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Juan J. López-Gómez, Cristina Gutiérrez-Lora, Olatz Izaola-Jauregui, David Primo-Martı́n,
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Editorial

The Role of Nutrition in Chronic Disease

Sareen S. Gropper

Christine E. Lynn College of Nursing, Florida Atlantic University, Boca Raton, FL 33431, USA; sgropper@fau.edu

According to the Centers for Disease Control and Prevention, six out of every ten
adults in the United States have at least one chronic disease, and about four in ten have two
or more chronic diseases [1]. Chronic diseases, i.e., conditions that occur for at least one or
more years and necessitate ongoing medical care, include diseases such as cardiovascular
conditions, cancers, diabetes mellitus, and Alzheimer’s disease. These conditions are also
among the leading causes of death globally, accounting for 70% of all deaths around the
world [2–4].

Diet, often considered as a lifestyle factor, contributes to the development of many
chronic conditions including obesity, cardiovascular disease, hypertension, stroke, type
2 diabetes, metabolic syndrome, some cancers, and perhaps some neurological diseases.
Moreover, one medical condition, when present, often contributes to the development of
other medical conditions, such as the impact of obesity or excess body weight/fat as a risk
factor for conditions including type 2 diabetes, hypertension, metabolic syndrome, and
some cancers, among others. This Special Issue features research conducted by Ding and
coworkers [5], which demonstrated significant associations between weight change during
the different phases of adulthood and the risk of non-alcoholic fatty liver disease. The
authors reported that their findings, if causal, could translate to the prevention of about
73% of incident non-alcoholic fatty liver disease if individuals maintained a healthy body
mass index across adulthood [5].

Studies employing modifications of “usual” dietary practices are sometimes used as a
means of evaluating diet’s impact on disease risk and/or on specific disease risk factors.
Two papers in this Special Issue focus on the impact of diet on chronic disease risk. First,
the study by Kim and Giovannucci [6] examined the long-term impact of plant-based diets
and disease risk in an Asian population. Their findings indicated that healthier plant-
based diets are associated with a lower incidence of hypertension and type-2 diabetes,
especially among those with a family history of the disease [6]. Moreover, in this Special
Issue, under the area of diet and disease risk, is a systematic review written by Giosue and
colleagues [7]. These researchers evaluated published studies that examine dairy product
consumption and disease risk with a focus on cardiovascular disease, while also addressing
its association with factors that contribute to disease risks such as body weight, fasting
blood glucose, glycated hemoglobin, blood pressure, and inflammation to name a few.
Their findings may indeed contribute to changes in dietary guidelines regarding dairy
product consumption [7].

Dietary guidelines in many countries have more recently focused on overall dietary
patterns versus individual nutrient intake and disease risk. Yet, it is well established that
nutrient deficiencies or suboptimal nutritional status can contribute to the development
of diseases and/or health problems (for example inadequate vitamin D and/or calcium
status and their impact on bone development/maintenance, as well as inadequate vitamin
K status and its impact on blood coagulation, among other things). The study by Li
and colleagues [8] evaluated serum 25-hydroxyvitamin D concentrations in adults who
had previously experienced a stroke to assess the vitamin’s associations with risk for a
recurrent stoke. A J-shaped relationship was found between serum 25-hydroxyvitamin D
concentrations and risk of recurrent stroke in these adults with a stroke history, and as the
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author’s point out, there is a clear need for further studies to examine if there is a possible
cause–effect relationship [8]. Just as impairments in vitamin D status can negatively impact
critical body functions and be negatively associated with disease risk, other nutrients play
a multitude of other roles in the intricate workings of the cells of the body. Das [9] explored
the roles and mechanisms of the fatty acid arachidonic acid as a mechanotransducer of
renin cell baroreceptor.

While dietary modifications can help to prevent the development of many chronic
diseases, once a condition has developed, changes to a person’s usual diet are often needed
to assist with disease (or symptom) management. The article by Dynka, Kowalcze, and
Paziewska [10] reviewed the effectiveness of ketogenic diets in the management of epilepsy
and other neurological conditions, as well as the diet’s possible action mechanisms.

In addition to the role of dietary modifications in the treatment of disease or its
symptoms, disease management may also include the use of dietary supplements. The
effectiveness of oral nutritional supplements for individuals with diabetes/prediabetes
was examined in two studies in this Special Issue. In the paper by López-Gómez and
colleagues [11], the researchers demonstrated the effectiveness of a diabetes-specific oral
supplement on reducing the prevalence of malnutrition and sarcopenia in patients with
diabetes/prediabetes. Similarly, the effectiveness of nutrition supplementation and educa-
tion (versus standard care for wound treatment) on inflammatory biomarkers was assessed
in patients with diabetic foot ulcers by Basiri and coworkers [12]. Supplementation and
education were found to positively control inflammation in the patients.

While an array of oral nutritional products on the market provides nutritional support
to individuals with chronic diseases, investigations into the effectiveness of vast numbers
of nutraceuticals targeting disease prevention and treatment are also exploding in the
scientific literature. One such condition is age-related macular degeneration, as explored
by Luján and colleagues [13]. The paper provides a detailed examination of the role of
mitochondrial dysfunction in the progression of the disease, as well as an examination
of the nutraceuticals/drugs that may be able to up-regulate mitophagy and mitochon-
drial biogenesis to enable the possible prevention or control of the disease. Some of the
nutraceuticals/drugs that are examined include ferulic acid, melatonin, urolithin A and
glucosamine, metformin and berberine, lipoic acid and broccoli sprout extract, and fibrate
drugs and astaxanthin. Moreover, the effectiveness of extra-virgin olive oil as a means of
reducing gut-permeability-derived low-grade endotoxemia in adults with impaired fasting
glucose is presented in a study by Bartimoccia and colleagues [14].

Finally, the role of nutritional support for chronic disease is not complete without
the inclusion of some studies investigating the complex relationships of diet/food and
of disease with the gut microbiota. Zhang and colleagues [15] studied the associations
between habitual diet patterns and gut microbiota in Chinese adults. The authors found
that the intake of specific foods or food groups, such as whole grains, vegetables, and red
meats, among others, was associated with changes in the abundance of specific genera and
species of gut microbiota. Moreover, the review by Araujo, Borges-Canha, and Pimentel-
Nunes [16] explored differences in the gut microbiome among individuals with metabolic
syndrome (versus healthy adults) as well as the potential for probiotics and/or synbiotics
to modulate the microbiome in an effort to mitigate some of the metabolic disturbances in
some individuals with metabolic syndromes.

The studies featured in this Special Issue, as well as in the wider scientific literature at large,
are critical in furthering the knowledge of diet and nutrition support of chronic disease. As
biological mechanisms underlying chronic diseases continue to be elucidated and the causes
and consequences of diet-related conditions are better characterized, new intervention strategies
can be implemented, studied, and evaluated. These findings will not only assist in the formation
of additional evidence-based dietary guidelines, but may also help healthcare professionals
educate their patients and facilitate their adoption of healthful eating behaviors [17].

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Background: To investigate the associations of weight change patterns across adulthood
with the risk of non-alcoholic fatty liver disease (NAFLD). Methods: Using data from the National
Health and Nutrition Examination Survey (NHANES) 2017–2018 cycle, we performed a retrospective
cohort study with 2212 non-obese participants aged 36 years old over. Weight change patterns were
categorized as “stable non-obese”, “early adulthood weight gain”, “middle and late adulthood weight
gain” and “revert to non-obese” according to the body mass index (BMI) at age 25, 10 years prior and
at baseline. Vibration-controlled transient elastography (VCTE) was performed to diagnose NAFLD.
Modified Poisson regression was used to quantify the associations of weight change patterns with
NAFLD. Results: Compared with participants in the “stable non-obese” group, those who gained
weight at early or middle and late adulthood had an increased risk of NAFLD, with an adjusted rate
ratio (RR) of 2.19 (95% CI 1.64–2.91) and 1.92 (95% CI 1.40–2.62), respectively. The risk of NAFLD in
“revert to the non-obese” group showed no significant difference with the stable non-obese group.
If the association of weight change and NAFLD was causal, we estimated that 73.09% (95% CI
55.62–82.93%) of incident NAFLD would be prevented if the total population had a normal BMI
across adulthood. Conclusions: Weight gain to obese at early or middle and late adulthood was
associated with an evaluated risk of NAFLD. A large proportion would have been prevented with
effective weight intervention.

Keywords: weight gain; NAFLD; population attributable fraction

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most prevalent form of liver disease,
affecting nearly one billion adults worldwide [1–3]. This multisystem condition is associ-
ated with an increased risk of liver-related and cardiovascular extrahepatic diseases [4,5].
Therefore, NAFLD prevention of a high-risk population is the cornerstone of lowering the
occurrence of related morbidity and mortality.

Obesity is an established risk factor for NAFLD [6]; nearly 80% of obese adults
will progress to NAFLD [7]. Despite this, around 10–40% of NAFLD occurs in those
with a normal body mass index (BMI), often called non-obese NAFLD [8,9]. A series of
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risk factors has been described related to non-obese NAFLD, such as visceral obesity,
high fructose intake, cholesterol intake, and genetic risk factors (e.g., palatin-like
phospholipase domain-containing 3) [10]. Longitudinal studies found that short-term
weight gain remained an independent risk factor for NAFLD development in non-
obese individuals [11,12]. By contrast, tracking long-term weight may accurately and
integrally reflect the dynamic change of excess body fat through an entire life, thereby
improving the proposal of health guidance or recommendation on weight control
for different age phases. Weight gain through early and middle adulthood may be
relevant to NAFLD because of growth of age and excess adiposity deposition during
this period [13,14].

To date, few studies have solely investigated the impact of early and midlife adult-
hood weight gain on NAFLD risk. A recent study based on the Nurses’ Health Study
II cohort found that both early and lifetime adulthood weight gain trajectories were in-
dependently associated with an excess risk of developing NAFLD [15]. Although based
on a well-designed cohort, the generalizability of the findings was constrained by the
fact that the samples were female and not nationally representative (selection bias), and
NAFLD ascertainment was self-reported (information bias). The National Health and
Nutrition Examination Survey (NHANES) is a nationally representative designed survey.
The questionnaire contains weight history questions, including recalled weight and height
at age 25 and recalled weight at 10 years prior to baseline, alongside measured weight and
height at the baseline survey. NAFLD It also diagnosed by using an accurate and quantified
application of vibration-controlled transient elastography (VCTE). Taking advantage of
the NHANES 2017–2018 database, we have an opportunity to investigate the association
between histories of weight gain and the incidence of NAFLD.

Thus, using the nationally representative NHANES 2017–2018 data, we aimed to
(1) determine whether non-obese individuals who gained weight during early and middle
adulthood were at an increased risk of NAFLD (the risk raise hypothesis); (2) determine
whether non-obese individuals who converted from obese to non-obese through adulthood
were at a reduced risk of NAFLD (the risk elimination hypothesis); (3) qualify the amount
of NAFLD that would be prevented if the total population maintained a normal BMI during
a life course.

2. Materials and Methods

2.1. Study Population

We used data from the 2017–2018 cycle of NHANES, which exclusively assessed
hepatic steatosis and liver fibrosis by VCTE. The NHANES is a cross-sectional survey
program well represented for the civilian United States population with a complex strat-
ified, multistage and clustered probability sampling design [16–18]. We used recalled
questions on weight history and NAFLD diagnosed by VCTE at baseline (after excluding
self-reported fatty liver) to establish a retrospective cohort based on the cross-sectional
data. The survey was approved by the National Center for Health Statistics Research Ethics
Review Board (protocol number: 2018-01), and written informed consent was obtained
from all participants.

In this study, participants aged ≥ 36 years old (n = 4218) at baseline were enrolled.
Excluded from the study were pregnant women (n = 11), those who did not receive
physical examination (n = 227), with BMI ≥ 30 kg/m2 at age 25 or missing BMI at age 25 or
baseline (n = 287), and those who partially completed, were ineligible, or did not perform
VCTE (n = 458). Then, we excluded participants with excessive alcohol consumption
(≥2 drinks/day in men or ≥1 drink/day in women) (n = 150), exposure to hepatitis virus
infection (n = 132), self-reported fatty liver and other liver conditions (n = 75), and self-
reported malignancy (n = 366). In total, 2212 participants who were non-obese at age 25
were included in the analysis (Figure S1).
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2.2. Measurement of Exposure: Weight Change Patterns

Baseline weight and height were measured during physical examination. Weight
at age 25 and 10 years prior to baseline were recalled at in-person interview. BMI was
calculated as weight (kg) divided by the square of height (m2). BMI at age 25 (BMIage 25)
was calculated using recalled height and weight, considering the possibility of height
declined with age. BMI at 10 years prior to baseline (BMI10 prior, mean age 45.74 years old)
was calculated using recalled weight and measured height. BMI at baseline (BMIbaseline,
mean age 55.74 years old) was calculated using measured height and weight.

BMI change patterns were generated according to BMI at the three timepoints: “sta-
ble non-obese” (BMIage 25 < 30 kg/m2, BMI10 prior < 30 kg/m2 and BMIbaseline < 30 kg/m2),
“early adulthood weight gain” (BMIage 25 < 30 kg/m2, BMI10 prior ≥ 30 kg/m2 and
BMIbaseline ≥ 30 kg/m2), “middle and late adulthood weight gain” (BMIage 25 < 30 kg/m2,
BMI10 prior < 30 kg/m2 and BMIbaseline ≥ 30 kg/m2), “revert to non-obese” (BMIage 25 < 30 kg/m2,
BMI10 prior ≥ 30 kg/m2 and BMIbaseline < 30 kg/m2) (Figure 1).

Figure 1. The definition of weight change patterns.

2.3. Measurement of Outcome: Fatty Liver

In the 2017–2018 cycle, FibroScan® model 502 V2 Touch (EchosensTM, Nevada, North
America) was performed, equipped with a medium (M) (74% of participants) or extra-large
(XL) probe. Controlled attenuation parameter (CAP) scores were derived as the indicator
of hepatic steatosis, and liver stiffness measurement (LSM) scores were measured to detect
liver fibrosis.

One was defined as NAFLD if he/she carried a median CAP score ≥ 280 dB/m (S3,
severe fatty liver, the cutoff of sensitivity fixed at 82% [19]). Participants with a median
LSM value of 9.7 kPa or more were considered with advanced fibrosis [20].

2.4. Covariates

Information on covariates was obtained through baseline questionnaires, including age
(years), sex (male and female), race and ethnicity (non-Hispanic White, non-Hispanic Black,
non-Hispanic Asian, Hispanic and other), education (less than high school, high school
or equivalent, college or above), family income–poverty ratio level (0–1.0, 1.1–3.0, >3.0)
and marital status (married, separated, never married). Alcohol consumption was defined
as a non-drinker and low to moderate drinker (<2 drinks/day in men and <1 drink/day
in women). Smoking status was grouped into never smoker, former smoker and current
smoker. We defined leisure time physical activity level as 0 times/week, 1–2 times/week
and ≥3 times/week. Healthy eating index scores (HEI-2015) were calculated to represent di-
etary quality. Diabetes was defined as fasting plasma glucose ≥ 126 mg/dL, HbA1c ≥ 6.5%,
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and/or currently taking insulin or diabetic pills [21]. Hypertension was defined as average
blood pressure ≥ 140/90 mmHg, and/or receipt of an anti-hypertensive medication [22].
Dyslipidemia was defined as total cholesterol ≥ 240 mg/dL, and/or taking prescription
for cholesterol [23].

2.5. Statistical Analysis
2.5.1. Baseline Description

Appropriate sampling weights, clusters, and stratums were applied to this study.
Continuous variables were presented as weighted mean ± standard errors (SE), and
categorical variables were presented as numbers with percentages. We compared baseline
characteristics by weight change patterns using linear regression adjusted for sampling
weights for continuous variables and Rao-Scott χ2 test for categorical variables.

2.5.2. Association Analysis

We qualified the association of weight change patterns with NAFLD using the multi-
variable modified Poisson regression model with a robust variance estimator to estimate
rate ratios (RRs) and 95% confidence intervals (CI) directly, recognizing that odds ratios
(ORs) may overestimate effect differences and do not give a good approximation of the RRs
when the outcome is common (affecting > 10% of population). We adjusted baseline age,
sex and race/ethnicity in model 1. Model 2 was additionally adjusted for education level,
family income–poverty ratio level, marital status, alcohol consumption, smoking status,
and chronic diseases. Model 3 was further adjusted for leisure time physical activity level
and HEI. We also assessed the association between weight change patterns and advanced
fibrosis in the secondary analysis.

2.5.3. Calculation of Population Attributable Fraction (PAF)

We calculated PAF to estimate the percentage of NAFLD cases that could be pre-
vented under the four hypothetical scenarios: (1) “weight loss”, defined as the scenario
in which individuals who gained weight from early adulthood could have lost weight in
later adulthood (“early adulthood weight gain” group vs. “revert to non-obese” group);
(2) “weight maintenance”, defined as the scenario in which individuals who gained weight
to obese could have maintained non-obese during adulthood (“early or middle and late
adulthood weight gain” group vs. “stable non-obese” group); (3) “partial prevention”, de-
fined as the scenario in which the total population maintained non-obese across adulthood
(BMI < 30 kg/m2, “stable non-obese” vs. other counterparts); and (4) “comprehensive
prevention”, defined as the scenario in which the total population had a normal BMI during
the life course (BMI < 25 kg/m2, “stable normal” vs. other counterparts).

Consistent with prior studies [24], PAFs were calculated according to the following
equation: PAF = ∑i pdi

(
RRi−1

RRi

)
, where pdi is the proportion of total NAFLD cases ob-

served in the ith weight change pattern category and RRi is the adjusted rate ratio for the
ith exposure category. A category-specific attributable fraction is the percentage of NAFLD
cases that would be eliminated if individuals in that weight change category were to be
shifted to another lower risk category, assuming a causal relation.

2.5.4. Sensitivity Analysis

We performed a series of sensitivity analyses to access the stability of the results.
First, we defined NAFLD as a median CAP value of 248 dB/m or more (≥S1, mild fatty
liver) and a median CAP value of 268 dB/m or more (≥S2, moderate fatty liver). Second,
we removed participants with baseline diabetes, hypertension and dyslipidemia to avoid
inverse association. Third, we classified absolute weight change into five groups (weight
loss of at least 2.5 kg, weight change within 2.5 kg, weight gain of at least 2.5 kg but less
than 10.0 kg, weight gain of at least 10 kg but less than 20.0 kg and weight gain of at
least 20.0 kg) and examined the association between absolute weight change group and
NAFLD. Finally, the association between absolute weight change (continuous variable) and
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NAFLD was executed to explore the possible non-linear relation by using multivariable
linear regression models based on restricted cubic splines with 4 knots.

All analyses were performed by Stata 16.0 (StataCorp, College Station, TX, USA),
using Taylor series linearization. A two-tailed p value less than 0.05 was considered
statistically significant.

3. Results

3.1. Baseline Characteristics

The correlation coefficients between BMIage 25, BMI10 prior, and BMIbaseline ranged from
0.397 to 0.668 (Table S1). The mean age was 55.74 years old at baseline and 46.22% were
male. Throughout the whole adulthood, 1252 (56.13%) participants remained non-obese
across adulthood (classified as “stable non-obese” group), 458 (21.44%) became obese from
early adulthood (classified as “early adulthood weight gain” group), and 370 (17.33%)
moved to obesity from middle and late adulthood (classified as “middle and late adulthood
weight gain” group). There were also 132 (5.11%) participants who moved to obese at
10 years prior but reverted to the non-obese at baseline (classified as “revert to non-obese”
group) (Figure 1).

Table 1 shows baseline characteristics of study participants. The “early adulthood
weight gain” group had a higher proportion of non-Hispanic White, and the “middle
and late adulthood weight gain” group had a higher proportion of non-Hispanic Black.
Compared with the “stable non-obese” group, the weight gaining groups were more likely
to be low to moderate drinkers, current smokers, physically inactive and have a lower
healthy eating index score. Participants in the “revert to the non-obese” group were more
likely to be former smokers, physically active and have healthier eating habit.

Table 1. Baseline characteristics of study participants in NHANES 2017–2018.

Characteristics

Weight Change Patterns

Total
(n = 2212, 100%)

Stable
Non-Obese

(n = 1252, 56.13%)

Early Adulthood
Weight Gain

(n = 458, 21.44%)

Middle and
Late Adulthood

Weight Gain
(n = 370, 17.33%)

Revert to
Non-Obese

(n = 132, 5.11%)
p Value

Age, years, mean ± SE 55.74 ± 0.47 55.24 ± 0.50 58.25 ± 0.90 52.58 ± 0.89 61.43 ± 1.30 <0.001
Sex, n (%) 0.009

Male 1056 (46.22) 611 (44.03) 223 (56.10) 148 (38.12) 74 (56.23)
Female 1156 (53.78) 641 (55.97) 235 (43.90) 222 (61.88) 58 (43.77)

BMI, kg/m2, mean ± SE
At age 25 years 22.85 ± 0.12 21.77 ± 0.12 25.05 ± 0.31 23.56 ± 0.21 23.17 ± 0.36 <0.001
10 years prior 27.38 ± 0.21 24.20 ± 0.07 34.65 ± 0.30 27.10 ± 0.16 33.17 ± 0.66 <0.001

At baseline 29.11 ± 0.28 25.16 ± 0.14 35.95 ± 0.42 33.92 ± 0.16 27.47 ± 0.24 <0.001
Absolute weight change
from age 25 years old to
baseline, kg, mean ± SE

15.72 ± 0.56 7.95 ± 0.42 28.66 ± 0.95 26.68 ± 0.71 9.52 ± 1.42 <0.001

Waist circumference, cm,
mean ± SE 100.32 ± 0.76 90.91 ± 0.40 117.87 ± 1.04 109.78 ± 0.65 98.13 ± 0.84 <0.001

Race and ethnicity, n (%) <0.001
Non-Hispanic White 727 (64.00) 381 (61.52) 181 (71.55) 115 (61.73) 50 (67.34)
Non-Hispanic Black 533 (11.03) 248 (9.24) 144 (12.39) 117 (15.93) 24 (8.42)
Non-Hispanic Asian 385 (6.90) 330 (10.49) 14 (1.16) 32 (3.63) 9 (2.58)

Hispanic 460 (13.54) 245 (14.29) 86 (9.14) 89 (15.41) 40 (17.44)
Other 107 (4.53) 48 (4.46) 33 (5.76) 17 (3.30) 9 (4.23)

Education, n (%) 0.158
Less than high school 416 (10.85) 230 (11.36) 81 (8.46) 68 (10.83) 37 (15.41)

High school or equivalent 498 (25.63) 265 (23.55) 100 (24.34) 96 (32.51) 37 (30.64)
College or above 1293 (63.52) 754 (65.10) 277 (67.19) 205 (56.66) 57 (53.95)

Family income–poverty ratio level, n (%) 0.169
0–1.0 303 (10.06) 159 (9.21) 63 (7.71) 65 (15.04) 16 (11.88)

1.1–3.0 838 (33.00) 472 (32.40) 183 (32.10) 132 (34.18) 51 (39.15)
>3.0 806 (56.94) 480 (58.39) 157 (60.19) 130 (50.78) 39 (48.97)
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Table 1. Cont.

Characteristics

Weight Change Patterns

Total
(n = 2212, 100%)

Stable
Non-Obese

(n = 1252, 56.13%)

Early Adulthood
Weight Gain

(n = 458, 21.44%)

Middle and
Late Adulthood

Weight Gain
(n = 370, 17.33%)

Revert to
Non-Obese

(n = 132, 5.11%)
p Value

Marital status, n (%) 0.352
Married 1293 (64.95) 786 (67.45) 245 (62.35) 191 (61.68) 71 (59.47)

Separated 581 (23.47) 286 (21.35) 154 (27.86) 103 (24.53) 38 (24.76)
Never married 335 (11.58) 178 (11.20) 59 (9.80) 75 (13.78) 23 (15.77)

Alcohol consumption, n (%) 0.005
Non-drinker 747 (27.84) 428 (29.48) 167 (27.98) 97 (18.39) 55 (41.72)

Low to moderate drinker 1340 (72.16) 737 (70.52) 274 (72.02) 259 (81.61) 70 (58.28)
Smoking status, n (%) 0.113

Never smoker 1284 (59.21) 752 (60.44) 242 (54.74) 216 (60.30) 74 (60.85)
Former smoker 335 (12.71) 195 (13.05) 51 (9.45) 62 (13.19) 27 (20.90)
Current smoker 593 (28.08) 305 (26.51) 165 (35.81) 92 (26.50) 31 (18.25)

Leisure time physical activity level, n (%) 0.003
0 times/week 1199 (45.91) 633 (41.16) 275 (49.85) 207 (54.60) 84 (51.96)

1–2 times/week 707 (38.06) 421 (38.55) 135 (40.34) 122 (36.03) 29 (29.90)
≥3 times/week 304 (16.04) 196 (20.28) 48 (9.82) 41 (9.37) 19 (18.14)

Healthy eating index score, n (%) 0.021
Quarter 1 381 (20.38) 174 (15.79) 106 (25.25) 76 (27.94) 25 (23.57)
Quarter 2 484 (25.60) 257 (24.54) 115 (28.51) 79 (26.24) 33 (22.40)
Quarter 3 514 (24.30) 291 (25.85) 107 (23.95) 92 (22.67) 24 (14.58)
Quarter 4 667 (29.72) 422 (33.83) 108 (22.29) 99 (23.16) 38 (39.45)

Chronic diseases, n (%)
Diabetes 488 (15.31) 188 (8.254) 174 (32.15) 77 (13.46) 49 (28.35) <0.001

Hypertension 1013 (39.03) 478 (30.92) 281 (52.56) 174 (42.63) 80 (57.13) <0.001
Dyslipidemia 812 (34.13) 433 (31.06) 202 (44.02) 120 (30.09) 57 (39.15) 0.035

In total, 5, 265, 3, 125, 2, 166, 54 and 58 participants had missing information for baseline education, family
income–poverty ratio, marital status, alcohol consumption, leisure time physical activity level, healthy eating
index score, hypertension and dyslipidemia, respectively.

3.2. Relations of Weight Change Patterns with NAFLD

When evaluating the weight status at each time point (Table S2), we found that
overweight and obesity were significantly associated with increased risks of NAFLD
(p for trend < 0.001). Substantially rising curves were observed when we assessed the
association between absolute weight changes and CAP value during the three-time intervals
(Figure S2A). When describing the distribution of CAP value across the weight change
patterns (Figure S2B), the “early adulthood weight gain” group had the highest median
CAP value, the “middle and late adulthood weight gain” group came a close second,
whereas the “revert to non-obese” group sharply declined, and the “stable non-obese”
group came lowest (p < 0.001).

