46]. Furthermore, fatty acid-
derived entities such as long chain acyl-CoA (coenzymes) may impact negatively on insulin
mediated glucose transport and disrupt the insulin signalling cascade [46]. These findings
were confirmed in randomised controlled trials in overweight individuals conducted by
Kahleova et al. [47], who found that fat quantity and quality were related to body weight
and body composition, insulin secretion, and insulin resistance.

Unsaturated fatty acids can also promote the efficiency of 3-cell function through their
action in stimulating GLP-1 secretion [6]. The findings of this review did reveal that an
almond-based diet was effective in promoting the secretion of GLP-1, although this was
not significant compared to the control. GLP-1 is a 30-amino-acid agent, which regulates
glucose by stimulating insulin after ingesting a meal [32].

High dietary fibre in almonds can also increase gastric distension, viscosity of gastroin-
testinal tract, and slower absorption of macronutrients, including slowing the absorption of
carbohydrates and the level of postprandial blood glucose [6]. High dietary fibre has been
reported to promote the growth of SCFAs producing bacteria, increasing the production of
SCFAs and promoting GLP-1 secretion [14].

In the study by Zhao et al. [48], it was found that the presence of greater diversity
and abundance of fibre-promoting SCFA producers improved glycated haemoglobin levels
in patients with type 2 diabetes through the production of glucagon-like peptide-1. The
dietary fibre undergoes fermentation by colonic microbiota to produce SCFAs, including
propionic, acetic, and butyric acid, which have significant effects on host physiology [49].
The SCFAs are useful in regulating the metabolic and immune system of the host as well as
in cell proliferation [50]. However, low dietary fibre intake can cause microbiota dysbiosis,
reduction in SCFAs production, and lead to the utilisation of less favourable substrates,
such as proteins and fat [50,51]. The lipopolysaccharides resulting from the use of a high-
fat diet can elicit an inflammatory response and contribute to the development of insulin
resistance and type 2 diabetes [51].

Limitations

One of the studies included [32] was a pilot study with a small sample size. Fur-
thermore, the number of studies included in the meta-analyses was eight or smaller in
the different parameters. These could affect the broader application of the findings of the
review. Therefore, more studies are required to further explore the role of almonds in
patients with type 2 diabetes.

6. Conclusions

The findings of this systematic review and meta-analysis have shown that almond-
based diets may be effective in promoting short-chain fatty acid-producing bacteria, and
lowering glycated haemoglobin and body mass index in patients with type 2 diabetes
compared with control. However, the effects of almonds were not significant (p > 0.05) with
respect to fasting blood glucose, 2 h postprandial blood glucose, inflammatory markers
(C-reactive protein and TNF-«), GLP-1, HOMA-IR, and fasting insulin.
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LI N

Abstract: Background: Nutritional interventions such as the use of prebiotics can promote eubiosis of
gut microbiome and maintain glucose homeostasis in patients with type 2 diabetes (T2D). However, it
would appear that results of the effects of prebiotics on the community of microbes in the gut are not
consistent. Aim: To examine the effect of prebiotics and oral antidiabetic agents on gut microbiome
in patients with T2D. Methods: The PRISMA Extension Statement for Systematic Reviews and
Network Meta-analyses was used to conduct this review. Searches were carried out in EMBASE,
EBSCO-host databases, Google Scholar and the reference lists of articles for studies that are relevant
to the research question, from database inception to 15 August 2022. The search strategy was based
on PICOS framework. Network Meta-analysis which allows the estimation of relative treatment
effects by combing both direct trial evidence (e.g., treatment A vs. treatment B) and indirect evidence
was conducted. Furthermore, pairwise meta-analysis was also carried out to estimate effect sizes
based on head-to-head comparisons of treatments and /or control conditions. Results: Findings of
the Network meta-analysis revealed that prebiotics significantly reduced HbAlc compared with
control and the SMD was —0.43 [95% CI, —0.77, —0.08; p = 0.02], whereas there was no significant
difference (p > 0.05) between the other treatments and control. In addition, anti-diabetic agents
including glipizide and metformin also reduced HbA1C, although these were not significantly
different (p > 0.05) from control. While prebiotics promoted Bifidobacterium and Akkermansia, the
improvements were not significantly different (p > 0.05) from control. On the other hand, metformin
decreased the relative abundance of Bifidobacterium, but increased Lactobacillus and Akkermansia,
although the differences were not significant (p > 0.05) compared with control. With respect to fasting
blood glucose and BMI, the effects of prebiotics and oral antidiabetic agents did not differ significantly
(p > 0.05) from controls. Conclusions: The findings of the systematic review and Network meta-
analysis demonstrated prebiotics were significantly (p < 0.05) more effective in reducing HbAlc than
control in patients with T2D. However, the effects of prebiotics and oral antidiabetic agents did not
differ significantly (p > 0.05) from the controls in relation to fasting blood glucose, post-prandial
blood glucose, body mass index and the genera of gut bacteria examined. More studies are required
to fully investigate the effects of prebiotics and oral antidiabetic agents in patients with T2D

Keywords: prebiotics; oral anti-diabetic agents; gut microbiome; glycated haemoglobin; type 2
diabetes; Network meta-analysis; meta-analysis
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1. Introduction

The prevalence of type 2 diabetes (T2D) is increasing globally. It is estimated that by
2040, approximately 642 million people will have the condition worldwide [1]. Genetic
predisposition and lifestyle factors such as lack of physical activities and poor nutritional
intake which can lead to overweight and obesity are reported to be involved in the etiology
of T2D [2]. Furthermore, diets with low fibre and high saturated fats and sugar, such as
Western diets, may also influence gut microbial diversity and cause reduction in specific
bacteria taxa and imbalance in gut microbiome [3,4].

There is evidence from meta-analysis of randomised controlled trials (RCTs) that T2D
is associated with disequilibrium of gut microbial community and gut microbiota dysbiosis
is implicated in the pathogenesis of type 2 diabetes [5]. Therefore, nutritional interventions
including prebiotics have been used to promote eubiosis of gut microbiome and maintain
glucose homeostasis in patients with T2D [6,7]. In addition, the role of oral anti-diabetic
agents in modulating dysbiosis of gut microbiome may be a possible pathway by which
these drugs regulate glucose balance [8,9].

1.1. Description of the Intervention

The concept of prebiotics relates to the food component that is not digestible. Dietary
prebiotics must be resistant to gastric acid and should not be hydrolised by the effect of
mammalian enzyme, and should be resistant to intestinal absorption. It should also be
beneficial to the hosts through selective promotion of the growth of bacteria in the colon,
not causing negative effects to the hosts including not stimulating the growth of pathogenic
microorganisms [10]. Prebiotics have also been recently defined as substrates (non-viable)
which are used selectively by the host microorganisms which leads to benefits [10].

The definition of prebiotics has been revised to include ingredients that are selectively
fermented and allows changes that are specific to the community and actions of microbes
inhabiting the gastrointestinal tract which confers effect on the host which are beneficial
physiologically [11]. Prebiotics are different from most dietary fibres including pectins,
cellulose and xylans which promote the development of a broad variety of gut microbes [12].

Although prebiotics are not the only substrates that can affect the gut microbial
community, a primary criterion that distinguishes prebiotics from other substrates is their
selective utilisation by host microorganisms [12]. While a selective effect does not mean
utilisation by just one microbial group, it may include several microbial groups, but not all
the microbial groups [12].

Metformin is one of the oral anti-diabetic agents and it is a biguanide [13]. It is a first
line medication for treating T2D and is effective in lowering body weight and cardiovascular
risks [13]. Other oral anti-diabetic agents that are associated with modulation of gut
microbiota include sulfonylurea and acarbose [9,14].

1.2. How This Intervention Might Work

Dysbiosis of intestinal microflora has been shown to have significant effect in the
pathogenesis of metabolic disorders such as T2D [15]. Therefore, sustaining an ecosystem
that is healthy and having good lifestyle and feeding habits are useful approaches in
managing T2D [15]. The consumption of prebiotics may regulate gut microbiota dysbiosis
and enable the growth of beneficial microbes [11]. There is evidence to suggest that prebiotic
dietary fibre is a selective substrate that is utilised by bacteria which are beneficial to the
host including Bifidobacterium and Lactobacillus that promote the health of the host [10].
For example, prebiotics may promote the growth of bacteria that are beneficial including
Lactobacillus, Bifidobacterium, Akkermansia, Eubacterium and Roseburia [10].

Prebiotics are usually metabolised by the gut microbes through a process of fermenta-
tion to produce metabolites which are useful to the host [10]. The end product of metabolism
of prebiotics is short chain fatty acids (SCFAs), which are primarily propionic, butyric and
acetic acid [10]. SCFAs influence the integrity of the gut epithelium, immunity, glucose
homeostasis, lipid profile and body weight [11]. In addition, SCFAs have effects on insulin
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resistance, suppress appetite and lipolysis, increase expenditure of energy and promote
insulin sensitivity and production [9,15].

While butyrate is a good source of energy for colonocytes and enterocytes, propionate
is a substrate for intestinal and hepatic gluconeogenesis, and the most abundant SCFA
found in circulation is acetate [11]. The phenomenon of cross-feeding by other bacteria has
also been discussed as possible mechanism employed in the production of SCFAs which are
crucial for the intestinal health and other health benefits in areas distant to the gut [12,16].
Cross feeding is a process where a substrate stimulates the growth of members of the gut
microbiota which produces metabolites which are utilised by other microbes to produce
butyrate and other SCFAs [12].

Antidiabetic agents have also been shown to restore the richness and diversity of the
gut microbial community to some level and have demonstrated ability to promote the
growth of some useful bacteria [15]. In particular, anti-diabetic agents not only influence
gut microbiota, in turn, microbiota affects how the individual responds to those drugs
which explains the bidirectional relationship between microbes in the gut and anti-diabetic
medications [17]. Metformin has been shown to reduce blood glucose in patients with T2D
by interacting with microbes in the gut including altering the composition and diversity of
gut microbiome [8,18].

1.3. Why It Is Important to Do This Review

The definition of prebiotics has been evolving over the years, therefore, a good knowl-
edge of their effect on gut microbiome in patients with T2D will help in enriching our under-
standing of this concept, broaden their application and health related outcomes [10-12,16].
Furthermore, an understanding of gut microbial ecology in patients with T2D is useful in
developing effective approaches to regulate gut microbiota dysbiosis for purposes that are
preventive and therapeutic [15]. It has been suggested that the effectiveness of prebiotics in
patients with T2D is based on the modulation of gut microbiome although the results are
not consistent [19]. In addition, it seems the systematic reviews and/or meta-analysis con-
ducted previously [20—-22] have not focused on the effect of prebiotics on gut microbiome
in patients with T2D. In other systematic reviews, studies involving probiotics [23] and
prebiotics or symbiotics supplementations [24,25] were included. In addition, the review by
Merkevicius et al. [24] included one animal study, but did not involve meta-analysis. The
Bock et al. [25] review included patients with type 1 diabetes. In our previous systematic
review [26], we examined the effect of dietary fibre in regulating the imbalance in the gut
microbial community, but did not compare this with oral antidiabetic agents. In contrast,
the current review is a systematic review and Network Meta-analysis (NMA) of RCTs which
seeks to evaluate the impact of prebiotics and oral anti-diabetic agents on gut microbiota
and metabolic parameters in patients with T2D.

1.4. Research Questions

Are prebiotics more effective than a control in managing patients with T2D?

What is the comparative effectiveness of prebiotic treatment or treatment with oral
antidiabetic agents in patients with T2D?

Aim.

To examine the effect of prebiotics and oral anti-diabetic agents on gut microbiome in
patients with T2D.

2. Methods

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses Extension
Statement for Reporting of Systematic Reviews Incorporating Network Meta-analyses
of Health Care Interventions was used to conduct this systematic review and Network
meta-analysis (PRISMA-ES for NMA) [27,28].

Registration: This systematic review and Network meta-analysis protocol was regis-
tered with Prospero and the Registration Number was CRD42022352060.
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2.1. Studies Included
Only RCTs were selected for the review.

2.2. Participants of Interest
Patients with T2D were participants included in the review.

2.3. Types of Interventions

Pre-biotics and oral anti-diabetic agents were the interventions of choice.

2.4. Outcome Measures

The following were the outcomes of interest:

Gut Microbiome: Lactobacillus, Bifidobacterium, Ruminococcus, Bacteroides, Roseburia,
Clostridium and Akkermansia (Relative abundance and genera only).

Blood Glucose Parameters: glycated haemoglobin (HbAlc), fasting blood glucose
(FBG) and postprandial blood glucose.

Body Mass Index.

2.5. Search Strategy

EBSCOHost was searched for relevant articles using the Health Sciences Research
Databases (which includes MEDLINE, APA PsycArticles, Academic Search Premier, CINAHL
Plus with Full Text, Psychology and Behavioral Sciences Collection and APA PsycInfo
databases). Furthermore, EMBASE and Google Scholar were additional databases searched.
The reference lists of articles were searched for studies that were relevant to the research
question. The searches were carried out from database inception to 15 August 2022. The
Population, Intervention, Comparator, Outcomes, Studies (PICOS) tool was used to define
the research question and establish the search strategy [29]. The search terms included
synonyms and medical subject headings and these were combined with Boolean oper-
ators (OR/AND) (Table 1). OO and OOO conducted the searches separately and these
were cross checked by X.W. and JB. Search results were transferred to EndNote (Analytics,
Philadelphia, PA, USA) and duplicates of articles were deleted.

Table 1. Search Terms Based on PICOS Tool.

Patient/Population Intervention Outcome (Primary) Study Designs Combining Search Terms
Patients with diabetes Prgblgtlcs QR Oral Gut microbiome Randomlse;l controlled
anti-diabetic agents trial
L . . #1
Prebiotics OR Dietary fibre .
Diabetes mellitus, type 2 OR Fibre OR Ranlzzrﬁiz?ézfcilg(l}lled
OR Diabete,s Polysaccharide OR Microbiome OR trial OR placebo OR
P . ietary carbol rate . . . . st Column + 2nd Column
Dietary carbohydrate OR 1st Col 2nd Col
complications OR Patients ’ Gastrointestinal controlled clinical trial OR
o . Resistant Starch OR - . + 3rd Column
with diabetes OR diabetes microbiota OR Gut therapy OR randomly OR
. carbohydrate OR Oral . . ) . . + 4th Column
mellltus OR type 2 anti-diabetic agents OR microbiota OR Microbiota drug 9R t'rlal OHR groups
diabetes OR Diabetes metformin or gliclazide #2 éﬁﬁnn?;i s,l,\IOT
OR acarbose #3 #1 NOT #2

Abbreviation/Symbol: # (Number).

3. Collection of Data and Analysis
3.1. Study Selection

Criteria for Inclusion: Patients with T2D and those who were 18 years of age or
older were selected for the review. Other inclusion criteria were studies involving prebi-
otics and/or oral antidiabetic agents as interventions and studies that meet the required
outcomes, including; gut microbiome, glycaemic parameters and body mass index.
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Identification

Screening

Eligibility

Included

Criteria for Exclusion: Participants younger than 18 years of age, those with gestational
diabetes, pre-diabetes and type 1 diabetes, and studies with probiotics and animal models
were excluded from the review.

The PRISMA flow chart (Figure 1) provides details of studies included using the
criteria for inclusion and exclusion previously outlined.

Result of searches via Result of searches via Result of searches via
EMBASE: n= 722 EBSCO Host: n= 644 reference list of articles: n= 10
Records after deduplication:
n= 1269
Studies excluded using abstracts
i > and titles: n= 1211
Full-text articles assessed for
eligibility: n = 58 Studies with no participants &
[ »l outcomes of interest: n=27
+ 7l n=42
Non RCTs & protocols: n= 11
Studies included in systematic Studies with only abstracts: n~4
review: n= 16
I » . . . X
v 'l n=2 Studies with difficulty extracting
data:n=2

Studies included in Meta-analysis: n= 14

Figure 1. PRISMA flow chart on selection and inclusion of studies.

3.2. Data Extraction and Management

0.0, YJ., Q.D. and X.W. extracted the data from included articles and these were
cross-checked by all authors. Changes from baseline and final values of all parameters
of interestwere used for the Network meta-analysis and pairwise meta-analyis [30]. The
intervention group data were compared to the control group. Data from studies such as
Medina-vera et al. [31] and Pedersen et al. [32] were extracted using the Engauge Digi-
tizer [33]. Furthermore, the units of measurements were converted in some parameters such
as fasting blood glucose (mmol/L), glycated haemoglobin (%) and Bifidobacterium (%).
Means and standard deviations were calculated from median and 1st-3rd quartiles, respec-
tively, in some parameters.

Risk of Bias Assessment of Studies.

The studies included were evaluated based on the established assessment tool [30].
The domains assessed were attrition bias, selection bias, detection bias, performance bias,
reporting bias, and other bias [30]. The Review Manager 5.3 software [34] was used to
assess the risk of bias.

4. Data Analysis
4.1. Network Meta-Analysis (NMA)

NMA was performed within a frequentist framework using the netmeta package [35]
in R to compute standardised mean differences (SMDs). NMA allows the estimation of
relative treatments effects by combing both direct trial evidence (e.g., treatment A vs.
treatment B) and indirect evidence (e.g., in trials where A and B have not been directly
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compared but have all used a common comparator, e.g., placebo, allowing A and B to be
compared indirectly).

Network plots for each outcome were first constructed and examined to identify any
intervention comparisons which were disconnected from the main treatment network
and which therefore could not be examined using NMA. We then performed NMA and
constructed forest plots comparing each treatment to a reference condition (either placebo
or inactive control according to what was most commonly employed for that outcome).

A key assumption of NMA is transitivity, which broadly speaking is that trials of
different treatment comparisons are broadly similar on important methodological and
sample characteristics (such as age, gender etc). If differences do exist that might cause
the effect of a treatment to be amplified or diminished in a set of trials regardless of the
particular treatment given (e.g., due to use of an older less treatment-responsive sample)
then this assumption is violated. We assessed this by inspecting a summary table of key
potential effect modifiers of sex, age, etc across the different sets of treatment comparisons.
(Refer to table on mean age and sex distribution of treatments in the supplementary file).
An alternative method of evaluating inconsistency is by comparing the differences between
direct and indirect evidence for each comparison. However, we did not attempt to do this
here as the data we examined allowed the computation of SMD exclusively from either
direct or indirect evidence but not both.

Pairwise meta-analysis was also conducted to estimate effect sizes based on head-to-
head comparisons of treatments and/or control conditions. Pairwise meta-analysis was
conducted using Revman.

4.2. Meta-Analysis

The Review Manager (RevMan) 5.3 software [34] was used to conduct the meta-
analysis. The measure of heterogeneity was the I statistic [30], and statistical significance of
heterogeneity was set at p < 0.10. The fixed effects model was used when heterogeneity was
not important (I%: 0-40%) and the random effects model was applied when heterogeneity
was substantial or considerable (I2: 40-100%) [30]. The SMD was used for the meta-analysis.

A subgroup analysis was carried out to examine the effect of prebiotics and oral
antidiabetic agents in patients with T2D.

4.3. Effect Size

The result of the meta-analysis are depicted as forest plots and in terms of statistical
significance, p < 0.05 was used to assess the overall effect of the intervention.

5. Results

Sixteen studies were included in the systematic review, while fourteen studies were
included in the Network meta-analysis (Figure 1). The characteristics of the included
studies including countries where studies were conducted, type of study, participants,
sample size, mean age, mean diabetes duration, interventions and results/findings are
outlined in Table 2. Four studies were carried out in China, three in Italy and two studies
in Mexico. One study each was carried out in Japan, Korea, Norway, Canada, Netherlands,
UK and Spain. All these studies were randomised controlled studies.

The network plots of the Network meta analysis can be found in the supplementary
file (Figure S1 and Table S1).
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6. Risk of Bias of Studies Included

Figure 2a,b show the risk of bias graph and risk of bias summary, respectively, of the
studies in this review. There was low risk of bias in relation to incomplete outcome data
(attrition bias), selective reporting (reporting bias), blinding of participants and personnel,
and other bias in all the studies. Nine of the 16 studies demonstrated unclear risk of bias
with respect to random sequence generation, while 11 studies demonstrated unclear risk
of bias in relation to allocation concealment. In terms of blinding of outcome assessments,
there were 3 studies with unclear risk of bias.

Random sequence generation (selection bias)

Blinding of participants and personnel (performance bias)

Blinding of outcome assessment (detection bias)

Allocation concealment (selection bias)

Incomplete outcome data (attrition bias)
Selective reporting (reporting bias)
Other bias

0% 75% 50% 75%

=
o
=}
=+

. Lowe risk of hias
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Figure 2. Graphs showing (a) risk of bias (b) risk of bias summary [18,31,32,36—48].
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7. Effects of Interventions

Three distinct areas were identified based on the results of the systematic review and
NWM, namely: Gut microbiome; Glycaemic control; and Body Mass Index (BMI).

Gut Microbiome.

The effects of prebiotics and oral antidiabetic agents on gut microbiome were varied
(Table 3). For example, Birkeland et al. [37] found significant increase in faecal levels of
Bifidobacteria following daily supplement of inulin-type fructans, while Gonai et al. [39]
observed significant restoration of Bifidobacteriaceae in patients with T2D after the con-
sumption of galacto-oligosaccharide. In addition, Zhao et al. [48] found high fibre diet
promoted the growth of short chain fatty acid producing microbes in patients with diabetes.
However, the effect of prebiotic treatment on Bifidobacterium, Lactobacillus and Roseburia

was not significant in Pedersen et al. [32] study.

Table 3. Effects of prebiotics and Oral antidiabetic agents on gut microbiome.

Studies Bifidobacterium Lactobacillus Roseburia Bacteroides Ruminococcus Clostridium Akkermansia
There was
moderate, but
significant
increase in faecal .
Bacteroides ovatus
Birkeland et al levels of was enriched b;
. bifidobacteria in N/A N/A wec by N/A N/A N/A
[37] Norway the prebiotic
the group "
fibre
supplemented
daily with
inulin-type
fructans.
Ma-Pi 2 diet and Ma-Pi 2 diet and o 3
control were control were Ma-Pi2 diet and Ma-Pi 2 diet and
Candela et al. effective in effective in control control resulted
[38] N/A N/A N ; supported the N/A . .
supporting the supporting the . in the increase of
Ttaly reduction of .
recovery of recovery of Ruminococcis Akkermansia
Roseburia Bacteroides
Bifidobacterium Ruminococcus
. was significantly was significantly
Gon?aetae;L (%] restored after N/A N/A N/A lower after N/A N/A
P consumption of consumption of
GOs GOs
The relative Acarbose group The intervention Acarbose group
. of Acarbose
abundances of increased the d depleted the
; s . . epleted the B
Gu et al. [40] Bifidobacterium relative . relative
5 Lo N/A relative N/A N/A
China species increased abundances of . abundances of
X ! abundances of i
in Acarbose Lactobacillus N Clostridium
ToU| species. Bacteroides species.
group- P ) species. P )
Consumption of
Metd irl‘a[-;ﬁra d:iﬁ%gzgf:;‘to N/A N/A N/A N/A N/A Dletian?;ez:tdﬁ)ho
eN?Q' ico abundance of Akkermansia
X Bifidobacterium muciniphila
longum.
The effect of The effect of The effect of The effect of
Pedersen et al. ¢ prteblotzc prebiotic prebiotic prebiotic
© elrfz? etal B;;;oﬁiz’ri‘l)fr‘n treatment on treatment on N/A N/A treatment on N/A
- Lactobacillus was Roseburia was Clostridium was
was not P e P
L not significant. not significant. not significant.
significant.
The relative
Lactobacillus was abundance of Akkermansia
Bifidobacterium greater in the Roseburia was Clostridium muciniphila
Reimer et al. [41] Spp. changed placebo significantly coccoides changed P
E . . N/A N/A e changed
Canada significantly over compared with increased by the significantly over sienificantly over
time after PGX. the soluble viscous time after PGX sign Y
N time after PGX
PolyGlycopleX fibre

PolyGlycopleX
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Table 3. Cont.

Studies Bifidobacterium Lactobacillus Roseburia Bacteroides Ruminococcus Clostridium Akkermansia
The relative
abundance of Scutellaria Scutellaria
Bifidobacterium baicalensis and baicalensis and
was significantly metformin metformin
Shin et al. [42] lower in the increased increased
Korea scutellaria Lactobacillus N/A N/A N/A N/A Akkermansia
baicalensis and significantly significantly
metformin group compared to compared to
compared to placebo. placebo.
placebo.
Acarbose
treatment can
increase the
Su et al. [45] content of gut
China Bifidobacterium N/A N/A N/A N/A N/A N/A
longum in type 2
diabetes mellitus
patients.
There was
Tong et al. [46] Roseburia was decrease in
g ctal N/A N/A enhanced by N/A N/A N/A Akkermansia in
China .
herbal formula the metformin
treated group
Akkermansia
muciniphila was
van Bommel not significantly
etal. [47] N/A N/A N/A N/A N/A N/A affected by
Netherlands Dapagliflozin or
Gliclazide
treatment.
There was
increase in
Wu et al. [18] Bifidobacterium N/A N/A N/A N/A N/A N/A

Spain

adolescentis after
metformin
treatment

Abbreviations: N/A (Not Applicable).

While Gu et al. [40] and Su et al. [45] found acarbose can increase the relative abun-
dances of Bifidobacterium species, Wu et al. [18] noted Bifidobacterium adolescentis increased
after metformin treatment.

8. Bifidobacterium

The Network meta-analysis for Bifidobacterium included 5 studies, 239 participants
and 3 treatments. The result showed prebiotic treatment increased the relative abundance
of Bifidobacterium although this was not significantly different compared with placebo
with a SMD of 0.43 [95% CI, —0.69, 1.55; p = 0.45] (Figure 3a). In contrast, metformin
treatment reduced the relative abundance of Bifidobacterium with a SMD of —1.81 [95% CI,
—4.16, 0.54; p = 0.13] compared to placebo, but again this was not significant. Pairwise
meta-analysis conducted to estimate effect sizes based on head-to-head comparisons of
treatments and/or control conditions (Figure 3b) found no significant difference (p > 0.05)
between prebiotic treatment and control on the relative abundance of Bifidobacterium. The
effect of metformin was significant (p < 0.05).
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SMD 95% CI

-1.81 [-4.16; 0.54]

0.43 [-0.69; 1.55]

Std. Mean Difference
IV, Random, 95% CI

Direct Comparison: other vs ‘Placebo’
Tr parisons ( Effects Model)
Metformin 1
Prebiotic 4 .
4
@
Prebiotics or Antidiabet. Control Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD_Total Weight IV, Random, 95% CI
1.1.1 Prebiotics Vs Control
Birkeland etal 2020 13776 163,16 24 50,401 T4.BET 24 20E8% -0.28[0.85,0.29]
Medina - Vera et al 2019 0898 0.449 28 0117 0058 5 200% 234 [163,309]
Federsen etal 2016 0178 1128 14 0368 &6 13 187% -0.21 [-0.96, 0.55]
Reimer et al 2020 670 1,357 47 834 1,536 40 212% -0011 [0.53,0.31]
Subtotal (95% CI) 113 102 B814% 0.42 [-0.68, 1.52]
Heterogeneily Tau® = 1.15; Chi*= 40,81, of= 3 (P = 0.00001); F= 93%
Test for overall effect Z= 0.75 (P = 0.44)
1.1.2 Metformin Vs Placebo
Shin et al 2020 0625 0.261 122292 1274 12 186% -1.78272,-078]
Subtotal (95% CI) 12 12 186%  A.75[272,0.78]
Heterogeneity: Mot applicable
Testfor overall effect: Z=3.55 (F = 0.0004)
Total (95% Cl) 125 114 100.0% 0.02 [-1.05, 1.09]
Heterogeneily; Tau? = 1.36; Chi* = §5.55, of = 4 (P = 0.00001); F= 93%
Test for overall effect Z= 0.04 (F = 0.97)
Testfor subaroun differences: Chi®= 8 48, df=1 (P = 0.004), F=88.2%
(b)

Figure 3. Network Meta-analysis (a) and Meta-analysis (b) of the effect of treatments versus control

on Bifidobacterium [31,32,37,41,42].

9. Lactobaccilus

The Network meta-analysis for Lactobaccilus included 3 studies, involving 159 participants.
The effect of metformin treament on the relative abundance of Lactobaccilus showed a significant
increase with SMD of 1.43 [95% CI, 0.23, 2.64; p = 0.02] compared to placebo (Figure 4a).
However, the effect of prebiotic compared to placebo was not significantly different with a SMD
of —0.14 [95% CI, —0.81, 0.53; p = 0.68]. The meta-analysis (Figure 4b) also showed metformin
significantly (p < 0.05) increased Lactobaccilus compared with control while differences between

-
-

>

*

L 2

-10 -5 5 10
Favours [Prebiotics or A] Favours [Control]

prebiotics and control did not differ significantly (p > 0.05).

Direct
Treatment Comparisons

Prebiotic 2
Metformin 1
-2 -1
@
Prebiotics or Antidiabet. Control

Study or Subgroup Mean SD Total Mean SD_Total Weight
1.2.1 Prebiotics Vs Control
Birkeland et al 2020 3376 13,684 24 1105 3483 24 34E8%
Reimer etal 2020 25 a6 47 126 31 40 367%
Subtotal (95% Cl} m 64  T1.3%
Heterogeneity: Tau®= 0,16, ChF= 3.47, df=1 (P = 0.06); F= 71%
Testforoverall effect Z=0.42 (P = 0.68)
1.2.2 Metformin Vs Placebo
Shinetal 2020 24916 23283 12 01298 0.0508 12 287%
Subtotal (95% CI) 12 287%
Heterogeneity: Mot applicahle
Testfor averall effect Z=2.88 (P = 0.003)
Total (95% CI) 83 76 100.0%
Heteragenelty: Tau®= 0.55; Chi®= 13.83, df= 2 (P = 0.0010); = 86%
Testfor overall effect Z=0.66 (P=051)
Testfor subaroun differences: Chi®=7.10,df=1 (P = 0.008), F= 85.9%

(b)

Figure 4. Network Meta-analysis (a) and Meta-analysis (b) of the effect of treatments versus control

on Lactobaccilus [37,41,42].
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IV, Random, 95% CI
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Treatment Comparisons

10. Akkermansia

The Network meta-analysis for Akkermansia included 2 studies, 111 participants and
3 treatments. Both metformin and prebiotic treatments increased the relative abundance of
Akkermansia, although the effects did not differ significantly (p > 0.05) compared to placebo
(Figure 5a). The SMD was 0.10 [95% CI, —0.32, 0.52; p = 0.64] for prebiotic and 0.49 [95% CI,
—0.33, 1.30; p = 0.24] for metformin treatments, respectively, compared with placebo. The
results of the meta-analayis did not show any significant difference (p > 0.05) between the
prebiotic and control, and metformin and control (Figure 5b).

Direct Comparison: other vs 'Placebo’

(Random Effects Model) SMD 95% CI

Prebiotic 1 0.10 [-0.32; 0.52]
Metformin 1 . ; T E . 0.49 [-0.33; 1.30]
-1 05 0 05 1
(a)
Prebiotics Control Std. Mean Difference Std. Mean Difference

Study or Subgroup  Mean 5D Total

Mean SD Total Weight

IV, Random, 95% CI

IV, Random, 95% CI

1.5.1 Prebiotics Vs Control

Reimer etal 2020 467 802 47 382 8% 40 A% 0.10[0.32, 0.52]
Subtotal {95% CI) LY 40 78.8% 0.10 [-0.32, 0.52]
Heterogeneity: Mot applicable

Testfor overall effect: Z£= 0.46 (P = 0.64)

1.5.2 Metformin Vs Placebo

Shin etal 2020 0.267 0.571 12 006 019 12 21.2% 0.47 [-0.34,1.29]
Subtotal {95% CI) 12 21.2% 0.47 [-0.34, 1.28]
Heterogeneity: Mot applicable

Testfor overall effect Z=113 (P=02()

Total {95% CI) 59 52 100.0% 0.18 [-0.20, 0.55]

Heterogeneity: Tau®= 0.00; ChiF= 063, di= 1 (P= 0.43); F= 0%

Testfor overall effect: Z= 093 (P=0.35)

-4 ) 0 2 4
Favours [Prebiotics] Favours [control]
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Figure 5. Network Meta-analysis (a) and Meta-analysis (b) of the effect of treatments versus control
on Akkermansia [41,42].

11. Glycaemic Control

In the study by Arias-Cérdova et al. [36], it was found that the native banana starch (NBS)
with a content of 70.5% resistant starch and 10% digestible starch caused a reduction in fasting
blood glucose from baseline compared with digestible maize starch with 100% digestible
starch content. There was improvement in insulin sensitivity and significant improvement in
glycaemic control including significant reduction in parameters such as HbAlc, postprandial
blood glucose and fasting blood glucose levels in patients with type 2 diabetes who consumed
prebiotic diets compared with control in some studies [31,38,41,43,44,48].

However, following the consumption of prebiotic diets, there was no improvement in
glucose control in other studies [32,39].

With respect to the oral antidiabetic agents, Wu et al. [18] found metformin significantly
reduced HbAlc and fasting blood glucose levels compared with calorie restricted diet.
Furthermore, Tong et al. [46] reported metformin improved Homeostatic Model Assessment
for Insulin Resistance (HOMA-IR) compared with control, while Su et al. [45] observed
acarbose treatment improved glycemic control in patients with type 2 diabetes. Both
dapagliflozin and gliclazide reduced HbAlc and fasting blood glucose levels in the study
by van Bommel et al. [47]. Similarly, the acarbose and glipizide groups improved glycemic
control, with no significant differences between the two groups [40].

However, Shin et al. [42] reported that Scutellaria baicalensis with metformin treatment
or placebo did not change the glucose and HbAlc levels.
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Glycated Haemoglobin (HbAlc).

The Network meta-analysis for HbAlc included 12 studies, 7 treatments and
1012 participants (number of observations). Compared with control, glipizide, herbal
formula and metformin treatments reduced HbAlc although the difference was not signifi-
significantly reduced HbAlc compared to
0.08; p = 0.02] (Figure 6a). The results of the
meta-analysis demonstrated prebiotics significantly (p < 0.05) reduced HbAlc compared
to control, whereas the differences between the other treatments and control were not

cant (p > 0.05). In contrast, prebiotic treatment
control with a SMD of —0.43 [95% CI, —0.77, —

significant (p > 0.05) (Figure 6b).
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Figure 6. Network Meta-analysis (a) and Meta-analysis (b) of the effect of treatments versus control

on glycated haemoglobin (HbAlc) [31,32,38—-46,48].

Fasting Blood Glucose.

There were 9 studies, 731 participants or number of observations and 5 treatments
involved in the Network meta-analysis of fasting blood glucose (Figure 7a). While prebiotic
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Treatment Comparisons

treatment reduced fasting blood glucose level with SMD of —0.10 [95% CI, —0.41, 0.21;
p = 0.52], acarbose and glipizide increased fasting blood glucose with SMD of 0.15 [95% CI,
—0.26, 0.57; p = 0.48] and 0.25 [95% CI, —0.33, 0.83; p = 0.41], respectively. However, differ-
ences between the various treatments (acarbose, glipizide and prebiotic) and the control
were not significant (p > 0.05). The meta-analysis revealed that the various treatments did
not differ significantly (p > 0.05) from control (Figure 7b).
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Figure 7. Network Meta-analysis (a) and Meta-analysis (b) of the effect of treatments versus control
on Fasting Blood Glucose [32,36,38-41,43,45,46,48].

Postprandial Blood Glucose.

Two studies, 189 number of observations and 3 treatments were included in the Net-
work meta-analysis of postprandial blood glucose (Figure 8a). While the difference between
acarbose and control were not significant (p > 0.05), glipizide increased postprandial blood
glucose significantly with SMD of 1.03 [95% CI, 0.44, 1.62; p = 0.001]. The result of the meta-
analysis revealed that acarbose significantly (p < 0.05) reduced postprandial blood glucose
compared to gliplizide, while the effect of acarbose compared to control, and metformin
compared to herbal formula were not significantly different (p > 0.05) (Figure 8b).
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Direct Comparison: other vs ‘Control’
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Figure 8. Network Meta-analysis (a) and Meta-analysis (b) of the effect of treatments versus control
on Postprandial Blood Glucose [40,45,46].

12. Body Mass Index (BMI)

Soare et al. [43] reported prebiotic significantly reduced BMI compared with control
in patients with type 2 diabetes. Similarly, after 3 months of treatment, reductions in
body weight and body mass index were more pronounced in the acarbose group than in
the Glipizide group [40]. Although BMI was reduced by dapagliflozin, it was increased
by gliclazide [47]. Furthermore, Scutellaria baicalensis with metformin or placebo did not
change the BMI after 8 weeks of treatment [42].

With respect to the Network meta-analysis, 7 studies, 496 participants and 5 treatments
were included (Figure 9a). Although there were increases in BMI in the different treatments
(herbal formula, metformin and prebiotic) compared with control, the differences were
not significant (p > 0.05). The SMD was 0.04 [95% CI, —0.41, 0.49; p = 0.86] for prebiotic,
0.26 [95% CI, —0.75, 1.28; p = 0.61] for metformin and 0.47 [—0.61; 1.56; p = 0.39] for herbal
formula, respectively, compared with control. The result of the meta-analysis showed the
effects of prebiotics, acarbose and metformin were not significantly different (p > 0.05) from
control with respect to BMI (Figure 9b).
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Direct Comparison: other vs ‘Control’
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Figure 9. Network Meta-analysis (a) and Meta-analysis (b) of the effect of treatments versus control
on Body Mass Index [32,38-43,46].

13. Discussion

The results of the Network meta-analysis demonstrated that prebiotics significantly
reduced (p < 0.05) HbAlc in patients with T2D compared to control. In addition, anti-
diabetic agents including glipizide and metformin also reduced HbAlc, although these did
not differ significantly (p > 0.05) compared to control.

While prebiotics increased the relative abundance of Bifidobacterium and Akkermansia,
it did not differ significantly (p > 0.05) compared to control. On the other hand, met-
formin decreased the relative abundance of Bifidobacterium, but increased Lactobacillus and
Akkermansia, although these did not differ significantly (p > 0.05) compared with control.

With respect to fasting blood glucose and BMI, the effects of prebiotics and oral
antidiabetic agents did not differ significantly (p > 0.05) from controls.

The findings of this Network meta-analysis confirm the earlier results of the sys-
tematic review and meta-analysis carried out by Zhang et al. [21], Mahboobi et al. [21]
and Wang et al. [22] which demonstrated prebiotics were effective in reducing glycated
haemoglobin in patients with T2D. However, these earlier reviews did not include gut
microbiota as one of the outcomes measured. Fallucca et al. [7] found microbiotic Ma-Pi 2
diet which is rich in carbohydrates, whole grains and vegetables significantly improved
glycated haemoglobin in patients with T2D. It was reported that the diet could modulate
the composition of gut microbiome [7].

According to Mahboobi et al. [21] the underlying mechanisms of action of prebiotics
are based on the fact soluble fibres can delay gastric emptying, slow down glucose entry
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into the blood stream and reduce the rise of postprandial blood glucose. Furthermore,
soluble fibres may alter the production of glucagon like peptide-1 (GLP-1) which is a gut
hormone involved in the metabolism of glucose [21]. Soluble fibres may also lead to the
production of SCFAs which may influence serum glucose and insulin levels [21]. With
respect to glucose lowering agents, the mechanism of action on gut microbiome may relate
to their role in lowering inflammatory cytokines and promoting production of SCFAs [14].

Patients with T2D have been shown to exhibit intestinal dysbiosis [31]. Decreases
in Bifidobacterium, Roseburia, Faecalibacterium and Akkermansia have been associated with
T2D [19,49,50]. Ghorbani et al. [19] reported that Bifidobacterium is inversely associated
with T2D and that the role of Lactobacillus appears to be species dependent. For ex-
ample, Lactobacillus acidophilus and Lactobacillus salivarius species positively correlated
with T2D, while Lactobacillus amylovorus species are negatively associated with T2D [19].
Akkermansia muciniphila is reported to have a role in the homeostasis of glucose and in
protecting against insulin resistance and T2D [19].

Diets high in fat such as Western diets may cause gut microbiota dysbiosis which can
lead to increased levels of lipopolysaccharide, oxidative stress, pro-inflammatory cytokines,
gut inflammation, gut permeability and insulin resistance [2,49].

Therefore, dietary intervention with prebiotics can substantially modulate gut and
faecal microbiota through increases in alpha diversity and regulating the relative abundance
of specific bacteria species, independent of antidiabetic drugs [31,37,38].

According to Ghorbani et al. [19], prebiotics are non-digestible fibres which can be
fermented by the gut microbiome and can promote the growth of some bacteria. Pre-
biotic carbohydrates are composed mainly of inulin, fructo-oligosaccharide and galacto-
oligosaccharides which are resistant to digestion in the small intestine [51]. However, they
are fermented in the large intestine and have been reported to promote the abundance
of Bifidobacterium and/or Lactobacillus [51]. Prebiotics promote eubiosis and attenuates
pathological changes of dysbiosis, leading to promotion in the abundance of Lactobacillus,
Bifidobacterium, Faecalibacterium and Bacteroidetes [49]. Other changes due to the effects of
prebiotics include decreases in lipopolysaccharides, oxidative stress, proinflammatory cy-
tokines and gut permeability, and improvements in gut motility and insulin sensitivity [49].
Prebiotics also promote GLP-1 and peptide YY [2]. Supplementation with prebiotics has
been shown to improve appetite control of human subjects [2].

The SCFAs including propionate, butyrate, and acetate which are produced from the
fermentation of complex carbohydrates including prebiotics are responsible for initiating
the various metabolic pathways which regulate glycaemic control and inflammation [19,49].
Acetate has been reported to regulate appetite both directly and indirectly and can stimulate
the production of GLP-1 and peptide YY which are appetite suppressing hormones from the
L-cells of the intestine [19]. GLP-1 is an insulinotropic hormone which can regulate glucose
homeostasis [19]. Propionate can also stimulate the production of GLP-1 and peptide YY,
while propionate and butyrate can inhibit pro-inflammatory cytokines [19]. Butyrate, is
useful in modulating intestinal barrier permeability and in ensuring pro-inflammatory
products do not gain access from the lumen of the gut to the internal milieu [51]. This is
important as it has been reported that the translocation of lipopolysaccharide promotes pro-
inflammatory cytokines, low grade systemic inflammation, impairs glucose metabolism
and increases insulin resistance and T2D [19].

Therefore, in order to promote an increase in the abundance of beneficial bacteria and
ensure effective glycaemic control, it is essential that the type and amount of prebiotics
consumed and the duration are considered [32]. For example, long term adherence to high
fibre plant based diet and daily supplement with inulin type fructans have been reported
to be effective in modulating gut microbiota and regulating glycaemic control [31,37]. Fur-
thermore, combining different functional foods may modify human microbial community
and improve glycaemic control [31].

Metformin has been reported to promote the growth of SCFA producing microbial
species including Bifidobacterium bifidum and Bifidobacterium adolescentis and increased
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abundance of Akkermansia muciniphila and down regulating Clostridia [52]. The primary
hypoglycemic effect of metformin is its role in inhibiting hepatic gluconeogenesis [52].
Gu et al. [40] reported acarbose impedes the breakdown and absorption of carbohydrates
in the small intestine, and these provide the substrate for microbial fermentation in the
large intestine and therefore promotes the abundance of saccharolytic bacteria such as
Lactobacillus and Bifidobacterium species.

14. Limitations

The few studies available and the small sample sizes of some of the studies limit the
power of this Network meta-analysis to detect statistical differences. While the current
findings provide a foundation for assessing the relative effects of the different treatments,
our results should be considered exploratory and that further studies are needed to fully
examine the effects of prebiotics and oral anti-diabetic agents on gut microbiome and
glycaemic control in patients with T2D.

15. Conclusions

The results of this systematic review and Network meta-analysis showed prebiotics
were significantly (p < 0.05) more effective in reducing HbAlc than control in patients
with T2D. However, the effects of prebiotics and oral antidiabetic agents did not differ
significantly (p > 0.05) from the controls with respect to fasting blood glucose, post-prandial
blood glucose, body mass index and the genera of gut bacteria examined.

More studies are required to fully investigate the effects of prebiotics and oral antidia-
betic agents in patients with type 2 diabetes.
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Abstract: Metabolic syndrome (MS) is a set of cardio-metabolic risk factors that includes central
obesity, hyperglycemia, hypertension, and dyslipidemias. The syndrome affects 25% of adults
worldwide. The definition of MS has evolved over the last 80 years, with various classification systems
and criteria, whose limitations and benefits are currently the subject of some controversy. Likewise,
hypotheses regarding the etiology of MS add more confusion from clinical and epidemiological
points of view. The leading suggestion for the pathophysiology of MS is insulin resistance (IR).
IR can affect multiple tissues and organs, from the classic “triumvirate” (myocyte, adipocyte, and
hepatocyte) to possible effects on organs considered more recently, such as the central nervous
system (CNS). Mild cognitive impairment (MCI) and Alzheimer’s disease (AD) may be clinical
expressions of CNS involvement. However, the association between MCI and MS is not understood.
The bidirectional relationship that seems to exist between these factors raises the questions of which
phenomenon occurs first and whether MCI can be a precursor of MS. This review explores shared
pathophysiological mechanisms between MCI and MS and establishes a hypothesis of a possible
MClI role in the development of IR and the appearance of MS.

Keywords: metabolic syndrome; insulin resistance; diabetes mellitus type 2; mild cognitive impair-
ment; Alzheimer’s disease

1. Introduction

Metabolic syndrome (MS) is a serious public health problem. It affects about 25%
of the general population and, more alarmingly, around 40% of adults over 40 years old
worldwide [1,2]. The definition of this syndrome has recently evolved to include a group
of at least three of five cardio-metabolic abnormalities. These conditions include high
blood pressure, central obesity, insulin resistance (IR), elevated blood triglycerides, and
atherogenic dyslipidemia [3], which together lead to an increased risk of cardio-metabolic
pathologies [4-6], as well as other diseases, such as arthritis [7] and some types of cancer [8].
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Likewise, the presence of MS-related disorders also plays a role in the pathophysiology
of neurological disorders [9], reflecting the association between deficiencies in secretion and
action of insulin and mild cognitive impairment (MCI) [10]. MCI is defined as cognitive
dysfunction that exceeds what is typically expected for age and educational level but
does not meet the criteria for a major neurocognitive disorder. General functionality
is preserved in MCI [11] and it can be best described as an intermediate state between
cognitive impairment characteristic of aging and major neurocognitive conditions, such as
Alzheimer’s disease (AD) [12,13].

Pathophysiological mechanisms of MCI have not been fully clarified. Thus, different
hypotheses are proposed to explain the MCI/MS association [14]. A cyclical relationship
seems to exist between IR and cognitive impairment, and the question of which phe-
nomenon occurs first arises [15]. Additionally, if cognitive impairment precedes IR, it
becomes a risk factor for developing MS. Therefore, this review briefly describes the history
of MS and discusses clinical and preclinical findings that support the role of MS and IR as
elements of pathophysiological mechanisms of cognitive impairment.

While most reviews on the topic focus on the MS-to-MCI relationship, this review
goes beyond this by looking at the inverse relationship, examining available evidence
regarding a new hypothesis that suggests that cognitive impairment could have a role in the
development of IR and the appearance of MS. Among the mechanisms to be highlighted in
this regard, the hyperphosphorylation of tau proteins and the formation of amyloid  (Ap)
plaques are proposed as alterations that go beyond the pathophysiology of Alzheimer’s
disease (AD), and their role in the pathophysiology of insulin alterations is examined.

2. Metabolic Syndrome: Historical Aspects

The first studies of MS started almost 100 years ago when Eskil Kylin, in 1921, and
Gregorio Maranon, in 1922, independently published in the same journal (Zentralblatt fiir
Innere Medizin) papers with the same title, “diabetes mellitus and hypertension” [16,17].
Yet, not until 1981 did Hanefeld and Leonhardt use the term “metabolic syndrome” for the
first time [18].

In 1988, Gerald Reaven hypothesized that IR was a common etiological factor for a
group of disorders he termed “Syndrome X” [19,20]. He used this name to emphasize its
unknown origin. At this time, the fundamental pathophysiological role of IR was known.
This mechanism had been studied by researchers, such as Randle [21]. In subsequent years,
DeFronzo, Ferrannini, and others used the term “Insulin Resistance Syndrome”, proposing
that available evidence suggested its presence was the cause of MS [22].

The cause of MS and its components have been debated worldwide since the end of the
20th century. Many organizations, such as the World Health Organization (WHO) [23], the
European Group for the Study of Insulin Resistance (EGIR) [24], the Adult Treatment Panel
III (ATP-III) [25], the American Association of Clinical Endocrinologists (ACE/AACE) [26],
and the International Diabetes Federation (IDF) [27], have proposed evolving diagnostic
criteria. Some criteria have been progressively discarded and replaced with criteria that
can be easily applied in daily clinical practice.