The association of weight change patterns across adulthood with NAFLD was presents
in Table 2. The age-adjusted incidence rate of NAFLD among the four groups from the
highest to the lowest is below: 67.20% (95% CI 58.75–75.64%) in the “early adulthood
weight gain” group, 54.57% (95% CI 46.82–62.31%) in the “middle and late adulthood
weight gain” group, 37.40% (95% CI 27.85–46.95%) in the “revert to the non-obese” group
and 23.82% (95% CI 19.66–27.98%) in the “stable non-obese” group. Compared with the
stable non-obese participants, those who gained weight in early adulthood were associated
with a 119% higher risk of NAFLD (RR 2.19, 95% CI 1.64–2.91) and those who gained weight
at middle and late adulthood had 92% higher risk of NAFLD (RR 1.92, 95% CI 1.40–2.62).
Notably, the “revert to non-obese” group showed a null association with NAFLD, with RR
of 1.01 (95% CI 0.62–1.64).
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Table 2. Association of weight change patterns across adulthood with NAFLD in NHANES
2017–2018.

Weight Change Patterns

Stable Non-Obese
Early Adulthood

Weight Gain
Middle and Late

Adulthood Weight Gain
Revert to Non-Obese

Number of NAFLD 355 298 226 45
Age adjusted incidence
rate (%) 23.82 (19.66, 27.98) 67.20 (58.75, 75.64) 54.57 (46.82, 62.31) 37.40 (27.85, 46.95)

Model 1, RR (95% CI) 1.00 (ref) 2.77 (2.21, 3.49) 2.33 (1.78, 3.05) 1.37 (0.95, 1.98)
Model 2, RR (95% CI) 1.00 (ref) 2.23 (1.73, 2.88) 1.98 (1.45, 2.71) 1.09 (0.70, 1.68)
Model 3, RR (95% CI) 1.00 (ref) 2.19 (1.64, 2.91) 1.92 (1.40, 2.62) 1.01 (0.62, 1.64)

Model 1 was adjusted for age, sex, and race/ethnicity. Model 2 was additionally adjusted for education level,
family income–poverty ratio level, marital status, alcohol consumption and smoking status, and chronic diseases.
Model 3 was further adjusted for leisure time physical activity level and HEI. Incidence rates were directly
standardized to age distribution of entire study population.

Regarding the risk raise hypothesis, participants who gained weight through adult-
hood had a 107% higher risk of NAFLD (RR 2.07, 95% CI 1.60–2.67) compared with those
stable non-obese participants (Table 3). In the risk elimination hypothesis, we observed
that the participants who reverted to non-obese had a 52% lower risk of NAFLD (RR 0.48,
95% CI 0.37–0.61) when compared with those who gained weight at early adulthood.

Table 3. Risk raise and risk elimination: RRs for weight change pattern and incident NAFLD.

Hypothesis Weight Change Pattern RR (95% CI) p Value

Risk raise
Stable non-obese 1.00 (ref)

Early or middle and late adulthood weight gain 2.07 (1.60, 2.67) <0.001

Risk elimination
Early adulthood weight gain 1.00 (ref)

Revert to non-obese 0.48 (0.37, 0.61) <0.001

Risk estimates were adjusted for baseline age, sex, race/ethnicity, education level, family income–poverty ratio
level, marital status, alcohol consumption and smoking status, chronic diseases, baseline leisure time physical
activity level and HEI.

In the stratified analysis, we found that the associations were stronger among par-
ticipants who were younger (p for interaction = 0.015, Figure S3A). The overall patterns
were broadly comparable when stratified by sex (Figure S3B). We observed that the effects
of weight gain were stronger in non-Hispanic Black when stratified by race and ethnic-
ity; however, there were no significant interactions with race (p for interaction = 0.844,
Figure S4).

In the secondary analysis, we reported the association of weight change patterns with
advanced fibrosis in Table S3. Similarly, compared with the “stable non-obese” participants,
those who gained at early adulthood or middle and late adulthood had a higher incidence
risk of advanced fibrosis, with an RR of 3.20 (95% CI 1.19–8.62) and 2.46 (95% CI 0.97–6.20).
We observed a null association between “revert to non-obese” with advanced fibrosis, with
an RR of 0.70 (95% CI 0.14–3.54).

3.3. Assessment of the Public Health Impact of Weight Change in Populations

PAFs for population counterfactuals are reported in Table 4. In the weight loss scenario,
if those who gained weight from early adulthood could have lost weight in later adulthood,
16.27% (95% CI 12.16–19.50%) of observed NAFLD cases in the total population might
have been averted. In the weight maintenance scenario, if those who gained weight
could have maintained non-obese during adulthood, 26.74% (95% CI 19.45–32.38%) of the
incident NAFLD might have been prevented. In the partial prevention scenario, if the
total population maintained non-obese (BMI < 30 kg/m2) during the life course, 26.67%
(95% CI 18.17–33.23%) of NAFLD cases would have been prevented. In the comprehensive
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prevention scenario, keeping a normal weight (BMI < 25 kg/m2) across adulthood would
have prevented 73.09% (95% CI 55.62–82.93%) of NAFLD cases. As for advanced fibrosis, if
the total population had a normal BMI, 80.26% (95% CI 53.14–91.23%) of the case could
have been averted (Table S4).

Table 4. PAFs for population counterfactuals of NAFLD.

Scenario Definition
PAF (%),

95% CI of
Non-Obese Population

PAF (%),
95% CI of

Total Population

Weight loss

If those who gained weight from early
adulthood could have lost weight in later
adulthood (“early adulthood weight gain”

group vs. “revert to non-obese” group).

18.98 (14.18, 22.74) 16.27 (12.16, 19.50)

Weight maintenance

If those who gained weight could have
maintained non-obese during adulthood

(“early or middle and late adulthood weight
gain” group vs. “stable non-obese” group).

31.18 (22.69, 37.76) 26.74 (19.45, 32.38)

Partial prevention
If the total population maintained non-obese
(BMI < 30 kg/m2) across adulthood (“stable

non-obese” vs. other counterparts).
31.10 (21.19, 38.76) 26.67 (18.17, 33.23)

Comprehensive prevention
If the total population had a normal BMI

(BMI < 25 kg/m2) across adulthood (“stable
normal” vs. other counterparts).

73.32 (55.03, 82.05) 73.09 (55.62, 82.93)

Risk estimates were adjusted for baseline age, sex, race/ethnicity, education level, family income–poverty ratio
level, marital status, alcohol consumption and smoking status, chronic diseases, baseline leisure time physical
activity level and HEI.

3.4. Sensitivity Analysis

Similar patterns of results were observed for mild fatty liver (Table S5) and moder-
ate fatty liver (Table S6). The results were substantially unchanged when we removed
participants with chronic diseases at baseline (Table S7). When evaluating the absolute
weight changes (categorical variables), there was a dose–response association with risk of
NAFLD (Table S8). Furthermore, we identified a J-shaped relationship between NAFLD
and absolute weight change (continuous variables) during the three intervals (p for non-
linear < 0.001, Figure S5A).

4. Discussion

Based on the nationally representative US adults’ cohort, we revealed the association
between long-term weight change patterns across adulthood and NAFLD identified by
VCTE among non-obese individuals. The lowest NAFLD risk was observed in stable
non-obese individuals, whereas weight gain from early adulthood and middle and late
adulthood were both at significantly elevated risk for NAFLD. Additionally, the risk of
individuals who reverted to non-obese showed no significant difference compared with
stable non-obese individuals. We further observed that a large percentage of NAFLD and
advanced fibrosis cases would have been prevented with effective weight intervention in
early adulthood.

We found strong evidence in support of the “risk raise” hypothesis. Those who
gained weight to obese had an elevated risk of NAFLD. The association between absolute
weight gain in midlife and NAFLD has been explicitly studied in previous longitudinal
cohorts [11,25]. However, most studies were designed to assess the short-term effect of
weight gain on incident NAFLD, and linear association was approximately reported. In
this study, we reached a similar conclusion by using the long-term weight change through
the adulthood as the exposure. In addition, several studies with the long-term track of
weight have reported the linear relationship between the magnitude of weight growth
and NAFLD risk [26,27], which were also seen in our current findings. In the study here,
weight gain from a non-obese to an obese pattern from young to middle and middle to late
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adulthood had a 119% and 92% higher NAFLD risk, respectively. Moderate weight gain
(ranging from 10.0 to 20.0 kg) and extreme weight gain (≥20.0 kg) from age 25 years to
baseline were associated with a 166% and 279% higher NAFLD risk. Hence, our findings
were generally consistent with previous studies.

We found that the effect of weight gain was generally stronger from young to middle
adulthood than from middle to late adulthood. Previous studies have reported that weight
gain from early adulthood is a risk factor for metabolic disorder [12,28], diabetes [17], hy-
pertension [29], cardiovascular diseases [30]. Additionally, weight gain from earlier adult-
hood is more strongly associated with unfavorable metabolic indicators (e.g., adiponectin,
C-peptide, HbA1c and gamma-glutamyl transferase) than weight gain from later adult-
hood [28,31]. Perennial accumulation of adipose tissue accumulation may result in abnor-
malities of free fatty acid [14]. Excessive free fatty acid transport to the liver and skeletal
muscle leads to an increase in intrahepatic triglyceride and causes accumulation of liver
fat [32,33]. Although the potential mechanism needs to be further studied, our results
indicate that early prevention of weight gain would be an effective strategy to reduce future
NAFLD risk.

Our findings were in support of the “risk elimination” hypothesis. In our study,
participants who reverted to non-obese in midlife had a 52% lower risk of NAFLD when
compared with the “early adulthood weight gain” group and even had a similar incidence
rate with the “stable non-obese” group. The results were in line with previous prospective
cohort and trial studies that weight loss through lifestyle interventions improve biomarkers
of NAFLD [34,35]. A systematic review and meta-analysis also found a dose–response
relationship between absolute weight loss and resolution of NAFLD [36]. In the current
study, we estimated the PAF to explore the potential effect of weight loss intervention. As
evaluated, a proportion of 16.27% NAFLD cases in the total population would be prevented
if those who gained weight from early adulthood took measures to lose weight. We also
found that 26.67% and 73.09% of NAFLD cases would be prevented if the total population
maintained a non-obese or normal BMI throughout their life course, respectively. In total, a
normal weight is associated with a greater improvement of NAFLD.

This study had several strengths. Taking advantage of NHANES, a large nationwide
representative survey, our study had the unique feature of evaluating weight change
across the life course and the development of NAFLD, and the results were more broadly
generalizable to the US population. Our study shows the importance of weight change
surveillance through an entire life because the underlying mechanisms of weight gain on
NAFLD in certain life periods might differ. In early adulthood, weight gain was due in large
part to accumulation of fat mass, whereas in later adulthoods, it was generally attributed to
a decrease in lean mass [18]. Another strength of our research is the application of VCTE
in fatty liver diagnosis, which further reduced information bias due to its accurate and
quantitative features compared with abdomen ultrasound. Furthermore, we adjusted for
adequate potential confounders to improve the stability of results.

Our study also had several limitations. First, we used recalled data on weight at
age 25 and 10 years prior to baseline survey such that the misclassification bias could
not be ignored. However, several validation studies suggested that self-reported weight
was strongly correlated with anthropometric measures and could be used in life course
epidemiology studies [37,38]. Second, we could not distinguish whether the weight change
was intentional or unintentional, especially for those in the revert to non-obese group.
Third, we did not capture the exact time of NAFLD onset, which may confound the effect
of weight change on NAFLD.

5. Conclusions

In the non-obese individuals, weight gain across entire adulthood was independently
associated with an increased risk of developing NAFLD. A larger reduction in NAFLD risk
can be expected with losing weight in later life. Taken together, this study provides critical
quantitative estimates that strategies for maintaining a healthy weight at the individual
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level may help reduce NAFLD progression and its associated consequences. At the national
level, policies and programs developing to control the prevalence of obesity would be
beneficial for the primary prevention of NAFLD.
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Abstract: Plant-based diets have been suggested to be beneficial for type 2 diabetes (T2D). However,
studies investigating the association between the healthiness of a plant-based diet and T2D risk
are limited. This study explored the prospective association between scores from three different
plant-based diet indices and risk of T2D and investigated whether associations differ by demographic
and lifestyle factors in the Korean population. Data were derived from the Korean Genome and
Epidemiology Study (KoGES), a prospective cohort study initiated between 2001 and 2002. Dietary
intakes were assessed using a validated food frequency questionnaire. Scores for three plant-based
diet indices (overall plant-based diet index (PDI), healthful plant-based diet index (hPDI), and
unhealthful plant-based diet index (uPDI)) were measured. A total of 7363 Korean adults aged
40–69 years without T2D and related chronic diseases at baseline were included. Incident T2D
was defined as elevated plasma glucose (≥126 mg/dL), self-report of a doctor’s diagnosis of T2D,
or use of oral hypoglycemic drug. Multivariable Cox proportional hazards models were used to
estimate hazard ratios (HRs) and 95% CIs for T2D risk. During a follow-up period of 14 years,
977 participants developed T2D. A 10-point higher score in hPDI was associated with a 14% lower
risk of T2D (HR: 0.86, 95% CI, 0.77–0.95), adjusting for potential confounders. In subgroup analysis,
inverse associations between hPDI and T2D risk were stronger in participants with a family history
of T2D (HR: 0.58, 95% CI, 0.44 0.76) or history of hypertension (HR: 0.73, 95% CI, 0.60 0.89) than those
without a family history of T2D (p interaction = 0.01) or history of hypertension (p interaction = 0.04).
Considering the quality of the plant foods may be important for the prevention of T2D in the Korean
population, which habitually consumes diets rich in plant foods.

Keywords: plant-based diets; plant food quality; type 2 diabetes; prospective study; Asian

1. Introduction

Type 2 diabetes (T2D) is a major metabolic disorder, which contributes substantially to
morbidity and mortality in the world [1]. Diet is a modifiable risk factor in the development
of T2D [2]. Plant-based diets have been known to be beneficial for the prevention and
management of T2D [3]. Several plant foods, such as fruits, vegetables, whole grains, and
legumes, are favorable for the prevention of T2D [4–6], but not all plant foods are healthy.
For instance, plant foods such as refined grains, sweets, and sugar-sweetened beverages
have unfavorable effects on the development of T2D [7–9]. Moreover, some animal foods,
such as dairy and fish may be beneficial for health outcomes [10–12].

The 2015 Dietary Guidelines for Americans recommends gradually moving to diets
rich in plant foods and progressively decrease animal food consumption [13]. The plant-
based diet indices including overall plant-based diet index (PDI), healthful plant-based diet
index (hPDI), and unhealthful plant-based diet index (uPDI), assess intakes of both plant
foods and animal foods, taking the quality of plant foods into account [14,15]. In these
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indices, animal foods are negatively weighed but differ with respect to how plant foods are
weighed. Existing studies reported that the scores from PDI or hPDI were associated with
a lower risk of cardiovascular disease, T2D, and related chronic diseases [14–17]. On the
contrary, the score from uPDI was positively associated with the risk of these metabolic
diseases [14,15,18,19]. However, the study on the association of newly established plant-
based diet indices with T2D risk is limited in the Asian population although their eating
patterns and metabolic responses may be different from the Western population [20,21].
Asians consume higher amounts of grains and vegetables and lower amounts of meat
than Western populations [21]. Different types of grains may affect glucose metabolism
differently [22,23]. Previous studies reported ethnic differences in T2D risk associated with
scores of a priori-defined dietary patterns [24,25]. One prospective study found that the
scores of PDI and hPDI was associated with a reduced risk of type 2 diabetes in Singapore
Chinese [16].

Thus, this study evaluated the associations between scores from three different plant-
based diet indices (PDI, hPDI, and uPDI) and risk of T2D and investigated whether associa-
tions differed by demographic and lifestyle factors in a large community-based cohort of
Korean middle-aged and older adults.

2. Materials and Methods

2.1. Study Population

We used the data from the Korean Genome and Epidemiology Study (KoGES), a
population-based cohort study, which aimed to explore the genetic and lifestyle factors
of T2D and hypertension among Koreans [26]. A total of 10,030 community residents
(40–69 years of age) living in Ansan and Ansung city, near Seoul, were enrolled. The
KoGES was initiated between 2001 and 2002 (baseline) and participants were followed up
biennially until 2016. The follow-up rate in the KoGES was over 90%. The Institutional
Review Boards of the Korea Disease Control and Prevention Agency and Kyung Hee
University (KHGIRB-19-398) approved the study protocol, and participants provided
written informed consent.

In the analysis, exclusion criteria included individuals with implausible energy intake
at baseline (<500 kcal/d or >5000 kcal/d) (n = 410), had cardiovascular disease or cancer
at baseline (n = 304), did not visit in follow-up examinations (n = 841), who had T2D at
baseline (n = 595), and who had missing data on the outcome of T2D or covariates including
education level, physical activity, cigarette smoking, alcohol consumption, baseline body
mass index (BMI), total energy intake, family history of T2D, and history of hypertension
(n = 487). The final analysis included 7393 (3466 men and 3927 women) (Figure 1).

Figure 1. Flow diagram of participant selection.
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2.2. Assessment of Plant-Based Diet Index Score

Participants were asked for their usual food intake with a 106-item semi-quantitative
food frequency questionnaire (FFQ). Validity and reproducibility for FFQ have been previ-
ously evaluated [27]. The correlation coefficient of nutrient density between the two FFQs
examined at a 1-year interval was between 0.22 (vitamin A) and 0.51 (calcium) (average:
0.39). The median value of correlation coefficients for nutrients between the FFQ and
the 12-day diet records was 0.39. The FFQ was assessed at baseline and visit 3, which is
the second follow-up (visit 3: 2005–2006). We applied the average of dietary intake from
two FFQs for the calculation of plant-based diet indices. When participants developed
T2D before visit 3 or did not complete the questionnaire at visit 3, we used only baseline
dietary intake. Participants were asked to report the frequency and the portion size of food
consumption over the past year. The FFQ had nine answers for frequency of consumption,
ranging from “almost never” to “3 times or more per day,” and three answers for portion
size (small, medium, or large) [28].

We applied previously reported processes for calculating three plant-based diet index
scores [15,18] (Table S1). Briefly, the food items were classified into 17 food groups based
on nutrient and culinary similarities and then the food groups were categorized into
three larger groups, which are healthy, less healthy plant and animal food group. We
distinguished between healthy plant foods and less healthy plant foods depending on
the associations of food items with disease risk [14,15,18,19]. Healthy plant foods include
whole grains, fruits, vegetables, nuts, legumes, tea/coffee, and less healthy plant foods
include refined grains, potatoes, sugar-sweetened beverages, sweets and desserts, salty
foods. Animal foods include animal fat, dairy, eggs, fish, meat, and miscellaneous animal
foods. We classified salty foods (i.e., kimchi) as less healthy plant foods due to high sodium
content. We did not separate vegetable oil and fruit juices included in the original indices
as food groups [14,15], because the oil intake was not queried in the FFQ, and fruits and
fruit juices were queried together. Alcoholic beverages were excluded from the calculation
of indices due to unclear directions of association for various health outcomes. Some mixed
dishes, such as pizza and hamburgers/sandwiches, were queried individually in the FFQ
and were categorized into miscellaneous animal foods.

After we formulated group foods, participants were ranked into energy-adjusted
quintiles. For the PDI score, participants in the highest quintile of each of all plant foods
were scored 5 while those in the lowest quintile of each of all plant foods were scored 1.
For the hPDI, participants in the highest quintile of only healthy plant foods were scored 5
while those in the highest quintile of less healthy plant foods were scored 1. For the uPDI,
participants in the highest quintile of only less healthy plant foods were scored 5 while
those in the highest quintile of healthy plant foods were scored 1. For all plant-based
diet indices, animal foods were adversely scored. For instance, participants in the highest
quintile of animal fat consumption were scored 1, and those in the lowest quintile of
animal fat consumption were scored 5. Thus, higher scores in all plant-based diet indices
represented lower consumption of animal foods. After summing up the scores across these
categories for plant and animal foods, the overall diet scores were divided into quintiles for
analysis. In the present study, the Spearman correlation coefficients between PDI and hPDI
were the highest (0.44), and the correlations were −0.15 between hPDI and uPDI, and 0.14
between PDI and uPDI.

2.3. Ascertainment of Type 2 Diabetes

T2D incidence was defined as having one or more of the following criteria [29]:
elevated fasting plasma glucose, use of the oral hypoglycemic drug, or current treatment
with insulin. Biochemical assessment, medical history, and medication use were identified
at biennial follow-up visits. Elevated plasma glucose was considered as ≥126 mg/dL.
Blood samples were collected after ≥8 h of fasting and the samples were stored at −80 ◦C
until analyses. An auto-analyzer (ADVIA 1650, Bayer HealthCare) was used to measure the
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glucose concentration enzymatically using a standardized protocol. In a reliability study, the
laboratory value of this biomarker is highly reproducible (Pearson’s correlation > 0.99) [30].

2.4. Assessment of Covariates

Information on demographic and lifestyle factors at baseline were investigated using
structured questionnaires, administered by trained interviewers. Educational level was
divided into ≤6, 7 to 12, and >12 years. Cigarette smoking was queried as pack-years
of cigarettes. Alcohol intake was assessed among former and current drinkers who had
consumed alcohol within one year. Physical activity was calculated using the metabolic
equivalent of task based on the types and intensity of physical activity [31]. Baseline height
and weight of participants were measured by trained staff. Height was measured to the
nearest 0.1 cm without shoes using a stadiometer (Samhwa Instrument, Seoul, Korea) and
body weight was measured to 0.1 kg in light clothes without shoes. Body mass index (BMI)
was calculated from measured weight (kg) divided by height squared (m2). We calculated
total energy intake using a food composition table from the Korean Nutrition Society [32].
History of hypertension at baseline was defined as a self-report of a doctor’s diagnosis
of hypertension.

2.5. Statistical Analysis

Baseline characteristics of participants are described as mean and standard deviation
(SD) or number and percentage (categorical variables). Food group consumption was
compared between the lowest and highest quintile of each plant-based diet indices and
was expressed as serving size per 1000 kcal.

The risk of T2D per a 10-point higher score of plant-based diet indices were tested
using multivariable Cox proportional hazards models. Age (year, continuous) and sex
(men/women) were adjusted in Model 1. Additionally, residential location (rural/urban),
education (≤6, 7–12, >12 years), physical activity (MET/day, continuous), cigarette smoking
(continuous), alcohol consumption (g/day, continuous), BMI (kg/m2, continuous), total
energy intake (kcal/day, continuous), family history of diabetes (yes/no), and history of
hypertension at baseline (yes/no) were adjusted in Model 2. We selected the potential
confounding factors from the previous literature [14,18].

Next, the restricted cubic splines with 4 knots were applied to examine the shape of the
associations for plant-based diet indices. Effect modification by sex, baseline BMI, family
history of diabetes, and history of hypertension were tested with cross-product terms.

Person year was calculated as the time from baseline examination until the date of
T2D event or censoring. Censoring was defined as those who did not develop T2D until
the end date of the study or those who developed cancer or cardiovascular disease before
developing diabetes during follow–up visits. We did not consider the death of participants,
due to the unavailability of the data.

We tested the proportional hazard assumption using Schoenfeld’s residuals, which
was met [33]. All data were analyzed using SAS software, version 9.4 (SAS Institute, Cary,
NC, USA) [34]. p < 0.05 was considered significant for two-sided tests.

3. Results

During a follow-up of 82,351 person-years, 977 (13%) T2D cases were identified.
Table 1 summarizes participants’ characteristics at baseline. Individuals in the Q5 (highest
quintile) of PDI and hPDI were more likely to be older, women, to live in rural areas, had
lower education levels and cigarette smoking (modest for PDI), consuming less alcohol,
had higher BMI, were more physically active, and were more likely to have hypertension
compared to those in the Q1 (lowest quintile) of PDI and hPDI. Individuals in the Q5 of
uPDI were more likely to be older, men, to live in rural areas, had lower education levels,
higher cigarette smoking, had lower BMI, were more physically active, and were more
likely to have hypertension compared to those in the Q1 of uPDI.
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Table 1. Baseline characteristics of study participants in the lowest versus highest quintile of plant-
based diet indices.

PDI hPDI uPDI

Quintile 1 Quintile 5 Quintile 1 Quintile 5 Quintile 1 Quintile 5

Sample size, n 1451 1438 1506 1452 1586 1186
Median score (range) 44 (31–46) 58 (56–69) 43 (28–45) 59 (57–74) 43 (29–46) 62 (60–76)

Female, n (%) 673 (46.4) 875 (60.9) 542 (36.0) 1033 (71.1) 1014 (63.9) 581 (49.0)
Age, years 49.7 (8.4) 53.8 (8.9) 49.2 (8.2) 54.2 (8.7) 49.1 (7.8) 55.4 (8.9)

Residential location, n (%)
Rural, Ansung 618 (42.6) 830 (57.7) 496 (32.9) 834 (57.4) 394 (24.8) 939 (79.2)
Urban, Ansan 833 (57.4) 608 (42.3) 1010 (67.1) 618 (42.6) 1192 (75.2) 247 (20.8)

Education level, n (%)
≤6 years 334 (23.0) 607 (42.2) 315 (20.9) 616 (42.4) 233 (14.7) 627 (52.9)

7–12 years 842 (58.0) 709 (49.3) 886 (58.8) 716 (49.3) 1009 (63.6) 499 (42.1)
>12 years 275 (19.0) 122 (8.5) 305 (20.3) 120 (8.3) 344 (21.7) 60 (5.0)

Cigarette smoking (pack-year) 9.5 (14.9) 8.4 (15.6) * 12.6 (16.4) 5.7 (13.1) 6.3 (13.1) 11.0 (17.1)
Alcohol intake (g/day) 11.8 (23.1) 7.1 (20.1) 13.7 (26.3) 5.7 (17.8) 8.7 (20.7) 8.4 (19.0)

Body Mass Index (kg/m2) 24.4 (3.0) 24.8 (3.2) 24.5 (3.1) 24.8 (3.3) 24.7 (3.0) 24.3 (3.2)
Physical activity (MET/day) 21.7 (14.3) 25.9 (15.6) 21.7 (14.0) 24.8 (15.5) 20.2 (12.0) 27.2 (16.8)

Family history of diabetes, n (%) 179 (12.3) 140 (9.7) * 160 (10.6) 143 (9.9) * 223 (14.1) 91 (7.7)
History of hypertension, n (%) 151 (10.4) 227 (15.8) 160 (10.6) 282 (19.4) 200 (12.6) 203 (17.1)

Data are expressed as mean ± SD or n (%). PDI, overall plant-based diet index; hPDI, healthful plant-based diet
index, MET, Metabolic equivalent of task; uPDI, unhealthful plant-based diet index. * Values are not significantly
different between Q1 and Q5 group. Except for that, all values are significantly different between Q1 and
Q5 group.