Finally, the IDF, the National Heart, Lung, and Blood Institute, the American Heart
Association, the World Heart Federation, the International Atherosclerosis Society, and
the International Association for the Study of Obesity made a joint statement in 2009 that
concluded that a diagnosis of MS requires the presence of three or more of the following
criteria: high abdominal circumference as defined for each geographical region, triacylglyc-
erides (TAG) greater than or equal to 150 mg/dL, HDL levels less than 50 mg% in women or
less than 40 mg% in men, systolic blood pressure (SBP) greater than or equal to 130 mmHg
or diastolic blood pressure (DBP) greater than or equal to 85 mmHg, and glycemic levels
greater than 100 mg/dL [3]. We now consider that the evolution of diagnostic criteria has
reached a maturity level that makes it difficult to incorporate new criteria that are both
easily recognized and provide useful clinical information [28]. IR continues to be the most
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widely accepted hypothesis to describe MS pathophysiology that involves various organs
and associations with numerous diseases [29].

3. Mild Cognitive Impairment and Metabolic Syndrome: Molecular Basis

Epidemiological, clinical, and experimental evidence provides a solid basis for the
hypothesis that IR is the pathophysiological origin for dyslipidemias, high blood pressure,
and disorders in glucose homeostasis [30]. As studies of MS continued, a relationship
emerged between obesity, the syndrome’s most prevalent individual criterion, and neu-
rological alterations [31]. This association necessitates additional consideration of the
pathophysiological mechanisms involved and how they are interconnected.

3.1. From Metabolic Syndrome to Cognitive Impairment

Epidemiological [32], neuroimaging [33], and animal modeling studies are available to
characterize MS pathophysiology, accompanying diseases, and individual components in
the development of neurodegenerative diseases and associated cognitive impairment [34].
The connection between diabetes mellitus (DM) and AD and the connection between
obesity and cognitive impairment are two areas that have been investigated in depth,
including reports of statistically significant relationships [10,35,36].

The hippocampus plays an important role in learning and memory. The effect of IR
on hippocampal function has been widely studied [37]. Lindqvist et al. administered high-
and low-fat diets to different groups of rats, using bromodeoxyuridine (BrdU) to observe
synaptogenesis after 4 weeks. Male rats fed the high-fat diet showed a significant decrease
in neurogenesis in the hippocampus. The animals did not develop obesity [38]. This result
could reflect the role of lipid alteration, a component of MS, in cognitive decline.

Karimi et al. studied long-term neuronal potentiation (LTP) in the dentate gyrus
(DG) of the hippocampus in mice receiving different combinations of a high-fat diet and
antioxidants. Mice fed a high-fat diet showed lower LTP levels compared with control
animals. In contrast, mice that received antioxidants displayed elevated LTP [39]. These
effects might be mediated by an increase in free radical production caused by the high-fat
diet, leading to oxidative stress (OS). This hypothesis is supported by rescue of LTP levels
through the administration of antioxidants [39].

3.1.1. Role of IR in the Formation of Amyloid-Beta Plaques

Production of reactive oxygen species (ROS) results in increased levels of amyloid
precursor peptide-B (ARPP) and increased expression and accumulation of amyloid-f3 42
(AP) [40]. This accumulation leads to the formation of amyloid-beta plaques, identified as
a key element of AD [41]. One pathway for increased ROS production is increased insulin
levels that lead to changes in normal NADPH oxidase (NOX4) pathway function. Elevated
insulin levels induce phosphoinositol-3 kinase (PI3K) to phosphorylate Rac instead of
phosphatidylinositol bisphosphate (PIP2). This alteration increases NOX4 activity and ROS
levels. This aberrant metabolism is perpetuated because elevated ROS leads to activation
of casein kinase 2 (CK2) and consequent activation of the retromer. This action signals the
degradation of glucose receptor, GLUT4, leading to a continued increase in glucose levels
in the blood and, therefore, increased production of insulin [42] (Figure 1).

The metabolic syndrome (MS) and its components cause brain alterations such as
neuroinflammation, hyperphosphorylation of Tau, formation of beta amyloid plaques,
and vascular changes (not represented in the figure). This is achieved through changes
in the signaling of hormones such as adiponectin, leptin, and insulin. These changes are
clinically expressed as mild cognitive impairment (MCI), Alzheimer’s disease (AD), and
major vascular neurocognitive disorder.
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Figure 1. Impact of metabolic syndrome on cognitive impairment. PIP2: phosphatidylinositol bisphosphate; AKT: protein
kinase B; PI3K: phosphoinositide kinase-3; JNK: c-Jun N-terminal kinase; AGEs: advanced glycation end products; PP2A:
protein phosphatase 2A; GSK3f3: glycogen synthase kinase 3 beta; NOX4: NADPH oxidase 4; 02-: superoxide; H0;:
hydrogen peroxide; Af: amyloid beta. Solid lines mean activation; dashed lines mean inactivation.

This positive feedback produces an environment of neuronal inflammation, reported
as a risk factor for AD. An associated hypothesis is that, along with neurofibrillary tangles
and amyloid-beta plaques, inflammation has a critical role in the pathophysiology of the
disease [43]. Insulin seems to play a significant role in the development of plaques, and
hyperinsulinemia observed in IR leads to their formation. In vitro studies show that high
levels of insulin affect the degradation and elimination of Ap. Both insulin and A are
degraded by insulin-degrading enzyme (IDE). During hyperinsulinemia, IDE degrades
insulin preferably to A3, promoting its oligomerization into insoluble aggregates [44].
In vivo experiments in rats corroborate these findings, showing that elimination of Af is
reduced in the presence of high levels of insulin [45].

Insulin receptors provide an alternative explanation for IR effects on the hippocampus
and other brain structures [46]. These receptors are abundant in metabolic active brain areas
and exert their effects at the neuronal level via PI3K and mitogen-activated protein kinases
(MAPK) pathways [47]. These pathways, when activated by insulin, promote angiogenesis
in the brain. In the presence of IR, these pathways are not activated. This disruption might
underlie the concomitant synaptic anomalies, memory disorders, decreases in neurogenesis
at the hippocampus level, alterations in cognition, and decreases in levels of brain-derived
neurotrophic factor (BDNF) [46].

3.1.2. Metabolic Syndrome, Insulin Resistance, and Tau Proteins

Conversely, tau protein (TP) helps stabilize microtubules and its alteration results in
the formation of neurofibrillary tangles [48]. Further, IR induces hyperphosphorylation
of TP and induces cognitive impairment in human and animal models [49,50]. Thus, IR is
associated with poorer performance on cognitive tests and higher levels of phosphorylated
PT in cerebrospinal fluid (CSF) in cognitively normal individuals and carriers of the APOE
allele €4 [10,51].

96



Nutrients 2021, 13, 2254

One mechanism underlying this phenomenon involves glycogen synthase kinase-
3P (GSK3p), a tau kinase regulated by insulin via the protein kinase B (AKT) pathway.
Decreased brain insulin signaling caused by IR induces chronic exposure of neurons to high
levels of insulin or an eventual decrease in insulin levels, resulting in PI3K dysfunction
and reduced AKT-dependent phosphorylation. Downstream, GSK3f is activated, and
ultimately TP is hyperphosphorylated [52,53]. The production of advanced glycation end
products (AGEs) from OS damage via GSK3 receptors (RAGE) also increases the activity
of GSK3f by an alternate pathway involving c-Jun N-terminal kinase (JNK) [54].

A recent study showed protein kinase A (PKA) is a potent tau kinase and its activation
increases TP hyperphosphorylation in an insulin-deficient animal model [55]. Moreover,
insulin deficiency influences hyperphosphorylated TP level by decreasing the activity
of protein phosphatase 2 (PP2A) [56]. PP2A is the primary tau phosphatase involved
in AD and its deregulation is associated with TP hyperphosphorylation [57]. Similarly,
hypothermia, common in chronic DM, also leads to inhibition of PP2A activity [58].

Another pathological mechanism in AD is truncation of TP by proteolytic enzymes,
such as caspases, peptidases, and thrombins that promote tau aggregation and formation
of the central component of neurofibrillary tangles (NFT) [59]. DM stimulates apoptosis
through the activation of caspases in affected tissues. Through hyperglycemia, DM might
increase tau aggregation by activating caspases, thus contributing to AD risk [60]. Kim
et al. demonstrated such increased tau aggregation in the brain of db/db rats using in vivo
and in vitro type 2 diabetes mellitus (T2DM) animal models [61].

3.1.3. Metabolic Syndrome, Leptin, Adiponectin, and Cognitive Disorders

Alterations in hormones involved in MS, such as leptin and adiponectin, are also
linked to cognitive impairment [62]. Both hormones affect the metabolism of fatty acids
and glucose as well as energy metabolism and food intake [63,64]. Their function in neuro-
plasticity, learning, and cognition [65,66] is now known via reports of leptin and adiponectin
receptor expression in brain regions such as the hippocampus and neocortex [67].

Recent studies in animal models show that leptin deficiency or resistance is associated
with cognitive disorders, such as reductions in LTP, long-term neuronal depression (LTD),
and alterations in spatial memory [68]. Further, leptin modulates the production and elimi-
nation of Ap in AD by inhibiting the formation of ABPP and increasing APOEe4-induced
amyloid filament elimination. This activity may be mediated through the activation of
AMP-activated protein kinase (AMPK) [69,70]. Leptin resistance in AD is associated with
diminished activity in these pathways and increased cognitive impairment [71].

Additionally, adult rats deprived of adiponectin display several common characteris-
tics of AD, including deposition of A3, TP phosphorylation, and neuroinflammation [72].
This observation is corroborated by Kim et al., who demonstrated that adiponectin receptor
suppression also produced an AD-like phenotype [73] Thus, hormone deficiencies might
be involved in AD pathogenesis. However, studies in humans are controversial since
available information for the association of adiponectin and leptin levels in the blood and
CSF with cognitive impairment is inconclusive [62].

3.1.4. Metabolic Syndrome, Microvasculature, and Cognitive Impairment

Micro- and macrovascular changes observed in MS, such as hypertension and DM, are
also associated with brain alterations, such as vascular neurocognitive disorder. However,
several recent studies note the contribution of vascular risk factors in AD. Mechanisms for
this accelerating cognitive decline are not fully elucidated [74].

Hypertension leads to alterations observed in magnetic resonance imaging (MRI),
such as white matter lesions (WML), lacunar infarcts, microhemorrhages, and microin-
farcts. All these abnormalities are part of a spectrum called small vessel cerebral disease
(SVD), which is common in AD [75]. SVD is characterized by loss of smooth muscle cells
in the mid-tunic, deposition of fibro-hyaline material, reduced light, and thickening of
vascular walls [76]. Moss et al. studied Rhesus monkeys using an aortic coarctation model.
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Multiple microinfarcts and lesions in gray and white matter in hypertensive monkeys were
associated with cognitive impairment [77]. Other mechanisms might involve large arteries
via endothelial dysfunction that progresses to the formation of atherosclerotic plaques in
the carotid or intracranial arteries. Such damage can cause ischemic events in brain regions
related to cognition [78].

3.2. Exploring the Inverse Relationship—From Cognitive Impairment to Metabolic Syndrome

The consequences of MS on the development of cognitive impairment have been
studied in depth [79], but the inverse relationship in which pathophysiological mechanisms
of AD, such as hyperphosphorylation of TP and the formation of amyloid complexes-f3,
lead to the appearance of MS is largely unstudied.

3.2.1. Tau Proteins and Deficits in Insulin Signaling

Interestingly, TPs, in addition to microtubule stabilization, also interact with insulin
signaling pathway components in the brain. The N-terminal portion of TP can bind to
homology 3 (SH3) domains of the Src family of tyrosine kinases, including domains of
the p85 alpha subunit of PI3K, a key protein in the insulin signaling pathway. Under
pathological conditions, hyperphosphorylation of TPs can lead to loss of functionality,
triggering alterations in insulin signaling that eventually generate altered fasting glycemia
and DM. The ability of TPs to interact with SH3 domains is inversely correlated with the
degree of phosphorylation, suggesting that scaffolding properties of TPs are regulated by
their phosphorylation status [80].

Further, co-immunoprecipitation studies of mouse brain tissue and N1E115 cells in-
dicate that TPs bind to phosphatase and tensin homologous protein (PTEN), a negative
insulin signal translocation regulator that catalyzes dephosphorylation of phosphatidyli-
nositol triphosphate (PIP3) to PIP2. Thus, TP, by interacting with and inhibiting PTEN,
promotes insulin signaling [81]. These studies raise the possibility that insulin helps main-
tain adequate brain activity due to TP and, conversely, pathological forms of TP could be
harmful due to a loss of protein function. This suggestion is supported by a study that
showed that TP removal was accompanied by loss of inhibitory effects of insulin on PTEN
in the hippocampus, resulting in brain IR.

Concurrently, the absence of TP reduced the anorexigenic effect of insulin in the
hypothalamus after intracerebroventricular injection of TP [81]. Previously, such injection
induced increased food intake, weight gain, adiposity, hyperinsulinemia, and glucose
intolerance in rodents with insulin receptor deletion in the hypothalamus [82,83]. These
effects produce alterations in energy metabolism that may increase the risk of suffering
from obesity, DM, and MS.

TP is also highly expressed in pancreatic islet 3-cells. However, its function in periph-
eral tissues is not fully understood [84,85]. Wijesekara et al. investigated TP actions on
f-cell function and glucose homeostasis using a tau KO rat model. Rats showed weight
gain, defects in glucose signaling, and IR, leading to DM and ultimately MS. Thus, TP
might be crucial for normal energy metabolism in peripheral tissues [86].

3.2.2. Amyloid  and Insulinemic Alterations

In vitro and in vivo studies suggest that A3 may also contribute to IR through various
mechanisms. AP competitively inhibits the binding of insulin to its receptor [87] and
activates the JAK2/STAT3/SOCS-1 signaling pathway to produce IR in the liver [88].
Further, the oligomer AR (ABO), a highly toxic species of Af, causes deregulation of
N-methyl-D-aspartate (NMDA) receptors and leads to the production of excessive ROS.
This effect is probably due to mitochondrial dysfunction [89].

This deregulation might lead to alterations in insulin signaling, since increased ROS
activates several serine kinases, such as an inhibitor of the nuclear factor kappa-B kinase
beta subunit (IKK-), protein kinase C (PKC), and JNK. These kinases increase phosphory-
lation in Ser IRS-1 residues. ROS can cause OS and damage at mitochondrial and cellular
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levels. This stress generates mitophagy and, at high levels of stress, apoptosis. The elimi-
nation of mitochondria by mitophagy results in a decrease in oxidation and consequent
accumulation of lipids, leading to IR and T2DM [90].

Conversely, ABO causes a rapid and substantial loss of insulin receptors in dendrites
and inhibition of insulin receptor autophosphorylation associated with NMDA activity [91].
Additionally, an increase in levels of IR markers p(Ser)-IRS-1 and p-JNK were observed in
neurons after intracerebroventricular injection of ABO in vivo in monkeys [92].

3.2.3. Amyloid (3, Tau Protein, and Leptin

Ap and TP have also been linked to alterations in leptin signaling. Bonda et al.
showed that TP hyperphosphorylation leads to the formation of NFT and dysfunction in
intracellular trafficking networks in the hippocampus. Thus, the leptin receptor in its long
form (Ob-Rb) becomes unable to reach cell membranes, hindering its access to circulating
free leptin and interrupting signaling. This activity might lead to increased food intake
and weight gain with subsequent development of obesity and long-term MS [93]; leptin in
the hippocampus is associated with regulating food intake and processing food-related
memories [94].

Elevated levels of AB1-42 produced by beta-site amyloid cleaving enzyme 1 (BACE1)
increase leptin resistance in the hypothalamus, which is associated with decreased sensitiv-
ity to exogenous leptin throughout the body and exacerbation of body weight gain in rats
fed high-fat diets. Thus, countering BACEL1 activity may be protective against metabolic
disorders [95].

The above findings affirm cognitive impairment as a key trigger of alterations in
insulin signaling in the hypothalamus. The latter region is the primary regulator of
body weight via controlling food intake and peripheral metabolism [96]. Thus, cognitive
impairment might lead to metabolic changes that precede the development of MS and
its complications.

4. Mild Cognitive Impairment and Metabolic Syndrome: Epidemiological Basis

Evidence concerning the relationship of MS and its components with MCI has accu-
mulated in the last few years to the point where grouping these disorders into a single
clinical entity, the cognitive-metabolic syndrome, may be appropriate [97]. Below, we
summarize clinical and epidemiological information on the MCI and MS relationship and
its components.

4.1. From Metabolic Syndrome to Cognitive Impairment

Cardio-metabolic risk factors and MS affect cognition and increase the risk of major
neurocognitive disorders [98-100]. Speed of processing, attention, and executive functions
are the most frequently affected domains [101,102]. Thus, an association is often reported
between risk factors, such as hyperlipidemia, T2DM, obesity, hypertension, and physical
inactivity, and models of risks of cardiovascular disease (CVD) (e.g., Framingham Risk
Score) with the risk of MCI and major neurocognitive disorders (Table 1) [103-106].

Strong evidence of a link between high blood pressure in middle age and poorer
cognitive function in old age is available [107,108]. Different prospective studies in older
people show that increased blood pressure is associated with worse cognitive function [109].
The risk of cognitive impairment can increase up to 2.8 times [110]. In older women,
risks may increase by up to 20% [111]. Similar results were reported in individuals from
Hispanic [112], Swedish [113], Asian [114], and North American communities [115,116].

Obesity, defined by a high abdominal circumference or a body mass index (BMI) > 30,
is also associated with poor cognitive function [117,118]. Individuals with high BMI during
middle age show low scores among various cognitive tests [119]. Further, long-term
obesity is linked to lower cognitive performance and an increased risk of neurocognitive
impairment in older people [120-122].
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Several epidemiological studies and meta-analyses provide evidence for an effect of
hyperlipidemia, hypertriacylglycerolemia, and HDL-C levels on cognitive performance
in individuals with and without major neurocognitive disorders. Elevated LDL-C levels
are correlated with the degree of cognitive impairment [123] and decreased episodic
memory (ECM) [124]. Further, hypertriacylglycerolemia is associated with low scores in
verbal tests [124,125]. Low concentrations of this lipoprotein are associated with poor
and decreased memory in middle-aged adults [126], while in older people, low levels
are associated with major neurocognitive disorders [127]. In contrast, improvement in
cognitive test performance is reported for subjects over 75 years old with high HDL-
C [128,129], which is also associated with a significant decrease in the appearance of major
neurocognitive disorders [130].

Hyperinsulinemia, glucose intolerance, and T2DM are other cardio-metabolic risk
factors that recently have been associated with cognitive impairment and different major
neurocognitive disorders [131]. Hyperinsulinemia and impaired glucose tolerance, both
indicators of a prediabetic state and an increased risk of developing DM, are associated
with cognitive dysfunction and an increased risk of developing MCI [132-135]. These
premorbid states are associated with reduced long-term memory scores [136] and impaired
verbal fluency [137]. Lower performance on psychomotor and memory tests is observed in
diabetic individuals [138]. These lower scores correlate with an increased risk of developing
cognitive impairment and MCI [139-143].

Several studies associate different elements of MS with cognitive functions. However,
few studies of MS as a clinical entity and its relationship with MCI or its progression to
major neurocognitive disorders are available. Roberts et al. reported a cross-sectional
study in 1969 of 70 89-year-old individuals. Participants with MS showed non-amnestic
MCI (naMCI) when accompanied by elevated C-reactive protein (CRP). The combination
of inflammation and MS might be linked to specific subtypes of MCI [144]. Yaffe et al.
conducted a longitudinal, multicenter study with 4895 women with an average age of
66.2 years. MS was associated with an increased risk of developing cognitive impairment in
older women. Risk increased by an age-adjusted 23% for each increment in the number of
MS components [145]. Similar findings were reported by Pal et al. [146] and Atti et al. [147],
who concluded that MS is associated with an increased incidence of major neurocognitive
disorders and an increased risk of progression from MCI to such disorders, respectively.

Table 1. Effects of components of MS on cognitive function, the risk of MCI, and major neurocognitive disorders.

MS Component Authors (REF)

Methodology

Results

McDonald et al. [109]

High blood pressure

Longitudinal cohort study of the
association between cognitive function
and BP variability in adults >65 years.

After 5 years of monitoring, diurnal
systolic BP variability was
independently associated with a greater
decrease in total CAMCOG (CV: 3.205;
p = 0.043) and MMSE (CV: 3.985;

p = 0.020) scores.

Haring et al. [111]

Prospective study in 6426 cognitively
intact older women of the relationship
between hypertension and cognitive
impairment.

Hypertension was associated with an
increased risk for cognitive decline
(HR: 1.20; 95% CI: 1.04-1.39; p = 0.02).

Sabia et al. [121]

Obesity

Longitudinal cohort study of the
association between BMI and mid-age
cognition throughout adult life in
5131 individuals.

Late midlife obesity was associated with
lower scores on the MMSE and on
memory and executive function scores
compared with normal-weight
individuals (mean difference (95% CI):
—0.99 (—1.78-0.21), —0.82 (—1.57-0.08),
and —0.80 (—1.49-0.12), respectively
(p < 0.05)).

Beydoun et al. [122]

Meta-analysis of the association
between obesity and major

neurocognitive disorder in older adults.

A significant U-shaped association was
found between BMI and major
neurocognitive disorder (p = 0.034), with
an increased risk of disorder (OR (95%
CI): 1.42 (0.93-2.18)) and increased
incidence of AD (OR (95% CI): 1.80
(1.00-3.29)) in obese individuals.
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Table 1. Cont.

MS Component Authors (REF) Methodology Results
Hypertriglyceridemia was associated
Lo with a low score on the verbal memory
S oo R i Y
€triasetal triglycerides, and cognitive performance ypercho esterolemia was assoclate
. . in older adults. with a detrimental effect on facial
Dyslipidemias recognition test score (y = —2.13;
p <0.05).
Longitudinal cohort study of the After 5 years of monitoring, decreased
Singh-Manoux et al. [126] relationship between HDL-c and verbal =~ HDL-C was associated with decreased
& ) short-term memory in middle-aged verbal memory (OR = 1.61;
adults. 95% CI = 1.19-2.16).
Longitudinal study of the effects of The amount of time sufferAmg from
. - diabetes was associated with poorer
Elias et al. [117] T2DM on cognitive performance of s P _ 0.
adult individuals. cognitive performance ( = —0.02;
DM p <0.02).
Longitudinal cohort study of changes in Af;ifo%gfr?crsé;Zs;ngrslkwgfé(?lvlit?\?j a
Kanaya et al. [137] cognitive performance according to impairment (OR (95% CI%IZ} 38
glucose tolerance status in older adults. (1.71-11.27); p = 0.02).
Meta-analysis of the relationship Having MS increased the risk of
Atti et al. [147] between MS and progression to major progression from MCI to major
. neurocognitive disorder in individuals neurocognitive disorder (HR (95% CI):
S with MCL 2.69 (1.16-6.27); p < 0.05).

Meta-analysis that quantified the
relative risk of progression from MCI to
major neurocognitive disorder in
individuals with MS.

An increased risk of progression was
found in individuals with MCI and SM
(OR (95% CI): 2.95 (1.23-7.05) p < 0.05).

Pal et al. [146]

Abbreviations: MS: metabolic syndrome; MCI: mild cognitive impairment; BP: blood pressure; CAMCOG: Cambridge Cognitive Examina-
tion; MMSE: Mini-Mental State Examination; CV: coefficient of variation; BMI: body mass index; OR: odds ratio; HR: hazard ratio; CI:
confidence interval; AD: Alzheimer’s disease; HDL-c: high-density lipoprotein; DM: diabetes mellitus.

The impact of MS on cognitive function is not limited to adults. There is also evidence
that suggests that MS components may be detrimental in younger populations. The
presence of T2DM, obesity, and hypertension in children and adolescents is associated with
poorer performance in overall functioning, and declines in executive function, memory,
attention, and intelligence quotient (IQ) [148-152].

Cardiovascular and metabolic risk factors are modifiable and their timely identification
and consequent management could prevent MCI or its progression to major neurocognitive
disorders [101]. Thus, lifestyle changes, including increased physical activity and imple-
mentation of healthy diets, and antihypertensive, hypolipidemic, and insulin-sensitizing
drugs are important considerations for the management of premorbid state characteristics
of MS (Table 2) [153].

Changes in lifestyle and physical activity positively impact cognitive function. [154,155].
Physical activity is associated with better scores on tests of executive function, processing
speed, and improvement in global cognitive function. These benefits were found both
in healthy older subjects and in older subjects with MCI or major neurocognitive disor-
ders [156-159]. More studies to elucidate types of exercise, times, and intensity needed to
cause a positive impact on cognition are necessary; still, 150 min of physical activity per
week is proposed to improve the brain health of individuals with MCI [160].