Table 2 shows the food group consumption of participants in the lowest (Q1) versus
highest quintile (Q5) of plant-based diet indices. Individuals in the Q5 of PDI consumed
greater amounts of whole grains, fruits, vegetables, legumes, tea and coffee, potatoes,
sweets and desserts, and salty foods and less amounts of refined grains, dairy, eggs, fish,
and meat compared to those in the Q1 of PDI. Individuals in the Q5 of hPDI consumed
greater amounts of whole grains, fruits, vegetables, and legumes and consumed less
amounts of refined grains, potatoes, sugar-sweetened beverages, sweets and desserts, and
all animal foods compared to those in the Q1 of hPDI. On the contrary, individuals in
the Q5 of uPDI consumed less amounts of all healthy plant foods and greater amounts of
refined grains and salty foods compared to those in the Q1 of uPDI.

Table 2. Dietary consumption of participants in the lowest versus highest quintile of plant-based diet
indices.

PDI hPDI uPDI

Quintile 1 Quintile 5 Quintile 1 Quintile 5 Quintile 1 Quintile 5

Total energy intake, kcal/day 2048 (676) 1836 (584) 2016 (594) 1850 (617) 2064 (584) 1717 (584)
Food group intake (servings/1000 kcal/week)

Whole grain 4.6 (4.4) 7.0 (4.5) 2.5 (3.2) 9.9 (3.7) 7.5 (3.5) 3.6 (4.5)
Fruits 8.2 (7.0) 13.2 (8.3) 7.4 (5.3) 13.7 (9.2) 14.0 (7.7) 7.0 (6.7)

Vegetables 11.9 (6.7) 18.2 (8.4) 13.5 (6.4) 16.1 (9.3) 18.5 (8.0) 10.6 (6.4)
Nuts 0.1 (0.3) 0.3 (0.5) 0.1 (0.4) 0.3 (0.6) 0.4 (0.7) 0.0 (0.2)

Legumes 1.7 (1.5) 3.8 (3.0) 1.9 (1.6) 3.7 (3.0) 3.3 (2.0) 1.7 (2.2)
Tea and coffee 4.3 (3.8) 6.5 (4.9) 6.2 (4.7) 4.6 (4.4) 6.4 (4.4) 3.9 (4.8)
Refined grains 3.3 (4.6) 1.8 (2.9) 4.7 (5.0) 0.9 (1.6) 1.0 (1.7) 4.6 (5.4)

Potatoes 0.6 (0.6) 1.3 (1.2) 1.0 (0.9) 0.8 (1.0) 0.9 (0.9) 0.9 (1.5) *
Sugar-sweetened beverages 0.6 (1.0) 0.7 (1.0) 1.1 (1.1) 0.3 (0.6) 0.6 (0.8) 0.6 (1.0) *

Sweets and desserts 3.4 (3.0) 4.8 (3.8) 5.6 (3.5) 2.6 (2.9) 3.9 (2.9) 3.8 (4.2) *
Salty foods 11.6 (6.2) 19.6 (8.2) 16.0 (7.5) 15.2 (8.3) 13.3 (6.2) 18.8 (9.3)
Animal fat 3.5 (3.8) 3.5 (4.4) * 5.3 (4.3) 1.9 (3.2) 4.1 (3.9) 2.8 (4.3)

Dairy 3.4 (2.7) 1.8 (2.1) 3.0 (2.3) 2.1 (2.5) 3.8 (2.6) 1.3 (1.9)
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Table 2. Cont.

PDI hPDI uPDI

Quintile 1 Quintile 5 Quintile 1 Quintile 5 Quintile 1 Quintile 5

Eggs 1.1 (1.0) 0.6 (0.8) 1.1 (0.9) 0.6 (0.8) 1.2 (0.9) 0.4 (0.7)
Fish 4.7 (2.7) 3.7 (2.9) 5.0 (2.7) 3.5 (3.1) 5.9 (2.9) 2.0 (1.7)
Meat 0.9 (1.1) 0.4 (0.5) 1.2 (1.3) 0.3 (0.5) 0.6 (0.7) 0.5 (0.8)

Miscellaneous animal foods 0.2 (0.3) 0.1 (0.2) 0.2 (0.3) 0.1 (0.1) 0.2 (0.2) 0.1 (0.2)
Healthy plant foods 30.8 (12.0) 48.9 (13.6) 31.7 (10.8) 48.3 (14.7) 50.2 (12.5) 26.8 (10.7)

Less healthy plant foods 19.5 (8.4) 28.2 (9.7) 28.3 (9.9) 19.7 (8.8) 19.7 (6.9) 28.8 (11.9)
Animal foods 13.8 (5.7) 10.1 (5.7) 15.8 (5.5) 8.5 (5.3) 15.8 (5.0) 7.0 (4.9)

Values are means (SD). * Values are not significantly different between Q1 and Q5 group. Except for that, all
values are significantly different between Q1 and Q5 group.

Table 3 reports the hazard ratios and 95% confidence intervals for developing T2D
according to a 10-point higher score of plant-based diet indices. In the age and sex-adjusted
model, the hPDI was not significantly associated with the risk of T2D (HR = 0.92, 95% CI,
0.83–1.02). However, in the multivariable-adjusted model, a 10-point higher score of hPDI
was associated with a 14 % lower risk of T2D after adjustment for potential confounders
(HR: 0.86, 95% CI, 0.77–0.95). When we additionally adjusted for dietary fiber or calcium,
the results remained the same. This association was reflected when the relation between
hPDI with incident T2D was visually depicted (Figure 2). However, neither PDI nor uPDI
was significantly associated with the risk of T2D.

Table 3. Hazard ratios and 95% confidence intervals for incident type 2 diabetes according to a
10-point higher score of plant-based diet indices.

Model PDI hPDI uPDI

Median (SD) 51 (5.2) 51 (6.4) 52 (7.0)
Model 1 1.04 (0.92–1.18) 0.92 (0.83–1.02) 1.06 (0.97–1.16)
Model 2 0.99 (0.88–1.12) 0.86 (0.77–0.95) 1.06 (0.96–1.18)

Model 1 was adjusted for age (year, continuous) and sex (men/women). Model 2 was additionally adjusted for
residential area (rural/urban), education (≤6, 7–12, >12 years), physical activity (MET-hour/day, continuous),
smoking cigarettes (continuous), alcohol intake (g/day, continuous), baseline body mass index (kg/m2, continu-
ous), total energy intake (kcal/day, continuous), family history of diabetes (yes/no), and history of hypertension
at baseline (yes/no).

Figure 2. Association of healthful plant-based diet score with incident type 2 diabetes according to
the continuous plant-based diet score among the middle-aged and older Korean population.
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The solid lines represent the multivariable-adjusted hazard ratios for incident type
2 diabetes, modelled using restricted cubic splines with 4 knots (5th, 35th, 65th, and 95th
percentiles). The reference was set at the 5th percentile of the score. The dashed lines
represent 95% confidence intervals. The model adjusted for age (year, continuous) and
sex (men/women), residence area (rural/urban), education (≤6, 7–12, >12 years), physical
activity (MET/day, continuous), cigarette smoking (continuous), alcohol intake (g/day,
continuous), baseline body mass index (kg/m2, continuous), total energy intake (kcal/day,
continuous), family history of diabetes (yes/no), and history of hypertension at baseline
(yes/no).

Additionally, when we conducted the subgroup analysis stratified by sex, baseline
BMI, family history of T2D, and history of hypertension, an inverse relationships between
hPDI and T2D risk were stronger in participants with a family history of T2D (HR: 0.58, 95%
CI, 0.44 0.76) or history of hypertension (HR: 0.73, 95% CI, 0.60 0.89) than those without a
family history of T2D (p interaction = 0.01) or history of hypertension (p interaction = 0.04).
(Table 4)

Table 4. Hazard ratios (HR) and 95% confidence intervals (CI) for incident type 2 diabetes according
to the continuous hPDI score, stratified by selected characteristics.

Healthful Plant-Based Diet Index p Interaction

Sex
Men 0.89 (0.77–1.04) * 0.85
Women 0.84 (0.72–0.97)

Baseline body mass index
≥25 kg/m2 0.84 (0.73–0.96) 0.19
<25 kg/m2 0.90 (0.76–1.07)

Family history of T2D
Yes 0.58 (0.44–0.76) 0.01
No 0.92 (0.82–1.03)

History of hypertension
Yes 0.73 (0.60–0.89) 0.04
No 0.92 (0.81–1.04)

* per a 10-point higher score of healthful plant-based diet index. Adjusted for age (years, continuous), residence
area (rural/urban), education (≤6, 7–12, >12 years), physical activity (MET/day, continuous), cigarette smoking
(continuous), alcohol intake (g/day, continuous), body mass index (kg/m2, continuous), total energy intake
(kcal/day, continuous), family history of diabetes (yes/no), and history of hypertension at baseline (yes/no).
MET, metabolic equivalent task; T2D, type 2 diabetes.

4. Discussion

Greater adherence to a healthful plant-based diet (captured by hPDI) was associated
with a 14% lower risk of T2D in South Korean adults after adjustment for demographic
factors, lifestyle factors, and BMI. In subgroup analyses, the inverse relationship was
stronger among participants with a family history of T2D or history of hypertension than
those without a family history of T2D or history of hypertension. However, overall plant-
based diets (captured by PDI) and unhealthy plant-based diets (captured by uPDI) were
not significantly associated with the risk of T2D. The inverse association of hPDI with the
risk of T2D highlights that greater adherence to diets higher in healthy plant foods and
lower in less healthy plant foods and animal foods may be important for the prevention
of T2D.

Several studies have explored the association between plant-based diets and T2D risk.
Three prospective cohort studies have reported that higher score of PDI and hPDI were
associated with 49% and 45% lower risk of T2D, respectively, whereas higher score of uPDI
was associated with a 16% higher risk of T2D in the US adults [14]. The current study also
showed a stronger association of the hPDI with T2D. A Singapore Chinese study showed
that higher scores of PDI and hPDI were associated with 17% and 19% lower risk of T2D,
respectively, in the middle-aged and older adults [16]. In the Rotterdam study, a higher
adherence to an overall plant-based diet was associated with a 13% lower T2D risk after
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adjustment for potential confounders in Dutch adults [3]. Kim et al. showed that great
adherence to PDI was associated with a 20% lower risk of elevated fasting glucose (≥100
mg/dL) as a component of metabolic syndrome, but not with hPDI or uPDI among Korean
adults [18]. The differences in findings between the two Korean studies may be due to the
differences in exclusion criteria of participants, diagnosis criteria (e.g., blood glucose cut
point), and covariates for adjustment, although the same cohort data were used.

Unlike US adults [14], an overall plant-based diet captured by PDI was not associated
with the incidence of T2D in the Korean population. No association of PDI with T2D
shows that increasing the amount of plant foods without consideration of the quality of
plant foods may not be beneficial for the prevention of T2D in a population that habitually
consumes diets high in plant foods and low in animal foods. Based on our data, Korean
adults consumed half the amount of animal foods and more plant foods than US adults [14].
In addition, the differences in non-dietary lifestyle risk factors for T2D may be attributable
to differential effect size in T2D risk between US adults and Korean adults. Korean adults
have healthier indicators on average including lower BMI, more physical activity, and less
alcohol consumption than US adults [14].

In the current study, participants in the highest quintile of hPDI consumed greater
amounts of whole grains, fruits, vegetables, and legumes, and lesser amounts of refined
grains, sugar sweetened beverages, animal fat, and meat compared to those in the lowest
quintile of hPDI. Combinations of these food groups would contribute to reducing the
risk of T2D. In a meta-analysis, whole grains, fruits, vegetables, and soy products were
associated with a reduced risk of T2D, while refined grains, red meat, processed meat,
and sugar sweetened beverages were associated with an increased risk of T2D [35,36].
Several mechanisms have been suggested for how a healthful plant-based diet lowers the
risk of T2D. Diets rich in healthy plant foods include various favorable food components
and nutrients such as dietary fiber, antioxidants, micronutrients, and unsaturated fatty
acids [37,38], and the diet is low in saturated fatty acids and cholesterol. A meta-analysis
of clinical trials has shown that soluble fiber intake improved glycemic control in patients
with T2D [39]. Epidemiologic studies have shown flavonoids/polyphenols may have anti-
diabetic effects by increasing glucose metabolism, improving vascular functions as well as
reducing insulin resistance [40]. Polyunsaturated fatty acids are associated with improved
glycemic control and with anti-inflammatory effects [41]. In addition, another mechanism
may be related to the gut microbiome. A healthy plant-based diet may improve gut
microbiota profiles that facilitate the metabolism of dietary components, such as fiber and
polyphenols, and diminish the metabolism of microbial metabolites, such as trimethylamine
N-oxide, which are primarily found in animal originated foods [42,43]. This microbial
change may induce a reduction of T2D risk.

Interestingly, an inverse association between the healthier version of the plant-based
diet and T2D was stronger in participants who have a family history of T2D or history of
hypertension. This population may be at a higher risk of T2D, possibly due to abnormal
obesity-related body composition (higher BMI and waist-hip ratio) and genetic factors [44].
This suggests that a healthier dietary pattern may have more benefits for a vulnerable
population who are at a higher risk of T2D.

This study explored the prospective associations between different plant-based diet
indices assessed by the healthiness of plant-based diet and the risk of T2D in the Korean
population, which has traditionally consumed diets rich in plant foods. Strengths of this
study include the use of data from a community-based cohort, validated FFQ, repeated
dietary assessments, and a relatively long follow-up period. The current study also focused
on the Korean population which may have different eating habits from the population in
Western countries.

However, several limitations should be noted. Reporting of dietary intakes can be
subject to measurement error although the FFQ was validated in South Korean adults [45].
The FFQ has some mixed dishes that combine healthy plant food and less healthy plant
food and combines plant food and animal food such as Bibimbap. We queried fruit (healthy)
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and fruit juice (less healthy) together in the FFQ and data on vegetable oil intake was not
collected from the FFQ. Furthermore, the processing/cooking method was not considered
in the differentiation of healthy plant and less healthy plant foods. These food classifications
might not completely distinguish the consumption of healthy plant or less healthy plant
foods and, thus, they may have led to an attenuation of the association between uPDI and
incident T2D. Although we used the average of dietary intakes from two FFQs, there is
possibility that dietary habits of participants might have changed over time. T2D cases
might be missing because HbA1c was not included as the criteria of diagnosis. Some
person’s time may be misclassified because data on death or moving were not available.
Missing data on covariates were not imputed in the current analysis. Lastly, there may still
be residual confounding although important confounders were adjusted.

5. Conclusions

In a community-based cohort of Korean men and women, greater adherence to diets
high in healthy plant foods and low in unhealthy plant foods and animal foods in the
context of a plant-based diet was associated with a lower risk of incident T2D. These results
emphasize the importance of considering the quality of plant foods for the prevention of
T2D in Koreans. Further research confirming the associations between plant-based diet
indices and T2D in diverse ethnic populations with different dietary habits are warranted.
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Abstract: Limited consumption of dairy foods and use of low-fat products is recommended for
cardiovascular (CV) prevention; however, other features besides fat content modulate their metabolic
effects. We analyze updated evidence on the relationship of different dairy products (low/full-fat
dairy, milk, cheese, yogurt) with CVD by reviewing meta-analyses of cohort studies and individual
prospective cohort studies with CV hard endpoints (CVD/CHD incidence/mortality), together with
meta-analyses of randomized controlled trials exploring the effect of dairy on major CV risk factors.
The analyses provide evidence that moderate dairy consumption (up to 200 g/day, globally) has no
detrimental effects on CV health and that their effect depends more on the food type (cheese, yogurt,
milk) than on the fat content. These data expand current knowledge and may inform revision of
current guidelines for CVD prevention.

Keywords: dairy foods; cheese; yogurt; cardiovascular disease; cardiovascular risk factors

1. Introduction

Cardiovascular diseases (CVDs) constitute the leading cause of global mortality and
are a major contributor to reduced quality of life, and thus are a key challenge to health
care systems [1,2]. Dietary patterns and particularly fat intake have long been implicated
in the modulation of the cardiovascular (CV) risk [3]. A high intake of saturated fatty
acids (SFAs) and trans-fatty acids (TFAs) has been linked to an enhanced risk of CVD, and
this effect is thought to be mediated predominantly by increased plasma LDL cholesterol
levels and their proatherogenic effect [4–6]. The most recent guidelines of the European
Society of Cardiology (ESC) and American Heart Association (AHA) recommend <10%
of total energy intake from SFAs, yet most developed countries currently exceed this
recommendation [7,8].

Recent research has emphasized the importance of focusing on whole foods rather
than single nutrients when exploring the relationship of nutrition with disease risk [9].

This is justified by the observation that the physical form of the food, the specific
combination of macro/micronutrients and non-nutrient bioactive compounds within each
food can play an important role in modulating the metabolic effect of foods and their
impact on health beyond their nutrient’s composition. Furthermore, detailed information
on the associations between each food item and health outcomes can also facilitate the
translation of the evidence derived from nutritional research into clinical recommendations,
thus improving adherence [10–13].

Among the foods that represent a major source of dietary SFAs, dairy foods deserve
consideration since they are largely consumed worldwide [14] and contribute a relevant
proportion to the global SFAs intake (i.e., one fifth in the USA, 17–41% in Europe) [15].
A substantial reduction in the intake of dairy and a preferential consumption of low-fat
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products has been advocated as a strategy for CVD prevention, although evidence in this
regard is scant and inconsistent. Dairy foods are a highly heterogeneous food group com-
prising foods with different biochemical composition, nutritional characteristics (i.e., fat,
micronutrients, and salt content), preparation techniques (i.e., fermentation, pasteurization,
processed by enzymatic procedures) which may all impact on their nutritional properties
and metabolic effects. Partly due to this heterogeneity, the relationship of dairy consump-
tion with cardiovascular diseases remains controversial. The large geographical variation of
patterns of dairy food consumption, deeply rooted in sociocultural behaviors and, therefore,
influenced by the background diet, further adds to the complexity of the relationship of
dairy consumption with health outcomes.

It is therefore appropriate to evaluate the updated evidence on the relationship be-
tween dairy food consumption and CVD taking into account the available information
on the specific food items included in the dairy food group; in particular, it is relevant to
evaluate the impact of dairy foods on established and emerging cardiovascular risk factors
in order to substantiate possible mechanisms trough which dairy foods may impact on
CV health and differentiate population groups that might be more prone to their possible
untoward effects.

Against this background, to shed light on the complex relationship between dairy
intake and CV health, we have reviewed the literature on the relationship between the con-
sumption of total dairy foods, or single dairy food items, and CV hard endpoints (i.e., CVD
and coronary heart disease (CHD) incidence/mortality) as well as all-cause mortality,
focusing on meta-analyses of prospective studies, since they represent a comprehensive
and weighted synthesis of the available evidence. Furthermore, to substantiate possible
cause–effect relationships and investigate biologically plausible mechanisms through which
dairy may have an impact on CVD risk, we have reviewed the available meta-analyses
of randomized controlled trials (RCTs) exploring the effect of the various dairy products
(i.e., low/full-fat dairy, milk, butter, cheese, yogurt) on major cardiovascular risk factors. By
fulfilling the study aims we expect to contribute to a better understanding of the complexity
of the relationship between nutrition and CV health.

2. Materials and Methods

2.1. Meta-Analyses of Prospective Cohort Studies on Cardiovascular Hard Endpoints and
All-Cause Mortality: Literature Search Strategy and Data Extraction

We performed a systematic literature search in PubMed, Embase, Scopus, and Cochrane
Library databases for meta-analyses of prospective cohort studies examining the association
between dairy food consumption and all-cause mortality as well as CVD/CHD incidence
and mortality according to PRISMA (Preferred Reporting Items for Systematic reviews and
Meta-Analyses) guidelines [16], up to 30 April 2021. We used various combinations of the
following keywords: “dairy”, “dairy products”, “total dairy”, “full fat dairy”, “low fat
dairy”, “milk”, “fermented dairy”, “cheese”, “yogurt”, “all-cause mortality”, “coronary
heart disease incidence”, “coronary heart disease mortality”, “cardiovascular disease inci-
dence”, “cardiovascular disease mortality”, “coronary artery disease”, “acute myocardial
infarction”. The full details on the search strategy are presented in the Online Supplemen-
tary Materials (Supplemental Methods S1). We also performed an additional manual search
through the reference lists of original publications to identify further pertinent studies. The
search was limited to meta-analyses of human studies and was restricted to papers written
in English.

Studies were considered for inclusion in the present systematic review if they met
the following criteria: (1) the authors reported data from an original, peer-reviewed study
(not reviews, conferences, and letters); (2) the study had a prospective design; (3) the
authors reported RRs, HRs, or ORs with 95% CIs for dairy food consumption; (4) the
investigators reported ≥1 of the outcomes of CVD risk, including incidence of total CVD
and CHD, or CVD and CHD mortality, or all-cause mortality. We included only prospective
cohorts to minimize recall and selection bias. Exclusion criteria were meta-analyses of
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cross-sectional and/or case-control studies and meta-analyses of prospective cohort studies
conducted on populations with special dietary habits (i.e., vegetarians, vegans) or with
physiological or pathological conditions requiring specific dietary treatment (i.e., pregnancy
or breastfeeding, childhood, diabetes, dyslipidemia, hypertension, etc.).

Two investigators (IC and AG) independently conducted a 2-stage selection process
to identify eligible studies: an initial screening of titles and abstracts, followed by an
evaluation of all potentially relevant full-length articles. Any discrepancy was resolved by
discussions with another investigator (MV). Studies were excluded if they failed to meet
the criteria detailed above.

The reason to focus on prospective studies was that this study design allows a more
successful control for confounding factors and represents the best source of evidence
when RCTs are not available. Furthermore, the utilization of meta-analyses allows a
comprehensive and weighted summary of the available evidence. Results of prospective
studies not included in the reviewed meta-analyses were also evaluated and reported when
relevant for the aims of this review.

The association of dairy consumption with the outcomes was generally estimated by
comparing the highest with the lowest level of consumption since a minority of studies
report dose–response analyses; where available, these data were collected in order to
identify the serving size associated with the best outcomes or representing the threshold of
intake above or below which the relationship curve departs from linearity.

2.2. Meta-Analyses of RCTs on the Effect of Dairy Products on Major CV Risk Factor: Literature
Search Strategy and Data Extraction

One of the biologically plausible mechanisms through which the consumption of dairy
products can influence cardiovascular outcomes is by modulating major cardiometabolic
risk factors. Therefore, we reviewed the literature on this topic.

We performed a systematic search in PubMed, Embase, Scopus, and Cochrane Li-
brary databases for meta-analyses of randomized controlled trials examining the impact
of dairy food consumption on the following parameters known to be relevant in relation
to cardiovascular risk: body weight and waist circumference, plasma glucose, glycated
hemoglobin, insulin resistance (HOMA-IR), blood pressure (systolic and diastolic), plasma
lipids (triglycerides, total cholesterol, LDL and HDL cholesterol), and markers of subclin-
ical inflammation (C-reactive protein, TNF-α, IL-6, adiponectin), according to PRISMA
(Preferred Reporting Items for Systematic reviews and Meta-Analyses) guidelines [16],
up to 30 April 2021. The full details on the search strategy are presented in the Online
Supplementary Materials (Supplemental Methods S1). We also performed an additional
manual search through the reference lists of original publications to identify further perti-
nent studies. The search was limited to meta-analyses of human studies and was restricted
to papers written in English.

The following inclusion criteria were applied: (1) study design: meta-analyses of
randomized controlled trials; (2) subjects: general adult population without prior car-
diovascular events; (3) interventions: common dairy foods or dairy supplemented with
probiotics. Meta-analyses of randomized controlled trials conducted on populations with
special dietary habits (i.e., vegetarians, vegans, child) or with pre-existing cardiovascular
diseases and/or cancer were excluded.

Two investigators (IC and AG) independently reviewed each eligible study, and the
following data were extracted: first author’s name, publication year, number of studies,
the number and type of participants, intervention, comparison, weighted mean difference
(Supplemental Tables S1–S5).

3. Results

The results from the literature search and study selection process are shown in Sup-
plemental Figure S1. We identified 36,428 articles (18,666 meta-analyses of prospective
cohort studies and 17,762 meta-analyses of RCT) from PubMed, Embase, Scopus, and
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Cochrane Library databases by 30 April 2021. After two rounds of review and search-
ing citations of retained articles, 332 potentially relevant studies were initially selected
(181 meta-analyses of prospective cohort studies and 151 meta-analyses of RCT). After
evaluating the full texts, we further excluded 295 studies: 10 for inappropriate study de-
sign, 117 for wrong exposure (i.e., milk proteins, vitamin fortified products, etc.), 47 for
wrong outcomes (i.e., cerebrovascular diseases, diabetes, etc.), 57 for special population (i.e.,
pregnant, vegetarians, infant, etc.), 64 inappropriate study setting (breast feeding, animal
feeding, pharmacological setting).

3.1. Association of Dairy Products with All-Cause Death, CVD or CHD
3.1.1. Total Dairy Foods

The association between globally considered dairy products (i.e., milk, cheese, yogurt)
and all-cause death has been investigated by four meta-analyses, two comparing high vs.
low dairy intake [17,18] and two exploring the dose–response relationship (Table 1) [19,20].
None of them showed a significant association with all-cause death. As for CVD incidence
and mortality, three meta-analyses [19,21,22] are available for the former and one [17] for
the latter endpoint. Overall, they indicated that the total consumption of dairy foods was
not associated with increased CVD risk, whereas Qin et al. [21] reported a statistically
significant 12% reduction in the incidence of CVD for high vs. low dairy intake.

Six meta-analyses have focused on CHD incidence [19,21–25], five of which explored
the dose–response relationship [19,22–25] and consistently showed that a total dairy food
consumption up to 200 g per day was not associated with a higher CHD incidence. In one
meta-analysis in which dairy intake was quantified in servings/day, rather than g/day, a
significant inverse association with CHD incidence emerged for a consumption of three
or more servings per day [22]. The only meta-analysis on CHD mortality reported no
significant association with dairy consumption [26].