Better results are obtained if physical activity is combined with a healthy diet. Sup-
plementation with B-vitamins, folic acid, docosahexaenoic acid (DHA), eicosapentaenoic
acid (EPA), and flavonoids is associated with improved cognitive performance, particularly
memory, in subjects with MCI [161]. Similarly, both cognitively normal individuals and
those with MCI are reported to be at less risk of developing MCI or AD if they main-
tain high adherence to a Mediterranean diet [162]. Similar results are associated with
Mediterranean-DASH diets [163], low-carbohydrate diets (keto-diet) [164], and fish PUFA
diets [165].
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Additionally, a causal relationship between antihypertensive drugs and improved
cognitive function is supported by available evidence. Antihypertensive drugs, especially
calcium channel blockers and renin-angiotensin system blockers, have a protective effect
on cognitive decline and decrease the risk of AD and neurocognitive vascular disorders in
older people [166]. Similarly, treatment with antihypertensive drugs reduces the risk of
major neurocognitive disorders by 9% and shows improvement in all cognitive domains,
except language [167]. Longitudinal studies that included older individuals without
major neurocognitive disorders who were undergoing antihypertensive therapy produced
supporting results [110,168].

Controlling glycemic concentrations and increasing peripheral insulin sensitivity are
strategies that might positively affect cognitive function [146]. A recent meta-analysis
showed that treatment with metformin or sulfonylureas is associated with a significant
decrease in cognitive impairment in patients with T2DM. In contrast, the use of insulin
aggravated the dysfunction [169]. Studies of metformin as monotherapy [170], or combined
with vildagliptin [171], on the participants” cognitive function produced similar results.
However, other studies show no association between the use of antidiabetic drugs and
improvement in cognitive function [172,173]. One study linked the use of such drugs to
the diagnosis of MCI [174].

Finally, unlike antihypertensive and antidiabetic drugs, hypolipidemics, such as
statins, do not affect the risk of progression to MCI or major neurocognitive disorders
of any kind [175,176]. Indeed, several clinical and epidemiological studies report no
significant association between statin use and reduced cognitive impairment [177-180].

Table 2. Association between treatment of MS elements and MCI improvement.

Therapeutic Approach

Authors (REF) Methodology Results

Karssemeijer et al. [157]

A positive effect of the combination of
physical-cognitive interventions on global
cognitive function was observed (MDS
(95% CI) = 0.32 (0.17-0.47); p < 0.05). It
was equally beneficial for individuals with
MCI (MDS = 0.39 (0.15-0.63); p < 0.05),
and for patients with major
neurocognitive disorder (MDS = 0.36
(0.12-0.60); p < 0.001).

Meta-analysis of the effect of cognitive
and physical exercise intervention in
older adults with MCI or major
neurocognitive disorder.

Lifestyle changes Increased fish consumption was
associated with decreased risk of major
Meta-analysis of the association neurocognitive disorder (RR: 0.95; 95% CI:
Zhang et al. [165] between risk of cognitive impairment 0.90-0.99; p = 0.042). A significant
and intake of fish and PUFAs. curvilinear relationship was observed
between PUFA consumption and MCI risk
(p nonlinearity < 0.001).
An improvement in verbal memory
Prospective study of the effect of a performance was observed in patients on
Krikorian et al. [164] ketogenic diet in older individuals a low-carbohydrate diet (p = 0.001).
with MCIL Memory performance was positively
correlated with ketone levels (p = 0.04).
The risk of cognitive impairment was
A longitudinal study of the effect of higher in untreated subjects (OR = 6.0
Tzourio et al. [110] antihypertensive drugs on the risk of (95% CI: 2.4-15.0)), compared with
cognitive decline in older individuals. subjects treated with antihypertensives
) (OR =1.3 (95% CI: 0.3-4.9)).
Antihypertensives

Guo et al. [168]

Prospective study that evaluated
whether the use of antihypertensives
affected the appearance and
progression of major neurocognitive
disorders in older adults.

The risk of major neurocognitive disorder

was reduced in subjects receiving
antihypertensive treatment and without
major neurocognitive disorder at the
beginning of the study (RR = 0.7
(95% CI: 0.6-1.0); p = 0.03).
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Table 2. Cont.

Therapeutic Approach Authors (REF)

Methodology

Results

Ng et al. [170]

Longitudinal study of the protective
effect of metformin on the cognitive
performance of older adults.

Use of metformin showed an inverse
association with cognitive impairment
(OR = 0.49 (CI 95%: 0.25-0.95); p < 0.05),
and was associated with a low risk of

Antidiabetics cognitive impairment after 6 years of use
(OR = 0.27 (CI 95%: 0.12-0.60); p < 0.05).
Retrospective study of the effect of T}ili ]szfnobfig;iit(f)(r)lr$il‘§llwa\fi$:nﬁ tl:fnra‘f])glsor

Borzi et al. [171] vildagliptin on cognitive function in iated with a sienifi & % R
older diabetic adults with MCI. associated with a significant reduction in

MMSE score (p < 0.001).
Clinical trial on the effect of The mean difference in DSST score

Bosch et al. [177] rosuvastatin in reducing cognitive between rosuvastatin vs. placebo was

impairment in older adults. —0.54 (95% CI: —1.88-0.80); p < 0.05.
Statins were associated with a decreased

Hypolipidemics risk for increased neurocognitive

Bettermann et al. [178]

Clinical trial on the impact of statin
use on delaying cognitive decline in
patients with and without MCI.

impairment from all causes in patients
who did not have MCI at the beginning of
the study (HR = 0.79 (95% CI: 0.65-0.96)

p =0.021). In subjects with MCI, these
protective effects were not observed.

Abbreviations: MS: metabolic syndrome; MCI: mild cognitive impairment; SMD: standardized mean difference scores; PUFAs: polyunsatu-
rated fatty acids; MMSE: Mini-Mental State Examination; CV: coefficient of variation; OR: odds ratio; RR: relative risk; HR: hazard ratio; CI:
confidence interval; DSST: Digit Symbol Substitution Test.

4.2. Exploring the Reverse Relationship—From Cognitive Disorder to Metabolic Syndrome

Epidemiological studies suggest the inverse relationship. MCI has been assessed as
a contributor to the development of MS (Table 3). In a cross-sectional study of 3312 male
and female participants aged 70 years and older in Japan, a higher prevalence of MS was
observed in subjects with naMCI than in those with normal cognition. Moreover, women
with naMCI had high blood pressure and high glucose levels more often, while men with
naMCI showed only a higher frequency of high glucose levels compared with the control
group. However, a causal relationship between the two could not be determined from this
cross-sectional study [181]. Clinical evidence is still scarce and has focused more on specific
components of MS, such as insulin/glucose alterations and T2DM, than on MS as an entity.

Alterations in insulin signaling have been reported in postmortem studies in brains
from individuals with AD [182,183], as well as in patients with AD in clinical studies
of plasma hyperinsulinemia and reductions in insulin levels in the CSE. These changes
worsen as the disease progresses [184]. Animal models produce similar results [88,185].
Accordingly, Janson et al. used the Mayo Clinic Alzheimer’s Disease Patient Registry to
show a higher incidence of both T2DM and IR in 80% of AD patients. A greater increase in
fasting plasma glucose (FPG) with age compared with the control group was also observed.
AD patients might thus be at greater risk of developing a diabetic phenotype and suffering
from T2DM [186].

Similarly, a longitudinal study using data from the Lothian Birth Cohort of 1936
(LBC1936) examined parameters, such as cognitive changes and glucose levels. This cohort
consists of 1091 initially healthy individuals born in 1936. Individuals were assessed using
glycosylated hemoglobin (HbAlc) data for four ages—70, 73, 76, and 79 years. Lower
cognitive function at 70 years was associated with increased HbAlc in the following decade.
Cognitive dysfunction is thus negatively correlated with increases in HbAlc. Maintaining
high cognitive function could be a protective factor for the development of hyperglycemia
and T2DM [187].

Likewise, Peng et al. initially conducted a cross-sectional study in 2126 participants,
including 1063 patients recently diagnosed with T2DM and 1063 patients with standard
glucose tolerance. Individuals with higher plasma concentrations of both AB340 and A[342
were more likely to have T2DM compared to subjects with the lowest concentrations [188].
In a follow-up study, the authors examined Tongii-Ezhou Cohort (TJEZ) data prospectively.
One hundred and twenty-one individuals with T2DM and 242 healthy individuals were
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included. The same association was found, where the probability of T2DM was higher
with higher plasma concentrations of A3, 3.79 (95% CI 1.81-7.94) for A340 and 2.88 (95%
CI 1.44-5.75) for AB42. The authors conclude that a positive association exists between A3
and the risk of acquiring T2DM [188].

Table 3. Effect of cognitive dysfunction and suffering from MS or MS components.

Author (REF)

Methodology

Results

Janson et al. [186]

Longitudinal study where prevalence of
T2DM in patients with AD was
evaluated, along with the association
between FPG and aging in these patients.

The prevalence of T2DM (34.6 vs. 18.1%;
p < 0.05) and IFG (46.2 vs. 23.8%; p < 0.01)
was higher in the AD group vs. the control
group. A greater increase was seen in FPG
per year in the AD group
(0.83 vs. 0.57 mg/dL~1; p < 0.01).

Bae et al. [181]

Cross-sectional study of the prevalence of
MS by type of MCI in 3312 older adults
and differences related to sex.

The prevalence of MS was higher in
participants with naMCI (men: p = 0.030;
women: p = 0.040) and the risk of MS was
higher in men (OR = 2.45; 95% CI: 1.13-5.32)
than in women (OR = 1.94; 95% CI: 1.12-3.39)
compared with participants with
normal cognition.

Altschul et al. [187]

Longitudinal cohort study of the
association between cognitive function,
HbA1lc, and other variables in early and

late life in 1091 adults.

High cognitive function at age 11 predicted
low HbAlc levels at age 70 (p < 0.001).
Additionally, high cognitive function at age
70 was associated with a smaller increase in
HbA1lc levels between age 70 and 79
(p <0.001).

Peng et al. [188].

Study comparing 1063 newly T2DM
diagnosed individuals with 1063 control
individuals for an association between
plasma concentrations of AB40 and A 342
with risk of T2DM.

The risk of T2DM was higher in individuals
with the highest concentrations of AB40 and
AP42 (OR = 2.96 (95% CI: 2.06-4.25))
compared with subjects with the lowest
concentrations of Af3.

Peng et al. [188].

Prospective study of the association
between plasma concentrations of A340

A higher risk of T2DM was found in
individuals with concentrations greater than
that of A (OR =3.79 (95% CI: 1.81-7.94)) for

and Ap42 with risk of T2DM. Ap40 and (OR = 2.88 (95% CI: 1.44-5.75))

for Ap42.
Abbreviations: T2DM: diabetes mellitus type 2; HbAlc: glycated hemoglobin; FPG: fasting plasmatic glucose; IFG impaired fast-

ing glucose; MCI: mild cognitive impairment; naMCI: non-amnestic mild cognitive impairment; Af: amyloid-beta; OR: odds ratio;
CI: confidence interval.

These findings imply that therapeutic intervention aimed at MCI, especially AD,
could be beneficial for treating MS and its components (Table 4). A drug approved for the
treatment of moderate-to-severe AD is memantine, an NMDA receptor antagonist that
reduces the accumulation of Af in AD patients [189]. Ettcheto et al. analyzed the effects of
memantine in rats with model AD that were fed a high-fat diet. After 12 weeks of treatment
with 30 mg/kg memantine, improvement of peripheral metabolic parameters, such as IR,
was observed [190].

Similarly, Ahmed et al. investigated piracetam and memantine in the treatment of
T2DM in 120 individuals. Piracetam is used to improve memory and brain function.
Diabetic patients with AD treated with either drug showed a significant reduction in
diabetic markers (GPA, HbA1c%, and insulin levels) compared to a symptomatic control
group. Thus, agents used to treat MCI demonstrate a therapeutic potential for the treatment
of metabolic disorder [191].

Another therapeutic strategy is based on reducing the activity of enzymes that promote
the formation of A3, such as BACE1. The metabolic role of BACE1 is not fully understood,
though loss of BACELI in transgenic rats leads to increased sensitivity to insulin and
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decreased body weight [192]. Its mechanisms of action may involve leptin signaling and
thermogenesis [95]. These results were extrapolated in a randomized clinical trial (RCT).
Patients with AD treated with lanabecestat, a BACE1 inhibitor, showed greater weight loss
than a placebo group after 104 weeks of treatment [193].

Additionally, immunotherapy against Af is used to improve insulin sensitivity and
plasma glucose levels. Zhang et al. used an APP/PS1 EA rat model with increased plasma
levels of AB40/42. Animals exhibited altered glucose/insulin tolerance and liver insulin
signaling. After nine months of intraperitoneal injections of antibodies against A3, an
improvement was observed in insulin sensitivity. Hepatic signaling of JAK2/STAT3/SOCS-
1 compared to the control group was concurrently attenuated. Thus, neutralization of A3

attenuates hyperglycemia and IR in vivo [194].

Table 4. Summary of preclinical and clinical studies exploring treatment of SM with anti-Alzheimer’s drugs.

Author (REF) Treatment Methodology Results
MEM prevented body weight
increase in HFD-fed mice with
Preclinical study of the effects of APP/PS1 (p < 0.001). Hepatic IR
. MEM on learning and memory protein levels showed a significant
Ettcheto et al. [190] Memantine impairment in rats with familial AD increase in APP/PS1 MEM mice
and HFD-induced insulin resistance. compared to nontreated controls
(p < 0.05), improving insulin function
in the liver.
After 9 months of treatment,
Preclinical study of the effects of neutralization of A reduced fasting
. . . R . blood glucose level (p < 0.001),
Anti- AB intraperitoneal injections of anti-A3 . R e
Zhang et al. [194] T improved insulin sensitivity
Immunotherapy antibodies in APP/PS1 rats on R .
lucose metabolism (p < 0.05), and inhibited hepatic
& : JAK2/STAT3/SOCS] signaling
(p < 0.05) in APP/PS1 AD model rats.
Even though treatment with
RCT that assessed whether lanabecestat did not slow cognitive
lanabecestat slows the progression of decline, patients who completed
AD compared with placebo in week 104 had a mean (SD) weight
Wessels et al. [193] Lanabecestat patients with early AD (mild loss of 0 (4.7) kg for placebo, —0.8
cognitive impairment) and mild (4.6) kg for patients treated with
AD dementia. 20 mg lanabecestat, and —1.9 (5.2) kg
for those treated with 50 mg.
A significant decrease in all diabetic
markers (FPG, HbA1c%, and insulin
Gl sy o heaetor lvenhe dbtcand
Ahmed et al. [191] MemantinePiracetam piracetam and memantine on P

after treatment with memantine or
piracetam compared to diabetic and
Alzheimer’s patients with
symptomatic treatment (p < 0.05).

diabetes mellitus.

Abbreviations: MEM: memantin; AD: Alzheimer’s disease; HFD: high-fat diet; Ap: amyloid-beta; RCT: randomized clinical trial; FPG:
fasting plasmatic glucose; HbAlc: glycated hemoglobin.

Numerous epidemiological and clinical studies and meta-analyses provide evidence
that MS and its components have a substantial impact on the development of MCI. How-
ever, the inverse relationship, where MCI contributes to MS risk, is feasible, though some
studies report the lack of association between these clinical entities [195-198]. A causal
relationship between MS and MCT has yet to be conclusively identified.
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5. Conclusions

The current epidemic of metabolic disorders, framed in what we term MS, increases
in a society with unhealthy lifestyles, and many aspects of this condition are still unknown.
Research on MS generates a constant stream of new information and a flood of debate on
whether this pathology exists, its components, and the pathophysiological mechanisms
that produce it.

Recently, a two-way relationship between MS and brain disorders, such as MCI and
AD, has been observed, but without clarity regarding which phenomenon occurs first and
which pathophysiological pathways are involved. Contrasting findings could be attributed
to factors inherent in the complex nature of MS and MCI. Both disorders are multifac-
torial and display disparity in clinical manifestations. Further, research methodology is
heterogeneous, reflecting the variability in criteria used to define MS, methods used for
evaluating cognitive function, study design, and the presence of confounding factors. The
latter factors might be varying characteristics of the populations studied, such as age,
sex, race, educational status, socioeconomic status, and health-disease status. Large-scale
studies with adequate power and longer follow-up periods will be necessary to establish a
direct and accurate causal relationship between MS and MCI pathologies.
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Abstract: Background: One of the main features of Alzheimer’s disease (AD) pathology is failure in
innate immune response and chronic inflammation. Lack of effective AD treatment means that more
attention is paid to alternative therapy and drugs of natural origin, such as extract of Ginkgo biloba
(EGD). The purpose of this study was to investigate the effect of EGb on the mechanisms of innate
immune response of peripheral blood leukocytes (PBLs) in AD patients. Methods: In AD patients
and healthy-age matched controls, the effect of EGb on two of innate immune reactions, i.e., PBLs
resistance to viral infection ex vivo and production of cytokines, namely TNF-«, IFN-y, IL-1f3,
IL-10, IL-15, and IFN-«, were investigated. The influence of EGb on inflammatory-associated genes
expression that regulate innate immune response to viral infection and cytokine production, namely
IRF-3, IRF-7, tetherin, SOCS1, SOCS3, NFKB1, p65, and MxA was also examined. Results: A beneficial
effect of EGb especially in AD women was observed. EGb decreased production of TNF-o, IFN-y,
and IL-10 and increased IL-15 and IL-1f3. The effect was more pronouncement in AD group. EGb
also downregulated expression of investigated genes. Conclusions: EGb may have an advantageous
properties for health management in elderly and AD sufferers but especially in women with AD.
Improving peripheral innate immune cells’ activity by adding EGb as accompanying treatment in
AD may be, in the long term, a good course to modify the disease progression.

Keywords: extract of Ginkgo biloba (EGb); innate immunity; PBLs; Alzheimer’s disease; cytokines

1. Introduction

Immunity and chronic inflammation play a key role in the survival of the older adults,
and according to the latest knowledge, they also represent one of the main features of
Alzheimer’s disease (AD) pathology [1]. AD is one of the most important age-related
health problems worldwide, and it is believed that the onset and progression of the disease
may depend at least in part on optimal immune system functioning. Experimental studies
highlight the pathological changes in the central and peripheral immune response in
AD [2,3]. An increased levels of peripheral inflammatory markers, such as IL-6, TNF-«,
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or C-reactive protein (CRP), were found to be associated with future cognitive decline
and dementia [2,4]. Currently, no effective drugs are available for the treatment of AD
symptoms. An accessible pharmacotherapy aims to only slow disease progression and
reduce cognitive symptoms. Some hope is associated with GV-971 (sodium oligomannate
capsules), which improved cognitive functions in AD patients in China in a phase 3 trial
and was approved for the treatment of AD in China [5]. Thus, more attention is paid to
alternative therapy, such as using drugs of natural origin. Moreover, searching for natural
compounds with immunoregulatory activity seems to be a good direction for future adjunct
AD therapy.

Currently, phytomedicine is gaining its popularity, and many plant-derived phytother-
apeutics with medicinal properties are used in the treatment of various diseases, including
age-related diseases [6]. The phytomedicine of aging provide a wide range of bioactive
compounds, such as flavonoids, terpenoids, or polyphenols with therapeutic effects. Health
benefits consist mainly of acting as an immunity booster and exhibiting antioxidant, cardio-
protective, and neuro-protective effects [7]. One of the most popular medicinal plants
is Ginkgo biloba. Standardized extract of G. biloba (EGb) contains 24% ginkgo flavonoid
glycosides, 6% terpene lactones, and up to 5 ppm ginkgolic acids [8]. The therapeutic
potential of EGb is manifested in beneficial effect on the circulatory system (blood flow
improvement, prevention of clot formation, reinforcing the walls of the capillaries) and
nervous system with protection of nerve cells from injury [9]. Phytochemical constituents
from G. biloba, such as flavonoids and terpenoids, showed beneficial effect in the treatment
of concentration difficulties, memory impairment, and AD. Thus, EGb is considered as
memory enhancer [10].

The use of phytotherapeutics/nutraceuticals as an adjunct therapy to classic drug
therapies is highly recommended in many diseases. However, many more studies are still
needed to evaluate the therapeutic potential and clarifying the mechanism of action of
natural compounds, including EGb. It is believed that this could help to choose better phy-
totherapeutics as the accompanied treatment of neurodegenerative pathologies such as AD.
EGDb is already used in the treatment of AD and cognitive deficits acting as anti-aggregating
and pro-cognitive preparation. It is implemented to improve memory impairment and
cognitive decline [11]. However, less attention and research are concentrated on its effect
on immune system functioning in AD patients. The purpose of this study was to investi-
gate the effect of EGb on the mechanisms of innate immune response of peripheral blood
leukocytes (PBLs) of AD sufferers.

2. Materials and Methods
2.1. Blood Samples

Peripheral venous blood was obtained from 39 Subjects: 22 AD patients (15 females,
7 males) and 17 healthy adult volunteers (10 females, 7 males) of an appropriate age
(43-90 years) and collected in tubes containing anticoagulant EDTA or heparin. Patients
were under the care of Department of Psychiatry of the Medical University in Wroclaw,
Poland. Patients did not receive any anti-dementia and other drugs before blood venipunc-
ture as well as any other immunomodulators. Among the patients, no infectious diseases
occurred in the 3-month period before the inclusion to the study.

2.2. Ethics Approval and Consent to Participate

This study has been reviewed, approved, and conducted in accordance with the
guidelines of the Ethics Committee of the Wroclaw Medical University (No. KB-349/2016).
Signed consent was obtained from all participants of the study or their legal representative.

2.3. Clinical Examination

Patients were under psychiatric and neurological examinations as well as laboratory
tests, electroencephalographic examinations (EEG), and computer tomography (CT) or mag-
netic resonance imaging (MRI) structural studies. Mini-Mental State Examination (MMSE)
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was used for the screening of dementia. All patients met DSM-V and NINCDA-ADRDA
criteria for probable AD dementia. A diagnosis of AD was made when specific symptoms
were present and by making sure other causes of dementia were absent, including anemia,
brain tumor, chronic infection, intoxication from medication, severe depression, stroke,
thyroid disease, and vitamin deficiencies. CT and MRI of the brain were performed as
well to look for other causes of dementia, such as brain tumor or stroke. Semi-structured
interview with the patient and informant, physical exam, evaluation of neurological status,
and psychiatric exam were obtained. Vital signs and blood screening labs (hematology,
chemistry panel, urinalysis, vitamin B12 (B12), thyrotropin (TSH)) were collected. Exclusion
criteria: patients older than 90 years, any significant neurological disease such as Parkin-
son’s disease, multi-infarct dementia, Huntington disease, normal pressure hydrocephalus,
brain tumor, progressive supranuclear palsy, seizure disorder, subdural hematoma, mul-
tiple sclerosis, or history of significant head trauma followed by persistent neurologic
defaults or known structural brain abnormalities. MRI scan with evidence of infection,
infarction, or other focal lesions; subjects with multiple lacunes or lacunes in a critical
memory structure; psychiatric disorder/psychotic features: major depression, bipolar
disorder, agitation, or behavioral problems within the last 3 months; history of schizophre-
nia, alcohol abuse, history of alcohol or substance abuse or dependence within the past
2 years; any significant systemic illness or unstable medical condition; clinically significant
abnormalities in B12, rapid plasma regain test (RPR), or TSH; and current use of specific
psychoactive medications (e.g., certain antidepressants, neuroleptics, chronic anxiolytics,
or sedative hypnotics, etc.). Patients were excluded if they did not agree to respond to the
test questions and/or if they had life-threatening diseases other than AD.

2.4. Extract of G. Biloba (EGb)

Standardized dry extract from G. biloba leaves (GINKGONIS EXTRACTUM SICCUM
RAFFINATUM ET QUANTIFICATUM PH. EUR. (European Pharmacopoeia)) provided by
Martin Bauer Group, Finzelberg GmbH & Co. KG, Andernach, Germany, was investigated.
EGb is a dry extract from G. biloba leaves. The extract is adjusted to 22.0-27.0% ginkgo
flavonoids calculated as ginkgo flavone glycosides and 5.0-7.0% terpene lactones consisting
of 2.8-3.4% ginkgolides A, B, and C and 2.6-3.2% bilobalide and contains less than 5 ppm
ginkgolic acids.

EGb solution: Before each experiment, EGb was dissolved in dimethyl sulfoxide
(DMSO) at a primary concentration of 20 mg/mL and mixed thoroughly until complete dis-
solution. Next, EGb solution in DMEM 2% FBS medium was prepared for experiments with
PBLs. For antioxidant activity powder of EGb was dissolved in 96% ethanol (1 mg/mL).

2.5. Trypan Blue Staining for Cell Viability

The viability of PBLs was measured with 0.4% trypan blue staining. A total of 100 uL
of cell suspension (1 x 10° cells/mL) was incubated with 100 pL of 0.4% trypan blue. After
15 min of incubation at room temperature, the viability of the cells was measured in a
Biirker chamber with the use of light microscope (Olympus CX31). Dead cells were labeled
with navy-blue, and live cells remained unstained.