In summation, the available evidence indicates that the consumption of total dairy
foods not exceeding 200 g per day is not associated with all-cause deaths, nor with
CVD/CHD incidence and mortality. Above this amount, there seems to a trend towards an
increased risk of CHD [25].

Table 1. Summary of the available meta-analyses of prospective cohort studies on the relation
between dairy products and CV hard endpoints or all-cause mortality.

Meta-Analysis Neutral Relation
Inverse Relation

(% Risk Reduction)
Positive Relation
(% Risk Increase)

TOTAL DAIRY

All-cause mortality

O’Sullivan 2013 [17] �
Guo 2017 [19] �

Eleftheriou 2018 [18] �
Schwingshackl

2018 [20] �

CVD incidence

Qin 2015 [21]
�

(−12% high vs.
low intake)

Alexander 2016 [22] �
Guo 2017 [19] �

CVD mortality O’ Sullivan 2013 [17] �
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Table 1. Cont.

Meta-Analysis Neutral Relation
Inverse Relation

(% Risk Reduction)
Positive Relation
(% Risk Increase)

CHD incidence

Soedamah-Muthu 2011
[23] �

Qin 2015 [21] �

Alexander 2016 [22] �
(high vs. low intake)

�
(−14% per > 3 s/d)

Guo 2017 [19] �
Soedamah-Muthu 2018

[24] �

Bechthold 2019 [25] �
CHD mortality Mazidi 2019 [26] �

FULL-FAT DAIRY

All-cause mortality Guo 2017 [19] �
CVD incidence Guo 2017 [19] �

CHD incidence

Soedamah-Muthu 2011
[23] �

Qin 2015 [21] �
Alexander 2016 [22] �

Guo 2017 [19] �
CHD mortality Mazidi 2019 [26] �

LOW-FAT DAIRY

All-cause mortality Guo 2017 [19] �
CVD incidence Guo 2017 [19] �

CHD incidence

Soedamah-Muthu 2011
[23] �

Qin 2015 [21] �

Alexander 2016 [22]
�

(−10% high vs.
low intake)

Guo 2017 [19] �
MILK

All-cause mortality

Soedamah-Muthu 2011
[23] �

O’Sullivan 2013 [17] �
Mullie 2016 [27] �
Guo 2017 [19] �

CVD incidence

Soedamah-Muthu 2011
[23]

�
(−6% per 200 mL/d)

Alexander 2016 [22] �
Guo 2017 [19] �

CVD mortality O’Sullivan 2013 [17] �
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Table 1. Cont.

Meta-Analysis Neutral Relation
Inverse Relation

(% Risk Reduction)
Positive Relation
(% Risk Increase)

CHD incidence

Soedamah-Muthu 2011
[23] �

Alexander 2016 [22] �
Mullie 2016 [27] �
Guo 2017 [19] �

Soedamah-Muthu 2018
[24] �

Jakobsen 2021 [28] �

CHD mortality Mazidi 2019 [26]
�

(+4% high vs.
low intake)

FERMENTED DAIRY
PRODUCTS

All-cause mortality Guo 2017 [19] �
(−2% per 20 g/d)

CVD incidence Guo 2017 [19] �
(−2% per 20 g/d)

Zhang 2020 [29]
�

(−20% high vs.
low intake)

CVD mortality Zhang 2020 [29] �
CHD incidence Guo 2017 [19] �

Zhang 2020 [29] �
CHEESE

All-cause mortality O’Sullivan 2013 [17] �
Guo 2017 [19] �
Tong 2017 [30] �

CVD incidence Alexander 2016 [22] �

Chen 2017 [31] �
per 50 g/d

�
(−10% high vs.

low intake)

Guo 2017 [19] �
(−2% per 10 g/d)

Zhang 2020 [29]
�

(−13% high vs.
low intake)

CVD mortality O’Sullivan 2013 [17] �

CHD incidence Qin 2015 [21]
�

(−16% high vs.
low intake)

Alexander 2016 [22] �
(−14% per 50 g/d)

34



Nutrients 2022, 14, 831

Table 1. Cont.

Meta-Analysis Neutral Relation
Inverse Relation

(% Risk Reduction)
Positive Relation
(% Risk Increase)

Chen 2017 [31] �
(−10% per 50 g/d)

Guo 2017 [19] �

Jakobsen 2021 [28] �
(−4% per 20 g/d)

YOGURT

All-cause mortality Guo 2017 [19] �

Gao 2020 [32] �
high vs. low intake

�
(−5% per 200 g/d)

CVD incidence Alexander 2016 [22] �
Guo 2017 [19] �

Wu 2017 [33] �
high vs. low intake

�
(−8% per ≥ 200 g/d)

Zhang 2020 [29]
�

(−22% high vs.
low intake)

CVD mortality Gao 2020 [32] �
high vs. low intake

�
(−8% per 200 g/d)

CHD incidence Qin 2015 [21] �
Alexander 2016 [22] �

Wu 2017 [33] �
Guo 2017 [19] �

Jakobsen 2021 [28] �

3.1.2. Full-Fat and Low-Fat Dairy Foods

The only meta-analysis that has explored the consumption of full-fat or low-fat dairy
foods in relation to all-cause mortality and CVD incidence found no significant association
for consumption of up to 200 g per day of either full-fat or low-fat products (Table 1) [19].
Coherent with this finding, two dose–response meta-analyses reported no association with
CHD incidence for the same amount of consumption [19,23]. Two meta-analyses which
compared high vs. low intake of full-fat or low-fat products consistently reported no
association between full-fat dairy and CHD incidence [21,22], while for low-fat products a
significant 10% risk reduction was reported by one of them [22]. A recent meta-analysis on
CHD mortality confirmed a neutral association with full-fat or low-fat dairy products [26].

According to the reviewed evidence, consumption of up to 200 g/day of either full-fat
or low-fat dairy products is not associated with all-cause death or cardiovascular outcomes
in healthy people. For a consumption above this amount the data do not allow a clear trend
to be identified.

3.1.3. Milk

Four dose–response meta-analyses that have explored the relationship between milk
intake and all-cause death consistently showed a neutral association for a daily consump-
tion of approximately 200 mL (Table 1) [17,19,23,27]. This result is coherent with all but
one [23] of the available meta-analyses on milk consumption and CVD outcomes, and
with all the meta-analyses on CHD incidence [19,22–24,27,28]. The only available meta-
analysis on milk consumption and CHD mortality reported a marginal increased risk in
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the highest versus the lowest category of milk intake, without assessing the dose–response
relationship [26].

In a meta-analysis published in 2021, which investigated the association of low-fat
and full-fat milk consumption with fatal and non-fatal CHD events, Jakobsen et al. [28]
showed a neutral relationship for a daily consumption of up to 200 g of low-fat milk, but
a significant 8% higher risk associated with the same amount of full-fat milk (RR: 1.08,
95% CI: 1.00–1.16). More recent studies—not included in this meta-analysis—in which the
different fat content in milk was evaluated in relation to death from all-cause, CVD or CHD,
showed no significant association with any of the considered endpoints irrespective of the
fat content of milk [34–36].

Overall, the evidence indicates that for milk consumption the association with all-
cause mortality and cardiovascular endpoints is neutral for a daily intake up to 200 mL.
Above this quantity, data are too scanty to allow a meaningful evaluation of a trend.

3.1.4. Fermented Dairy Foods, Cheese and Yogurt

In a recent dose–response meta-analysis [19] the consumption of fermented dairy
products (i.e., sour milk products, yogurt, cheese) was associated with a marginal, but
statistically significant, risk reduction (−2%) of all-cause mortality and CVD incidence for
each 20 g increase in fermented dairy consumption (Table 1).

This finding was confirmed by a later meta-analysis, which showed a significant 20%
lower risk of total CV events [29]. As for fatal CVD, the only available meta-analysis found
no significant association with fermented dairy intake [29]. Similar results were reported in
the two available meta-analyses on CHD incidence [19,29]. It is, however, notable that in
the paper by Zhang et al. [29], high vs. low consumption of fermented dairy was associated
with a significant 18% lower risk of myocardial infarction (MI). An inverse association
between fermented dairy intake and MI was also reported by some recently published
prospective studies not included in the published meta-analyses [37,38].

Cheese and yogurt, the two main components of the fermented dairy food group, were
also analyzed. Cheese consumption was not associated with all-cause mortality [17,19,30];
for CVD incidence, either a neutral association [22] or a statistically significant 10 and 13%
risk reduction [29,31] were reported for high vs. low cheese intake, whereas one out of
two available dose–response analyses [19,31] showed a marginal but significant 2% risk
reduction associated with the consumption of 10 g of cheese per day [19]. No relationship
with CVD mortality was reported [17]. A daily amount of 50 g of cheese (a standard serving
of hard and semi-hard types) was associated with a statistically significant 10 and 14%
lower risk of CHD in two meta-analyses including a large number of subjects [22,31]. This
finding is shared by the analyses comparing high vs. low cheese intakes, but for lower
amounts of cheese consumption the magnitude of the risk reduction is smaller (i.e., −4%
for 20 g per day) or null (i.e., for 10 g per day) [19,28]. Similarly, there is no association with
CV endpoints for higher intakes [31].

With regard to yogurt, the consumption of 200 g per day was associated with a signifi-
cant 5% lower total mortality and with an 8% risk reduction of total CVD events [32,33]. A
further confirmation of the inverse relationship between a high yogurt consumption and
CVD comes from a recent meta-analysis of 10 cohort studies conducted by Zhang et al. [29]
that found a statistically significant 22% lower risk of CV events in the high vs. low
consumption group.

These findings expand prior knowledge provided by a dose–response analysis, which
reported no association between yogurt–but at a lower amount of consumption (i.e., 50 g)—
and all-cause death or CVD events [19]. As for CHD incidence, data from five meta-analyses
consistently showed a neutral relationship with yogurt consumption [19,21,22,28,33]; this
has been confirmed by Jakobsen et al. [28] for both low-fat and full-fat yogurt.

In summation, the available evidence indicates that the consumption of fermented
dairy foods is inversely associated with all-cause death and CVD risk. In particular, a
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generous serving of yogurt (≥200 g per day) is associated with a lower CVD risk, while a
moderate cheese consumption (50 g/day) is associated with a reduced risk of CHD.

3.2. Effects of Dairy Foods on Cardiovascular Risk Factors

Among the mechanisms by which the consumption of dairy products can influence
cardiovascular outcomes, the modulation of the CV risk factors profile may certainly play
a relevant role. Since dairy products have different nutrients composition and a different
food matrix, they may also have different effects on major CV risk factors. Here, we review
the evidence from meta-analyses of clinical trials relative to body weight and body fat
distribution, fasting glucose and glycated hemoglobin, insulin resistance, blood pressure,
plasma lipids, and markers of subclinical inflammation (Table 2).

Table 2. Summary of the available meta-analyses of randomized controlled trials on the effect of
dairy products on cardiovascular risk factors.

No. of Meta-Analyses
Reporting No Effect

No. of Meta-Analyses
Reporting a Significant

Reduction

No. of Meta-Analyses
Reporting a Significant

Increase

TOTAL DAIRY

Body weight 3 5 * 2

Waist circumference 3 3 0

Fasting glucose 0 0 2

Glycated hemoglobin 0 1 0

Insulin resistance
(HOMA-IR)

2 1 0

Systolic blood pressure 1 0 0

Diastolic blood pressure 1 0 0

Total cholesterol 1 0 0

LDL cholesterol 2 0 0

HDL cholesterol 1 0 0

Triglycerides 1 0 0

C-reactive protein 1 1 0

TNF-α 0 1 0

IL-6 0 1 0

Adiponectin 0 0 1

FULL-FAT DAIRY PRODUCTS

Body weight 0 0 1

Waist circumference 1 0 0

Fasting glucose 0 0 1

Systolic blood pressure 1 0 0

Diastolic blood pressure 1 0 0

LDL cholesterol 1 0 0

HDL cholesterol 1 0 0

C-reactive protein 1 0 0

LOW-FAT DAIRY PRODUCTS

Body weight 0 0 1

Waist circumference 1 0 0
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Table 2. Cont.

No. of Meta-Analyses
Reporting No Effect

No. of Meta-Analyses
Reporting a Significant

Reduction

No. of Meta-Analyses
Reporting a Significant

Increase

LOW-FAT DAIRY PRODUCTS

Fasting glucose 1 0 1

Glycated hemoglobin 1 0 0

Insulin resistance
(HOMA-IR)

1 0 0

Systolic blood pressure 1 0 0

Diastolic blood pressure 1 0 0

LDL cholesterol 1 0 0

HDL cholesterol 1 0 0

C-reactive protein 1 0 0

MILK AND/OR YOGURT

Fasting glucose 0 0 1

Glycated hemoglobin 0 1 0

Insulin resistance
(HOMA-IR)

1 0 0

C-reactive protein 1 0 0

TNF-α 0 1 0

IL-6 1 0 0

Adiponectin 0 0 1

CHEESE

Fasting glucose 1 0 0

Insulin resistance
(HOMA-IR)

1 0 0

Total cholesterol 0 1 0

LDL cholesterol 0 1 0

HDL cholesterol 0 1 0

Triglycerides 1 0 0

FERMENTED DAIRIES OR DAIRIES PLUS PROBIOTICS

Waist circumference 0 1 0

Fasting glucose 2 2 0

Glycated hemoglobin 1 1 0

Insulin resistance
(HOMA-IR)

1 0 0

Systolic blood pressure 2 1 0

Diastolic blood pressure 3 1 0

Total cholesterol 0 7 0

LDL cholesterol 0 7 0

HDL cholesterol 5 0 1

Triglycerides 3 1 0

* 4 meta-analyses including studies where dairy supplementation was associated with energy restriction; 1 meta-
analysis including studies where dairy supplementation was not associated with energy restriction. CV: cardio-
vascular.

38



Nutrients 2022, 14, 831

3.2.1. Body Weight/Waist Circumference

Several meta-analyses have focused on the effect of total dairy on body weight [39–45].
A marginal weight reduction ranging from 0.6 to 1.2 kg was reported in some meta-
analyses in which dairy supplementation was implemented within the context of an
energy-restricted diet [40,44,45], whereas a neutral effect or a marginal weight increase—
ranging from 0.36 to 0.60 kg—was shown by studies where dairy supplementation was not
associated with energy restriction (Supplemental Table S1) [40,43,44]. The effect of low-fat
or full-fat dairy foods on body weight was explored by Benatar et al. [43] in a meta-analysis
showing a statistically significant increase for either low-fat or full-fat dairy products in
the context of a dietary regimen without energy restriction. No information is available
on the effects of individual foods such as cheese, milk, or yogurt on body weight and fat
distribution.

The relation of total dairy consumption with waist circumference was investigated
by four meta-analyses [39,40,43,44], three of which show a small, statistically significant
reduction in waist circumference, ranging from −2.43 to −1.09 cm [39,40,44]; in these meta-
analyses, dairy supplementation was implemented within the context of energy-restricted
diets. As for dose–effect, Geng et al. [40] reported a non-significant effect for a supplement
of 0.5 to 5.24 g/day of total dairy when evaluated within the context of a diet with or
without energy restriction.

The effect of low-fat or full-fat dairy consumption on waist circumference has been
explored by Benatar et al. [43] who report no significant association; no data are available
to discern the effects of individual foods (i.e., cheese, milk, yogurt). Interventions including
the consumption of dairy products supplemented with probiotics were associated with a
marginal, but statistically significant, reduction in waist circumference [46].

Overall, the available evidence indicates that the effect of dairy foods on weight/waist
circumference is marginal and largely driven by the energy content of the diet.

3.2.2. Fasting Glucose/Glycated Hemoglobin

The search retrieved four meta-analyses on the effects of dairy food consumption on
fasting glucose (Supplemental Table S2) [43,46–48]. O’Connor et al. [48] reported a marginal
but statistically significant increase in fasting glucose (1.3 mg/dL) with a high total dairy
intake. When full-fat or low-fat products were analyzed separately, a marginal increase in
fasting glucose was reported for full-fat dairy [43]. The two meta-analyses dealing with
low-fat dairy provided conflicting findings: one reports a neutral effect [43], whereas the
other shows a modest, but significant increase of 0.07 mmol/L (i.e., 1.26 mg/dL) [48].
Somewhat at variance with this latter observation, however, in a meta-analysis of only four
studies the same author reported marginally lower glycated hemoglobin for high versus
low consumption of total dairy (−0.09%; 95% CI: −0.16, −0.03) [48]; the finding was not
confirmed when only low-fat products were analyzed.

As for specific dairy foods, no significant effect on glucose was reported for cheese
consumption, whereas a marginal increase (1.44 mg/dL; 95% CI: 0.36, 2.52) was reported
for a high consumption of milk/and or yogurt [48]; again, at variance with this finding, in
an analysis of three studies the same author reports a lower value of glycated hemoglobin
associated with higher milk and/or yogurt consumption.

Two recent meta-analyses have focused on the relationship of yogurt and other dairy
foods enriched with probiotics with blood glucose, showing a moderate reduction ranging
from 6 to 13 mg/dL [46,47]. Dixon et al. [47] have explored the effect of yogurt or milk
enriched with probiotics: a significant reduction of 12.88 mg/dL in fasting glucose in the
intervention group vs. placebo was reported for yogurt, but not for milk; they also showed
a modest decrease (−0.55%; 95% CI: −1.03, −0.06) or no change in glycated hemoglobin
after yogurt or milk intake, respectively, thus suggesting that probiotics might exert some
beneficial effects on glucose homeostasis.

In summation, the evidence for a relationship between the consumption of dairy
foods—total dairy, full-fat or low-fat products, or specific items such as cheese or milk—and
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glucose/glycated hemoglobin is weak; instead, fermented products added with probiotics
might be beneficial.

3.2.3. Insulin/Insulin Resistance

Three meta-analyses have explored the relation of total dairy intake with insulin
resistance as estimated by the HOMA index [39,43,48]; only one reports a significant
improvement in insulin sensitivity associated with intervention of dairy supplementation
with or without an energy deficit or caloric restriction (Supplemental Table S2) [39]. In
this same meta-analysis, marginal reductions in waist circumference and weight were also
reported, therefore it is not straightforward to extrapolate to what extent the improved
HOMA-IR is mediated by changes in body weight or by the dietary intervention per se.

The effect of specific dairy food on insulin sensitivity has been extensively studied by
O’Connor et al. [48] who have meta-analyzed the few available RCTs dealing with low-fat
products (four studies), cheese (two studies), milk and yogurt (six studies), fermented dairy
products (four studies), without finding any significant associations.

In summation, the available evidence is scant and overall does not support an associa-
tion of dairy foods consumption with amelioration of insulin sensitivity.

3.2.4. Blood Pressure

Benatar et al. [43] have meta-analyzed the few studies on the effects of dairy intake
on blood pressure; no significant effect was found for either total dairy or low- or full-fat
products (Supplemental Table S3). The other available studies concern yogurt and dairy
foods enriched with probiotics [47,49,50]. In particular, in a meta-analysis of 15 studies
Usinger et al. [49] found a significant reduction in systolic blood pressure (−2.45 mmHg)
in the group assigned to fermented milk consumption, whereas in a meta-analysis of three
studies, Dixon et al. [47] found a reduction of 3.54 mmHg in diastolic blood pressure,
associated with increased consumption of yogurt enriched with probiotics.

On the overall there is no evidence for a detrimental effect of dairy consumption on
blood pressure; if anything, a slight improvement with increasing consumption of yogurt
enriched with probiotics and fermented milk has been described.

3.2.5. Plasma Lipids

Dairy foods have long been considered unnecessary sources of saturated fats with
adverse effects on plasm lipids; however, this concept is based on old studies and needs to
be reconsidered in the light of the currently available evidence. The effects of dairy foods
on plasma lipids have been extensively studied; data are available for total cholesterol, LDL
cholesterol, HDL cholesterol and triglycerides (Supplemental Table S4).

With regard to total cholesterol, no detrimental effects were reported in a network
meta-analysis in which total dairy foods were compared with fish, red meat, or sugar-
sweetened beverages (SSBs) [51]. As for specific foods, the effect of cheese on total choles-
terol was explored by one meta-analysis which shows an average reduction of 0.28 mmol/L
(i.e., 10 mg/dL) for hard cheese intake vs. butter intake [52]. Seven meta-analyses of RCTs
on the effects of yogurt and other dairy products enriched with probiotics consistently
show a reduction in total cholesterol ranging from 6.8 to 16 mg/dL [46,47,53–57].

For LDL cholesterol, no significant effects were reported in a meta-analysis in which
total dairy foods were compared with fish, red meat, or SSBs [51]. The only meta-analysis
exploring the separate effect of full-fat or low-fat products showed a neutral effect for
both [43]. The effects of cheese on plasma cholesterol were studied in one meta-analysis of
five studies in which the intake of hard cheese was compared with that of butter with a
similar polyunsaturated/saturated fatty acids ratio; an average reduction of 0.22 mmol/L
(i.e., 7.9 mg/dL) was reported for LDL cholesterol in the cheese group [52].

Seven meta-analyses have focused on dairy products enriched with probiotics [46,47,53–57];
the results consistently show a reduction in LDL cholesterol ranging from 7.6 to 18 mg/dL.
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Information on the dose is not available; the few existing data indicate a significant effect
for a daily consumption of 80–600 mL of probiotic fermented milk [53].

The findings are very similar for HDL cholesterol. A neutral effect is reported for total,
low-, or full-fat dairy, whereas de Goede et al. [52] report a reduction in HDL cholesterol
of 0.05 mmol/L (i.e., 0.9 mg/dL) when hard cheese was compared with butter; this is in
parallel with the reduction in total cholesterol and LDL cholesterol described in the same
study. As for products enriched with probiotics, five out of six available meta-analyses
show a neutral effect on HDL cholesterol [47,53–56]. The only exception is a meta-analysis
of four RCTs showing that dairy foods enriched with probiotic increased HDL cholesterol
by 0.26 mmol/L (i.e., 4.7 mg/dL) [46]; it is of note that in this same study a reduction in
LDL cholesterol of 0.5 mmol/L (i.e., 18 mg/dL) was also reported; no data are available on
the dosage.

Several meta-analyses have explored the effect of dairy consumption on plasma triglyc-
erides [46,47,51,52,55,56]. No significant effect was reported by a meta-analysis in which
dairy consumption was evaluated in comparison with fish, red meat, or SSBs [51]. The only
available meta-analysis focusing on cheese shows a neutral effect [52]. Four meta-analyses
have focused on dairy enriched with probiotics; three show a neutral effect [47,55,56],
whereas a significant reduction of 0.46 mmol/L (8.3 mg/dL) was reported by Compa-
nys et al. [46] in a meta-analysis of three studies. In this same work, as already mentioned,
a significant reduction in LDL cholesterol and a significant increase in HDL cholesterol was
also reported.

Overall, the available evidence does not support a detrimental effect of dairy con-
sumption on plasma lipids; conversely, there are consistent indications that consumption
of dairy enriched with probiotics can ameliorate the plasma lipids profile and, in particular,
reduce total and LDL cholesterol in people with hypercholesterolemia.

3.2.6. Subclinical Inflammation

Two meta-analyses have explored the effects on subclinical inflammation of total dairy
with C-reactive protein (Supplemental Table S5) [43,58]. While Benatar et al. [43] have
shown a neutral effect for total dairy and full-fat or low-fat products, a very recent meta-
analysis based on a larger number of studies showed that a high total dairy intake could
significantly reduce C-reactive protein (−0.24 mg/L) as well as other markers of subclinical
inflammation such as TNF-α (−0.66 pg/mL) and IL-6 (−0.74 pg/mL) and increase serum
adiponectin levels (+2.42 μg/mL), a cytokine with anti-inflammatory properties [58].

As for specific dairy foods, data are available only for milk and yogurt; for these
products, a high vs. low consumption has a neutral effect on C-reactive protein and
IL-6 and a reducing effect on TNF-α (−0.37 pg/mL), while increasing serum adiponectin
levels (+14.28 μg/mL) [58].

Overall the evidence is scant, but suggestive of a beneficial effect of specific food items
(yogurt and milk) on markers of subclinical inflammation.

4. Discussion

The meta-analyses of cohort studies reviewed here do not support a detrimental
relation of dairy foods consumption with total mortality or cardiovascular diseases. In-
deed, there is consistent evidence that a total consumption of dairy foods (i.e., including
milk, cheese, and yogurt) up to 200 g per day has a neutral association with CVD risk,
independent of whether full-fat or low-fat products are considered. As for specific dairy
foods, a neutral association was found for milk, while fermented products—cheese and
yogurt—were associated with a lower risk of total mortality and CV events. These results
confirm and expand our previous observations on the relevance of food choices with regard
to cardiovascular health [13], and highlight the wide heterogeneity existing among dairy
foods with regard to their association with CVD [59]. This complexity is partly due to po-
tential interrelated influences of different nutrients and non-nutrient bioactive compounds,
as well as other food characteristics (i.e., fermentation physical features, processing and
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cooking procedures) which can modulate the bioavailability and the metabolic effects of
nutrients and, consequently, their impact on health [60]. By focusing on foods rather than
on nutrients (namely SFAs) the present work is aligned with the most recent research
on nutrition and health, which emphasizes food choices and dietary patterns above the
nutrients composition of the diet as major determinants of health [13,61]. This approach is
also more suitable for the translation of the information into clinical recommendations, as
it is more understandable to lay people.

Current nutritional recommendations for CVD prevention in adults are mainly in-
formed by the evidence that SFAs, largely present in dairy, contribute to increasing plasma
cholesterol levels which, in turn, increases CV risk; however, recent data indicate that not
all SFAs have the same metabolic effects [62–64].

The knowledge that different sources of SFAs have a different impact on CVD is
not new. Early prospective studies indicated that the consumption of dairy fat (mainly
milk and butter) was associated with an increased mortality from CHD [65–67]; however,
when cheese was included among the sources of dairy fat, the correlation coefficients were
reduced and become less statistically significant [67].

A subsequent study based on quantities of 40 food items available for consumption
from the 1977 Food Balance Sheets (FBSs) of the Food and Agriculture Organization (FAO),
relative to 40 countries, has investigated the relationship between a dietary lipid score that
combined the intakes of cholesterol and saturated fat (Cholesterol–Saturated Fat Index, CSI)
and CHD mortality [68]. The results showed that in Finland CHD mortality was three to
five times higher than in France, even though the CSIs of these two countries were almost
the same; however, the quality of products consumed was different, since milk intake was
3.5 times greater in Finland than in France [68].