2.6. Determination of Antioxidant Activity as the Ability to Scavenge DPPH Free Radicals

The antioxidant activity of the obtained hydrolysates was assessed on the basis of
the radical scavenging effect of the stable 1,1-diphenyl-2-picrylhydrazyl (DPPH (Sigma,
St. Louis, MO, USA, D21140-0)) free radical activity according to Yen and Chen with minor
modifications [12]. The tested samples were dissolved in water to a final volume of 1 mL
and mixed with 1 mL of ethanol (98%). The reaction was started by adding 0.5 mL of
0.3 M DPPH in ethanol. The mixtures were left for 30 min at room temperature, and the
absorbance of the resulting solutions was measured at 517 nm. For calibration, aqueous
solutions of known Trolox concentrations ranging from 2 to 20 pg (able to scavenge 500 uL
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of 0.3 mM DPPH radical solution) were used. Radical scavenging activity of the peptides
was expressed as pM Troloxeq/mg protein.

2.7. FRAP Method

The FRAP method (ferric-reducing antioxidant power) was used to determine the
antioxidative capacity of hydrolysates according to Benzie and Strain [13]. A total of 3 mL
of FRAP working solution (300 mM acetate buffer pH 3.6; 10 mM 2,4,6,tripyridyl-s-triazine
(TPTZ) (Fluka, 93285) and 20 mM FeCl; x 6 H,O (10:1:1 v/v)) was mixed with 1 mL of the
sample. After 10 min of reaction, the absorbance was measured at A = 593 nm. An aqueous
solution of known Fe (II) concentration was used for calibration (in the range from 100 to
1000 pg). Results were expressed as pg Fe* /mg protein.

2.8. Determination of Fe (1) lon Chelation

Chelation of iron ions by hydrolysates was estimated by the method of Xu et al. [14]
with modifications. A 250 uL sample was mixed with 1250 uL. H,O and 110 uL 1 mM
FeCl,. After 2 min, 1 mL of 500 uM ferrozine (Sigma, 160601) aqueous solution was added
and the mixture was allowed to react for 10 min. The absorbance of ferrous iron—ferrozine
complex was measured spectrophotometrically at A = 562 nm. A known concentration of
FeCl, (020 pug) was used to generate a standard curve, and the ability to chelate iron ions
was expressed as pug Fe?* /mg protein.

2.9. Virus and Cell Line

A wild-type Indiana VSV (Vesicular stomatitis virus, Rhabdoviridae) serotype was used.
VSV was obtained from Dr. C. Buckler (National Institutes of Health, Bethesda, MD, USA).
Virus was grown and titrated in Lgyg cells. Viral titer was expressed with reference to the
TCIDsy (tissue culture infectious dose) value, based on the cytopathic effect caused by this
virus in approximately 50% of infected cells.

Lgp9 (ATCC CCL1), a murine fibroblast-like cell line, was maintained in complete
RPMI 1640 medium (HIIET, Wroclaw, Poland) with antibiotics (100 U/mL penicillin and
100 pg/mL streptomycin), 2 mM L-glutamine, and 2% fetal bovine serum (FBS) (all from
Merck KGaA, Darmstadt, Germany).

2.10. Isolation of Peripheral Blood Leukocytes (PBLs)

PBLs were isolated according to a standard protocol from 10 mL of peripheral blood by
gradient centrifugation in Gradisol G (Aqua-Med, £6dz, Poland) and maintained in RPMI
1640 medium (HIIET, Wroclaw, Poland) with antibiotics (100 U/mL penicillin and 100 pg/mL
streptomycin), 2 mM L-glutamine, and 2% FBS (Merck KGaA, Darmstadt, Germany).

2.11. Determination of Resistance/Level of Innate Immunity of PBLs

Resistance/innate immunity was determined by infection of leukocytes (1 x 10° cells/mL)
ex vivo with a VSV dose of 100 TCIDsj. After 40 min of adsorption at room temperature
(rt), the virus was washed out three times with RPMI medium with 2% FBS, and the cells
were suspended in 1 mL of RPMI 2% FBS for investigations of the influence of EGb on PBLs
resistance/innate immunity and cytokine production. A sample of the infected cells was kept at
4 °C and served as a control of the starting level of the virus. The rest of the cells were divided
to two parts, i.e., VSV-infected and uninfected, and next were treated with 150 ug/mL EGb
and incubated at 37 °C for 24 h. After that, time samples of the medium above the cells were
collected and titrated in Lgyg cells. Viral titer was expressed in TCIDs). Resistance of PBLs to
VSV infection was assessed as follows: a VSV titer > 4 log TCID5, was considered as a lack of
resistance (deficiency in innate immunity), a titer of 2-3 log indicated partial resistance, and a
titer of 0-1 log indicated complete resistance to VSV infection (high level of innate immunity).
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2.12. Cytokine Measurement

The levels of IL-13, IL-10, IL-15, IEN-«, IFN-y, and TNF-« in supernatants from unin-
fected and VSV-infected leukocytes were detected using enzyme-linked immunosorbent
assays (BD OptEIA TM human IL-1§3, IL-10, IL-15, IFN-y, TNF-« ELISA set, BD Biosciences;
IFN-oc Human ELISA Kit, Thermo Fisher, Carlsbad, CA, USA). The optical density was
measured at 450 nm with A correction 570 nm using a Multiskan RC spectrophotomet-
ric reader (Thermo Labsystems, Philadelphia, PA, USA). Cytokine concentrations were
expressed in pg/mL.

2.13. RNA Isolation and Real-Time PCR

Real-time PCR was used to investigate mRNA expression. Total RNA (obtained from
uninfected and VSV-infected cells treated with EGb 150 ug/mL) was extracted with the
Relia Prep™ RNA Cell Miniprep System kit (Promega, Madison, WI, USA), and reverse tran-
scription was performed using the High Capacity cDNA Reverse Transcription kit (Applied
Biosystem, Thermo-fisher Scientific, Carlsbad, CA, USA) according to the manufacturer’s
instructions. Reaction was performed in T3000 Thermocycler (Biometra, Gottingen, Ger-
many). Reaction volume was 20 uL, and final cDNA product was kept in —20 °C for a few
weeks preceding quantitative PCR. Expression of interferon regulatory factor 3 and 7 (IRF-3,
IRF-7), tetherin (BST2), suppressor of cytokine signaling 1 and 3 (SOCS1, SOCS3), nuclear
factor NF-kappa-B p105 and p65 subunit (NFKB1, p65 alias RELA), and interferon-induced
GTP-binding protein Mx1 (MxA) was studied by quantitative PCR (qQPCR) using Taqg DNA
Polymerase with Sybr Green I dye. Data were normalized to endogenous reference gene
18S, which was confirmed to be stable across the groups. Reaction was performed using
SG qPCR Master Mix (EURx, Gdarisk, Poland) in combination with appropriate primers
shown in Table 1. Furthermore, primer specificity was confirmed empirically after gPCR
by performing melting curve analysis of every sample. All experiments were performed
using Light Cycler 480 II instrument (Roche Diagnostics GmbH, Basel, Switzerland). Every
reaction was performed two times and differences in quantification cycle between both
repeats were negligible (+0.2). Quantification cycles (Cq) for every reaction were calculated
automatically by the Light Cycler 480 II instrument software (Roche Diagnostics GmbH,
Basel, Switzerland). Relative changes in mRNA expression were calculated using the delta
Cq method with the healthy control as the comparator.

Table 1. Primers used for real-time PCR.

Gene Primer Sequence
IRE-3 [15] F1 5'-ACC ACC CGT GGA CCA AGA G-3'
R1 5-TAC CAA GGC CCT GAG GCA C-3'
IRE-7 [15] F2 5-TGG TCC TGG TGA AGC TGG AA-3'
R2 5-GAT GTC ATA GAG GCT GTT GG-3'
BST2 [15] F3 5'-AAG AAA GTG GAG CTT GAG G-3'
R3 5-CCT GGT TTT CTC TTC TCA GTC G-3'
S0Cs1 [16] F4 5'-GGA ACT GCT TTT TCG CCC TTA-3
R4 5-AGC AGC TCG AAG AGG CAG TC-3'
S0CS3 [16] F5 5'-CAA GGA CGG AGA CTT CGA TT-3
R5 5'-GGA GCC AGC CTG GAT CTG-3
NFKB1 [17] F6 5'-AGA AGT CTT ACC CTC AGG TCA-3'
R6 5-CAG TTA CAG TGC AGA TCC CA-3’
65 [17] F7 5-GAA TGG CTC GTC TGT AGT GC-3'
P R7 5-GCT GCT CAA TGA TCT CAA CAT-3'
MxA [15] F8 5'-GCC GGC TGT GGA TAT GCT A-3'
x R8 5-TTT ATC GAA ACA TCT GTG AAA GCA A-3'
185 [18] F9 5-GAA TGG CTC ATT AAA TCA GTT ATG G-3'
R9 5'-TAT TAG CTC TAG AAT TAC CAC AGT TAT CC-3'
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2.14. Statistical Analysis

To capture the central tendency (average) of the data, the Hodges-Lehman
estimator—pseudo median—was used (in the following part called Median). Confidence
intervals (CI95) at significance level &« = 0.05 were used to measure precision of estimation
and testing some statistical hypothesis. CI95s were estimated with bootstrap method. Statistic
Sn = med{med |x1- —xj;j=1... n} was used as robust measure of variability [19] as well as
minimal and maximal observations. S# is typical difference between two randomly sampled
observations. Delta A is Hodges-Lehman estimator of the shift parameter between distribu-
tions of two independent populations. Delta A is median of differences between all pairs
of observations, where one observation belongs to group A, and the second observation in
the pair belongs to group B. Delta is shift parameter used also in Wilcoxon rank-sum test to
comparison two independent populations (also known as Mann-Whitney test). Delta, CI95 for
delta, and p-values of the delta were estimated numerically with bootstrap method because of
a small sample sizes. In the case of investigation of an influence of EGb treatment on the level
of innate immunity of AD patients and controls, an analysis of variance (ANOVA) was used.
In the case of ANOVA, statistical effect size for every variable in the model was measured

with partial eta-squared defined as 7> = %, where 5SS, iap1e and SSerror is sum of
squares in ANOVA for effect of the variable and sum of squares for the experimental error,
respectively. Interpretation of the ;2 was typical, after Cohen.

For every investigated i — th individual from AD patients and from controls, the effect

level after treatment
of EGb treatment was calculated as d; = logew%

and for all gene expression. An average effect in the group was estimated as pseudo median
(Median) with Hodges-Lehman estimator (HL)f central tendency, so EGb ef fect = HL(d).

for all cytokine production

3. Results
3.1. Blood Donors (Study Groups)

Table 2 presents basic characteristics of 39 investigated blood donors—AD patients
and controls (age-matched, over 55 years old)—according to a few variables. There were
22—15 female and 7 male—among AD patients and 17—10 female and 7 male—among
controls. MMSE score was evaluated. MMSE median for female was 18.75 and for male
18.5. Among the AD group, there were no differences between men and women in the level
of dementia. Patients were collected randomly to estimate DGN and DSMV differences
between sex. Chi-square test statistic x3 - = 0.598, p = 0.856.

Table 2. Characteristics of blood donors—AD patients and controls.

Variable Group Median Sn Min-Max
AD 68 11 32-80
Age
Control 61.5 9.5 42-90
Group Women Men % Men
Sex AD 15 7 31.8
Control 10 7 41.2
AD Group Median Sn Min-Max
MMSE Women 18.75 3 12-24
Men 18.5 3.5 12-23
AD Group Mild Moderate Serious
Women 4 6 5
DGN % 26.7 40.0 33.3
Men 3 2 2
% 429 28.6 28.6
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Table 2. Cont.

AD Group Mild Moderate Serious
Women 4 6 5
DSMV % 26.7 40.0 333
Men 3 2 2
Y% 429 28.6 28.6

Sn, measure of variability; MMSE, mini-mental state examination; DGN, the diagnostic according to the guidelines
of the German Society of Neurology; DSMYV, fifth edition of diagnostic and statistical manual of mental disorders
classification (criteria for major neurocognitive disorder).

3.2. EGD Characteristic (Cytotoxicity, Antioxidant Activity)

First, the starting solution of EGb was prepared. EGb at 20 mg/mL in DMSO was
diluted to final concentrations of 25-500 ug/mL in RPMI 2% FBS. Freshly isolated PBLs
were treated with several concentrations of EGb and incubated in 37 °C/5% CO, for 24 h.
After that, time morphological changes of the cells were observed under the inverted
microscope. Total number and viability of PBLs were determined by 0.4% trypan blue
staining. The viable cells—with intact cell membranes—did not take up impermeable
trypan blue (stayed non-colored), whereas dead cells (with damaged cell membranes, cell
shadows, shrunken cells) were permeable and took up the dye (dyed with distinctive
blue). Fresh EGb dilutions were prepared before each experiment. Experiments was
performed three times in two independent repetitions each. It was noticed that EGb in
concentration over 200 ug/mL resulted in cytotoxicity (cell viability below 90%). EGb in the
range of 25-150 pg/mL was nontoxic for PBLs (cell viability over 90%). Control were PBLs
incubated only with culture medium RPMI 2% FBS. The final concentrations of DMSO < 2%
were nontoxic. Estimated cytotoxic concentration of EGb, which reduced viability of PBLs
by 50% (CCs), was calculated and equal to CCsy = 743.5 ug/mL. Based on cytotoxicity
test for the future experiments of an influence of the extract on innate immune response of
PBLs, the highest nontoxic concentration of EGb, — 150 ug/mL, was used. The cell viability
for this concentration was about 95%.

An antioxidant activity (in vitro), i.e., ferric ion reducing antioxidant power, Fe?*
chelating ability, and DPPH radical scavenging activity of EGb were analyzed (Table 3).
EGb preparation exerted strong DPPH scavenging activity; only 10 ug of preparation has
the same effect as 0.03 uM Trolox. The antioxidant properties (inhibition concentration,
ICsp) for DPPH scavenging activity reached the value 41.13 ug. EGb preparation also
exerted strong concentration-dependent ferric ion reducing antioxidant power and Fe?*
chelating ability (Table 3).

Table 3. Concentration-dependent antioxidant activity (in vitro) of EGb.

EGb DPPH FRAP Chelation
(ug) (uMTroloxeq) (%) Inactivated DPPH (ug Fe?*) (ug Fe?*)
250 or or or 62.63
150 or or or 43.82
100 or or or 24.68

50 0.09 63.51 17.24 20.2

10 0.03 23.31 4.65 14.68

5 0.02 12.73 2.74 2.7

3.3. EGb Improves Innate Immune Response of PBLs

The level of innate immunity of AD patients and healthy age-matched controls was
estimated based on the test with vesicular stomatitis virus (VSV) replication in freshly
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isolated PBLs ex vivo. To evaluate the effect of EGb (150 pg/mL) on innate immunity
VSV titers were examined after EGb treatment in the collected supernatants. Results are
presented in Table 4. The level of innate immunity/PBLs resistance to VSV infection
was assessed with the scale: the lack of virus replication (0-1 log TCID5p/mL) indicated
complete immunity; VSV replication over 1 log (about 2-3 log) indicated deficiencies
and partial immunity; and VSV replication over 4 log evidenced high deficiency in innate
immunity. The EGb effect in every patient was calculated as a difference between the level of
innate immunity after EGb treatment and before EGb treatment (EGb effect = after—before).
The average change of innate immunity in AD patients was —0.75; i.e., EGb increased the
level of innate immunity of AD. The results were significant (p = 0.0002), with confidence
interval CI95(-Inf; —0.41). In the control group an increase in innate immunity (p = 0.0001)
was also observed. There was no difference, however, in the effect of EGb treatment
between AD and controls (p = 7539). In summary, EGb expressed a beneficial effect on
innate immune response of PBLs. EGb treatment significantly increased the level of innate
immunity in AD patients as well as controls (Figure 1).

Table 4. Influence of EGb treatment on PBLs resistance/level of innate immunity in AD patients and
healthy age-matched controls (1 = 39).

PBLs
Resistance/Level Group Median Sn Min; Max A p-Value
of Innate
Immunity
AD -0.75 1 —25;0.5 CI95(:I(1?1.1ZS*0.41) 0.0002 !
Control -0.75 0.5 -2;0 C195(:I(r)1.12570,55) 0.0001 !
AD vs. Control CI95(7(](5(.)29; 0.61) 0.7539
ANOVA in AD group
EGD effect depending on sex, DGN, MMSE, and age
Variable Effect size 17 2 (interpret.) Fip=1,16 p-Value
EGb effect Sex 0.3983 (large) 10.59 0.0049
Buwomen = —1.18
DGN (=DSMV) 0.0503 (small /medium) 0.42 0.6616
Age 0.0026 (negligible) 0.042 0.8406
MMSE 0.0000 (no effect) 0.0001 0.9923
ANOVA in Control group
Effect of EGb treatment depending on sex and age
Variable Effect size i1 2 (interpret.) Fif-114 p-Value
ﬁwm’mfi‘ oo 0.1202 (medium) 191 0.1883
Age 0.0963 (medium) 1.49 0.2420

A, shift parameter of location (as a part of Wilcoxon rank test, Hodges-Lehman estimator of (pseudo) median); Sn,
measure of variability (higher value means higher variability; robust estimator equivalent of standard deviation);
1, one side (left side) test and one side confidence interval; 2, Inf—infinity; Bwoman, standardized difference between
men and women adjusted with other variables present in ANOVA; MMSE, mini-mental state examination; DGN,
the diagnostic according to the guidelines of the German Society of Neurology; DSMYV, fifth edition of diagnostic
and statistical manual of mental disorders classification (criteria for major neurocognitive disorder).

In addition, Table 4 presents an analysis of variance (ANOVA) where EGb effect was
dependent variable in AD and control group. The analysis showed that among AD patients,
the effect of EGb treatment on the level of innate immunity was not related to the severity
of the disease. Interestingly, an important variable was sex. The statistic effect size here was
partial eta-squared 1 equals for sex effect n_Sex? = 0.3983, which is commonly interpreted
as a huge effect size according to Cohen’s interpretation. Thus, EGb increased the level of
innate immunity much stronger in women with AD than in men with AD (p = 0.0049).
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Simultaneously, the sex differences in EGb effect was smaller and not statistically significant
in the control group (p = 0.1883). The difference between AD women and AD men was
more than 5.5 times higher than between women and men in the control group. Results are
presented in Figure 2.
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Figure 1. EGDb effect on VSV replication (level of innate immunity) in PBLs from AD patients
and healthy age-matched controls. EGb effect was measured as difference between VSV titer (log
TCIDsy/mL) after EGb treatment and VSV titer (log TCIDsp/mL) before EGb treatment. Red and
blue squares are individual observations.
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Figure 2. Sex-dependent differences in EGb effect on VSV replication/level of innate immunity in
AD patients and healthy age-matched controls. EGb effect was measured as difference between VSV
titer (log TCIDsp/mL) after EGb treatment and VSV titer (log TCIDs(/mL) before EGb treatment.
Red and blue squares are individual observations.
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3.4. Immunoregulatory Effect of EGb Treatment on Cytokine Production by PBLs

In the light of obtained results of beneficial effect of EGb on the PBLs resistance to
viral infection/level of innate immunity, it became interesting to investigate the impact
of the extract on cytokine production, which is engaged in innate immune response, as
changes in viral replication are related to changes in cytokine balance produced by whole
PBLs. Table 5 shows an average level of cytokine production, namely TNF-o, IFN-y, IL-10,
IL-1B, and IL-15, by uninfected (spontaneous release) and VSV-infected PBLs from AD
patients and controls. The effect of EGb treatment is also presented. As shown in Table 5,
VSV infection of PBLs resulted in high TNF-« but slight IL-13 and IL-15 production in
both groups. PBLs infection with VSV also revealed increased IFN-y release but only in the
control group. In the case of IL-10, VSV infection resulted in decreased production of this
cytokine in AD patients and controls. Interestingly, EGb treatment differentially influenced
on all investigated cytokines.

Table 5. Uninfected (spontaneous) and VSV-infected cytokine production by PBLs. Effect of EGb
treatment. Median is measure of average level. For every individual person and for every change

in cytokine level after EGb, treatment equals d = log % = log(after) —log(before). EGb effect

is average of all d’s in a group. EGb effect is than average of ratios % expressed in logs. Delta
A is measure of difference in EGb effects between AD and controls, and this statistic is the average
difference between a randomly selected person from AD group and a randomly selected person from
control group.

Uninfected PBLs VSV-Infected PBLs
TNF—a PBLs PBLs + EGb __ EGD effect  PBLs+ VSV PBLs + VSV + EGb__ EGD effect
Median 27.17 .01 316 60.47 1 373
AD C195 9557921  023;354  —428;-203  19.58;153.66 0.31;3.74 j‘fﬂg
Median 49.02 17.2 ~095 212.83 22556 —201
Controls C195 24.88,99.64 6494173  —1.86;-0.36 100.85;445.43 8.1;63.35 j'g‘;;
oD A ~8.14 ~13.41 ~1.96 ~151.6 ~20.93 ~151
—49.23; —4347; o —420.02; o ~3.28;
vS. 5 31.88 —2.09 341; ~0.56 —7.61 762; -235 —0.06
Controls
p-value (EGDb effect AD vs. controls) = 0.0107 p-value (EGb effect AD vs. controls) = 0.0317
IFN—y PBLs PBLs + EGb  EGDb effect  PBLs+ VSV PBLs+ VSV + EGb  EGD effect
Median 9.84 269 —131 9.86 2.83 127
AD 195 6841424 175428 18308  6.9512.88 187,421 e
Median 3.29 331 —0.01 8.66 5.05 ~0.56
Control C195 1.84;5.08 1.69; 6.06 —036;0.28  5.02;13.68 3.09;7.07 :%22?
AD A 6.03 —0.72 ~1.28 0.45 ~235 ~0.69
vs. C195 348,941 338117 195055 —4.17;483 —4.21; -021 ~1.2; -0.15
Controls p-value (EGDb effect AD vs. controls) = 0.0003 p-value (EGDb effect AD vs. controls) = 0.0127
IL—10 PBLs PBLs + EGb EGD effect PBLs + VSV PBLs + VSV + EGb  EGB effect
Median 86.13 1047 —19 4349 237 257
AD 34.77; . oo . . —3.36;
C195 2000 3.51;34.75 269; ~1.18  15.73;108.76 1;6.58 s
Median 162.87 28.76 -152 163.73 20.11 1.9
Control 60.29; . e . . 2.63;
C195 e 10.13;11043  —2.27; -098  70.42;369.71 8.93; 46.73 s
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Table 5. Cont.

Uninfected PBLs VSV-Infected PBLs
TNF—« PBLs PBLs + EGb EGD effect PBLs + VSV PBLs + VSV + EGb EGD effect
AD A —70.75 —15.99 —0.26 —150.13 —17.55 —0.51
—338.92; ) : —315.32; B L .
vs. CI95 5765 —94.28;14.73 —1.07;0.52 1316 48.42; —2.18 1.53;0.41
Control
p-value (EGDb effect AD vs. controls) = 0.5322 p-value (EGb effect AD vs. controls) = 0.3104
IL—-1B PBLs PBLs + EGb EGD effect PBLs + VSV PBLs + VSV + EGb EGD effect
Median 367.64 328.83 —0.11 401.33 427.88 0.08
AD 238.78;
CI95 486,76 249.2; 424.48 —0.38;0.17  302.81;510.61 294.89; 552.79 —0.16; 0.29
Median 288.6 496.12 0.57 550.54 604.51 0.12
Control CI95 ézzg 329.64;706.04 012,096  403.5;71855 437.85; 830.44 ~0.09; 0.36
e A 73.16 —190.84 —0.71 —148.62 —180.34 —0.03
—51.88; ) ‘ —337.82; . e
vs. CI95 211.05 —398.28;,0.32  —1.17; -0.2 o34 —497.08; 34.26 0.36; 0.26
Control
p-value (EGb effect AD vs. controls) = 0.005 p-value (EGb effect AD vs. controls) = 0.8316
IL—-15 PBLs PBLs + EGb EGD effect PBLs + VSV PBLs + VSV + EGb  EGD effect
Median 22.7 39.59 0.55 23.7 39.11 0.48
AD CI95 16.47;31.27 30.9; 50.51 0.22;091 18; 31.03 29.49; 54.57 0.21; 0.86
Median 30.79 42.96 0.32 40.71 48.62 0.15
Control CI95 23.05;40.39  33.36; 56.07 0.04; 0.68 31.68; 54.52 35.66; 67.56 —0.08; 0.43
AD A —8.58 -29 0.22 —15.44 —8.45 0.32
~16.88; _ . ~23.72; . o
vs. CI95 —0.29 —12.49;5.47 0.22; 0.69 917 22.42;3.89 0.06; 0.69
Control
p-value (EGb effect AD vs. controls) = 0.3451 p-value (EGb effect AD vs. controls) = 0.0917

EGDb decreased TNF-o production by uninfected (spontaneous) and VSV-infected
PBLs from AD patients and controls. Notably, this effect was considerably higher in
AD patients. The average level of spontaneous TNF-« production by PBLs from AD
patients was Med?i,%iii/f:g = 27.17 pg/mL, and after EGb treatment, it decreased to

Medl;ilL;iZ{Xlr) = 1.01 pg/mL. This change (effect) was statistically significant at « = 0.05.