The difference between milk and cheese in relation to CVD outcomes has been ascribed,
among others, to the higher calcium content of cheese. On one hand, calcium might partly
limit the absorption of SFAs [67,69]; on the other hand, extracellular and intracellular
calcium concentrations influence cell membrane potentials of excitable tissues, including
the myocardium. In vitro and in silico studies have shown that cardiomyocyte calcium
handling is a major determinant of excitation–contraction coupling [70]. However, the
clinical implications of these findings remain unclear. Results of human studies on the role
of calcium in CV health are incoherent: while dietary calcium does not seem associated
with the incidence of CVD, calcium supplementation is reported to increase the risk of
MI [71].

There is evidence that differences in the chain length of SFAs lead to different physico-
chemical properties and biological effects [72]. The physical and nutritional structure of
foods can further modulate their biological effects by influencing the digestion, absorption,
and bioavailability of the various nutrients. This is particularly true for a complex food
group such as dairy foods. For example, despite their high content in long-chain saturated
fatty acids (60% of dairy fat), dairy products are an important source of potentially beneficial
compounds, such as medium- and odd-chain saturated fats, natural trans fats, unsaturated
and branched-chain fats, branched amino acids, vitamin K1 and K2, and calcium [72]. Pro-
biotics and bioactive compounds naturally contained in fermented dairy further increase
the complexity of this food group, since their presence can influence the composition and
function of the gut microbiota of the host, which in turn modulates the cardiometabolic
risk [64]. In more detail, the probiotics’ activity favors the intestinal epithelial integrity and
reduces the low-grade inflammation due to metabolic endotoxemia; moreover, it modulates
host microbiota composition, thus improving the energy homeostasis, the intermediate
metabolism, and the insulin sensitivity [72,73].

The relationship between the various categories of dairy products and cardiovascular
disease is largely, though not completely, mediated by their impact on major CV risk factors.
To further substantiate the findings on hard CV outcomes (i.e., fatal and non-fatal events),
and investigate biologically plausible mechanisms through which dairy may impact on
CVD risk, we have reviewed the available meta-analyses of RCTs exploring the effects of
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the various dairy foods (i.e., low/full-fat dairy, milk, cheese, yogurt) on major CV risk
factors, namely: body weight/waist circumference, plasma glucose/glycated hemoglobin,
insulin sensitivity, blood pressure, plasma lipids, subclinical inflammation.

For body weight/waist circumference, either total dairy foods or specific items showed
a substantially neutral effect; very modest changes in weight or waist circumference were
reported in some meta-analyses, but they were mainly driven by the energy content of the
dietary intervention. In more detail, when the dietary intervention is performed without
limitation in the energy intake, enhanced dairy consumption may lead to increased energy
intake and weight gain [40,44,45]. Conversely, dairy products may have modest effects in
facilitating weight loss in the context of an energy-restricted diet [40,41,44,45] and there is
some suggestion that yogurt may be protective against long-term weight gain [72].

The potential mechanisms through which dairy products may affect body weight
include a reduction in appetite due to a higher intake of proteins, particularly casein, which
has a good satiating and thermogenic effect [60,74,75]. Furthermore, the increase in calcium
intake may be beneficial for weight loss because it can reduce fatty acids absorption and
lipogenesis and stimulate lipolysis, by decreasing plasma calcitriol [1,25 (OH)2 D] levels
and parathyroid hormone or calciotropic hormones synthesis [76].

A marginal or null effect of total or specific dairy foods has been reported on fasting
glucose and glycated hemoglobin in population without diabetes. Dairy products contain
variable amounts of sugar, which may explain the marginal and non-clinically relevant
increase in fasting glucose reported by O’Connor et al. [48]; however, no information about
the sugar content is provided. Furthermore, it not possible to estimate the confounding
effect on plasma glucose of other foods consumed in association with dairy products.
Conversely, there are some indications that fermented dairy products added with probiotics
might exert beneficial effects on fasting glucose and glycated hemoglobin. This is in line
with the protective effect of yogurt consumption on the risk of developing type 2 diabetes
reported by some authors [60,77].

The evidence regarding insulin sensitivity and subclinical inflammation is scant and
overall does not support a significant impact of this food group.

The effects of dairy on blood pressure have also been shown to be substantially
neutral; notwithstanding, several studies have provided evidence for biologically plausible
mechanisms through which dairy foods might lower blood pressure (i.e., calcium, vitamin
D, potassium, and phosphorous content, bioactive small peptides effect, and probiotic
activity) [78]. Moreover, habitual dairy intake is associated with lower blood pressure levels
in cross-sectional observational studies. Additionally, in the large randomized DASH trial
dairy intake was associated with lower blood pressure; however, the dietary intervention
included multiple dietary components besides low-fat dairy food (i.e., reduced total and
saturated fat intake and increased consumption of vegetables and fruit), and therefore it is
not possible in this study to estimate the effects of each single intervention [79].

The effects of dairy foods on plasma lipids have been extensively studied. The well-
established knowledge that saturated fats in the diet increase serum cholesterol, which in
turn leads to an increased risk of CVD, was the basis on which over time, guidelines for
CVD prevention in the general adult population focused on the control of plasma LDL
cholesterol, to be achieved, among others, by limiting dairy foods consumption and by
substituting whole fat with low-fat products [80]. Indeed, the evidence reviewed here
does not support an adverse effect of moderate dairy food consumption (either low or
full fat) on plasma lipids, and the literature on this topic is constantly growing. Notably,
despite dairy fat consists of around 60% SFAs, they represent a mixture of various subtypes,
with different effects on the lipid profile. For instance, besides long-chain SFAs with LDL-
raising effect as lauric acid, myristic acid, palmitic acid and stearic acid, dairy fatty acids
include (9.8%) medium-chain saturated fatty acids (MCSFAs) (between 6 to 12 carbons,
i.e. 6:0 to 12:0), (31.9%) odd-chain SFAs (OCSFAs) (15:0, 17:0), (25%) monounsaturated and
(2.3%) polyunsaturated fatty acids (18:1n-9, 18:2n-6 and 18:3n-3), branched-chain saturated
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fatty acids, and trace amounts of natural (ruminant) trans fats (i.e., trans-palmitoleic acid,
156–158 trans-16:1n-7) [81,82].

Accordingly, a meta-analysis of five randomized controlled trials from Denmark,
Norway, and Australia supports heterogeneous effects of dairy on lipid profiles depending
on the type of food consumed [52]. Indeed, in this paper, hard cheese compared to butter
lowers total cholesterol by 5% and LDL cholesterol by approximately 6.5% despite a similar
ratio of polyunsaturated/saturated fatty acids (P/S ratio); this indicates that the different
effects of cheese and butter on plasma lipid levels in this meta-analysis cannot be due to
the relative amounts of SFAs and PUFAs in the two diets. More probably, the different
responses should be attributed to other dairy components or to the specific processing
methods utilized for butter and cheese production.

In this regard, it is notable that dairy products enriched with probiotics have a clear
hypocholesterolemic effect, since they can modify the gut flora by promoting bacteria
strains able to ferment dietary fiber (non-digestible carbohydrates) from seeds, wholegrains,
legumes, and vegetables, which are not metabolized or absorbed while passing through
the upper gastrointestinal tract. Fiber fermentation leads to the production of short-chain
fatty acids (SCFAs) that exert local and systemic effects, such as the inhibition of the hepatic
cholesterol synthesis and the stimulation of liver cholesterol uptake [83].

Furthermore, SCFAs, especially butyrate, can lower the plasma levels of pro-inflammatory
markers (high-sensitivity C-reactive protein, TNF-α and IL-6) by acting at the gene expres-
sion level or by the activation of the MAPK pathway [84].

In summary, by combining data on CV events and risk factors, this study provides
coherent evidence for a neutral effect of a moderate consumption of total dairy food on
CVD irrespective of fat content. A beneficial effect of some specific items (i.e., fermented
products and products added with probiotics), largely mediated through their effect on
major CV risk factors—mainly lipids and subclinical inflammation—also emerges.

5. Conclusions

This study highlights the complexity of the relationship between different dairy foods
and cardiovascular diseases as well as their risk factors. Altogether, the results indicate that
the association of dairy intake with cardiovascular risk is largely driven by the food type
(i.e., cheese, yogurt, milk). These findings may inform dietary recommendations for CVD
prevention by allowing healthy people with normal plasma cholesterol levels a more liberal
consumption of up to 200 g/day of total dairy foods (including milk, cheese, and yogurt),
irrespective of being full or low fat. Within this amount of consumption, fermented dairy
should be preferred (i.e., one generous serving/day of yogurt or three small servings/week
of cheese).

Further studies should be undertaken to clarify the mechanisms of the beneficial
impact of probiotics and other components of dairy foods such as whey protein and
calcium on the cardiovascular risk-factor profile.
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Abstract: Evidence for the association between vitamin D and risk of recurrent stroke remains sparse
and limited. We aimed to assess the relationship between serum circulating 25-hydroxyvitamin
D (25(OH)D) level and risk of recurrent stroke in patients with a stroke history, and to identify
the optimal 25(OH)D level in relation to lowest recurrent stroke risk. Data from the nationwide
prospective United Kingdom Biobank were used for analyses. Primary outcome was time to first
stroke recurrence requiring a hospital visit during follow-up. We used Cox proportional hazards
regression model with restricted cubic splines to explore 25(OH)D level in relation to recurrent stroke.
The dose-response relationship between 25(OH)D and recurrent stroke risk was also estimated, taking
the level of 10 nmol/L as reference. A total of 6824 participants (mean age: 60.6 years, 40.8% females)
with a baseline stroke were included for analyses. There were 388 (5.7%) recurrent stroke events
documented during a mean follow-up of 7.6 years. Using Cox proportional hazards regression model
with restricted cubic splines, a quasi J-shaped relationship between 25(OH)D and risk of recurrent
stroke was found, where the lowest recurrent stroke risk lay at the 25(OH)D level of approximate
60 nmol/L. When compared with 10 nmol/L, a 25(OH)D level of 60 nmol/L was related with a
48% reduction in the recurrent stroke risk (hazard ratio = 0.52, 95% confidence interval: 0.33–0.83).
Based on data from a large-scale prospective cohort, we found a quasi J-shaped relationship between
25(OH)D and risk of recurrent stroke in patients with a stroke history. Given a lack of exploring the
cause–effect relationship in this observational study, more high-quality evidence is needed to further
clarify the vitamin D status in relation to recurrent stroke risk.

Keywords: vitamin D; recurrent stroke; 25-hydroxyvitamin; stroke prevention

1. Introduction

Stroke is a serious public health concern, especially with the aging population, ranking
as the second leading cause of death worldwide [1]. A previous stroke is substantially
related with increased risk of subsequent stroke, with a recurrent rate ranging from 5%
to 40% within five years [2–4]. Hence, there has been a move towards a more holistic
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and integrated care approach to stroke management, including attention to lifestyle and
comorbidities [5].

Recently, vitamin D has been widely found to associate with risk of stroke, based on
data from observational studies. Several meta-analyses consistently reported that low level
of circulating 25-hydroxyvitamin D (25(OH)D) was significantly related with the onset
of stroke [6–9]. Nevertheless, evidence for the association between vitamin D and risk of
recurrent stroke remains sparse and limited. Some studies reported that among patients
with a previous stroke, those with the first quartile of 25(OD)D level had a significantly
highest risk of recurrent stroke [10,11]. However, their small sample sizes and short-term
follow-up precluded further investigation of adequate vitamin D levels in relation to stroke
recurrence. Furthermore, the optimal level of 25(OH)D associated with the lowest risk of
recurrent stroke remains largely unknown, especially given the non-linear relationship
between 25(OH)D level and stroke risk.

Therefore, in this study, we aimed to assess the association between serum 25(OH)D
level and risk of recurrent stroke in patients with a prior stroke history, and second, to
identify the optimal 25(OH)D level in relation to lowest recurrent stroke risk. Data from
the nationwide prospective United Kingdom (UK) Biobank were used for analyses.

2. Methods

2.1. Participants and Setting

Descriptions about the UK Biobank have been published in the literature and on
the website (www.ukbiobank.ac.uk, accessed on 10 December 2021) [12]. In brief, the
UK Biobank is a nationwide prospective cohort study that recruited >500,000 community
dwellers between year 2006 and 2010, with the goals of improving diagnosis, prevention,
treatment, and prognosis of diseases for the middle-aged and older adults. The study
collected data from participant self-reports, interview with trained staff and physical
measures, and used multiple data sources for linkage. The UK Biobank was approved by
the Northwest Multicenter Research Ethics committee (11/NW/0382). The Guangdong
Second General Provincial Hospital Research Ethics Committee approved the current
analysis (2022-KY-KZ-119-01). All participants provided written informed consent.

For our current study, we limited eligible participants to those with a history of stroke
at baseline. Information on history of stroke was identified from patient self-reports,
the ICD-10 and ICD-9 code at baseline. The patient selection process is displayed in
Supplemental Figure S1 for this study.

2.2. Outcome Measures

Our primary outcome was time to first stroke recurrence requiring a hospital visit
during follow-up. The ICD-10 codes were used to determine the recurrent stroke events and
their corresponding survival time (Supplemental Table S1 shows the codes used for stroke
identification). Secondary outcomes included ischemic and hemorrhagic stroke. Patients
were followed up to stroke recurrence, 31 March 2017, or death, whichever came first.

2.3. Serum 25(OH)D Levels and Other Independent Variables

Serum 25(OH)D level (in nmol/L) was measured from the non-fasted blood sample
drawn at the time of study enrollment, using the Liaison XL 25(OH)D assay.

Data on other independent variables at baseline included age, sex, smoking and
drinking, ethnicity, education, body mass index (BMI), physical activity, atrial fibrillation,
hypertension, heart failure, hypercholesterolemia, and diabetes. We also collected informa-
tion on intake of statins, non-steroidal anti-inflammatory drugs (NSAIDs), anticoagulants,
antihypertensive and antidiabetic medications, and mineral and vitamin supplementa-
tion. To enhance the under-recognition of data on comorbidities and medication intake
at baseline, we used the information from patient’s self-reports, interviews with trained
staff regarding medications and treatment that patients received, and ICD codes. We
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documented the existence of a variable if the patient had a positive response to any of the
aforementioned data fields.

3. Statistical Analysis

Continuous and categorical variables were depicted with mean (standard deviation,
SD) and frequency (percentage), respectively. Comparisons of baseline information be-
tween patients with and without recurrent stroke were performed by t-test for continuous
variables and chi-square test for categorical variables. We used the Kaplan–Meier method
to graph failure curve for recurrent stroke. Kernel density estimation was used to estimate
the probability density of participants’ serum 25(OH)D level.

To illustrate the relationship between 25(OH)D level and risk of recurrent stroke, we
conducted a Cox proportional hazards regression model that was adjusted for the baseline
characteristics as listed in Table 1 including age, sex, BMI, smoking and drinking, physical
activity, comorbidities, medications, and supplementation. Results were presented with
hazard ratios (HRs) and corresponding 95% confidence intervals (CIs). To explore the
optimal of 25(OH)D level, we employed the restricted cubic splines with knots at 5th, 35th,
65th, and 95th percentiles to smooth the non-linear association between 25(OH)D level and
recurrent stroke risk. We also showed the dose-response relationship between 25(OH)D
level and recurrent stroke risk to estimate the HRs for pre-determined levels at 20, 30, 40,
50, 60, 70, and 80 nmol/L, taking the 25(OH)D of 10 nmol/L as reference. Similar analyses
were also conducted for secondary outcomes of ischemic and hemorrhagic stroke.

Table 1. Patients’ baseline characteristics and comparisons between patients with and without
recurrent stroke.

Characteristics

Total
Participants

(n = 6824)

Stroke Recurrence during Follow-Up

Yes
(n = 388)

No
(n = 6436)

p-Value

Age: mean (SD), years 60.6 (6.9) 61.9 (6.4) 60.6 (6.9) <0.01

Female sex: n (%) 2783 (40.8) 136 (35.1) 2647 (41.1) 0.02

BMI: mean (SD), kg/m2 28.8 (5.1) 28.5 (4.9) 28.9 (5.1) 0.13

Smoking: n (%)

Never 2747 (40.6) 140 (36.4) 2607 (40.9) 0.05

Former 2915 (43.1) 167 (43.4) 2748 (43.1)

Current 1097 (16.2) 78 (20.3) 1019 (16.0)

Alcohol drinking: n (%)

Never 446 (6.6) 28 (7.3) 418 (6.5) 0.83

Former 588 (8.7) 32 (8.3) 556 (8.7)

Current 5761 (84.8) 326 (84.5) 5435 (84.8)

White ethnicity: n (%) 6465 (95.3) 367 (94.8) 6098 (95.3) 0.68

With college or university degree: n (%) 567 (8.5) 31 (8.2) 536 (8.5) 0.83

Physical activity (≥600 MET min per
week): n (%) 3792 (73.1) 196 (66.9) 3596 (73.5) 0.01

Comorbidity: n (%)

Atrial fibrillation 535 (7.8) 39 (10.1) 496 (7.7) 0.10

Hypertension 4222 (61.9) 269 (69.3) 3953 (61.4) <0.01

Hypercholesterolemia 2996 (43.9) 188 (48.5) 2808 (43.6) 0.06

Diabetes 1003 (14.7) 92 (23.7) 911 (14.2) <0.01

Heart failure 206 (3.0) 17 (4.4) 189 (2.9) 0.11
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Table 1. Cont.

Characteristics

Total
Participants

(n = 6824)

Stroke Recurrence during Follow-Up

Yes
(n = 388)

No
(n = 6436)

p-Value

Medication and supplementation
intake: n (%)

NSAIDs 694 (10.2) 38 (9.8) 656 (10.2) 0.80

Antihypertensive drugs 4075 (59.8) 259 (66.8) 3816 (59.4) <0.01

Antidiabetic drugs 763 (11.2) 76 (19.6) 687 (10.7) <0.01

Statins 4462 (65.4) 274 (70.6) 4188 (65.1) 0.03

Anticoagulants 631 (9.2) 51 (13.1) 580 (9.0) <0.01

Vitamins 1934 (28.7) 110 (28.6) 1824 (28.7) 0.99

Minerals and other dietary
supplementation 2685 (39.6) 144 (37.5) 2541 (39.7) 0.39

Serum 25(OH)D: mean (SD), nmol/L 46.5 (22.4) 45.6 (25.9) 46.5 (22.1) 0.48
SD = standard deviation; BMI = body mass index; NSAIDs = non-steroidal anti-inflammatory drugs.

We performed two post hoc sensitivity analyses to assess the robustness of the main
findings. A competing risk analysis using the Fine and Gray model was conducted for
the relationship between 25(OH)D levels and risk of recurrent stroke, by treating all-cause
death as competing events for recurrent stroke. Recognizing that the 25(OH)D levels may
have oscillation by months and the length between the onset of stroke and blood sampling
date may be different, we performed another sensitivity analysis in the multivariable Cox
model after further adjusted for these two variables (the month for 25(OH)D measures, and
the length between the stroke onset and blood sampling date).

Two pre-defined subgroups were conducted by sex (males and females) and age (<65
and ≥65 years) to explore whether there existed potential effect modifications. Furthermore,
to directly compare with results from previous studies, we estimated the associations
between different quartiles of 25(OH)D level and recurrent stroke risk, with the first quartile
as reference value. Likewise, we assessed different 25(OH)D levels in relation to recurrent
stroke risk using the recognized cut-off points for vitamin D sufficiency (>50 nmol/L),
insufficiency (25–50), and deficiency (<25), taking vitamin D deficiency as reference.

All tests were two-sided, and the significance level was set as 0.05. Stata version 17
(StataCorp, College Station, TX, USA) and R version 3.5.1 (R Foundation for Statistical
Computing, Vienna, Austria) were used for analyses.

4. Results

There were 6824 participants (mean age: 60.6 years, 40.8% females) with a baseline
stroke included in this analysis. There were approximately 40% and 7% of participants
who never smoked and consumed alcohol, respectively. The majority of participants was
physically active (73%) and with hypertension (62%). Other information on comorbidities,
medication, and supplementation intake was also presented in Table 1. The mean 25(OH)D
level was 46.5 nmol/L.

During a mean follow-up of 7.6 (SD = 1.8) years, there were 388 (5.7%) recurrent stroke
events documented including 250 ischemic, 87 hemorrhagic, and 51 unspecified stroke
(Supplemental Figure S2 displays the Kaplan–Meier failure curve for recurrent stroke).
Table 1 displays comparisons of baseline characteristics between participants with and
without recurrent stroke. Participants with recurrent stroke were older, and less likely
to be females and physically active when compared with controls (all p-values < 0.05).
Significantly higher percentages of hypertension and diabetes were found in patients with
recurrent stroke. Participants in the recurrent stroke group were more likely to consume
statins, anticoagulants, antihypertensive, and antidiabetic medications. Supplemental
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Figure S3 shows the probability density function of serum 25(OH)D level stratified by
participants with and without recurrent stroke. A lower 25(OH)D level was found in
patients with recurrent stroke (45.6 vs. 46.5); however, the difference was not statistically
significant (p-value = 0.48; Table 1).

A quasi J-shaped relationship between 25(OH)D and risk of recurrent stroke was
found in this study (Figure 1), where the lowest recurrent stroke risk lay at the 25(OH)D
level of 58.2 nmol/L. As Table 2 presents, when taking the 25(OH)D of 10 nmol/L as
reference, a 25(OH)D level of 60 nmol/L was related with a 48% reduction in the recurrent
stroke risk (HR = 0.52, 95% CI: 0.33–0.83). A total of 658 (9.6%) deaths occurred before
recurrent stroke; therefore, these deaths were the competing events for stroke recurrence.
The competing risk analysis by treating deaths as competing events yielded similar findings
to the main results, with the potential lowest recurrent stroke risk at the 25(OH)D level of
approximate 60 nmol/L (subhazards ratio = 0.66, 95% CI: 0.40–1.12; Supplemental Table S2).
Another sensitivity analysis by further adjusted for the month for 25(OH)D measures, the
length between the onset of stroke and blood sampling date, and these two variables,
showed similar results to the main findings, with the smallest HR of 0.51, 0.51, and 0.50
correspondingly at the 25(OH)D level of 60 nmol/L (Supplemental Table S2).

Figure 1. Restricted cubic spline showing the 25(OH)D levels in relation to risk of recurrent stroke
(shadow indicating the 95% confidence intervals).

Table 2. Results for the relationship between serum 25(OH)D level and recurrent stroke risk.

Outcome/Analysis No. of
Events/No.
of Patients

25(OH)D Level, in nmol/L 1

10 20 30 40 50 60 70 80

Main analysis

Primary
out-

come

Total
recurrent

stroke
388/6824 Ref 0.85

(0.65–1.12)
0.72

(0.44–1.18)
0.62

(0.36–1.06)
0.54

(0.33–0.89)
0.52

(0.33–0.84)
0.56

(0.35–0.88)
0.63

(0.39–1.01)

Secondary
out-

come

Ischemic
stroke

250/6824 Ref 0.91
(0.64–1.28)

0.82
(0.44–1.54)

0.75
(0.37–1.51)

0.70
(0.37–1.32)

0.69
(0.38–1.26)

0.72
(0.40–1.31)

0.79
(0.43–1.44)

Hemorrhagic
stroke

87/6824 Ref 0.64
(0.36–1.13)

0.44
(0.16–1.21)

0.38
(0.12–1.16)

0.40
(0.15–1.09)

0.42
(0.16–1.06)

0.40
(0.16–1.02)

0.38
(0.14–1.02)

Subgroup analysis

By sex Males 252/4041 Ref 1.01
(0.73–1.41)

0.99
(0.54–1.80)

0.88
(0.45–1.72)

0.74
(0.40–1.37)

0.70
(0.39–1.25)

0.76
(0.43–1.35)

0.91
(0.51–1.63)

Females 136/2783 Ref 0.54
(0.33–0.88)

0.33
(0.14–0.78)

0.29
(0.11–0.72)

0.32
(0.14–0.74)

0.34
(0.16–0.74)

0.31
(0.14–0.67)

0.25
(0.11–0.60)

By age <65 years 205/4355 Ref 0.85
(0.58–1.24)

0.71
(0.36–1.37)

0.56
(0.28–1.12)

0.45
(0.24–0.85)

0.43
(0.23–0.79)

0.47
(0.25–0.86)

0.56
(0.30–1.04)

≥65 years 183/2469 Ref 0.86
(0.58–1.28)

0.75
(0.36–1.57)

0.68
(0.28–1.64)

0.66
(0.29–1.48)

0.66
(0.31–1.39)

0.68
(0.33–1.41)

0.72
(0.34–1.52)

Ref = reference; 1 Results shown as hazard ratios (95% confidence intervals) from the models that used restricted
cubic splines and were adjusted for age, sex, BMI, smoking and drinking, physical activity, comorbidities,
medications, and supplementation.
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Analyses for secondary outcomes and by subgroup yielded in general similar results
to the main findings, with the lowest smallest recurrent stroke risk at 25(OH)D of about
60 nmol/L (HRs ranging from 0.43 to 0.70); however, the potentially lowest risks of hem-
orrhagic stroke (HR = 0.38) and for females (HR = 0.29) were observed at approximately
40 nmol/L (Table 2; Supplemental Figures S4–S9).

Table 3 shows results from additional analyses for the relationship between 25 (OH)D
and recurrent stroke risk. When compared with the first quartile, the third quartile of
25(OH)D level (ranging from 43.5 to 61.3 nmol/L) was found to significantly associate with
a 32% reduction in recurrent stroke risk (HR = 0.68, 95% CI: 0.48–0.96). Participants with
insufficient (HR = 0.60) or sufficient 25(OH)D levels (HR = 0.59) had a significantly and
similarly reduced risk of recurrent stroke, when taking 25(OH)D deficiency as reference.

Table 3. Result from additional analyses for the relationship between 25 (OH)D and recurrent stroke risk.

Serum 25(OH)D Level
Recurrent Stroke

No. of Events/No. of Patients HR (95% CI) 1 p-Value

Defined by quartile 2

1st quartile 117/1719 Ref -

2nd quartile 92/1707 0.77 (0.56–1.07) 0.12

3rd quartile 86/1693 0.68 (0.48–0.96) 0.03

4th quartile 93/1705 0.77 (0.55–1.08) 0.13

Defined by status

Deficiency (<25 nmol/L) 97/1239 Ref -

Insufficiency (25–50 nmol/L) 149/2906 0.60 (0.44–0.81) < 0.01

Sufficiency (>50 nmol/L) 142/2679 0.59 (0.43–0.82) < 0.01

HR = hazard ratio; CI = confidence interval; Ref = reference; 1 Results from the models that used restricted cubic
splines and were adjusted for age, sex, BMI, smoking and drinking, physical activity, comorbidities, medications,
and supplementation. 2 The cut-off points to define quartiles were 28.9, 43.5, and 61.3 nmol/L.