In the control group, the average level of spontaneous TNF-a production by PBLs before

EGDb treatment was Med?%;iii&ft o1 = 49.02 pg/mL, and after EGb treatment, it decreased

to Medl;glf;_’;{ g:m o1 = 17.2 pg/mL. This change (effect) was also statistically significant.

There was significant difference in this effect between AD patients and controls. The
decrease of spontaneous TNF-a production by PBLs from AD patients after EGb treatment
was higher than in the control group (p = 0.0107). Similarly, the average level of TNF-«

produced by VSV-infected PBLs from AD was Medl;if;fng before _ 60.47 pg/mL, and

after EGb treatment, it decreased to Mele)ﬁ]L;ij\‘g after _ 11 pg/mL. This change (effect)

was statistically significant at « = 0.05. For control group, the average level of TNF-«

produced by VSV-infected PBLs was Med?i,fj;g;;rfslf " = 212.83 pg/mL, and after EGb

treatment, it decreased to Med?fﬁij g&;nflwr = 22.56 pg/mL. This change (effect) was also
statistically significant at « = 0.05. There was significant difference in this effect between
AD patients and controls. The decrease of TNF-« produced by VSV-infected PBLs from AD
patients after EGb treatment was higher than in the control group (p = 0.0317).

In the case of IFN-y, we can thereby see that EGb decreased spontaneous production of this
cytokine in AD group from Medff}ési f/efsr; p = 984 pg/mLto Medfff,ﬁi{’ Zr Ap = 269 pg/mL.
The change (effect) was statistically significant at « = 0.05. This effect was not observed in the

control group probably due to a small sample size. Thus, there was significant difference in

125



Nutrients 2022, 14, 2022

EGb effect between AD patients and controls.The decrease of spontaneous INF-y production in
AD patients after EGb treatment was higher than in the control group (p = 0.0003). Similarly,

after EGb treatment, the decrease in IFN-y production by VSV-infected PBLs from AD patients

was observed—from Medff Isity\iiVAll;ef " = 9.86 pg/mL to Medi? ]\L]Sizvi‘ggm = 2.83 pg/mL.

The change (effect) was statistically significant at « = 0.05. For control group, the average level

of INF-y produced by VSV-infected PBLs was MedtBLstVsvibefore g ¢ pg/mL and after

IFN—v—a;Control -
EGD treatment, it decreased to Medfgfi;‘iivcgg :f (:Z = 5.05 pg/mL. The change (effect) was also

statistically significant at « = 0.05. Significant difference in EGb effect between AD patients and
controls was noticed. A decrease of INF-y production by VSV-infected PBLs in AD patients
after EGb treatment was higher than in the control group (p = 0.0127).

The reducing effect of EGb treatment was shown either for anti-inflammatory cy-
tokine IL-10 production. EGb decreased spontaneous IL-10 production in AD group
f PBLs; before PBLs; after .

rom Med}; " 4p = 86.13 pg/mL to Med;; ", "y, = 10.47 pg/mL. This change
was statistically significant. In the control group, EGb decreased IL-10 production from
Med; 5"/ = 162.87 pg/mL to Medy, 5o/} | = 28.76 pg /mL. This ch, 1

IL-10-mAp = 162.87 pg/mL to Med;; "™ "\, = 28.76 pg/mL. This change was also

statistically significant. In the case of IL-10 production after VSV-infection, EGb decreased

PBLs+VSV; before
IL—10—a;Control 43.49 pg/mL to

= 2.37 pg/mL. This change was statistically significant. In the control
PBLs+VSV; before — 163.73 pg/mL

the level of this cytokine in AD patients from Med

PBLs+VSV; after
MEdIL—l()flx;ControI

group, EGb also decreased IL-10 production from Med

IL—10—a«;Control
to Medl;ffi(t/ﬂi gmf{rf;]r = 20.11 pg/mL. This change was also statistically significant. A

decrease of IL-10 by uninfected and VSV-infected PBLs after EGb treatment was the same
in AD patients and controls.
In contrast, EGb increased IL-1f3 and IL-15 production by uninfected and VSV-infected

PBLs from AD and controls. EGb increased IL-13 production by uninfected PBLs from control

group. The average level of spontaneous IL-1f3 production was Medfﬂ{s"ﬁbfi ?LED = 288.6 pg/mL,

and after EGb treatment, it was Medffﬁﬁaff; p = 496.12 pg/mL. The change (effect) was
statistically significant at « = 0.05. This effect was not observed in AD group probably due
to a small sample size. Similarly, the average level of IL-1f3 produced by VSV-infected PBLs
from AD was Medfffigfix"gef " = 401.33 pg/mL, and after EGb treatment, it increased to
Medffﬁ;fi?;f ' — 427,88 pg/mL. For control group, the average level of IL-1f produced
by VSV-infected PBLs was MedeLHVSV" before _ 550.54 pg/mL and after EGb treatment, it

IL—1B—a;Control
T o] = 60451 pg/mL. An increase of IL-1B by VSV-infected PBLs

after EGb treatment was the same in AD patients and controls.
EGDb treatment influenced positively and statistically significant on IL-15 production by

uninfected PBLs from AD and controls. An increase of this cytokine was observed, respectively,

in AD from Medfffiglfﬁg% =227 pg/mL to Medff_Li;Su_f ;Z‘D = 39.59 pg/mL and in controls

from Med) 15"/, = 3079 pg/mL to Med) 15"\, = 4296 pg/mL. In the case of IL-15

production by VSV-infected PBLs, an increased effect of EGb treatment was noticed, respectively,

. PBLs+VSV; before __ PBLs+VSV; after .
in AD from Medy;” |5 e = 237 pg/mLto Medyy s oo n o = 39.11 pg/mL and in

controls from MedII)LBfi;Y; ‘c/o :;{;m = 40.71 pg/mL to Medfffi;isgm%flr = 48.62 pg/mL. An

increase of IL-15 by uninfected and VSV-infected PBLs after EGb treatment was the same in AD
patients and controls.

Additionally, the level of IFN-ox was also investigated. Results showed that PBLs from
AD and controls did not produce spontaneous IFN-«, which was expected. In every investi-
gated person in both groups, spontaneous IFN-« production was undetectable. Infection with
VSV resulted in high IFN-« production by PBLs in both groups. However, leukocytes from
PBLs+VSV; before

IFN—a;Control
times more IFN-« than leukocytes from AD patients Medi%:‘fg Jbefore — 10,49 pg/mL.

increased to Med

healthy age-matched subjects produced Med = 88.47 pg/mL—over eight
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EGDb treatment decreased IFN-«, and this effect was very strong, to an undetectable level, in
the case of all AD patients and controls. Obtained results were very interesting; however, data
were not included in the Table 5 due to experiments that were performed only for half of the
participants and need to be confirmed in a larger sample size.

In summary, EGb showed immunoregulatory activity resulted in a different influence
on selected pro- and anti-inflammatory cytokine production by PBLs. It decreased TNF-«,
IFN-y, and IL-10 production but increased IL-1f3 and IL-15 production by uninfected and
VSV-infected leukocytes of AD patients and controls. The effects of EGb treatment, however,
were much stronger in AD patients. Results of EGb treatment on cytokine production are
presented in Figure 3.

Uninfected PBLs VSV-infected PBLs

EGb effect [log after/before]
2
)

EGb effect [log after/before]
2
1

T 4 A - AD patients
C - Controls

*  Average

© CI95% o

=== 0= No effect

AC AC AC AC AC AC AC AC AC AC AC AC AC AC AC AC
IRF-3 IRF-7 Tet SOCS1SOCS3 NFkB1 NFkpE5 MxA IRF-3 IRF-7 Tet SOCS1SOCS3 NFkB1 NFkp65 MxA

Figure 3. Influence of EGb on pro- and anti-inflammatory cytokine production by uninfected (spon-
taneous) and VSV-infected PBLs from AD patients and healthy age-matched controls. EGb effect
was measured as natural logarithm of ratio after /before cytokine level. Zero means no effect. Points
represent average change after treatment with confidence interval CI95% for the average.

3.5. EGD Treatment Down-Regulates Inflammatory-Associated Genes Expression

To detect and respond to viral infection host cell activates multiple cellular signaling
networks. Viral proteins and nucleic acids ultimately drive an antiviral response and
activating transcription factors. Therefore, to study the influence of EGb on innate immune
mechanisms (PBLs resistance to VSV infection/level of innate immunity and cytokine
production), we investigated the expression of IRFs-3 and -7 (interferon regulatory factors)
mRNA as well as ISGs (IFN-stimulated genes)—tetherin (encoding bone marrow stromal
cell antigen 2) and MxA (encoding myxovirus resistance protein 1). NF-xB transcription
factors and SOCS (suppressor of the cytokine signaling proteins) were also examined.

As was suspected, VSV infection resulted in upregulation in all investigated genes
in AD patients and controls. However, this effect was more pronounced in AD pa-
tients. From Table 6, we can see that MxA was the most highly expressed gene with
over 40 relative fold change in AD, while in controls, it was over 16 relative fold change.
Similarly, after VSV infection in AD, a marked induction (3-8.5 relative fold change) of
IRF-7, tetherin, and SOCS1 was demonstrated. As presented in Figure 4 and Table 6, in
both groups (AD and controls), EGb treatment decreased expression of all investigated
genes (average effect < 0) in uninfected and VSV-infected PBLs. In uninfected PBLs
from AD patients, average reduction in all investigated genes expression after EGb treat-

ment was about EGb ef fectt’;ﬁf;m es.Ap ~ —04; ie., the average level of expression was
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87% = 1.5 times lower compared to the expression before EGb treatment. In the case of con-

trols, it was EGb ef fect?BLs

all genes;Controls ~ —1.1; 1.e., average reduction in genes expression in

controls after EGb treatment was —; = 3 times lower compared to the expression before
EGDb treatment. Interestingly, in VSV-infected PBLs the effect of EGb treatment was stronger
in AD group for all genes than for controls. In PBLs from AD patients, average reduction of

; : : PBLs+VSV . 1. ::
all investigated genes expression was about EGb ef fect, qenessAD 1; ii.e., the average

level of expression was e%] = 2.7 times lower compared, to the genes expression before

PBLs+VSV ~ _ N
all genes;Controls ™ 0.7 ie.,

the average expression in VSV-infected leukocytes was 8,% = 2 times lower compared
to genes expression before EGb treatment. Table 6 presents level of investigated genes
expressions before and after EGb treatment, EGb effects, and comparison of EGb effects in
both groups. Confidence intervals (CI95) in Figure 4 and in Table 6 show greater precision
of expression measurement than testing for statistical significance.

EGb treatment. In PBLs from control group it was EGb ef fect

Table 6. Genes expression before and after EGb treatment and measure of EGb effect in AD patients
and control group. Median is measure of average level. For every individual person and for every
gene change of expression level after, treatment equals d = log % = log(after) — log(before).
EGD effect is average of all ds in a group. EGb effect is the average of ratios % expressed in logs.
Delta A is measure of difference in EGb effects between AD and controls, and this statistic is the
average difference between a randomly selected person from AD group and a randomly selected
person from control group.

Uninfected PBLs VSV-Infected PBLs
IRF-3 PBLs PBLs + EGb EGD effect PBLs + VSV PBLs + VSV + EGb EGB effect
Median 1.65 1.78 —0.04 2.88 2.21 —-0.2
AD CI95 0.76; 4.01 0.59;4.78 —0.95; 1.04 0.61;9.7 1.04; 6.61 —1.41;1.45
Median 2.62 1.17 —0.82 1.95 2.53 0.25
Control
CI95 1.08; 6.3 0.61;2.25 —1.6;0.02 1.05;3.73 0.98; 6.14 —0.58; 1.05
AD delta —1.1 0.92 0.81 2.07 —0.18 —0.56
VS. CI95 —6.43;1.22 —0.79; 3.75 —0.57;2.13 —1.28;9.98 —4.61; 6.35 —1.99;1.37
Control p-value p=02371 p=0.4612
IRF—-7 PBLs PBLs + EGb EGD effect PBLs + VSV PBLs + VSV + EGb EGB effect
Median 1.39 1.06 —0.42 11.78 1.83 —-1.73
AD -3.31;
CI95 0.58; 4.08 0.36; 3.01 —1.37;0.72 3.31;32.97 0.67;7.28 _0.14
Median 2.1 0.52 —1.39 7.84 2.1 —1.34
Control _237:
CI95 0.74;5.9 0.29; 0.96 —247; -0.3 4.44;14.53 0.71;5.13 70.63,
AD delta —1.06 0.77 1.02 7.81 0.18 —0.35
Vs. CI95 —5.65;2.38 —0.37;3.19 —0.62;2.54 —5.26; 39.16 —3.96; 16.53 —2.12;1.79
Control p-value p=01921 p =0.7206
Tet PBLs PBLs + EGb EGD effect PBLs + VSV PBLs + VSV + EGb  EGB effect
Median 1.32 1.12 -0.3 8.27 1.16 —1.81
AD —3.13;
CI95 0.63; 2.94 0.38;2.58 —1.09; 0.83 2.12;24.23 0.58; 3.58 _053
Median 212 0.63 —1.16 6.66 1.79 —1.39
Control —2.16;
CI95 0.85; 5.1 0.3;1.28 —2.16; —0.21 3.89;11.87 0.69; 4.59 70.63,
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Table 6. Cont.

Uninfected PBLs VSV-Infected PBLs
IRF-3 PBLs PBLs + EGb EGD effect PBLs + VSV PBLs + VSV + EGb  EGB effect
AD delta —-1.23 0.59 0.88 3.76 —0.89 —0.43
vs. CI95 —5.11; 0.87 —0.44;1.81 —0.53;2.39 —5.16;19.04 —4.57; 3.69 —2.12;1.26
Control p-value p=0.2264 p =0.5552
SOCS1 PBLs PBLs + EGb EGD effect PBLs + VSV PBLs + VSV + EGb  EGB effect
Median 3.51 3.09 —0.26 11.94 3.63 —1.04
AD
CI95 1.6;8.11 1.2;6.88 —0.9;0.82 3.64; 32.57 1.54;15.29 —2.42;0.26
Median 2.28 0.97 —0.86 4.57 237 —0.75
Control
CI95 0.94;5.72 0.55; 1.68 —-1.7;0 2.89,7.79 0.97,5.17 —1.53; 0.09
AD delta 0.84 2.73 0.63 10.7 2.62 —-0.3
vs. CI95 —2.86; 5.41 0.16; 6.75 —0.58; 1.89 —1.6; 34.36 —3.24;36.4 —2;1.48
Control p-value p = 02868 p = 0.6482
SOCS3 PBLs PBLs + EGb EGD effect PBLs + VSV PBLs + VSV + EGb  EGB effect
Median 2.52 2.34 —-0.17 3.93 243 —0.34
AD
CI95 1.29;5.7 0.86;5.73 —-0.97;0.77 0.9;14.48 1.09;10.14 —1.61;0.99
Median 2.26 0.68 —-1.12 1.29 1.22 —0.23
Control
CI95 0.87; 4.98 0.34; 1.38 —1.92; —0.34 0.81; 2.61 0.5;2.78 —1.06; 0.68
AD delta —0.06 1.9 0.92 4.61 2 —-0.17
vs. CI95 —2.96; 3.8 0.16; 5.99 —0.22;2.17 —0.65;17.48 —1.32;23.93 —1.73; 1.56
Control p-value p=0.1284 p =0.8019
NFkB1 PBLs PBLs + EGb EGD effect PBLs + VSV PBLs + VSV + EGb  EGB effect
Median 2.99 1.63 —0.74 3.87 1.77 —0.68
AD
CI95 1.41,7.73 0.55; 4.45 —1.72;0.46 0.78; 15.27 0.79; 6.55 —1.93; 0.69
Median 2.09 0.87 —-0.76 1.88 1.75 —0.18
Control
CI95 0.99;4.11 0.45;1.72 —1.54; —0.14 1.14;3.26 0.78; 3.82 —0.83; 0.62
AD delta 0.88 0.94 —0.01 512 0.5 —0.55
vs. CI95 —1.87;7.59 —0.62;4.33 —1.25;1.56 —1.06; 21.44 —3.2;11.06 —2.02;1.13
Control p-value p=09873 p = 0.4645
NFkp65 PBLs PBLs + EGb EGD effect PBLs + VSV PBLs + VSV + EGb  EGB effect
Median 2.63 2.5 —0.16 4.71 29 —0.39
AD
CI95 1.16; 6.81 0.92;6.18 —1.05; 0.89 0.98; 16.35 1.38; 10.06 —1.56;1.1
Median 1.93 0.99 —0.63 2.06 2.46 0.1
Control
CI95 0.88;4.11 0.56; 1.75 —1.36; 0.08 1.22;3.46 1.01; 5.68 —0.6; 0.88
AD delta 0.77 19 0.42 528 0.79 —0.55
vs. CI95 —2.05; 6.57 —0.12;5.4 —0.79; 1.84 —0.94;20.13 —4.27;17 —1.99;1.17
Control p-value p=05612 p = 04365
MxA PBLs PBLs + EGb EGD effect PBLs + VSV PBLs + VSV + EGb  EGB effect
Median 047 0.2 —0.98 21.82 0.22 —4.49
AD
CI95 0.17;1.32 0.07; 0.37 —1.77, -0.12 6.87; 64.67 0.1;0.62 :3?17'
Median 1.32 0.15 213 21.69 1.07 —3.01
Control
CI95 0.27;6.13 0.07;0.32 —3.78; —0.46 14.08; 33.2 0.34; 3.57 —4.1;, -2.12
AD delta —2.23 0.02 1.19 6.3 —1.54 —-1.5
vs. CI95 —8.97;0.34 —0.42;0.44 —1.14;3.17 —17.07;73.42 —3.86; 0.03 —3.15; 0.07
Control p-value p = 03098 p =0.069
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Figure 4. Changes in relative expression of inflammatory-associated genes after EGb treatment in
uninfected and VSV-infected PBLs from AD patients and healthy age-matched controls. EGb effect
was measured as natural logarithm of ratio after /before gene expression. Zero means no effect. Points
represent average change after treatment with confidence interval CI95% for the average.

4. Discussion

With numbers of sufferers with cognitive impairments still increasing, dementia
such as Alzheimer’s disease (AD) is observed. AD is an age-related disorder; however,
neurodegenerative changes may begin many years before clinical manifestation of the
disease. Therefore, brain health is becoming very important for the adults and the elderly.
The lack of effective AD treatment means that those affected by this disease are still looking
for any alternative approaches. Nutritional science and dietary supplements, such as
extracts of Ginkgo biloba (EGb), offer an approach (preventative and restorative) to adding
phytonutrients to daily consumption of food and drink [20]. EGb is the most widely studied
natural compound with proven beneficial effect on cognitive functions (improving memory
and concentration) in both healthy adults and patients with mild cognitive impairment
(MCI) or dementia. However, its effect on the immune system is less explored, with
little literature data available. We have previously reported that EGb increased an innate
immune response and regulated cytokine production in healthy young people [21,22].
We suggest the possibility of using EGb for the treatment of immune deficiencies. As
AD is considered as a systemic disease with evidence for changes in immune system
functioning, we examined the effect of EGb on innate immune mechanisms in AD patients.
In the present study, we showed that EGb is a good immunoregulator increasing an innate
immune response of AD patients. We also examined the effect of EGb treatment on several
inflammatory-associated genes expression.

Currently, many EGb preparation are available, with different compositions resulting
in various therapeutic features [23]. We used a standardized extract, prepared according
to the European Pharmacopoeia (Ph. Eur. 8.0); it is easily accessible, which is a great
benefit. In addition, an advantage of herbal drugs is that they have very low side-effects
compared to chemical drugs [6]. Indeed, we observed immuno-enhancing activity of EGb
in an absolutely nontoxic concentration for human peripheral blood leukocytes (PBLs).
The leaves of maidenhair tree (G. biloba) are also excellent sources of antioxidants. Ethanol
extracts of that plant are well-characterized and contain about 22-27% flavonol glycosides,
including polyphenols such as tannins and terpene lactones (5-7%). The high phenolics
content determines strong ferric ion activity, reducing antioxidant power, copper chelating
ability, peroxyl radical scavenging activity, and radical scavenging activity for G. biloba
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extracts [24-26]. Our results correspond to the results of a study on antioxidant properties
of various plant extracts carried out by Szerlauth and others (2019) [24]. It was found that
the plant extracts exhibit remarkable antioxidant properties (ICs) from 0.44 (Alliumsativum)
to 44.18 (Juglansregia) AAEQ values [24].

The observed age-related progressive decline in immune system functioning con-
tributes to a development of chronic states of inflammation resulting in systemic diseases,
including AD. This phenomenon—dysregulation of the immune system—is not limited
to the one mechanism, but it concerns aging of the innate and adaptive immune cells,
alterations in circulating inflammatory mediators, and changes in lymphoid and non-
lymphoid tissues [4]. In AD patients, dysregulation of innate immune mechanisms were
also observed. PBLs resistance to viral infection is a good indicator of the innate immune
system condition. We previously established that the level of innate immunity, measured
with the test based on vesicular stomatitis virus (VSV) replication in human PBLs, was
remarkably correlated with clinical advancement of AD. The higher VSV titer means a
lower level of innate immunity. More severe patients were characterized with a lower level
of innate immunity [27]. We also showed as a potential therapeutic the oral administration
of proline-rich polypeptide complex (PRP) isolated from bovine colostrum, a nutraceutical
intended to boost an immune system by increasing an innate immune response in AD
patients [27]. Here, we present for a first time the strong immune-enhancement activity
of natural, herbal preparation, EGb, in an ex vivo model of PBLs from AD patients. As
we suspected, EGb was capable of significantly improving innate immune response by
decreasing VSV replication in PBLs of AD patients but also controls. The most interesting,
however, was that EGb notably increased an innate immune response in AD women. This
sex discrepancy in EGb effect was not observed in the control group. Similarly, in the
above-mentioned study of EGb effect on the immune system functioning in healthy young
people, sex differences were not observed. Thus, EGb may be promising for immune
improving in AD patients, especially in AD women. It is important due to the fact that
women are more afflicted with the frequency, prevalence, and clinical manifestation of the
disease [28].

According to recent data in animal models, EGb showed wide-ranging anti-inflammatory
and antioxidant properties [29]. The immune effect of EGb was showed by Wan at al. [30] in
the model of mouse microglia cells. Microglia, brain resident macrophages, play an important
role in the development of many central nervous system (CNS) diseases. Reactive microglia
that produce large amounts of inflammatory mediators influence the development of AD [31].
Significantly reduced production of pro-inflammatory cytokines, such as IL-6 and TNF-«,
and increased anti-inflammatory IL-4, IL-13, or TGF-3 were found in the brains of animals
supplemented with EGb [30]. Similar results were presented by Tao et al. [32] in allergic mice.
Administration of EGb showed significant decrease in release of pro-inflammatory IL-4, IL-5,
IL-6, IL-8, and TNF-«. In our study with human leukocytes model ex vivo from AD patients
and healthy age-matched controls, EGb presented immunoregulatory activity. EGb significantly
decreased production of pro-inflammatory TNF-« and IFN-y as well as anti-inflammatory
IL-10 by uninfected and VSV-infected PBLs of AD patients and controls. At the same time,
EGb significantly increased production of IL-15 and slightly increased IL-1f3 in both groups of
participants. Interestingly, this effect was more pronounced among AD patients.

It was established that VSV infection of PBLs induced secretion of IFN-« [33]. In the
present study, IFN-« was also investigated. IFN-« was not assessed for all study participants,
and this investigation needs to be continued. However, interesting observations were obtained.
Although, as suspected, there was no spontaneous secretion of IFN-«, after VSV infection,
leukocytes of both groups responded with production of this cytokine. After incubation with
EGb, the production of IFN-« decreased to no detectable level in all AD patients as well as in
controls. IFN-o was the only cytokine strongly inhibited by the extract.

EGb also downregulated expression of several genes that regulate innate immune
response to viral infection and cytokine production, such as interferon regulatory factors
(IRFs) IRF-3 and -7, which are primary transcriptional factors regulate the type I IFN
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response after RNA virus infections [34]; IFN-stimulated antiviral genes MxA and tetherin,
critical for controlling VSV infection [33]; but also NFkB transcription factors that mediate
induction of various pro-inflammatory genes in innate immune cells; and SOCS, the main
regulators of antimicrobial innate immune response [35,36]. It was presented earlier that
G. biloba extract has anti-oxidative as well as anti-inflammatory properties. A marked
suppression of transcription factor NFkB and pro-inflammatory cytokines (TNF-«, IL-1c,
1L-6) was shown [37].