5. Discussion

In this nationwide prospective cohort study, we explored what was the optimal vitamin
D level in relation to risk of recurrent stroke in patients with a prior stroke history. There
was a quasi J-shaped relationship between 25(OH)D and risk of recurrent stroke observed,
with the lowest risk found at 25(OH)D level of approximate 60 nmol/L. When compared
with 10 nmol/L, a 25(OH)D level of 60 nmol/L was significantly associated with a 48%
reduction in recurrent stroke risk.

The majority of literature had consistently found that low 25(OH)D levels were linearly
or non-linearly associated with risk of first-ever stroke, although the relationship remained
controversial. In this study, we found the optimal 25(OH)D level lay at approximate
60 nmol/L regarding the risk of recurrent stroke, which was in line with the quasi J-shaped
association found from a recent meta-analysis that reported the 25(OH)D level of 50 nmol/L
was related with the lowest stroke risk [8]. Even though with a different inflection, our
study again confirmed that either a low or high level of 25(OH)D was related with elevated
risk of recurrent stroke. Our different optimal 25(OH)D value from the published meta-
analysis may be due to different population (with stroke history versus free from stroke)
and outcome (stroke recurrence versus onset of stroke), data sources (individual patient
data versus published summary data) and study settings (single country versus multi-
country). Nevertheless, our results may provide some evidence about the vitamin D status
in relation to risk of recurrent stroke.

The role of 25(OH)D level in stroke recurrence was largely remained uninvestigated.
Vitamin D status may be associated with stroke size and disease severity, which could
subsequently impact the propensity towards stroke recurrence [13,14]. Unfortunately,
there were no data on NIHSS (National Institutes of Health Stroke Scale) to evaluate the
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stroke severity and size between patients with and without recurrent stroke. However, our
additional analyses showed similar results to previous studies that further adjusted for
NIHSS (Table 3) [10,11]. Vitamin D deficiency had been linked with cardiovascular risk
including hypertension, diabetes mellitus, and arterial stiffness, thereby contributing to
enhanced stroke risk [15–17]. Moreover, vitamin D may own neuroprotective effects, while
vitamin D deficiency could promote inflammation and vascular remodelling to increase
the risk of stroke [18]. Indeed, in this study, when compared with low level of 25(OH)D or
vitamin D deficiency, a decreased risk of recurrent stroke was consistently found. Moreover,
high dosages of vitamin D administration in animal experiments could result in widespread
arterial calcification, especially when with co-existing diabetes, atherosclerosis, and kidney
disease [19]. This also in part supported the elevated risk of recurrent stroke with high
25(OH)D levels (Figure 1). Nevertheless, given the non-randomization design, whether
the observed 25(OH)D level was a surrogate for healthy lifestyle and/or frailty status, and
whether there was residual biases and confounding effect existed in this study, remained
uncertain. Therefore, our findings regarding the relationship between 25(OH)D level and
recurrent stroke risk should be interpreted with caution, requiring further high-quality
evidence and ideally from randomized controlled trials for clarification and verification.

There have been four studies evaluating the association between 25(OH)D level and
risk of recurrent stroke in the literature, three from China [10,11,20] and one from the
US [21]. All these studies categorized 25(OH)D level as either four quartiles [10,11] or
binary for analyses [20,21]. These studies failed to comprehensively assess vitamin D status
in relation to recurrent stroke. Importantly, they did not consider the potential association
between high 25(OH)D levels and increased recurrent stroke risk, which would mislead
the audience about the incremental beneficial effect of high vitamin D status. Their various
cut-off points for 25(OH)D categorization used for analyses could also make their findings
difficult to interpret, as it may not be appropriate to use quartiles or dichotomization for
primary analyses regarding the J-shaped relationship given the substantial heterogeneity
in the defined subgroups. For instance, Huang et al. used the fourth quartile (>22.8 ng/mL,
i.e., >57 nmol/L) as a reference group [11], while our results demonstrated a slight decrease
followed by continuous increase in recurrent stroke risk with elevated 25(OH)D levels in
the group of >57 nmol/L (Figure 1). Moreover, their small sample sizes (ranging from 220
to 946) prohibited further attempts at exploring stroke subtypes and subgroup effects.

By contrast, our study used data from a large-scale prospective cohort with a follow-
up of approximate eight years for analyses. The relationship between 25(OH)D and
recurrent stroke risk was depicted by graphs from restricted cubic splines in combination
with estimates of multiple individual 25(OH)D points, generating a detailed non-linear
association between 25(OH)D in relation to recurrent stroke. Furthermore, we performed
analyses for stroke subtypes and stratified by age and sex to test the potential effect
modifications. Of note, the relationship for hemorrhagic stroke and females seemed to
demonstrate a different pattern from the main analysis (Supplemental Figures S5 and S7).
Part of the interpretation may be due to the relatively small sample size of recurrent stroke
events in females and for hemorrhagic stroke (Table 2). Nonetheless, these exploratory
results for different subgroups required further adequately powered and well-designed
studies for further investigation and clarification.

6. Strength and Limitations

This study used data from a nationwide cohort to comprehensively assess serum
25(OH)D level in relation to recurrent stroke, with results shown as illustrations and
estimates from specific 25(OH)D values. Rigorous methodology and robust analyses also
supported the study findings. The high risk of stroke recurrence and its substantial impact
on mortality remained a severe public health concern [22,23]. While there was an evidence
gap in the existing guidelines regarding 25(OH)D level in relation to recurrent stroke,
our findings might highlight the importance of adequate vitamin D status in relation to
recurrent stroke risk, although we had limited data to explore the causal mechanisms.
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Several limitations exited in this study. First, we could not fully preclude confounding
effects especially of those unmeasured variables in this observational study, which may
compromise the validity and strength of our results [24]. For instance, due to lack of data
on NIHSS, whether and to what extent the relationship between vitamin D status and
recurrent stroke risk could be influenced by stroke severity and size, remained unknown.
Likewise, the relationship between 25(OH)D and recurrent stroke risk may be driven by
some unmeasured factors associated with lifestyle and frailty, which would impair our
observed findings. Some baseline comorbidities (hypertension, diabetes, and heart failure)
and medications (NSAIDs, antihypertensive, and antidiabetic drugs) were significantly
associated with serum 25(OH)D levels. Even though we adjusted for all the comorbidities
and medications in the multivariable model, unquantified moderator and confounding
effects would remain. It was reported that the use of Liaison assay would systematically
underestimate the values of 25(OH)D, which may lead to study populations being misclassi-
fied as vitamin D deficiency [25]. Therefore, our results should be interpreted with caution,
especially regarding the absolute 25(OH)D values and the inflection points found from
the quasi J-shaped relationship curves. We only had data on baseline 25(OH)D measures;
thus, no analysis for the change in vitamin D status in relation to recurrent stroke could be
performed. It would be a worthwhile endeavor to further explore the change in vitamin D
status and its potential usefulness for stroke prognosis and risk evaluation. Furthermore,
it was uncertain about whether the splines for hemorrhagic stroke and in females were
because of either insufficient statistical power or the true absence of a shaped relationship
with 25(OH)D. Collectively, our findings from an observational study were primarily hy-
pothesis generating with an exploratory nature, which warranted further exploration to
clarify the vitamin D status in relation to risk of recurrent stroke.

7. Conclusions

Based on data from a large-scale prospective cohort, we found a quasi J-shaped rela-
tionship between 25(OH)D and risk of recurrent stroke in patients with a stroke history,
which might provide some insights into the vitamin D status for recurrent stroke preven-
tion. Given a lack of exploring the cause–effect relationship in this observational study,
more high-quality evidence is needed to further clarify the vitamin D status in relation to
recurrent stroke risk.
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stroke; Figure S3: Kernel density estimate for probability density function of 25(OH)D stratified
by participants with and without recurrent stroke; Figure S4: Restricted cubic splines showing
25(OH)D in relation to recurrent ischemic stroke with the lowest risk laying at 56.3 nmol/L; Figure
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Abstract: For normal maintenance of blood pressure and blood volume a well-balanced renin-
angiotensin-aldosterone system (RAS) is necessary. For this purpose, renin is secreted as the situation
demands by the juxtaglomerular cells (also called as granular cells) that are in the walls of the afferent
arterioles. Juxtaglomerular cells can sense minute changes in the blood pressure and blood volume
and accordingly synthesize, store, and secrete appropriate amounts of renin. Thus, when the blood
pressure and blood volume are decreased JGA cells synthesize and secrete higher amounts of renin
and when the blood pressure and blood volume is increased the synthesis and secretion of renin is
decreased such that homeostasis is restored. To decipher this important function, JGA cells (renin
cells) need to sense and transmit the extracellular physical forces to their chromatin to control renin
gene expression for appropriate renin synthesis. The changes in perfusion pressure are sensed by
Integrin β1 that is transmitted to the renin cell’s nucleus via lamin A/C that produces changes
in the architecture of the chromatin. This results in an alteration (either increase or decrease) in
renin gene expression. Cell membrane is situated in an unique location since all stimuli need to be
transmitted to the cell nucleus and messages from the DNA to the cell external environment can be
conveyed only through it. This implies that cell membrane structure and integrity is essential for
all cellular functions. Cell membrane is composed to proteins and lipids. The lipid components of
the cell membrane regulate its (cell membrane) fluidity and the way the messages are transmitted
between the cell and its environment. Of all the lipids present in the membrane, arachidonic acid
(AA) forms an important constituent. In response to pressure and other stimuli, cellular and nuclear
shape changes occur that render nucleus to act as an elastic mechanotransducer that produces not
only changes in cell shape but also in its dynamic behavior. Cell shape changes in response to
external pressure(s) result(s) in the activation of cPLA2 (cytosolic phospholipase 2)-AA pathway
that stretches to recruit myosin II which produces actin-myosin cytoskeleton contractility. Released
AA can undergo peroxidation and peroxidized AA binds to DNA to regulate the expression of
several genes. Alterations in the perfusion pressure in the afferent arterioles produces parallel
changes in the renin cell membrane leading to changes in renin release. AA and its metabolic
products regulate not only the release of renin but also changes in the vanilloid type 1 (TRPV1)
expression in renal sensory nerves. Thus, AA and its metabolites function as intermediate/mediator
molecules in transducing changes in perfusion and mechanical pressures that involves nuclear
mechanotransduction mechanism. This mechanotransducer function of AA has relevance to the
synthesis and release of insulin, neurotransmitters, and other soluble mediators release by specialized
and non-specialized cells. Thus, AA plays a critical role in diseases such as diabetes mellitus,
hypertension, atherosclerosis, coronary heart disease, sepsis, lupus, rheumatoid arthritis, and cancer.

Keywords: renin; arachidonic acid; juxtaglomerular cells; granular cells; nucleus; lamin; actin-
myosin; afferent

1. Introduction

Maintenance of normal blood pressure and blood volume is essential for health. Renin-
angiotensin-aldosterone system (RAS) pays a crucial role in this aspect. Renin is a crucial
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part of the RAS. Juxtaglomerular (JG) cells also called as granular cells (renin cells) are
the seat of renin synthesis and they store and secrete renin as the situation demands (see
Figure 1). JG cells are in the walls of the afferent arterioles of the glomerulus and are
considered as the specialized smooth muscle cells. In view of the tight packing of the cells
of the juxtaglomerular apparatus especially of the granular cells between the endothelial
cells, myocytes of the afferent arteriole and other cells (see Figure 1) even slight changes
in the blood volume and pressure within the afferent arteriole are sensed by the renin
cells (granular cells). Thus, the renin expressing cells are uniquely located to sense and
respond to changes in blood pressure and the extracellular fluid such that they can either
enhance or decrease the synthesis and release of renin to restore homeostasis. Recent
studies revealed that the baroreceptor function of the renin cells can be attributed to its
nuclear mechanotransducer ability to sense and transmit the extracellular physical forces
to its chromatin to regulate renin gene expression and its secretion. Perfusion pressure
changes sensed by the integrin β1 are transmitted to the renin cell’s nucleus via lamin A/C
that results in changes in the architecture of the chromatin and corresponding alterations
in the expression of the renin gene [1]. It is likely that the changes in the perfusion
pressure sensed by the renin cells and the renin gene via a nuclear mechanotransduction
mechanism is regulated or controlled by certain intermediate molecules. I propose that
such an intermediate molecule(s) could be arachidonic acid (AA) and its metabolites that
have modulatory influence on the secretion and action of RAS.

Figure 1. Cross section of the JGA and the glomerulus and their relationship to the afferent and
efferent arterioles. Note the close relationship between JGA and the afferent and efferent arterioles.
The JGA monitors the composition of the fluid in the distal convoluted tubule and adjusts the
glomerular filtration rate accordingly. The picture shows the glomerulus and the surrounding
structures. JGA = Juxtaglomerular apparatus.

2. JGA (Juxta Glomerular Apparatus) Functions as a Baroreceptor

Baroreceptors are mechanoreceptor sensory neurons capable of responding to changes
in the stretch of the blood vessel. Thus, a change in the pressure of blood vessel triggers an
alteration in the action potential generation rates that is conveyed to the solitary nucleus in
the medulla oblongata via autonomic reflexes to influence the cardiac output and vascular
resistance [2].

Baroreceptors are of two types: high-pressure arterial baroreceptors and low-pressure
baroreceptors (also known as cardiopulmonary or volume receptors) which are located
within the carotid sinuses and the aortic arch (high pressure baroreceptors) and within the
atria, ventricles, and pulmonary vasculature (low-pressure baroreceptor) respectively.
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The main function of the baroreceptors is to maintain systemic blood pressure. Increase
in blood pressure stretches the baroreceptors resulting in an increase in the vagal tone
nerve and inhibition of the sympathetic outflow that results in restoration of blood pressure
to normal. In contrast, fall in blood pressure decreases signal output that disinhibits the
sympathetic control sites and decreases parasympathetic activity resulting in an increase
in blood pressure. Stimulation of the low-pressure baroreceptors enhances salt and water
retention in addition to influencing intake of salt and water.

The information carried from the baroreceptors is integrated in the medulla oblongata
that communicates with the heart muscle, the cardiac pacemaker and the arterioles and
veins of the body. Any reduction in the sympathetic innervation of the kidneys causes
vasodilation and increased blood flow to the kidneys resulting in an increase in urine
production. On the other hand, whenever blood pressure falls, the sympathetic nerves
stimulate renin release that ultimately results in the production of angiotensin II, which, in
turn, enhances aldosterone that increases retention of Na+ and water. It is interesting that
changes in afferent arterial pressure alters glomerular filtration rate.

It is noteworthy that kidneys regulate the rate of blood flow over a wide range of
blood pressures. Despite significant changes in the blood pressure, the glomerular filtration
rate changes very little due to two internal autoregulatory mechanisms: the myogenic
mechanism and the tubuloglomerular feedback mechanism that operate independent of the
outside influence.

3. Arteriole Myogenic Mechanism

When blood pressure increases, smooth muscle cells located in the arteriole wall get
stretched resulting in its contraction to resist the increase in the blood pressure. As a result,
very little change in the flow occurs. In contrast, when blood pressure is decreased, the
smooth muscle cells relax leading to a decrease in the resistance that allows a continued
even flow of blood.

4. Tubuloglomerular Feedback

JGA is involved in the tubuloglomerular feedback mechanism (Figure 1) that utilizes
adenosine triphosphate (ATP), adenosine, and nitric oxide (NO) that are capable of either
contract or relax the afferent arteriolar smooth muscle cells. The macula dense cells that
are in intimate contact with the afferent and efferent arterioles of the glomerulus, respond
to changes in the fluid flow rate and Na+ concentration. Activated macula densa cells
release ATP and adenosine that stimulate the myogenic juxtaglomerular cells of the afferent
arteriole to slow blood flow and reduce glomerular filtration rate. On the other hand,
decrease in glomerular filtration rate results in less Na+ excretion that results in decreased
ATP and adenosine production leading to the afferent arteriolar dilatation and increase
in the glomerular filtratation rate. NO relaxes the afferent arteriole whereas ATP and
adenosine constrict it. Thus, a close interaction exists between NO and adenosine and ATP
on the glomerular filtratation rate.

The distal convoluted tubule that is in direct contact with the arterioles forms a part
of the JGA known as the macula densa, which can monitor the fluid composition that is
flowing through the distal convoluted tubule. Thus, any changes in the concentration of
Na+ and the rate of fluid movement in the tubule macula densa leads to releases ATP and
adenosine that regulate the glomerular filtration rate.

The regulation of renin release is done by the macula densa cells of the JGA of the
afferent arteriole (Figures 1 and 2). Renin, in turn, modulates the formation of angiotensin
II, a stimulator of the release of aldosterone from the adrenal cortex. Aldosterone enhances
Na+ reabsorption by the kidney and along with which water retention occurs leading to an
increase in blood pressure.
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Figure 2. Scheme showing the release of renin from JGA, formation of angiotensin-II and regulation
of fluid and electrolyte balance and blood pressure. (A) Classic RAS. Angiotensinogen from the liver
is converted to angiotensin II by renin and angiotensin-converting enzyme (ACE). Angiotensin II
activates AT1 receptors in target tissues producing changes in blood volume and blood pressure.
(B) Brain RAS. Production of angiotensin II in the SFO affects thirst and salt appetite.IL-6 = Interleukin-
6 TNF = Tumor necrosis factor RAS = Renin-angiotensin-aldosterone system AT receptor =An-
giotensin receptor ACE = Angiotensin converting enzyme SFO = Subfornical organ.

5. Mechanotransduction from Cell Membrane to the Nucleus

Cell membrane integrity is essential for optimal cell response to various stimuli (both
external and internal) since, all stimuli need to be conveyed to the genome through the
cell membrane and vice versa [3]. This applies to the cells of the JGA and their response
to various stimuli that regulate renin secretion. It has been reported that the nucleus
serves as an elastic mechanotransducer of cellular shape deformation and controls its (cell)
dynamic behavior [4,5]. Changes in the cell shape in response to external pressures induce
inner nuclear membrane unfolding that, in turn, activates cPLA2 (cytosolic phospholipase
2) leading to myosin II recruitment resulting in actin-myosin cytoskeleton contractility
(see Figures 3 and 4). These events produce alterations in the perfusion pressure in the
afferent arterioles with corresponding changes in the renin cell membrane and parallel
changes in renin release [2]. Thus, renin cells that are near the afferent arteriolar endothelial
cells/myocytes/mesangium glomerular cells sense changes in the afferent arterioles and
convey the same to the renin cell membrane. This results in the activation of cPLA2 (and
possibly other phospholipases).
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Figure 3. Scheme showing the mechanotransducer function of nucleus in response to changes in
pressure and stretch. Pressure or stretch stimuli {1–2} increase nuclear membrane tension. This results
in calcium release, cPLA2 activation and AA release {3} (other unsaturated fatty acids may also be
released from the cell membrane) that results in actomyosin force generation (AA may also act on
other cytoskeletal structures). AA metabolites regulate inflammation, immune response, and possess
antimicrobial actions. Modified from Ref. [4].

Figure 4. Scheme showing how nucleus can act as an elastic mechanotransducer in response to
changes in the pressure and stretch stimuli (modified from Ref. [5]).

Cell shape changes occur in response to pressure and stretch stimuli. This causes the
nuclear membrane unfolding and activates cPLA2 resulting in release of AA (and other
unsaturated fatty acids) from the cell membrane. Released AA induces changes in the actin
cytoskeleton behavior and other cytoskeleton structures (including lamin, integrin β1). In
response to changes in the mechanical forces (pressure and stretch) the cells (especially
myocytes, macular densa, granular cells, mesangium-extra-glomerular cells, afferent and
efferent endothelial cells) respond and interact with each other and transduce mechanical
signaling through focal adhesion contacts and F-actin and other cytoskeleton structures
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(both extra and intracellular) that are transmitted to the nucleus through the nuclear pores
and nuclear translocation of mechanosensing-dependent transcription factors (YAP-TAZ
and MRTF- transcription factors). This leads to chromatin activation with consequent
changes in the expression of renin gene. If tumor cells, leukocytes, or macrophages, etc.,
are exposed to pressure and stretch stimuli, cells migrate or metastasize. AA (and other
unsaturated fatty acids) released lead to the formation of its metabolites that produce
changes in the cell size, shape, alter motility, phagocytosis, and influence inflammation,
immune response and show microbicidal action (see Figure 5).

Perfusion pressure changes and/or direct mechanical stimuli produce significant
changes in renin gene expression and its phenotype. This has been attributed to the
baroreceptor(s) that reside in renin cells that are sensed by the integrin β1 at the renin
cell membrane. The stimuli that are sensed by the baroreceptors of the renin cell are
transduced to the nuclear membrane and chromatin by lamin A/C that changes the renin
gene expression and renin bioavailability such that homeostasis is restored [1,2]. These
results imply that changes in the cell membrane dynamics are transmitted to the nucleus for
changes in the respective genes. This transmission of messages from the cell membrane to
the nucleus is performed by the cytoskeleton system that function as the second messenger
of the mechanotransduction process. Perfusion pressure changes are conveyed to the
renin cell membrane such that alterations in cPLA2 activity occurs in afferent arteriolar
endothelial cells/myocytes/mesangium glomerular cells and renin cells.

6. AA Functions as a Mechanotransducer

Dietary essential fatty acids (EFAs) cis-linoleic acid (LA, 18:2 n-6) and alpha-linolenic
acid (ALA, 18:3 n-3) are essential for humans to survive. EFAs are converted to their
long-chain metabolites gamma-linolenic acid (GLA, 18:3 n-6), dihomo-GLA (DGLA, 20:3
n-6) and arachidonic acid (AA, 20:4 n-6) derived from LA and eicosapentaenoic acid
(EPA, 20:5 n-3) and docosahexaenoic acid (DHA, 22:6 n-3) from ALA. All these fatty
acids form an important constituent of cell membrane and are in their (cell membrane)
phospholipid fraction. PUFAs by virtue of their unsaturation can enhance the fluidity
of the cell membranes (including nuclear and mitochondrial membranes). Thus, it is
envisaged that increased presence of PUFAs (especially AA, EPA and DHA) enhances
the fluidity of the cell membrane whereas cholesterol and other saturated fatty acids
render membrane more rigid. The importance of membrane fluidity lies in the fact that
increased cell membrane fluidity increases the number of receptors and their affinity to
their respective proteins/growth factors and hormones (reviewed in [3]). This is especially
relevant to insulin action and development of insulin resistance. The cell membrane fluidity
is also an important factor to enable cells such as leukocytes, macrophages, platelets, T and
B cells and tumor cells to adhere to the extracellular matrix and other tissues and enable
them to pass through capillaries. In the event the cell membrane of is sufficiently fluid, they
will be able to pass through the capillaries some of which are much smaller in diameter
compared to various blood cells and prevent thrombosis whereas, in general, tumor cells
are sufficiently rigid that is responsible for their ability to produce vascular thrombosis.

The ability of cells to respond to various pressures and stretch stimuli (including shear
stress of blood flow) results in cell membrane and nucleus to act as elastic mechanotrans-
ducer of cellular shape deformation and control their (cell) dynamic behavior including
change in their shape, motility, ability to secrete chemicals needed to produce their respec-
tive actions, phagocytosis (endocytosis and exocytosis), inflammation, immune response,
and other functions. In this context, the ability of AA (and DGLA, EPA and DHA) to form
precursors to various biologically active metabolites assumes significance. The observation
that nucleus acts as an elastic mechanotransducer of cellular shape deformation that results
in the activation of cPLA2 and consequent release of AA (and possibly, DGLA, EPA and
DHA; [4,5]) implies that the released fatty acids could be utilized for the formation of vari-
ous metabolites from these released fatty acids (see Figure 5). Thus, it is envisaged that the
released AA (and DGLA, EPA, and DHA) is converted into various metabolites that have
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several biological actions depending on the necessity. In this context, it is noteworthy that
various metabolites formed from AA (prostaglandins, leukotrienes, thromboxanes, lipoxins;
and those formed from EPA and DHA including resolvins, protectins and maresins) have
very short half-life (few seconds) but potent biological actions that ensures much-needed
local actions that are short lived but sufficiently strong to meet the local needs.

Figure 5. Cont.

65



Nutrients 2022, 14, 749

Figure 5. Cont.
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Figure 5. Scheme showing the metabolism of EFAs, and the various products formed from GLA,
DGLA, AA, EPA, DPA and DHA. CYP = Cytochrome P450 enzymes sHE = Soluble epoxy hydrolase.
(A) Metabolism of EFAs LA and ALA. (B) Metabolism of LA and EPA by cytochrome P450 enzymes
and their actions. (C) Metabolism of DGLA and the products from the same. (D) Metabolism of AA
and formation of LXA4 from the same. (E) A comparison of the metabolism of DGLA and AA and
various products formed from these fatty acids. (F) A comparison of the metabolites formed from AA,
DPA, EPA and DHA. (G) Metabolism of PUFAs and products formed from the same by the action of
various enzymes.

7. AA and Its Metabolites Regulate Gene(s) Expression and Renin Release and Action

AA and its products regulate the release of renin at least, in part by producing changes
in the transient receptor potential vanilloid type 1 (TRPV1) expressed in renal sensory
nerves [6–10]. This implies that AA and its metabolites function as mediators that bring
changes in renin gene expression in response to alterations in perfusion pressure involving
nuclear mechanotransduction mechanism.

Several studies revealed that PGE2, PGI2, PGE synthase and PGE2 receptors EP2 and
EP4 regulate renin secretion by the macula densa [11,12]. All four PGE2 receptor subtypes
(EP1, EP2, EP3, EP4) control renal vascular tone, EP1 and EP3 receptors increasing, and EP2
and EP4 receptors, decreasing it [13]. PGE2 produces both renal vascular dilatation at low
concentrations (1 nmol/) and vasoconstriction at higher concentrations (100 nmol/) [13].

This dual action of PGE2 (formed from AA) depends on the expression of PGE2 recep-
tors, their number, and the concentration of PGE2 formed locally that, in turn, depends on
AA released from the afferent arteriolar endothelial cells/myocytes/mesangium glomeru-
lar cells. The presence of EP1, EP2, EP3 and EP4 receptors in the vessels as well as in the
thick ascending limb and collecting duct, glomerulus and collecting duct and the ability of
PGE2 to modulate vascular tone and epithelial transport suggests that it regulates renin
release, blood pressure and blood volume in response to various stimuli [14].