5. Conclusions

Therefore, EGb may have an advantageous properties for health management in
elderly and AD sufferers but especially in women afflicted with AD. Female sex is a
major risk factor for developing late-onset AD, which is suggested to be implicated in
the menopause transition [38]. The observed beneficial effect of EGb on innate immune
response/increase PBLs resistance to VSV infection may be at least partially explained by
its antioxidant activity and differential influence on cytokine production. Even though the
most important antiviral response is mediated with IFN I, the role of other cytokines should
not be diminished. In our study, EGb decreased IFNs production but increased IL-15 and
IL-1B. IL-15 is known as playing an important role in promoting the development and
homeostasis of NK cells and CD8 T; however, IL-15 also mediates the anti-viral responses
of these cell populations during an active immune response [39]. IL-1§3, next to type I IFNs,
is also a central mediator driving innate antiviral immunity and inflammation [40]. It was
suggested that activation status of peripheral innate immune cells may be a good biomarker
of AD pathology [3]. Thus, improving their activity by adding EGb as accompanying
treatment may be a good long-term course to modify the disease progression.
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N o U e W

Abstract: Helicobacter pylori (H. Pylori) infection is the main bacterial cause of several gastrointestinal
disorders. This study aims to estimate the prevalence of H. pylori infection in a population of Bahraini
adults seeking care in gastroenterology clinics in a tertiary care hospital in the Kingdom of Bahrain
and examine the association between dietary habits and other factors with H. pylori infection. The
study is a hospital-based retrospective, cross-sectional analytical study that included 200 participants.
H. pylori infection prevalence among the studied group was 55.5%, and it was significantly higher
among participants with a high school education or less (44.1%). Among dietary habits, the mean of
frequency of green tea, coffee and honey intake was significantly lower among the H. pylori infected
participants compared to their non-infected counterparts. H. pylori infection was significantly higher
among participants with vitamin D deficiency (63.6%) compared to participants with normal vitamin
D (30%) (p = 0.001) and each unit decrease in serum vitamin D was associated with an increased
risk of infection by 1.1 times (OR = 1.1; 95% CI: 1.05, 1.18; p < 0.001). The study revealed that high
educational levels, consumption of honey, green tea, and coffee, as well as normal serum vitamin
D level, were independent protectors against H. pylori infection. Additional studies are needed to
estimate the prevalence and predisposing factors of H. pylori infection in the general population.

Keywords: dietary habits; Helicobacter pylori; socio-demographic factors; biochemical measurement;
vitamin D; Bahrain

1. Introduction

Helicobacter pylori (H. pylori) is a Gram-negative spiral-shaped bacterium, which colo-
nizes and grows in human gastric epithelial tissue and mucosa [1]. More than 50% of the
global population are infected by H. pylori especially in developing countries and among
populations with low socioeconomic status [2]. H. pylori is usually transmitted through the
feco-oral route due to ingestion of contaminated water or food, but it can be transmitted
through direct contact with saliva and vomitus [3,4]. The microorganism was classified as a
group 1 carcinogen [5] and it causes various upper gastrointestinal (GI) disorders including
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gastritis, gastroduodenal ulcer diseases, and gastric adenocarcinoma [6]. The latter was
recognized to be the fourth-leading cause of cancer-related deaths worldwide in 2020 [7].

Acquisition and various disease outcomes of H. pylori infection are intermediated
by complex interactions between bacterial virulence, host, and environmental factors [8].
There is a high level of disparity in H. pylori genetic recombination and these genetic
differences might exist even in H. pylori colonizing the same individual [9]. Host genetic
background might contribute to protection from infection with H. pylori infection [9]. Some
factors associated with H. pylori infection include age, gender, ethnicity, educational level,
and household income [10]. Furthermore, the crowding index, living standards which
include sanitation and hygiene, and the source of drinking water have all been shown to
be associated with H. pylori infection [11]. Findings related to the relationship between
smoking and H. pylori infection in previous studies are conflicting [12-15].

Over the past years, epidemiological studies have found that diet plays a significant
role in the development of H. pylori infection and investigated the association between
the intake of certain foods and nutrients and the development of such infection [16-18].
Some studies have reported that salty, pickled, fermented, or smoked foods increased
the risk of H. pylori infection [19,20]. On the other hand, other studies have shown that
antioxidant-rich fruits and vegetables were protective against H. pylori infection [21-23].
Moreover, it was reported that lower intakes of raw vegetables were significantly associated
with a higher risk of H. pylori infection [17]. Similarly, meat consumption and consumption
of restaurant food were associated in some studies with an increased risk of H. pylori
infection, while chili pepper intake was shown to have a protective effect [12,17]. In
addition, some studies revealed a protective effect of honey and green tea consumption
against H. pylori infection [24-26]. Coffee consumption has been linked to several health
benefits and some studies found an inverse association between coffee consumption and
the systemic levels of some inflammatory markers [27]. However, it was reported that
frequent consumption of coffee was associated with an increased rate of H. pylori infection
and exacerbation of H. pylori-related gastritis symptoms [18,28]. Some studies did not find
any association between coffee consumption and H. pylori infection [10,29,30]. In addition,
the relationship between H. pylori infection and several modifiable cardio-metabolic risk
factors was reported in the literature [31-33].

Risk factors associated with H. pylori infection, especially lifestyle and dietary habits,
have not been investigated thoroughly in the Kingdom of Bahrain. Given the high burden
of H. pylori infection in developing countries and the high prevalence of modifiable cardio-
metabolic risk factors in the Middle East and North Africa (MENA) region, including
the Kingdom of Bahrain, a study investigating the relationship between predisposing
factors to H. pylori infection including dietary habits is warranted. This study aims to
provide preliminary data regarding H. pylori infection prevalence and predisposing factors
among a group of Bahraini adults followed in the Gastroenterology (GE) unit in a tertiary
care hospital. The findings of this study will help in the future planning of appropriate
preventive, diagnostic, and treatment strategies for H. pylori infection.

2. Materials and Methods
2.1. Study Design, Setting and Duration

This hospital-based retrospective cross-sectional, analytical study was conducted in
the Gastroenterology unit in King Hamad University Hospital (KHUH) in the Kingdom
of Bahrain between the period of January and September 2021. It combines data from
medical records for H. pylori status, other comorbidities, and biochemical parameters with
sociodemographic, lifestyle, and dietary habits information using a tele-interview.

2.2. Study Participants

Participants were recruited if they were 18 years or above, Bahraini, following treat-
ment in GE unit in KHUH, and had done H. pylori testing within the previous 18 months
with either upper GI tract endoscopy biopsy testing or UBT, or both. Patients with updated
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medical records within the past 18 months were eligible. Patients were excluded if they
had a history and/or documentation of H. pylori eradication therapy prior to H. pylori
testing, had a previous diagnosis of cancer, inflammatory diseases such as coeliac disease,
inflammatory bowel disease, or certain food allergies, or had a history of gastric or intesti-
nal surgery or previous gastric perforation or hemorrhage. Patients who were tested for
H. pylori status by methods other than upper GI tract endoscopy biopsy testing or UBT
were not included. Women who were pregnant at the time of the study or previously
pregnant within the past 18 months were excluded since their dietary habits might be
changed during pregnancy.

2.3. Sample Size

Sample size was calculated assuming the following parameters: alpha error = 0.05,
power = 80%, expected effect size: odds ratio (OR) = 1.4 (for the diet as a risk factor),
prevalence of H. pylori (outcome) = 0.50. A total of 200 patients were included in the study.

2.4. Research Tools

A validated structured questionnaire was used as the instrument for data collection.

The questionnaire contains four sections to collect data on sociodemographic, lifestyle,
dietary habits, and medical conditions and biomarkers. Assessment of dietary habits and
the frequency of consumption of food and beverages items were assessed by combining
a validated short version FFQ that was used in previous studies [10,34], the Bahraini
FFQ which is in process of validation, and some food and beverages included based
on findings from the literature (honey, green tea, and soft drinks). The frequency of
consumption for the past 18 months was assessed by selecting one of five categories “less
than once per month/none”, “1-2 times/month”, “1-2 times/week”, “3—4 times/week”
and “every day”. The last section involved data collected from the participant’s medical
records which included documentation of comorbidities such as type 2 diabetes (T2D),
hypertension and hyperlipidemia, systolic and diastolic blood pressure (BP) (mmHg),
height (cm), and weight (kg), FBS (mmol/L), HbAlc as a percentage (DCCT unit), total
cholesterol (mmol/L), low-density lipoprotein (LDL) (mmol/L), high-density lipoprotein
(HDL) (mmol/L), triglycerides (TG) (mmol/L) and vitamin D level (ng/mL). H. pylori
status (positive vs. negative) was determined upon the result of either UBT, upper GI tract
biopsy testing, or both, which had been done within the previous 18 months. The method
used for diagnosis was recorded.

2.5. Data Collection and Procedures

A structured electronic questionnaire was used by five trained interviewers during
telephone interviews to document the consent of participants and collect data related to
sociodemographic, lifestyle, and dietary habits. H. pylori status and medical data were
retrieved from the medical records and documented in the electronic questionnaire form
prior to submission. All questionnaires were collected centrally by the main investigator to
ensure confidentiality.

2.6. Data Entry

Information obtained on anthropometric and biochemical measurements were recoded
as binary (normal level versus not) based on widely known cutoff levels for each parameter.
These BMI categorization and cut-point values for biomarkers were based on international
and national recommendations [35-39].

2.7. Statistical Analysis

All data were entered and analyzed using the Statistical Package for the Social Sci-
ences (SPSS) version 26 (Chicago, IL, USA) software. Categorical variables were computed
as frequencies and percentages, and continuous (numerical) variables were computed
as mean and standard deviation. Student’s t-test was conducted to examine differences
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of means. The Chi-Square test was used to compare frequency distributions of categor-
ical variables. The frequency of food and beverages consumption per week was con-
verted into a numerical scale (less than once per month/None = 0, 1-2 times/month =1,
1-2 times/week = 2, 3—4 times/week = 4, and everyday = 7). The mean for each item was
calculated for H. pylori positive and negative groups. Univariate logistic regression was
employed to evaluate the crude association between dietary factors and H. pylori status.
Binary logistic regression was used to explore the risk factors that affect the presence of
H. pylori. The odds ratio (OR) was calculated using a 95% confidence interval (CI). A p-value
of <0.05 was statistically significant in all statistical tests used. The internal consistency
reliability using Cronbach’s alpha coefficient was used to verify the reliability of the food
frequency questionnaire.

3. Results
3.1. The Prevalence of H. pylori Infection among the Study Participants

In the present study, 200 participants were recruited. The prevalence of H. pylori
infection among the study population was 55.5% (95% CI: 48.7%, 62.3%). H. pylori status
was determined in more than half of the participants (51%) by gastric biopsy testing, 35.5%
by a urea breath test, and 13.5% by both methods (Table S1).

3.2. Sociodemographic Characteristics of the Study Participants

Table 1 presents the sociodemographic characteristics of the study participants and
the association between the sociodemographic characteristics and H. pylori infection. The
age range of the participants was between 18 to 79 years and the mean age was 51.4 years
(95% CI: 49.5-53.3). The proportion of females was larger than males (57% vs. 43%).
The majority of participants were married (80%) and with a high school education or
less (70.5%).

Table 1. Sociodemographic characteristics and their association with H. pylori status among the

study participants.
H. pylori Status
Sociodemographic Characteristics 1 (%) Positive Negative Chi-Square p-Value
1 (%) n (%)
Age
18-30 years 17 (8.5) 10 (58.8) 7 (412)
31-45 years 42 (21.0) 23 (54.8) 19 (45.2) 0,950
46-60 years 83 (41.5) 45 (54.2) 38 (45.8) )
Older than 60 years 58 (29.0) 33 (56.9) 25 (43.1)
Gender
Male 86 (43.0) 48 (55.8) 38 (44.2) 0.938
Female 114 (57.0) 63 (55.3) 51 (44.7) :
Marital status
Married 160 (80.0) 88 (55) 72 (45) 0776
Unmarried 40 (20.0) 23 (57.5) 17 (42.5) :
Educational level
High school or below 141 (70.5) 85 (60.3) 56 (39.7) 0.035
College /university 59 (29.5) 26 (44.1) 33 (55.9) -
Employment status
Employed 49 (24.5) 24 (49) 25 (51)
Unemployed 81(40.5) 43 (53.1) 38 (46.9) 0.277
Retired 70 (35.0) 44 (62.9) 26 (37.1)
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Table 1. Cont.

H. pylori Status

Sociodemographic Characteristics n (%) Positive Negative Chi-Square p-Value
n (%) n (%)
Household income
BHD 300 or less 17(8.5) 16 (59.3) 11 (40.7)
BHD 301-600 61 (30.5) 35 (57.4) 26 (42.6) 0201
BHD 601-900 59 (29.5) 37 (62.7) 22 (37.3) :
BHD 900 or more 53 (26.5) 23 (43.4) 30 (56.6)
Number of household members
1-4 79 (39.5) 44 (55.7) 35 (44.3)
5-8 90 (45.0) 47 (52.2) 43 (47.8) 0.493
8 or greater 31 (15.5) 20 (64.5) 11 (35.5)
Number of household rooms
1-3 69 (34.5) 37 (53.6) 32 (46.4)
4-6 96 (48.0) 54 (56.3) 42 (43.8) 0.858
6 or more 32 (16.0) 19 (59.4) 13 (40.6)
Data in bold are statistically significant.
3.3. Association of Sociodemographic Characteristics and Lifestyle Factors with H. pylori Infection
H. pylori infection was significantly higher among participants with high school edu-
cation or less compared to those with college /university education (p = 0. 035) (Table 1).
H. pylori infection was more prevalent among smokers (73.9%) compared to non-smokers
(53.1%); however, the difference was not statistically significant (Table 2). There was no sig-
nificant association between H. pylori infection and any of the lifestyle factors investigated
in this study (Table 2).
Table 2. Lifestyle factors and their association with H. pylori status among the study participants.
H. pylori Status
Lifestyle Factors n (%) Positive Negative Chi-Square p-Value
n (%) n (%)
Smoking status
Non-smoker 177 (88.5) 94 (53.1) 83 (46.9) 0.059
Smoker 23 (11.5) 17 (73.9) 6 (26.1) :
Number of cigarettes smoked/day
10 or less 17 (36.9) 8 (47.1) 9 (52.9)
11-20 17 (37.0) 10 (58.8) 7 (41.2) 0.560
20 or more 12 (26.1) 8 (66.7) 4(33.3)
Level of perceived stress
Less than 3 (Low) 30 (15) 18 (60) 12 (40)
3-6 (Moderate) 89 (44.5) 49 (55.1) 40 (44.9) 0.861
7-10 (High) 81 (40.5) 44 (54.3) 37 (45.7)
Number of hours of sleep per night
Less than 5 h 39 (19.5) 25 (64.1) 14 (35.9)
5-7h 123 (61.5) 62 (50.4) 61 (49.6) 0.186
More than 7 h 38 (19) 24 (63.2) 14 (36.8)
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Table 2. Cont.

H. pylori Status

Lifestyle Factors n (%) Positive Negative Chi-Square p-Value
n (%) n (%)
Number of times/week of being physically active
None 75 (37.5) 42 (56) 33 (44)
Less than 1 time per week 22 (11.0) 12 (54.5) 10 (45.5) 0.427
1-3 times per week 21 (10.5) 15 (71.4) 6 (28.6) ’
More than 3 times per week 82 (41.0) 42 (51.2) 40 (48.8)
Duration of physical activity
Less than 20 min 21 (16.8) 11 (52.4) 10 (47.6) 0.776
20 min or more 104 (83.2) 58 (55.8) 46 (44.2) .

3.4. Association between Dietary Habits and H. pylori Infection

Table 3 demonstrates the differences and associations between the frequency of con-
sumption of food and beverages in H. pylori positive and negative participants. There
was a significant negative relationship between the mean level of green tea (p = 0.012),
honey (p = 0.018), and coffee consumption (p = 0.007) with H. pylori infection. The mean
of frequency of green tea, coffee, and honey intake was significantly lower among the
H. pylori infected participants compared to their non-infected counterparts. There was no
significant association between the mean level of frequency of consumption of other food
and beverage items and H. pylori infection.

Table 4 shows that the H. pylori positivity rate was significantly lower (38.6%) in
green tea consumers > 1 day/week compared with their counterparts (60.3%) (p = 0.0011).
Logistic regression analysis showed a lower risk of H. pylori infection in participants who
consume green tea > 1 day/week (OR, 0.011; 95% CI, 0.23-0.92). H. pylori positivity rate was
lower (50%) in coffee consumers > 1 day/week compared with their counterparts (63.4%)
and in honey consumers > 1 day/week (48.8%) compared with the other participants
(60.5%), but this difference was not statistically significant (Table 4).

As shown in Table 5, H. pylori infection was more prevalent among participants who
consumed well water during childhood as the main source of drinking water (66%), chili
peppers (58.8%), salty foods (60.6%), and restaurant meals more than three times a week
(59%); however, the differences were not statistically significant.

3.5. Association of Some Medical Conditions and Biomarkers of the Study Participants with
H. pylori Infection

Table 6 shows some of the medical conditions and biochemical markers of the study
participants and their association with H. pylori infection. H. pylori positivity rate among
participants who were overweight (58.9%) or obese (50.50.5%) was higher compared to par-
ticipants with normal BMI (48.1%); however, this difference was not statistically significant.
The proportion of H. pylori was higher among participants with hyperlipidemia (61.7%),
and abnormally high levels of LDL (57.7%) as compared to their counterparts. H. pylori
infection was significantly more prevalent among participants with vitamin D deficiency
(63.6%) compared to participants with normal vitamin D levels (30%) (p = 0.001).
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Table 3. Mean level of frequency of consumption of food and beverage items and their association
with H. pylori status.

H. pylori Status

Mann-Whitney

Food Positive Negative p-Value
Mean & SD Mean + SD

Grains 63+1.6 6.0+19 0.374
Green vegetables 47 +26 54+23 0.057
Tuberous vegetables 44+25 49+23 0.153
Fish 22+14 22412 0.746
Chicken 39+21 434+20 0.166
Red meat 1.6 +1.2 1.8+ 1.1 0.139
Sausage 03 +0.8 02+05 0.740
Hot dog 0.1+05 02+05 0.220
Salami or ham 0.1+05 03+09 0.134
Hamburger 08+ 1.1 08+12 0.922
Milk 33+29 3.8+3.0 0.263
Yogurt 34+27 3.6 £2.6 0.374
Salty cheese 3.6+£27 41+£27 0.182
Fresh fruits 49+25 51+24 0.651
Legumes 1.8+15 1.7+ 18 0.215
Eggs 31+23 32+22 0.571
Nuts and dried fruits 25+23 32+27 0.154
Salted fish 03 +0.7 0.6+1.1 0.130
Pickled vegetables 1.0£19 07+£13 0.508
Onion 44+28 44+28 1.000
Garlic 40+29 40+3.0 0.926
Tomato 48+26 47 +28 0.828
Butter and ghee 14420 16422 0.377
Vegetable oils 54+24 56+23 0.561
Deserts 27+26 27425 0.835
Tea 4.6 £3.0 51+27 0.214
Green tea 0.8+18 1.3+21 0.012
Coffee 27+29 3.7+3.0 0.007
Soft drinks 14+22 1.1+18 0.350
Honey 1.8+23 28+29 0.018

Data in bold are statistically significant.

Table 4. Association between H. pylori status with green tea, coffee, and honey consumption.

H. pylori Status

o . Chi-Square
P - 0,
ositive Negative p-Value OR p-Value 95% CI for OR
1 (%) 1 (%)
Green tea
<1 day weekly 94 (60.3) 62 (39.7)
>1 day weekly 17 (38.6) 27 (61.4) 0.011 046 0.029 (0.23,0.92)
Coffee
<1 day weekly 52 (63.4) 30 (36.6)
>1 day weekly 59 (50) 59 (50) 0.060 0.62 0.107 (0.34,1.11)
Honey
<1 day weekly 69 (60.5) 45 (39.5)
>1 day weekly 42 (48.8) 44 (51.2) 0.100 0.65 0.149 (0.37,1.17)

Data in bold are statistically significant.
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Table 5. Dietary habits of the study participants and their association with H. pylori status.

H. pylori Status

Dietary Factors N (%) Positive Negative Chi-Square p-Value
1 (%) n (%)
Source of drinking water during childhood
Tap water 115 (57.5) 62 (53.9) 53 (46.1)
Well water 53 (26.5) 35 (66) 18 (34) 0.117
Filtered or mineral water 32 (16.0) 14 (43.8) 18 (56.3)
Consumption of chili pepper
Yes 102 (51.0) 60 (58.8) 42 (41.2) 0335
No 98 (49.0) 51 (52) 47 (48) -
Salt status of consumed dishes
Salty 99 (49.5) 60 (60.6) 39 (39.4) 0.150
Less salty/Salt free 101 (50.5) 51 (50.5) 50 (49.5) .
Speed of meals consumption
Fast 61 (30.5) 33 (54.1) 28 (45.9)
Normal 78 (39.0) 45 (57.7) 33 (42.3) 0.883
Slow 61 (30.5) 33 (54.1) 28 (45.9)
Temperature status of meals consumed
Cool/warm 83 (41.5) 45 (54.2) 38 (45.8) 0.758
Hot 117 (58.5) 66 (56.4) 51 (43.6) :
Frequency of consuming meals prepared
outside home
<1 time per month/Never 54 (27.0) 30 (55.6) 24 (44.4)
1-3 times/month 60 (30.0) 34 (56.7) 26 (43.3) 0.897
1-2 times per week 47 (23.5) 24 (51.1) 23 (48.9) )
3-7 times per week 39 (19.5) 23 (59) 16 (41)

Table 6. Medical condition of the study participants and its association with H. pylori status.

H. pylori Status

Medical Characteristics N (%) Positive Negative Chi-Square p-Value
n (%) n (%)
Diagnosis of Hypertension
Yes 67 (33.5) 38 (56.7) 29 (43.3) 0.806
No 133 (66.5) 73 (54.9) 60 (45.1) -
Diagnosis of Diabetes
Yes 62 (31.0) 35 (56.5) 27 (43.5) 0,856
No 138 (69.0) 76 (55.1) 62 (44.9) -
Diagnosis of Hyperlipidemia
Yes 60 (30.0) 37 (61.7) 23 (38.3) 0.251
No 140 (70.0) 74 (52.9) 66 (47.1) :
BMI
Normal weight (18.5-24.9) 27 (15.3) 13 (48.1) 14 (51.9)
Overweight (25.0-29.9) 56 (31.6) 33 (58.9) 23 (41.1) 0.530
Obese (>30.0) 93 (52.5) 47 (50.5) 46 (49.5)
Blood pressure
Normal 46 (23.2) 25 (54.3) 66 (45.5) 0.851
Above normal 152 (76.8) 85 (55.9) 67 (44.1) ’
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Table 6. Cont.

H. pylori Status

Medical Characteristics N (%) Positive Negative Chi-Square p-Value
1 (%) n (%)
Cholesterol
Normal (<5.6 mmol/L) 67 (68.4) 35 (52.2) 32 (47.8) 0402
Above normal (>5.6 mmol/L) 31 (31.6) 19 (61.3) 12 (38.7) .
Normal (<1.7 mmol/L) 70 (72.2) 38 (54.3) 32 (45.7) 0.829
Above normal (>1.7 mmol/L) 27 (27.8) 14 (51.9) 13 (48.1) :
Normal (<2.6 mmol/L) 45 (46.4) 22 (48.9) 23 (51.1) 0386
Above normal (>2.6 mmol/L) 52 (53.6) 30 (57.7) 22 (42.3) §
Normal (>1.5 mmol/L) 26 (26.8) 17 (65.4) 9 (34.6) 0.159
Below normal (<1.5 mmol/L) 71(73.2) 35 (49.3) 36 (50.7) .
Normal (<5.6 mmol/L) 18 (45.0) 10 (55.6) 8 (44.4) 0.525
Above normal (>5.6 mmol/L) 22 (55.0) 10 (45.5) 12 (54.5) :
HbAlc
Normal (<5.7%) 23 (24.2) 12 (52.2) 11 (47.8) 0,688
Above normal (>5.7%) 72 (75.8) 41 (56.9) 31 (43.1) -
Vitamin D
Normal (>20 nmol/L) 40 (34.2) 12 (30) 28 (70) 0.001
Below normal (<20 nmol/L) 77 (65.8) 49 (63.6) 28(36.4) .

BMI: Body Mass Index, TG: Triglycerides, HDL: High-Density Lipoprotein, LDL: Low-Density Lipoprotein,
EBS: Fasting Blood Sugar, HbA1: Glycated hemoglobin. Analysis was done in accordance with the available data.
BMI = 177, Blood pressure = 198, Cholesterol = 98, Triglycerides = 97, LDL = 97, HDL = 97, FBS = 40, HbAlc = 95,
and vitamin D = 117. The data in bold is statistically significant.