Akin to the actions of PGE2 on vascular tissue (both as a vasodilator and vasoconstric-
tor), it also has both pro- and anti-inflammatory actions. The pro-inflammatory actions
of PGE2 can be ascribed to its ability to polarize macrophages by acting on mesenchymal
stem cells (MSCs) binding to its receptors EP2 and EP4 depending on its local concentra-
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tion [15–22]. Despite the belief that PGE2 is pro-inflammatory in nature, several studies
suggested that PGE2 can also trigger anti-inflammatory events [17–25]. The pro- and anti-
inflammatory actions of PGE2 depend on its ability to bind to different types of PGE2 recep-
tors (EPs). At low concentrations, PGE2 binds to the high affinity EP4 receptor to enhance
IL-23 production, whereas high PGE2 concentrations bind to EP2 receptor to suppress IL-23
release [19,20] that explains its dual pro and anti-inflammatory actions [26–29]. In addition,
once PGE2 concentrations reach a peak, it triggers the generation of LXA4 and suppresses
LTB4 production by inducing 5- and 15-lipoxygenases that triggers the pro-inflammatory
status to be switched over to anti-inflammatory pathway (see Figure 6, [22,30]). These
observations [15–31] emphasize the critical role of PGE2 in inflammation, vasoconstriction,
vasodilatation and in the regulation of renin release from the JGA. This switchover of the
metabolism of AA from PGE2 to LXA4 depends on the source of AA. There is a biphasic
release of AA from the cell membrane lipid pool. The first pulse of AA release due to the
activation of iPLA2 is utilized to form predominantly PGE2. On the other hand, the second
pulse of AA release due to cPLA2 and/or sPLA2 activation is directed to form LXA4. Thus,
factors regulating the activation of different forms of PLA2 are critical in the regulation of
inflammation, vasoconstriction or vasodilatation and release or inhibition of renin release.
It is likely that PGE1 derived from DGLA, the precursor of AA, also has actions like PGE2
in triggering the formation of LXA4 (see Figure 6) though PGE1 may be much less potent
compared to PGE2. EPA and DHA also regulate inflammation, vascular tissue response
and renin release. PGE3 and LTs (formed from EPA) and resolvins, protectins and maresins
(derived from EPA and DHA) regulate inflammation, vascular tone, and renin release like
PGE2, LTE4 and LXA4 (derived from AA) except that they are much less potent compared
to those derived from AA.

Figure 6. Regulation of LXA4 generation by PGE1 and PGE2.In experimental animals induced to
develop collagen-induced arthritis, PGE1 and PGE2 enhance LXA4 formation PGE2 > PGE1). This
data is taken from Ref. [31]. Normal control refers to the control foot pad of the opposite side.

The critical role of AA in various cellular processes including inflammation, vascular
tone and renin release is supported by the observation that its peroxidized products bind
to DNA and regulate gene(s) expression(s) [32,33]. It is likely that AA that is released in
response to the changes in pressure and stretch get converted into its various metabolites
(PGs, LTs, TXs, and LXA4) to regulate renin release. The possibility that AA by itself can
regulate renin release cannot be discounted.

8. AA and Its Metabolites in Renin Synthesis, Secretion, and Action

Renin is an aspartyl protease which limits the activity of renin-angiotensin-aldosterone
system (RAS). Renin-expressing cells in the kidney synthesize active renin from prorenin,
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which is stored in the cells to release it on demand. Both cAMP and Ca2+ pathways,
cAMP-binding protein (CREB), and PPAR-γ (peroxisome proliferator-activated receptor-γ)
exert a positive effect on renin gene transcription. In contrast to this, transcription factor
NF-κB (nuclear factor-κB) interferes with the CREB-binding site and thus, inhibits the
pro-inflammatory cytokines action on renin gene expression [34,35]. This may explain
the negative feed-back regulation exerted by angiotensin-II/aldosterone on renin gene
expression (and thus reduce renin secretion and levels). In contrast to this, AA, PGE1,
PGE2, LXA4, resolvins, protectins and maresins may enhance renin gene expression by
virtue of their inhibitory action on NF-κB, IL-6 and TNF-α, whereas AA metabolites,
12(s)-HPETE and 12-HETE, which are pro-inflammatory molecules inhibit renin gene
expression [3,6,8,9,11,29]. These results emphasize as to how AA can both enhance and
reduce renin synthesis and release and regulate blood volume and blood pressure. Based
on these results, it is envisaged that AA release that occurs in response to changes in
the pressure and stretch stimuli regulates renin release. Whenever there is a decrease in
pressure and stretch stimuli as a result reduced blood volume and blood pressure, AA
that is released is preferentially converted to PGE1, PGE2, LXA4, resolvins, protectins and
maresins that enhance renin synthesis whereas an increase in pressure and stretch stimuli
that occurs secondary to an increase blood volume and blood pressure the released AA
is converted to HEPETE and HETE that inhibit renin synthesis and release. Thus, AA
(like PGE2 as discussed above) can have both stimulatory and inhibitory action on renin
synthesis and release.

9. Renin Secretion at the Cellular Level

Dysregulation of renal renin synthesis and secretion can cause significant alterations
in blood volume, blood pressure, and as a result significant damage to various organs
could occur. Hence, understanding the control of renal renin synthesis and renal renin
secretion is essential. In general, experiments are performed in experimental animals to
study the control of renin at the organ and cellular level and in vitro systems. Although
such studies do give valuable information about renin synthesis and secretion, one need
to know that there could occur substantial differences between experimental animals and
humans pertaining to quantitative differences in the number of renin-producing cells, the
rate of intracellular renin processing, and the rate of renin secretion. In the adult kidney,
renin is synthesized by JGA granular cells located close to the renal afferent arterioles at
the entrance into the glomerular capillary network (see Figure 1). The transcription rate of
the renin gene is an essential event that determines the production rate of renin.

Among the factors that regulate renin gene expression include cAMP and Ca2+pathways,
cAMP-binding protein (CREB), and PPAR-γ (peroxisome proliferator-activated receptor-γ)
that have a positive effect on renin gene transcription. On the other hand, NF-κB, IL-6, and
TNF-α reduce renin gene expression and its secretion (see Figure 2, [34,35]. In addition, AA,
and several of its metabolites (similarly EPA and DHA and their metabolites) also regulate
renin gene expression [3,6,8,9,11,29]. In this context, it is noteworthy that AA (and EPA and
DHA) can interact with syntaxin to regulate exocytosis and thus, control renin secretion.

Cyclic AMP stimulates renin secretion (by activating protein kinase A) [36]. Thus,
catecholamines that activate cAMP formation (via β1-receptors) and PGI2 and PGE2 that
inhibit cAMP degradation and nitric oxide (via cyclic GMP (cGMP)) and pharmacological
inhibitors of cAMP-phosphodiesterases such as theophylline stimulate renin secretion [37].
In contrast to this, maneuvers that increase the cytosolic calcium concentration in renin-
secreting cells inhibit renin release [38]. Thus, angiotensin-II and endothelin inhibit renin
release [39,40]. Similarly, increased perfusion pressure of the afferent arterioles increases the
calcium concentration in JGA cells and thus, inhibits renin release [41]. cGMP generation
by ANP in renin-secreting cells also inhibits renin secretion [42].

Several neurotransmitters and neuropeptides stimulate renin secretion by enhanc-
ing cAMP pathway, whereas neuropeptide Y suppresses renin secretion by decreasing
cAMP formation. Norepinephrine binds to β1-receptors on renin-secreting cells and thus,
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stimulates renin secretion. Renal vasoconstriction precedes sympathetic output to the
kidneys [43–52]. The tubular macula densa cells and the preglomerular endothelial cells
produce NO and prostaglandins (PGs) [53]. NO, PGI2 and PGE2 stimulate renin secre-
tion [54,55].

10. AA Interacts with Syntaxin to Regulate Exocytosis/Renin Secretion

Renin is stored in granules in juxtaglomerular (JG) cells. SNAREs (soluble N-ethylmal
eimide-sensitive factor attachment proteins), VAMP2 (vesicle associated membrane protein
2) and VAMP3 have a role in cAMP-stimulated exocytosis as is seen in other endocrine
cells. VAMP2 and VAMP3 mRNA are expressed in JG cells and VAMP2 (but not VAMP3)
is co-localized with renin-containing granules. Silencing VAMP2 blocks cAMP-induced
renin release (by ~50%) whereas silencing VAMP3 had no effect [56]. This soluble NSF
(N-ethylmaleimide-sensitive factor) attachment protein receptor (SNARE) protein VAMP2
mediated cAMP-stimulated renin release and exocytosis. Furthermore, JG cells with renin-
containing granules co express and colocalize the isoform SNAP23 indicating that the
SNARE protein SNAP23 is involved in cAMP-stimulated renin release, implying that renin
release is a SNARE-dependent process [56–59].

Synaptic vesicle exocytosis is essential for neurotransmitter release at nerve terminals
and renin by renin (JGA) cells. The vesicular transport machinery consists of four key
components: (i) v-SNARE protein, which is a vesicle membrane protein, (ii) t-SNARE,
the target membrane protein, (iii) membrane fusion N-ethylmaleimide-sensitive fusion
cytosolic protein (NSF), and (iv) SNAPs that are adaptors for NSF termed (soluble NSF
attachment proteins) (Figure 7). The v- and t-SNAREs are complementary to each other
that are needed for vesicle docking. The assembled v- and t-SNARE acts as a receptor for
the SNAPs that can incorporate the fusion protein, NSF. The docking and fusion particle
containing all the four basic parts, thus formed, is called the SNARE complex. The energy
needed for the vesicle fusion is derived from the hydrolysis of ATP by NSF, which is
an ATPase [58]. Renin granule exocytosis needs SNAREs for the release of renin from
juxtaglomerular cells [56,57,60]. Recent studies revealed that there is a critical role for
AA and DHA in exocytosis of neurotransmitters in which the fusion of neurotransmitter-
containing vesicles with the neuronal plasma membrane occurs. AA and DHA potentiate
secretion from neurosecretory cells. AA increases soluble NSF attachment protein receptor
complex and SNARE complex formation [61].

Syntaxin is one of the members of the SNARE family of proteins that mediates mem-
brane fusion, an event needed for intracellular membrane trafficking [62]. Syntaxins diffuse
in the plasma membrane to form clusters that have an important role in vesicle secretion
process [63]. Exocytosis of secretory vesicles needs syntaxin to form clusters, which de-
pends on the changes in the lipid bilayer of the cell membrane, that causes the aggregation
of membrane proteins [64]. All SNARE proteins target membranes during fusion that is
needed for exocytosis and is called the SNARE core complex, which is formed from SNARE
proteins on the secretory vesicles (vesicle-associated membrane protein or VAMP) and a
soluble SNARE protein (synaptosome-associated protein or SNAP). Syntaxins and VAMPs
are anchored to the membranes (see Figure 7). Syntaxin 1 is needed for exocytosis of
neurotransmitters. Membrane extension and neurotransmitter release needs fusion of intra-
cellular vesicles with the plasma membrane involving SNARE protein assembly, membrane
fusion, and its disassembly [65–69]. There are about 15 members of the syntaxin family.
Syntaxins in conjunction with the cytoplasmic NSF and SNAP proteins mediate vesicle
fusion and thus, are needed for exocytosis and endocytosis. All mammalian syntaxins,
except for syntaxin 11, are transmembrane proteins and endosomal syntaxins is involved
in specialized processes such as neurite outgrowth and myelin sheath formation [70].
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Figure 7. Schemes showing the mechanism of synaptic vesicle exocytosis. For details see text.
(A) Scheme showing how SNAP-25 and Syntaxin participates in membrane fusion and exocytosis.
(B) Scheme showing how SNAP-25, syntaxin and synaptobrevin interact with each other.

It is evident from the preceding discussion that membrane-associated SNAREs, syn-
taxin 1, SNAP25 (synaptosomal-associated protein 25 kDa) and synaptobrevin are needed
for membrane fusion [71]. Fusion of intracellular vesicular storage material with the cytoso-
lic surface of the plasma membrane involving SNARE proteins is essential in membrane
extension and exocytosis of neurotransmitters. The pairing of SNARE with syntaxin-1 and
SNAP-25 on the intracellular surface of the plasma membrane is needed for neurotransmit-
ter exocytosis. Phospholipases (PLs) that release AA are highly enriched in nerve growth
cones and are involved in neurite outgrowth. Syntaxin 3 (STX3) that is needed for neurite
growth is activated by AA and DHA suggesting that these fatty acids are essential for
membrane expansion at the growth cones, and exocytosis of neurotransmitters [61,71–76].
Thus, AA and DHA are critical in the exocytosis of various neurotransmitters.

In a similar fashion, AA may modulate renin release from JGA. JG cells express VAMP2
and VAMP3 mRNA especially, VAMP2 that is explicitly co-localized with JGA granules
that contain renin. VAMP2 plays a role in cAMP mediated renin exocytosis [56]. The
expression and colocalization of SNAP23 in renin-containing granules of JG cells implies
that SNAP23 is involved in renin release and thus, renin release is a SNARE-dependent
process [56–59]. SNARE, syntaxin-1 and SNAP-25 interact with each other and are needed
for exocytosis. Since both AA and DHA (AA > DHA) activate syntaxin, it is proposed that
these fatty acids regulate renin release. Furthermore, several AA metabolites can either
increase or decrease renin release [6–14], depending on the metabolite formed from AA.
For instance, 12(s)-HPETE and 12-HETE and 12- and 15-LOX metabolites inhibit renin
release whereas PGE2 and PGI2 increase renin release depending on their concentration
and binding of PGE2 to EP1-EP4 receptors. Thus, AA can either increase or decrease renin
release depending on the metabolite formed and its concentration and binding to specific
receptors [6–14]. These results agree with the results that nucleus serves as a sensor and
responds to changes in pressure and stretch {1–2 in the Figure 3} that results in the release of
calcium, cPLA2 activation and release of AA [3] (and other unsaturated fatty acids from the
membrane) that ultimately causes actomyosin force generation (AA can directly modulate
cytoskeletal structures). This is akin to changes in the blood flow and vasomotor tone of the
afferent arteriole of the glomerulus that is sensed by the cells of the JGA leading to changes
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in their nuclear membrane tension which results in the released AA (and of EPA and DHA)
and their subsequent conversion to its products such as prostaglandins, thromboxanes,
leukotrienes, lipoxins, and resolvins from EPA and DHA and protectins and maresins from
DHA that can either increase or decrease blood flow and produce respective changes in
the vasomotor tone. These changes ultimately result either an increase or decrease in renin
release as the situation demands. Based on these evidences, it is envisaged that AA serves
as a mechanotransducer of renin cell baroreceptor and thus, modulate renal blood flow,
body fluid volume and blood pressure (see Figures 1–4 and 8).

Figure 8. Scheme showing how AA can function as a mechanotransducer in response to
changes in the perfusion pressure in the afferent arteriole and transmit renal baroreceptor actions.
ECM = Extracellular matrix AA = Arachidonic acid. PGE2. +Prostaglandin E2 LXA4 = Lipoxin
A4 NF-kB = Nuclear factor-kappa B IL-6 = Interleukin-6 TNF = Tumor necrosis factor HPETE =
Hydroperoxyeicosatetraenoic acid HETE = Hydroxyeicosatetraenoic acid CREB = cAMP-binding
protein. AA by itself or by its various metabolites can act on F-actin, Lamin A/C and chromatin to
regulate renin gene expression and thus, regulate renin synthesis and exocytosis. Metabolites of AA
such as PGE2, LXA4, HPETE and HETE can either enhance or decrease renin formation in response to
changes in perfusion pressure (see Figure 8). PGE2 can either increase or decrease renin synthesis de-
pending on its concentration and binding to its various receptors. PGE2, when it reaches its optimum
level, triggers the synthesis of LXA4 from AA and LXA4, in turn, inhibits PGE2 formation. NF-kB,
angiotensin-II, aldosterone, IL-6 and TNF-α stimulate PLA2 to induce the release of AA from cell
membrane lipid pool and enhance the formation of PGE2 and other pro-inflammatory eicosanoids.
LXA4 inhibits the expression of Nf-kB, and inhibits the synthesis of IL-6, TNF-α. HPETE and HETE
are pro-inflammatory molecules formed from AA and can inhibit renin synthesis. This positive and
negative feedback regulation among AA, PGE2, LXA4, NF-kB, IL-6, TNF-α, angiotensin-II and cAMP
ensure that renin synthesis and exocytosis occur in an optimum way depending on the perfusion
pressure, blood volume and blood pressure (see Figure 8).

11. Conclusions and Therapeutic Implications

Exocytosis is the fusion of secretory vesicles with the plasma membrane that is essential
for the discharge of vesicle content into the extracellular space. This is associated with
incorporation of new proteins and lipids into the plasma membrane. Exocytosis can be seen
in many cells {called as (constitutive exocytosis) or it can occur in specialized cells such
as neurons, endocrine and exocrine cells (this includes insulin secretion by pancreatic β

cells, renin by renin cells of JGA), called as regulated exocytosis}. Constitutive exocytosis is
needed to secrete digestive proenzymes, peptide hormones, immunoglobulins, chylomicra
lipoproteins by non-neuronal cells. In majority of the instances, exocytosis is triggered by an
increase in the cytosolic free Ca2+ concentration. In neurons and endocrine cells, secretory
vesicles fuse with the plasma membrane in response to stimulation, and their secretion is
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linked to synapsins (in neurons) or actin (in endocrine cells). Several Ca2+-binding proteins
and synaptotagmin are essential for exocytosis at synapses. GTP-binding proteins are
also involved in exocytosis. It is evident from the preceding discussion that SNARE that
vesicle SNAREs (synaptobrevin and homologues) bind to target SNAREs (syntaxin/SNAP-
25 and homologues), whereupon SNAPs and NSF bind to elicit membrane fusion and
subsequent exocytosis [77]. Spatial control of exocytosis is needed for any biological
processes such as neurotransmitter secretion, immune surveillance, cell migration and
wound healing, and for development of cell polarity and cell growth (see Figure 9). In
neurons, exocytosis of secretory granules and vesicles is confined to the synaptic cleft [78].
During immune surveillance, contact between an antigen-presenting cell (APC) and a
cytotoxic T cell is essential and leads to formation of the immunological synapse that results
in vesicle transport of soluble agents and membrane proteins within this zone of cell–cell
contact that is needed to secrete cytokines, perforin, etc., to regulate immune response and
induce apoptosis of tumor cells [79]. Proper cell migration and proliferation is needed for
wound healing wherein exocytosis is coupled to local changes in plasma membrane and
cytoskeleton dynamics [80]. During cell division, localized exocytosis occurs to mediate
ingression of the cleavage furrow [81,82]. Development of cell polarity directs exocytosis at
specialized sites of membrane growth [83,84].

Figure 9. Molecular cues and membrane domains of localized exocytosis (modified from Ref. [83]).
SA = Stearic acid. OA = Oleic acid. (a) Role of AA and DHA in neurite growth and neurotransmitters
exocytosis {similar events lead to insulin and renin secretion}. (b) Under normal physiological
conditions wherein robust immune surveillance exists, T-cell receptors (TCRs, orange) and LFA-1
cell adhesion molecules interact with MHC I and ICAM-1 molecules to form the immunological
synapse. (c) In budding yeast, both extrinsic and intrinsic cues lead to cell–cell adhesion and is
confined to E-cadherin. The exocyst is restricted to the tight junction as cells become more polarized.
(d) SNARE proteins are localized at the site of delivery and fusion of intracellular vesicles because of
local changes in intramembrane and membrane skeleton dynamics.

In this context, it is important to note that AA and DHA and their metabolites par-
ticipate and regulate neurite growth and neurotransmitters exocytosis, insulin and renin
secretion, immune surveillance, cell migration, wound healing and cell growth and multi-
plication [6–14,61,71–76,85–99]. These results coupled with the observation that alterations
in the pressure or stretch leads to an alteration in the nuclear membrane tension that trig-
gers calcium release, cPLA2 activation and release of AA [4,5] implies the role of AA to
function as a mechanotransducer. These results suggest that AA can function as a mechan-
otransducer. Released AA induces changes in the actin cytoskeleton behavior and other
cytoskeleton structures (including lamin, integrin β1). This ultimately results in changes
in the expression of genes and their products. The released AA can be metabolized to
form a wide variety of its products based on the activities of COX, LOX and p450 enzymes
that have potent biological actions (see Figure 5). These metabolites of AA have multiple
actions that impinge on almost all types of cells and tissues and several physiological
processes [100,101]. It is noteworthy that AA is an important component of all cell mem-

73



Nutrients 2022, 14, 749

branes. Hence, it is likely that all types of cells in the body that are exposed to pressure
or stretch and/or have constitutive or regulated exocytotic function need AA for their
physiological function. The pressure or stretch can be exerted by blood flow, changes in
blood volume, blood viscosity and could be brought about by internal or external stimuli.
It is likely that insulin secretion by pancreatic β cells, renin secretion by renin cells of JGA
and vascular endothelial cells that are constantly exposed to shear stress of blood volume
and changes in blood pressure are the most important cells/tissues that need constant
supply of AA to bring about their respective physiological actions. Thus, it is suggested
that secretion of insulin by β cells and renin by renin cells of JGA and vasodilator and vaso-
constrictor molecules production by endothelial cells is regulated by their AA content and
metabolism. This is supported by the reports that pancreatic β cell secretion of insulin and
renin production are regulated by AA and its metabolites [6–14,86–88]. Vascular endothe-
lial cells produce several vasoactive substances that regulate vasomotor tone and blood
pressure [102–104]. Of all, AA metabolites PGI2, PGE2, LTs, TXs, LXA4, and dihydroxy
fatty acids are critical (see Figure 5). The balance between vasoconstrictors and vasodilators
produced from AA (and EPA and DHA) seem to have both local and systemic actions in
the regulation of blood pressure. In this context, AA seems to be important since it forms
the precursor to both vasoconstrictor (LTs, TXs) and vasodilator (PGI2, PGE2, and LXA4)
metabolites. Furthermore, AA can regulate nitric oxide (NO) generation that is necessary to
maintain vascular endothelial integrity, tissue perfusion and blood pressure [105–108]. The
crosstalk between PGE2 (a vasodilator, platelet aggregator and pro-inflammatory molecule)
and LXA4 (a vasodilator, platelet anti-aggregator and anti-inflammatory molecule) seems
to play a critical role in insulin and renin secretion (see Figures 6 and 9, [29–31]).

Since AA regulates exocytosis, it is imperative that cells (especially β, renin cells of JGA
and vascular endothelial cells) need a constant supply of adequate amounts of AA. Since
the availability of AA from diet is limited, cells/tissues depend on endogenous production
of AA from dietary LA. Conversion of LA to AA needs desaturases and elongases enzymes
(see Figure 5A), whereas the conversion of AA to their respective metabolites needs COX-1,
COX-2, and 5-, 12-, and 15-LOX enzymes (see Figure 5). Based on the local conditions,
AA and DHA are utilized to form their respective metabolites that determine the cellular
process (such as exocytosis of insulin, renin, neurite growth, neurotransmitter release,
immune response, cell growth, cell motility, wound healing, cancer cell growth or death or
metastasis, etc.). Based on the available evidence, it is proposed that AA not only functions
as a mechanotransducer to convey messages from the membrane to the nucleus but also
appears to regulate cytoskeleton organization, cell shape, size, mitosis (meiosis) and gene
expression [80,109–115].

It is evident from the current evidence that lipids are the prime constituents of the
fusing membranes and play a critical role in exocytosis. In addition to fatty acids (AA
and DHA) there appears to be a role for other lipids such as phosphatidylinositol-4,5-
bisphosphate [PtdIns(4,5)P2], cholesterol, phosphatidic acid (PA), phosphatidylserine,
phosphoinositides {such as PtdIns(4,5)P2, PtdIns(3)P, PIP2} also play a role in exocyto-
sis [116]. It is noteworthy that AA forms an important constituent of these lipids (both
structurally and functionally). Thus, the role of AA (and possibly, DHA and other un-
saturated fatty acids) in exocytosis, immune surveillance, cell migration, wound healing,
development of cell polarity and cell growth is definite. This is supported by the obser-
vation that plasma concentrations of AA in the phospholipid fraction are low in diabetes
mellitus, hypertension, coronary heart disease, sepsis, pneumonia, rheumatoid arthritis,
lupus (in RA and lupus decrease of GLA, the precursor of AA is also seen) (see Tables 1
and 2, [117,118] diseases in which exocytosis, immune surveillance, cell migration, wound
healing, cell growth are critical to recover. Atherosclerosis free aortae have abundant
essential fatty acids (LA and ALA and AA is the metabolite of LA) whereas atherosclerotic
lesions are deficient in EFAs. This suggests that vascular endothelial cell integrity and
function is dependent on the availability of EFAs [119–122].
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Table 1. The percentage of distribution of fatty acids from plasma phospholipid fraction in patients
with hypertension (HTN), coronary heart disease (CHD), type 2 diabetes mellitus, and diabetic
nephropathy that are common with advanced age.

Fatty Acid Control HTN CHD Type 2 DM Diabetic Nephropathy

16:0 25.9 ± 3.0 29.3 ± 2.7 * 27.8 ± 3.5 26.6 ± 5.2 26.8 ± 2.7
18:0 20.9 ± 3.6 23.2 ± 4.9 * 18:0 ± 10.7 14.6 ± 4.1 11.6 ± 3.6 *

18:1 n-9 13.0 ± 2.3 12.1 ± 1.5 11.5 ± 3.1 12.0 ± 2.6 14.5 ± 3.1
18:2 n-6 (LA) 18.6 ± 3.1 14.5 ± 3.1 * 17.8 ± 5.0 13.9 ± 5.3 15.1 ± 3.1

18:3 n-6 (GLA) 0.14 ± 0.1 0.4 ± 0.3 * 0.1 ± 0.1 * 0.2 ± 0.3 0.1 ± 0.2
20:3 n-6 (DGLA) 3.4 ± 1.0 3.1 ± 0.9 2.7 ± 1.1 1.7 ± 1.0 * 2.0 ± 0.8 *

20:4 n-6 (AA) 9.4 ± 1.8 7.8 ± 2.0 * 7.0 ± 2.1 * 4.6 ± 1.8 * 6.6 ± 2.6 *
22:5 n-6 0.7 ± 0.4 0.4 ± 0.4 * 1.0 ± 0.9 2.1 ± 0.6 * 1.3 ± 0.5 *

18:3 n-6/18:2 n-6 0.008 0.026 0.005 0.017 0.008
20:4 n-6/18:2 n-6 0.51 0.54 0.39 0.33 0.43
20:4 n-6/20:3 -6 2.8 2.53 2,59 2.8 3.3
18:3 n-3 (ALA) 0.2 ± 0.1 0.4 ± 0.2 * 0.3 ± 0.5 0.1 ± 0.2 * 0.1 ± 0.1 *
20:5 n-3 (EPA) 0.4 ± 0.4 0.6 ± 0.6 0.1 ± 0.2 * 0.3 ± 0.3 0.2 ± 0.3

22:5 n-3 0.5 ± 0.2 0.4 ± 0.5 0.3 ± 0.3 * 1.6 ± 1.3 1.7 ± 1.1
22:6 n-3 (DHA) 1.4 ± 0.5 1.2 ± 0.6 0.8 ± 0.4 * 0.5 ± 0.4 * 0.5 ± 0.3 *

20:5 n-3/18:3 n-3 1.8 1.39 0.41 3.2 4.0

All values are expressed as mean ± SD. * p < 0.05 compared to control. This data is taken from Refs [3,118].