3.6. Bivariate Logistic Regression Analysis of Some of the Variables

Table 7 gives an overview of the results of the bivariate logistic regression analysis.
Participants with a high school degree or below were 1.38 times more likely to develop
H. pylori infection compared to participants with a college/university degree, but the
difference is not statistically significant (p = 0.474). In addition, smokers were 3.58 times
more likely to develop H. pylori compared to non-smoker participants, but the difference is
not statistically significant (p = 0.129). Finally, the risk of H. pylori infection increases by
1.11 per one unit decrease of vitamin D (OR: 1.11, 95% CI of 1.05, 1.18, p < 0.001).

Table 7. Binary logistic regression of educational level, smoking status, and Vitamin D level on
H. pylori status.

Odd Ratio p-Value 95% CI for Odd Ratio
Educational level
High school or below 1.38 0.474 (0.57, 3.35)
College/university Reference
Smoking status
Smoker 3.58 0.129 (0.69, 18.51)
Non-smoker Reference
Vitamin D 1.11 <0.001 (1.05,1.18)

Data in bold is statistically significant.
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4. Discussion

The present study estimated the prevalence of H. pylori infection in a population of
Bahraini adults seeking care at tertiary level and investigated the relationship between
several factors including dietary habits and H. pylori infection. The overall prevalence of
H. pylori infection found in this study was 55.5%. This is comparable to the prevalence
of 59.4% reported by Alshaikh et al. (2021) in a recent retrospective study conducted
in the Kingdom of Bahrain [40]. Interestingly, previous studies conducted more than
20 years back on samples of dyspeptic adult patients who underwent gastroscopy in a
tertiary care hospital in Bahrain revealed prevalence ranges between 75% and 79.4% [41,42].
These findings could suggest a decreasing trend of H. pylori infection among symptomatic
patients specifically, which raises a question if that the decreasing trend of H. pylori infection
observed in symptomatic patients applies to the general population of Bahrain. The
prevalence found in this study is near to the prevalence of 52.4% reported by Assaad et al.
(2018) in a study conducted in Lebanese patients referred for upper GI endoscopy [10].
However, a lower prevalence was reported in studies conducted in dyspeptic patients in
Oman (41%) and in Jazan Province in Saudi Arabia (46.5%) [30,43]. Many studies conducted
in the Middle East/North Africa (MENA) region including Iran, Egypt, and Turkey reported
higher infection rates which reached 86.8% in Iran [14,31,44]. The prevalence of H. pylori
among subjects with dyspepsia in the United States, Brazil, and China was 28.9%, 57%, and
84% respectively [43]. The difference in the prevalence of H. pylori infection observed in
different studies might be due to variation in the study design, sample size, study setting,
the period in which the study was conducted, participants’ characteristics, ethnicities of
the sample, and testing methods used to determine H. pylori status. In addition, variation
in bacterial virulence and stereotypes, antibiotic resistance, environment, living standards,
socioeconomic and lifestyle factors, and dietary habits in different contexts could affect this
prevalence. The prevalence reported in this study cannot be generalized to reflect H. pylori
prevalence in the Kingdom of Bahrain, since it represents only the rate of the infection in
a relatively small cohort of patients who were following treatment in one of the tertiary
hospitals in the country.

H. pylori infection was significantly higher among participants with lower educational
levels (high school degree or below) (60.3% positivity rate) compared to subjects with
higher educational levels (college /university degrees) (44.1% positivity rate). Participants
with university degrees might be more knowledgeable/aware of health-related issues and
have a healthier lifestyle compared to those with lesser educational levels. In agreement
with this study’s finding, participants with higher educational levels were less likely to
have H. pylori infection in studies conducted in Turkey, Korea, and China [14,45].

None of the lifestyle factors studied was associated with H. pylori infection. This
finding could be due to the small sample size, participants’ characteristics as patients
with certain health-seeking behavior, and the study design which is prone to recall bias.
Furthermore, the data was collected during the COVID-19 pandemic in which the lifestyle
of the majority of the population has been changed due to the quarantine and social
distancing precautions [45]. Consistent with this finding, Assaad et al. (2018) in Lebanon
found no association between H. pylori infection and any of the lifestyle factors studied
which include smoking, alcohol consumption, physical activity, number of sleep hours per
night, and perceived level of stress [10].

Findings in this study revealed that the H. pylori infection rate was lesser among
participants with higher consumption of green tea and honey. H. pylori infection rate was
significantly lesser among participants who consume green tea one time or more per week.
Green tea and honey have been shown to exhibit antibacterial activity to inhibit the growth
of H. pylori and gastric mucosal inflammation [46,47]. Honey has a potent antibacterial
activity due to certain characteristics as low pH, high osmolarity and hydrogen peroxide
content [47,48]. Consistent with this finding, a study conducted in Bulgaria to assess the
dietary habits of 150 patients with dyspepsia revealed that honey intake at least once a week
(OR: 0.38) and green/black tea consumption for at least one day or more a week (OR: 0.45)

144



Nutrients 2022, 14,4215

were significantly associated with lower prevalence of H. pylori infection [24]. Similarly,
Mard et al. (2014) and Yordanov et al. (2017) found a significant negative correlation
between the intake of honey and H. pylori infection [25,26]. This study also showed that
H. pylori infection was associated with lower frequencies of coffee consumption. Coffee
consumption has been linked to several health benefits as lowering the risk of some diseases
such as cardiovascular diseases, type 2 diabetes, obesity, and some types of cancers [49].
Coffee is rich in polyphenols which are known to affect immune function and chronic
inflammation [27]. It also contains arabinogalactan proteins which are a type of polysaccha-
ride that exhibits prebiotic and immunomodulatory properties [49]. Loftfield et al. (2015)
found an inverse association between coffee consumption and the systemic levels of some
inflammatory markers [27]. Findings from the literature on the relationship between coffee
consumption and H. pylori infection are inconsistent. Alebie et al. (2016) in a study that
included 145 Ethiopian students with gastritis found that consumption of coffee exacer-
bates H. pylori related gastritis symptoms [28]. Monno et al. (2019) in a retrospective study
conducted in Italy revealed that the frequent consumption of coffee increases the H. pylori
infection rate [18], while other studies did not find any association between coffee con-
sumption and H. pylori infection [10,29,30]. The relationship between coffee consumption
and H. pylori infection might be attributed to the differences in the type of coffee consumed
and preparation methods. Another reason for the observed finding could be an intentional
reduction of coffee consumption among H. pylori infected participants due to their personal
beliefs or health care workers’ instructions. It might be important in future studies to
include data about the type and amount of coffee consumed, preparation methods and if
the participant intentionally altered consumption for any reason.

It is essential to study details about dietary patterns, since evaluating food items in
isolation might not provide a full view of nutrients’” interaction. Moreover, dietary habits
were assessed during the COVID-19 pandemic, during which some dietary habits might
have been altered [50]. The COVID-19 pandemic affected eating behaviors and limited
access to fresh food due to quarantine precautions and lockdown which led to increased
consumption of processed and fast foods that are rich in salt, sugar, and saturated fat [51].

This study showed that H. pylori infection was more prevalent among participants
with vitamin D deficiency. Evidence from the recent literature indicates that vitamin D
possesses immunoregulatory functions that exhibit an effect on susceptibility to infections
in general and to H. pylori specifically [52]. Vitamin D might decrease the risk of infection by
various mechanisms; vitamin D improves innate immunity by modulating the production
of antimicrobial peptides and cytokine response [52]. Furthermore, Vitamin D helps to
enhance the activity of monocytes and macrophages and contributes to systemic antimicro-
bial effects [53]. Consistent with this study’s findings, a multi-centric study reported that H.
pylori infected participants had significantly lower serum vitamin D levels compared to the
non-infected group [54]. Assaad et al. (2018) in Lebanon, reported that H. pylori infection
risk was significantly higher among participants with vitamin D deficiency (OR = 29.14)
compared to participants with normal vitamin D levels [10]. A recent study conducted in
Turkey revealed that vitamin D deficiency was associated with increased odds of H. pylori
infection by almost 3 times [55]. Yang et al. (2019) revealed that vitamin D had a protective
effect against H. pylori infection and improved the success rate of H. pylori eradication [52].
The relationship between vitamin D and H. pylori infection is worth more investigation in
the context of Bahrain, as many factors might be involved including diet and comorbidities.
Considering vitamin D supplementation as part of prevention and treatment plans of
H. pylori infection for certain groups in the population might be effective.

5. Strengths and Limitations

This study had several strengths and limitations. First, to the best of our knowledge,
this is the first study in the Kingdom of Bahrain and one of few in the region to evaluate
the association between sociodemographics, lifestyle, dietary habits, and some medical
conditions with H. pylori infection. Second, a short version-13 item-FFQ previously val-
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idated by Yassibas [31] was used to assess dietary intake, FFQ is considered one of the
best dietary tools to assess the relationship between diet and disease. Furthermore, the
internal consistency and reliability of this tool were improved by adding items from the
Bahraini FFQ that is in process of validation and other food items and beverages that were
related to H. pylori infection in previous studies. Third, the data were collected through
telephone interviews and not self-administered, so that the interviewer might clarify any
misunderstandings if needed and minimize missing information. Fourth, H. pylori status
was determined upon upper GI endoscopy biopsy testing and/or UBT, both of which have
high diagnostic accuracy. Finally, medical data were retrieved from the patients’ medical
records, minimizing any self-reporting or categorization bias. Some limitations regarding
this study should be considered when interpreting the results. The data collection was
conducted during the COVID-19 pandemic; within this period some lifestyle and dietary
habits might be affected. In addition, due to the regulations related to that period, some
non-urgent investigations/procedures were rescheduled, which affected our reach to the
targeted population. Due to that reason, we included any patient who had done the
H. pylori testing within the previous 18 months by either UBT or upper GI endoscopy
biopsy testing. The convenience sampling method used to select the participants and this
subgroup characteristics might limit the ability to generalize the results to the general
population. Moreover, the use of FFQ might represent some limitations. Food intake in the
previous 18 months of the interview was self-reported by participants with no measure for
verification, which might lead to possible recall and information bias. In addition, intake
of food and beverage items was assessed without specifying quantities or portion size.
However, the variation in portion size between participants is smaller than the variation
in the frequency of consumption, which will have a limited effect on the findings. Some
medical data were missing or not updated for a group of participants. This could contribute
to the final findings. Finally, an inference of causality cannot be generated due to the
cross-sectional study design.

6. Conclusions

H. pylori infection is a major public health problem that affects more than half of the
world population leading to a range of GI and extra-gastric problems. This study is the
first in Bahrain and one of few in the region to investigate the relationship between diet
and H. pylori infection. H. pylori infection was significantly higher among participants with
lower educational levels (high school degree or below) compared to those with higher
educational levels (university degree). Intake of honey, green tea, and coffee was found
to be protective against H. pylori infection. In addition, vitamin D deficiency was a risk
factor for H. pylori infection. Including diet, in prevention measures and in support of
treatment options of H. pylori infection will provide an acceptable convenient approach to
control H. pylori with reasonable cost, high availability, and lesser side effects compared
to medications.
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Abstract: Malabsorptive disorders are closely associated with micronutrient deficiencies. In inflam-
matory bowel disease (IBD), trace element deficiencies pose a clinical burden from disease onset
throughout its course, contributing to morbidity and poor quality of life. We aimed to conduct a

systematic review and meta-analysis of the prevalence of zinc deficiency in IBD. Literature screening
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was performed on six electronic databases until 1 May 2022. Two independent investigators assessed
the 152 retrieved articles for inclusion criteria, met by only nine, that included 17 prevalence entries
for Crohn’s disease (CD) (1 = 9) and ulcerative colitis (UC) (1 = 8). No exclusion criteria were applied
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to language, deficiency cut-offs, population age, general health status, country, or study setting
(cohort or cross-sectional). The prevalence of zinc deficiency in blood was scored positive if due to a
single disease, not cumulative factors. Zinc deficiency prevalence across selected studies showed
higher values in CD than in UC. Pooled analyses by the IBD subgroup showed a total population of
1677 with CD, for an overall mean zinc deficiency prevalence of 54% and 95% confidence intervals (CI)
ranging from 0.51 to 0.56, versus 41% (95%CI 0.38-0.45) in the UC population (1 = 806). The overall

prevalence at meta-analysis was estimated at 50% (95%CI 0.48-0.52), but with high heterogeneity,
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across selected studies was moderate to low. In IBD contexts, one of two patients suffers from zinc
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deficiency. Mismanagement of micronutrient deficiencies plays a role in inflammation trajectories
and related cross-pathways. Clinicians in the field are advised to list zinc among trace elements to be
monitored in serum.
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1. Introduction

Zinc is among the trace inorganics that are found in body fluids and tissues in small
amounts but are essential for body growth and function. About 85% of zinc in the body
is found in muscle and bone, 11% in skin and liver, and the rest in all other tissues.
Interestingly, no single test reflects the zinc status in the whole body; however, tests for
plasma or serum zinc are the most widely used [1]. Zinc in plasma is bound nearly 60%
to albumin, 40% to macroglobulins, and 3% to amino acids and the renal ultrafiltration
fraction [2]. Human metabolic pathways show that zinc is involved in the function of many
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enzymes, being an integral component of nearly 10 percent of the human proteome (e.g.,
of several key enzymes and transcription factors). According to recent dietary guidelines,
an adult daily intake of 11 mg (males) and 8 mg (females) is recommended [2]. Dietary
zinc sources include a wide range of edible sources [3]. Oysters have the greatest zinc
concentration per serving, although red meat and poultry supply most of the zinc in the
diet. Beans, nuts, different types of shellfish (such as crabs and lobsters), whole grains,
fortified breakfast cereals, and dairy products are other good sources [4]. Phytates, found
in whole-grain bread, cereals, legumes, and other foods, bind to zinc and prevent its
absorption [5,6]. Consequently, zinc bioavailability from cereal and plant diets is lower
than from animal foods, despite the significant zinc content in many cereal and plant foods.
Citric acid may improve absorption, whereas iron, copper, calcium, fiber, and phytates may
inhibit it. Zinc is an essential element for the integrity of bodily structures and activities.
Zinc acts as a cofactor for various enzymes involved in growth, cell signaling pathways,
cellular activities, immune function, and tissue repair.

Once ingested, zinc is absorbed in the small intestine, both the distal duodenum
and proximal jejunum. However, research has yet to shed light on zinc homeostasis in
enterocytes and the molecular processes intrinsic to intestinal absorption. In particular, the
transfer of zinc through enterocytes upon absorption, its subsequent basolateral release
into the bloodstream, and the involvement of zinc-binding or zinc-transport proteins in this
process need to be elucidated, apart from the already known metallothionein. In addition,
the involvement of zinc-transporters in the cytoplasmic organelles of enterocytes (such as
ZnT-2, ZnT-4, ZnT-6, and ZnT-7) in cellular zinc trafficking and homeostasis needs to be
investigated in intestinal cell models in vitro to understand the regulation of zinc transit
at the enterocyte level. Zinc levels are often low in patients with chronic diarrhea and
malabsorptive disorders [7].

This is why trace elements deficiency is common in patients with inflammatory bowel
disease (IBD) during both active disease and remission [8,9]. Increased zinc losses occur
mostly in conjunction with diarrhea, ostomies, and high-exit fistulas, often experienced in
IBD. In conjunction with the chronic malabsorption state in cases of intestinal inflammation,
micronutrient leaks are likely responsible for zinc deficiency from the disease onset. Reports
indicate that subclinical zinc deficiency may lead to mucosal inflammation in these patients,
as well as exacerbate colitis, and increase the production of pro-inflammatory cytokines [10].

Of note, biologically speaking, zinc homeostasis is strongly affected by a balance be-
tween the zinc-binding protein metallothionein and the expression of two zinc transporters.
Because albumin is the zinc transporter, a low albumin level, mainly common to IBD
patients experiencing malnutrition, malabsorption, an increased fractional catabolic rate of
albumin, and increased albumin transfer out of the vascular system, may affect zinc levels.

Extensive reports so far substantiate the burden of micronutrient deficiencies in mal-
absorptive settings. However, studies investigating zinc deficiency in IBD patients are
few, heterogeneous, and were performed in small patient subsets. The findings are often
fragmented, whereas the deficiencies spectrum is broad. Here, we conducted a systematic
review and meta-analysis of available data to estimate the prevalence of zinc deficiency in
IBD, looking at the pattern of prevalence profiles across the two well-known forms of IBD,
presumed to reflect the intrinsic difference in the inflammatory site.

2. Methods
2.1. Search Strategy, Selection Criteria, and Data Extraction

A computerized literature search of MEDLINE and the Cochrane database did not
identify any previous systematic reviews on the prevalence of zinc deficiency in IBD. The
present systematic review followed the Preferred Reporting Items for Systematic reviews
and Meta-Analyses (PRISMA) guidelines, adhering to the PRISMA 27-item checklist [11].
An a priori protocol for the search strategy and inclusion criteria was established and
recorded, with no particular changes to the information provided at registration on PROS-
PERO, a prospective international registry of systematic reviews (CRD42023330824). We
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performed separate searches in the US National Library of Medicine (PubMed), Medical
Literature Analysis and Retrieval System Online (MEDLINE), EMBASE, Scopus, Ovid,
and Google Scholar to retrieve original articles investigating serum zinc levels and the
prevalence of zinc deficiency in IBD populations. The primary objective was to assess a
pooled prevalence of a plasma zinc concentration deficit in IBD settings. We also considered
the gray literature using the massive preprint archive https://arxiv.org/in (accessed on 1
August 2020) in the study selection phase, and the database http://www.opengrey.eu/to
(accessed on 1 August 2020) to access notable conference abstracts and other non-peer-
reviewed material. No exclusion criteria were applied to language, the defined deficiency
status cut-off, nor population age, general health status, country, recruitment settings
(hospital, community, or home care), and study setting (trials, cohort, or cross-sectional).
We used only original articles investigating IBD populations and providing disease-specific
prevalence data separately for Crohn’s and ulcerative colitis, as an inclusion criterion.
The research strategy used in PubMed and MEDLINE and adapted to the other four
electronic sources included the keywords “zinc”, “inflammatory bowel disease”, “Crohn’s
disease”, and “ulcerative colitis” combined through the use of Boolean indicators such as
“AND” and “OR”. The search strategy used the Boolean indicator “NOT” to rule out letters,
revisions, and meta-analyses. The literature search had no time restriction, and papers were
retrieved until 1 May 2022. No language restrictions were made. Two researchers (RZ, AS)
conducted the searches, reviewed titles and abstracts of articles retrieved separately and in
duplicate, checked full texts, and selected the papers for inclusion in the study. Technical
reports, letters to the editor, and systematic and narrative review articles were excluded.
Inter-rater reliability (IRR) was used to estimate inter-coder agreement and the « statistic
to measure accuracy and precision. In accordance with PRISMA concepts and the quality
assessment steps, a coefficient k of at least 0.9 was obtained in all data extraction steps [12].

2.2. Data Analysis

Two investigators (RZ, AS) extracted the following information separately and in
duplicate in piloted form: author, publication year, survey year, country, and design
(longitudinal, cross-sectional). Researchers tabulated data by IBD type of disease (Crohn’s
disease, CD, and ulcerative colitis, UC) to retrieve information on (1) sample size (1), (2) age
(expressed as mean =+ standard deviation, SD, or interquartile range, IQR), (3) male and
female representativeness (expressed as 1 and %), serum zinc levels (according to IBD type,
where possible, and expressed as mean & SD or median and IQR), (4) threshold value
used to assess zinc deficiency, (5) prevalence of zinc deficiency by IBD, and (6) summary of
study findings. All references selected for retrieval from the databases were managed with
the MS Excel data collection software platform by an expert biostatistician (FC). Finally,
the data extracted from the selected studies and stored in the database were structured as
evidence tables.

The quality of the studies included in the meta-analysis was evaluated using a tool
developed by Hoy and colleagues [13]. Each study was assigned a score of one (yes) or
zero (no) for each of the ten criteria. Based on the total score, studies were categorized as
having a low (>8), moderate (6-8), or high (<5) risk of bias. Disagreements between the
two investigators on the methodological quality of the included studies were addressed
by discussion, involving a third investigator in the final agreement (RS). All data analyses
were performed using R, version 2021.09.1; our biostatistician (FC) used the meta-package
to conduct meta-analyses of the zinc deficiency prevalence (%), subdivided according to
IBD illness type (CD, UC). A common-effects model was used to calculate the prevalence
and 95% confidence intervals (CI) (Figures 1 and 2). The Higgins and colleagues [14] I? test
was used to estimate percentage heterogeneity between studies that cannot be explained by
chance. The closer this value is to zero, the less the variability between studies. Negative
values are comparable to zero and indicate that there is no heterogeneity. Values below 25%
suggest a low, between 25% and 50% moderate, and above 50% high heterogeneity among
studies. The funnel plot shown in Figure 3 was used as a visual tool when investigating
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publication bias. The horizontal axis shows the scatter of treatment effects estimated from
individual studies, while the vertical axis shows study size.
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Figure 1. Flow diagram of literature screening process.
Study Events Total Proportion 95%-Cl
Ehrlich, Shay, et al. , 2020 198 225 i - 0.88 [0.83; 0.92]
Han, Yoo Min, et al. , 2017 19 34 —E'— 0.56 [0.38; 0.73]
MacMaster et al. , 2021 14 59 — ! 0.24 [0.14;0.37]
Schneider, Caviezel, et al. , 2019 11 98 =+ H 0.11 [0.06; 0.19]
Siva, Rubin, etal., 2017 326 773 - i 0.42 [0.39; 0.46]
Ishihara, Arai, et al. , 2021 59 98 —a 0.60 [0.50;0.70]
Sakurai, Furukawa, et al. , 2022 238 276 i - 0.86 [0.82; 0.90]
Soltani, Zahra, et al. , 2021 14 65 — ! 0.22 [0.12; 0.33]
Cho and Yang , 2017 22 49 —— 0.45 [0.31; 0.60]
o
i
Ehrlich, Shay, et al. , 2020 12 38 —*—i 0.32 [0.18; 0.49]
Han, Yoo Min, et al. , 2017 13 49 ——— 0.27 [0.15;0.41]
MacMaster et al. , 2021 23 30 i —a— 0.77 [0.58;0.90]
Schneider, Caviezel, et al. , 2019 8 56 —— ! 0.14 [0.06; 0.26]
Siva, Rubin, etal., 2017 86 223 —- E 0.39 [0.32; 0.45]
Ishihara, Arai, et al. , 2021 44 118 — | 0.37 [0.29; 0.47]
Sakurai, Furukawa, et al. , 2022 140 276 - 0.51 [0.45; 0.57]
Cho and Yang , 2017 5§ 16 —&——— 0.31 [0.11;0.59]
<
Common effect model 2483 & 0.50 [0.48; 0.52]
11T 1

Heterogeneity: P= 96%, 2= 1.2025, p < 0.01
0.2 0.4 0.6 0.8

Figure 2. Pooled and grouped prevalence of zinc deficiency in IBD [15-23].
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Figure 3. Funnel plot for assessment of publication bias across selected studies. (1 = 9).

3. Results

The first systematic search of the literature yielded 152 entries. After excluding
duplicates, 75 were classified as potentially relevant and selected for the title and abstract
analysis. Then, 37 were excluded for failure to meet the characteristics of the approach or
the review goal. After reviewing the full text of the remaining 38 records, only 9 met the
inclusion criteria and were included in the meta-analysis [15-23]. The Preferred Reporting
Items for Systematic Reviews and Meta-analyses (PRISMA) flow chart illustrating the
number of studies at each stage of the review is shown in Figure 1. The final study base
included nine articles reporting zinc deficiency prevalence by IBD condition (CD, UC).

Details of the design (cohort or cross-sectional), sample size (1) and gender ratio
(%), survey year, study population, age range, serum zinc levels at recruitment, zinc
deficiency cutoffs, country, and summary of findings are provided in Table 1. The cross-
sectional design (67%, n = 6) predominated over the longitudinal (33%, n = 3). Recruitment
settings were all community-based, and the geographic distribution of studies favored
Asia (67%, n = 6), followed by Europe (22%, n = 2) and America (11%, n = 1). Following
the inclusion criteria, all subjects had IBD. Only one study investigated subjects with
Crohn’s disease alone, whereas the other eight analyzed both IBD conditions. In total,
this meta-analysis analyzed 736 subjects suffering from UC and 1677 with CD, resulting
in a total IBD population of 2413 subjects. About 46% of the CD population and ~47%
of the UC population were female. The prevalence of zinc deficiency across the selected
studies showed higher mean values in the CD than in the UC population. Clustered
analyses by IBD subgroup (CD, UC) showed a total population of 1677 for CD, with an
overall zi