Table 2. Fatty acid analysis of the plasma PL (phospholipid) fraction in patients with pneumonia,
Figure 3 and [117].

Control
(n = 10)

Pneumonia
(n = 12)

Septicemia
(n = 14)

RA (n = 12)
SLE (Lupus)

(n = 5)

16:0 24.8 ± 3.4 32.5 ± 3.6 26.95 ± 4.1 30.2 ± 3.0 32.0 ± 3.75
18:0 23.3 ± 4.1 21.4 ± 7.1 24.58 ± 6.0 19.0 ±6.1 14.6 ± 5.82

18:1 n-9 13.1 ± 2.3 15.6 ± 3.2 16.5 ± 3.3 * 14.8 ± 2.1 16.0 ± 2.78
18:2 n-6 17.7 ± 3.1 14.2 ± 0.3 * 16.3 ± 2.4 17.5 ± 2.7 20.8 ± 2.2
18:3 n-6 0.13 ± 0.09 0.13 ± 0.08 0.04 ± 0.05 * 0.02 ± 0.04 ** 0.01 ± 0.01 **
20:3 n-6 3.2 ± 0.79 1.5 ± 0.4 * 0.46 ± 0.54 * 2.5 ± 0.58 2.12 ± 0.52
20:4 n-6 8.8± 2.0 5.1 ± 0.4 * 5.8 ± 1.6 * 9.5 ± 2.2 8.93 ± 2.0
22:4 n-6 0.42 ± 0.23 0.8 ± 0.9 0.34 ± 0.28 0.26 ± 0.37 ** 0.18 ± 0.18 **
22:5 n-6 0.73 ± 0.55 0.45 ± 0.63 1.5 ± 1.02 * 0.6 ± 0.7 0.8 ± 1.0
18:3 n-3 0.27 ± 0.12 0.09 ± 0.04 * 0.16 ± 0.11 * 0.12 ± 0.16 * 0.1 ± 0.1 *
20:5 n-3 0.25 ± 0.26 0.23 ± 0.24 0.01 ± 0.01 * 0.05 ± 0.14 ** 0.04 ± 0.04 **
22:6 n-3 1.43 ± 0.43 0.54 ± 0.43 * 1.2 ± 1.14 0.62 ± 0.56 * 0.88 ± 0.75 *

** p < 0.001 compared to control; * p < 0.05 compared to control.

It is noteworthy that tumor cells are deficient in AA (see Table 3) and selectively
undergo apoptosis (compared to normal cells) on supplementation with this fatty acid
(reviewed in [3,123]. These results suggest that supplementation of adequate amounts of
AA could be employed to selectively eliminate tumor cells. Similar approach can be imple-
mented for the prevention and management of diabetes mellitus, hypertension, coronary
heart disease, sepsis, pneumonia, rheumatoid arthritis, lupus, and other diseases. It is
interesting that AA supplementation, when its deficiency exists, leads to no change or de-
crease in the formation of PGE2 but augments formation of anti-inflammatory, vasodilator,
platelet anti-aggregator, and anti-cancer molecule LXA4 [124–126]. Although in the present
discussion, emphasis has been on AA, it is likely that other unsaturated fatty acids such
as LA, GLA, DGLA, ALA, EPA, DPA and DHA may show mechanotransducer function
as well. Both our in vitro and in vivo studies revealed that of all the saturated and unsat-
urated fatty acids correct is the best in elaborating its cytoprotective, anti-inflammatory
and anti-diabetic actions. These beneficial actions of AA are due to enhanced formation
of LXA4, a potent anti-inflammatory and anti-cancer molecule. GLA, DGLA, EPA and
DHA also enhanced LXA4 formation, but the amount formed is significantly less [33]. The
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ability of GLA, DGLA, EPA and DHA to enhance LXA4 formation could be attributed
to their ability to displace AA from the cell membrane lipid pool. It was reported that
resolvins and protectins enhance LXA4 formation and thus, mediate some, if not all, of
their anti-inflammatory actions [6,82,127,128]. Our studies revealed that LXA4 is more
potent than resolvins and protectins in its anti-inflammatory, cytoprotective and anti-cancer
actions [129–131]). These results suggest that AA and LXA4 are more important and potent
compared to other unsaturated fatty acids (such as GLA, DGLA, EPA and DHA) and their
metabolites (resolvins, protectins and maresins) (reviewed in [3]). This may explain as
to why studies performed with EPA and DHA did not result in dramatic response in the
prevention of inflammation, diabetes mellitus and cancer due to deficiency of AA in these
diseases and failure to its (AA) supplement in adequate amounts. Hence, it is suggested
that AA need to be given along with EPA and DHA to obtain optimal results [119]. Simi-
larly, methods need to be developed such that AA is selectively delivered to the JGA to
regulate renin release and function. AA can be given orally, intravenously for long periods
without significant side effects [3,132–134]. In view of these evidence, it is imperative that
potential clinical use of a simple nutrient AA in several diseases need to be explored.

Table 3. Content of fatty acids in normal liver, hepatoma cells, and in microsomal suspensions from
normal liver and Yoshida hepatoma cells. All values of mean ± S. E. This data is form Ref. [3].

Measurement
(Fatty Acid)

Normal Intact
Liver

Intact Yoshida
Cells

Normal Liver
Microsomes

Yoshida
Microsomes

16:0 18.5 ± 0.2 18.7 ± 2.0 18.9 ± 1.1 18.5 ±0.5
18:0 17.5 ± 0.5 13.3 ± 1.1 22.0 ± 3.0 13.7 ± 0.2

18:1, n-9 (oleic acid) 12.1 ± 1.0 21.5 ± 0.8 8.6 ± 1.0 18.1 ± 0.3
20:4 (AA) 16.7 ± 2.4 8.7 ± 0.7 19.1 ± 2.4 9.6 ± 0.8

22:5 - 2.9 ± 0.1 - 2.4 ± 0.3
22:6 (DHA) 6.3 ± 0.2 5.2 ± 0.6 6.1 ± 0.3 5.3 ± 0.4
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Abbreviations

AA Arachidonic acid
EPA Eicosapentaenoic acid
DHA Docosahexaenoic acid
LXA4 Lipoxin A4
RAS Renin-angiotensin aldosterone system
And-II Angiotensin-II
JGA Juxtaglomerular apparatus
PLA2 Phospholipase A2
TRPV1 Transient receptor potential vanilloid type
1 ATP Adenosine triphosphate
LA Cis-linoleic acid
ALA Alpha-linolenic acid
GLA Gamma-linolenic acid
COX-2 Cyclooxygenase-2
PGE2 Prostaglandin E2
PGs Prostaglandins
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LTs Leukotrienes
TXs Thromboxanes
mPGES1 and PGES2 Microsomal PGE synthases 1 and 2 EP2 and EP4 = PGE2 receptors
LOX Lipoxygenase
MSCs Mesenchymal stem cells
CREB cAMP-binding protein
PPAR-γ Peroxisome proliferator-activated receptor
γ cAMP Cyclic adenosine monophosphate
HPETE Hydroperoxyeicosatetraenoic acid
HETE Hydroxyeicosatetraenoic acid
PGI2 Prostacyclin
cGMP Cyclic guanosine monophosphate
NO Nitric oxide
SNAREs Soluble N-ethylmaleimide-sensitive factor attachment proteins
NSF N-ethylmaleimide-sensitive factor
SNAP Synaptosome-associated protein
APC Antigen-presenting cell
VAMP Vesicle-associated membrane protein
STX3 Syntaxin 3
PUFAs Polyunsaturated fatty acids
EFAs Essential fatty acids
NF-kB Nuclear factor-kappa B
IkB Inhibitory kappa B
IL-6 Interleukin-6
TNF Tumor necrosis factor
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Abstract: Over a hundred years of study on the favourable effect of ketogenic diets in the treatment of
epilepsy have contributed to a long-lasting discussion on its potential influence on other neurological
diseases. A significant increase in the number of scientific studies in that field has been currently
observed. The aim of this paper is a widespread, thorough analysis of the available scientific evidence
in respect of the role of the ketogenic diet in the therapy of neurological diseases such as: epilepsy,
Alzheimer’s disease (AD), Parkinson’s disease (PD), multiple sclerosis (MS) and migraine. A wide
range of the mechanisms of action of the ketogenic diet has been demonstrated in neurological
diseases, including, among other effects, its influence on the reduction in inflammatory conditions
and the amount of reactive oxygen species (ROS), the restoration of the myelin sheath of the neurons,
the formation and regeneration of mitochondria, neuronal metabolism, the provision of an alternative
source of energy for neurons (ketone bodies), the reduction in glucose and insulin concentrations, the
reduction in amyloid plaques, the induction of autophagy, the alleviation of microglia activation, the
reduction in excessive neuronal activation, the modulation of intestinal microbiota, the expression
of genes, dopamine production and the increase in glutamine conversion into GABA. The studies
discussed (including randomised controlled studies), conducted in neurological patients, have
stressed the effectiveness of the ketogenic diet in the treatment of epilepsy and have demonstrated
its promising therapeutic potential in Alzheimer’s disease (AD), Parkinson’s disease (PD), multiple
sclerosis (MS) and migraine. A frequent advantage of the diet was demonstrated over non-ketogenic
diets (in the control groups) in the therapy of neurological diseases, with simultaneous safety and
feasibility when conducting the nutritional model.

Keywords: ketogenic diet; neurological diseases; epilepsy; Alzheimer’s disease (AD); Parkinson’s
disease (PD); multiple sclerosis (MS); migraine; brain; neurone; neuroinflammation; ketone bodies;
ketogenic; neurotransmitters; neuroplasticity; treatment; prevention; inflammatory; anti-inflammatory;
low carb; high fat; nutrition

1. Introduction

The extreme and dynamic increase in incidences of neurological diseases (including
neurodegenerative ones) constitutes a real problem for many millions of people worldwide.
This phenomenon is all the more so alarming when taking into account the results of the
Global Burden of Disease (GBD) study. It has been shown, indeed, that widely understood
neurological diseases are the second most frequent cause of death worldwide [1]. Moreover,
they are the most frequent cause of disability and, therefore, an increase in the DALY
(disability-adjusted life years) index, i.e., years of life lost due to health damage or preterm
death. For comparison, attention is called to the fact that the problem is far greater than the
declared COVID-19 pandemic, and for that reason, it is worthwhile to take a more detailed
look at this issue [2]. It seems justified to pose the question of whether this can be associated
with an even greater epidemic of neurological diseases in the coming years. Although
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possible post-COVID-19 complications in the form of neurological disorders (including
neurodegenerative ones) have been reported [3–5], it has been, however, demonstrated that
a positive COVID-19 test result causes no greater risk of neurological disease occurrence
than other respiratory tract infections. One exception is ischaemic stroke [6], but the
possibility of a twice higher risk of epilepsy development has also been suggested [7].
Taking into account the increasing incidence of neurological diseases, a need is seen for a
complex approach, looking for new solutions or an analysis of the already existing ones in
order to refine or draw new conclusions based on the most recent data. One of the ways
of such a complex therapeutic approach to neurological diseases is the nutritional aspect.
Taking into account over a hundred years of study and clinical practice, the ketogenic diet
is worth particular attention in this respect.

The ketogenic diet is a method of nutrition leading to the increased production of
ketone bodies (β-hydroxybutyrate, acetoacetate and acetone) in the organism and, thus, to
a condition of ketosis. This effect comes about by obtaining the greatest energy share from
fats and minimising the consumption of carbohydrates. Importantly, a ketosis condition
can also be obtained, among other methods, through fasting or the observation of a very
low-calorie diet (not necessarily with a predominance of fats); however, that condition will
not be nutritional ketosis [8,9]. Keeping in mind this minor reservation, it is difficult to
refine a universal definition of the ketogenic diet, although the most accurate definition
seems to be the one mentioned above. Transforming the theoretical considerations into
practice, the diet can be expressed as a share of the macronutrients within the following
range: fats 60–90% (usually 70–75%) of the whole energy content of the diet, carbohydrates
below 50 g daily (which usually accounts for 5–10% of the whole energy content of the diet)
and protein 1.0–1.2 to 1.7 g per kg body weight (which usually accounts for about 20% of
the whole energy value of the diet) [10–15]. The ketogenic diet, as a rule, should imitate a
fasting condition in the body, leading, however, to no negative effects of starvation. Both
fasting and the observation of the ketogenic diet lead to increased oxidation of fatty acids
and the use of the ketone bodies produced in that process (β-hydroxybutyrate, acetoacetate
and acetone) as the main energy substrate. Therefore, the diet distinguishes itself from
other diets since it is not based on energy obtained from glucose but on that from ketone
bodies produced from fats [8,16–20].

The property of mimicking a fasting condition is of particular importance in the
context of the subject of this paper. This is associated with the fact that even before the
“creation” of the ketogenic diet, a fast was proposed in order to help neurology patients
with epilepsy, after which an evident improvement was observed. That practice has a
very long tradition in history since it can be found that many sources, even those from
the 5th century before Christ, have described the favourable effects of fasting in cases of
epilepsy. They suggested that fasting is an effective method of treatment for epileptic
seizures [21]. Other historical data mention that Hippocrates suggested a need for the
limitation of calories in the treatment of epilepsy [22]. Some mentions of the topic can also
be found in biblical texts. The Gospel according to Saint Mark describes how Jesus cured a
boy of epilepsy, saying that it could be treated with fast and prayer. Interestingly, the whole
scene of the cure is shown in the painting “The Transfiguration” by Raphael [23–25]. In
the less distant past, i.e., in 1911, doctors from Paris reported the benefits resulting from
the observation of fasting during the treatment of epilepsy based on their own medical
practice [26]. The 20th century was the time at which fasting and epilepsy were increasingly
and frequently the subjects of scientific research and not only clinical practice [22]. The
real breakthrough was the moment at which it was discovered that a ketogenic diet could
show fast-like therapeutic properties in epilepsy but without the negative consequences of
starvation (i.e., malnutrition). The paper by Wilder in 1921, which was the beginning of
ketogenic diet use in the treatment of epilepsy, can serve as a point of reference [22,27,28].
The proportions of macronutrients in a clinical ketogenic diet were then proposed as 10–15 g
of carbohydrates daily and 1 g of protein per kg body weight; the rest of the energy share
should be provided by fats [29]. The extremely favourable results observed meant that
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from that time on, the use of the ketogenic diet in epilepsy became increasingly widespread,
to such an extent that it was recommended in textbooks as the standard therapy of that
disease [25]. Over the years, the diet has been increasingly extensively studied in various
diseases; however, its main range of use for over a hundred years has included neurological
diseases (initially used in epilepsy). Taking into account its primary use and the many
years of practice, it seems justified to study its potential application in other neurological
diseases (including neurodegenerative ones). The perspective of over a hundred years
since its breakthrough application means that a meticulous analysis of current knowledge
concerning not only epilepsy but also other neurological diseases seems to be of great
importance for the development of science in this respect. The intensification of studies
on the effect of the ketogenic diet on neurological diseases is well reflected in Figure 1
showing the number of publications in the PubMed search engine after entering the words
“ketogenic diet neurological disease”. A significant increase in the number of publications
can be seen at the beginning of the 21st century, with a significantly growing tendency in
the subsequent years.

 

Figure 1. The number of publications for the entry “ketogenic diet neurological disease” in the PubMed
base in the period from 1 January 1948 to 17 November 2022. Date of search: 17 November 2022.

2. The Range and Mechanisms of the Ketogenic Diet Effect in Neurological Diseases

The potential mechanisms of the ketogenic diet are multifaceted. The extremely
wide range of its effect on neurological diseases is described in a publication of 2021, in
which the authors thoroughly analysed 170 studies and described the range of its effect in
14 various aspects, e.g., on neuroprotection, neuroplasticity, neuroinflammation, function of
neurotransmitters, epigenetics, nociception, changes in cell energetics and metabolism, and
other aspects [30]. An important piece of information is the fact that the brain can function
excellently, taking energy from ketone bodies as the energy substrate [31]. Frequently,
that is the only option for energy provision when glucose is not readily available [32].
The cerebral cells, in fact, contain monocarboxylate transporters (MCTs), through which
ketone bodies are transported in order to provide energy, similar to many other body
cells [33]. The wide and, in the first place, favourable range of the ketogenic diet effect was
presented in a widespread meta-analysis in 2021, based on 49 animal studies from the years
1979–2020. Strong neuronal protection was demonstrated against acute central nervous
system damage as a result of a reduction in the death rate, damage and dysfunction of
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neurons [34]. Moreover, the frequently used calorie deficit, together with a ketogenic diet,
also shows an additional neuroprotective potential. It increases, in fact, the number of
neuroprotective factors, i.e., the brain-derived neurotrophic factor (BDNF) and the glial cell
line-derived neurotrophic factor (GDNF), neutrophin-3 (NT-3), and molecular chaperones.
The deficit also improves mitochondrial function (and thus increases the efficiency of energy
production and reduces reactive oxygen species (ROS) production). It also shows an anti-
inflammatory potential in the result of, among other effects, the inhibition of the activities
of cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) and in the result
of a blockade of the synthesis of proinflammatory interleukins (IL-1β, IL-2, IL-4, IL-6) and
tumour necrosis factor alpha (TNFα). It also reduces the level of the central component of
the inflammatory process, i.e., transcriptional nuclear factor kappaB (NFκB) [35,36].

Many neurological diseases (including neurodegenerative ones) are characterised by
glucose metabolism disturbances in the neurons. Although not the only one, the most char-
acteristic example is traumatic cerebral damage, which includes brain energetic collapse
due to major mechanical trauma. The group at particular risk are sportsmen practising
contact sports (i.e., martial arts, American football). They are thus at risk of repeated brain
concussion episodes, which soon lead to chronic post-traumatic encephalopathy. Extremely
important is the fact that in the situation of brain trauma and energetic collapse, the number
of MCT channels (which transport ketone bodies to cells) in the brain cells increases by 85%;
the number of β-hydroxybutyrate-metabolising enzymes also increases [37–42]. Based on
that, we can say that the brain demands another source of energy, which can be provided
by ketone bodies. Most recent studies also show that in patients with traumatic cerebral
damage, in whom a ketogenic diet was applied, no clinical adverse effects were noted, and
its safety and applicability were found [43]. The application of the ketogenic diet, through
the mediation of β-hydroxybutyrate, can reduce demyelination, the death of oligodendro-
cytes (producing myelin) and the degeneration of axons caused by glucose deficiency [44].
The widely understood damage can also concern the mitochondrial structures at the level
of respiratory chain complexes. It has been demonstrated that β-hydroxybutyrate, on one
hand, provides components participating in the reconstruction of the respiratory chain; on
the other, energy acquisition from ketone bodies is possible even in the case of damage to
the first complex of the respiratory chain [45,46]. For brain functioning, even in healthy
individuals, an increase in β-hydroxybutyrate concentration can be far more favourable
in comparison to glucose. This has been confirmed in a study in which hydroxybutyrate
infusion in healthy individuals (until 5.5 mmol/L concentrations are obtained), compared
with the lack of such infusions, reduced cerebral glucose utilisation by 14% and caused an
increase of cerebral blood flow by as much as 30%, with unchanged oxygen consumption.
The authors directly suggest a possibility of the neuroprotective effect of ketone bodies [47].

In many neurodegenerative diseases, the problems include the development of amy-
loid plaques, which, in turn, are strongly correlated with high glucose concentration,
diabetes mellitus and insulin resistance [48,49]. Such problems most frequently accompany
high-carbohydrate diets [50]. Taking into account the strongly hypoglycaemic effect of
a ketogenic diet and the evident insulin-concentration-reducing effect [51,52], it seems
reasonable that a ketogenic diet would have a favourable effect on the prevention of the
deposition of amyloid plaques or a reduction in their number. It has been found that studies
have actually demonstrated such an effect of the diet, which, however, goes beyond the
effect on glycaemia and may be associated, i.a., with autophagy as well. The condition of
ketosis can promote macroautophagy in the brain through the activation of sirtuin 1 (SIRT1)
and hypoxia-induced factor 1α (HIF-1α) and the inhibition of the mTORC1 complex. This
can prevent neurodegenerative disorders, among other effects, through the elimination of
protein aggregates or damaged mitochondria [53,54]. It thus prevents the accumulation
of autophagosomes and improves the survival of cortical neurons, leading to a reduction
in cerebral damage [55–57]. Another study has also revealed that ketogenic diets can
effectively reduce the amount of beta-amyloid and also other redundant by-products of
metabolism in cerebral tissue [58].
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Among other potential mechanisms of influence of the ketogenic diet on the nervous
system and neurological diseases, its anti-inflammatory activity can be mentioned, which
is multifaceted [59]. A neuronal inflammatory condition can result, i.a., from trauma,
ischaemia, degeneration or infection [60]. The ketogenic diet can exert effects on the regula-
tion of both central and peripheral inflammatory mechanisms [61]. Its effect has been shown
in a reduction in microglia activation and the decreased expression of proinflammatory
cytokines, i.a., IL-1β, IL-6 and TNF-α in the hippocampus. Moreover, it can inhibit neuritis
through the suppression of the cyclooxygenase-2 (COX-2)-dependent pathway by peroxi-
some proliferator-activated receptor γ (PPARγ) activation [62–64]. Moreover, astrocytes
(glial cells) present in the brain have the properties of ketone body production, and for that
reason, it is suggested that this fact can exert a neuroprotective effect [65]. The possible (only
anti-inflammatory) mechanisms of ketogenic diet action are much more numerous [66,67];
therefore, their anti-inflammatory potential possibly results from their synergy.

We also discuss the possible effect of a ketogenic diet on the blood–brain barrier (BBB).
Although no unequivocal evidence is currently available, based on current knowledge, it is
justified to look at that topic from a future-oriented perspective. Similar to the intestinal
barrier, here, a break of membrane integrity can also occur. This happens, among other
conditions, in epilepsy, Alzheimer’s disease (AD) and other neurological diseases [68–70].
In the period of an increased concentration of ketones in the blood, the permeability of
the blood–brain barrier for β-hydroxybutyrate also increases [71]. The condition of ketosis
can cause the restoration of the integrity of the blood–brain barrier as a result, i.a., of an
increased content of connexin-43 (Cx43) in building the barrier and of monocarboxylate
transporters (MCTs) and (glucose transporter) GLUT transporters [8,72,73]. Additionally,
the ketogenic diet promotes the outflow of the above-mentioned amyloid plaques across the
blood–brain barrier because it increases the concentration of proteins participating in the
elimination of amyloid plaques, i.e., LDL receptor-related protein 1 (LRP1), glycoprotein
P (P-gp) and phosphatidylinositol binding clathrin assembly protein (PICALM) [74].

Another possible mechanism of ketogenic diet activity in the nervous system includes,
among other effects, an ability to change the cerebral metabolism of glutamine. As Yudkoff
et al. believe, the condition of ketosis can intensify the metabolism of astrocytes, which
results in the increased conversion of glutamate into glutamine. This can contribute to
a reduction in the main stimulatory neurotransmitter (glutamate) concentration, with a
simultaneous increase of the main inhibitory neurotransmitter (GABA) level, resulting
in the intensified conversion of glutamine into GABA [75,76]. Thus, a decrease in exci-
totoxicity and greater mood improvement occur as the result of physiological nervous
quietening. On the other hand, excitotoxicity inhibition, increased resistance to stress and
an effect on synaptic plasticity can also result from the β-hydroxybutyrate effect increasing
mitochondrial respiration, leading to a change in brain-derived neurotrophic factor (BDNF)
expression [77]. That is one of the reasons why in individuals on ketogenic diets, frequently,
a greater quietening, better concentration, mood improvement and an increase in cognitive
abilities are observed [78,79].

The remaining possible favourable mechanisms of the ketogenic diet’s influence on
the nervous system include, i.a., the effect on mitochondria (particularly important in
neurological diseases), which has been increasingly widely discussed in the latest publica-
tions [80]. Apart from the earlier described indirect effect on mitochondria, through action
at the gene level, the diet shows an ability to promote the biogenesis of mitochondria in
the hippocampus [81]. Another mechanism, increasingly frequently mentioned in publi-
cations, is the effect of the ketogenic diet on the prevention and treatment of neurological
diseases (including neurodegenerative ones) through a change of intestinal microbiota [82].
This results from a possible influence of intestinal dysbiosis on the development of such
diseases, while on the other hand, it is known that a ketogenic diet significantly affects the
remodelling of the intestinal microbiota [83]. Thus, increasingly, the subject of the poten-
tial indirect favourable effect of the ketogenic diet on neurological diseases through the
modulation of intestinal microbiota is discussed. This is all the more justified when taking
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into account the direct connection of the intestine with the brain by the gut–brain axis,
through which microbiota can affect brain processes (that concern, i.a., neurotransmission)
and vice versa [84]. The ketogenic diet can also affect the processes of neurogenesis, that is,
brain regeneration, the development of new nervous cells and their linking in neuronal
networks [85,86]. Potential mechanism of ketogenic diet effect in neurological diseases are
illustrated in Figure 2. Keeping in mind all the mentioned processes and the remaining
mechanisms of the possible effect of the ketogenic diet on the prophylaxis and treatment of
neurological diseases (including neurodegenerative ones), the arguments suggesting an
unquestionable need for further science development in this field and an extension of the
knowledge in this respect seem to be well-grounded. This would allow us to discover the
existing (including those not yet known) neuroprotective mechanisms of the ketogenic diet.
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Figure 2. Potential mechanisms of the ketogenic diet effect in neurological diseases. GABA: Gamma-
Aminobutyric Acid; BBB: blood–brain barrier; Cx43: connexin-43; MCT: monocarboxylate trans-
porters; GLUT: glucose transporters; LRP1: LDL receptor-related protein 1; P-gp: glycoprotein
P; PICALM: phosphatidylinositol binding clathrin assembly protein; IL-1β: interleukin-1β; IL-6:
interleukin-6; TNF-α: tumor necrosis factor α; ALOX5: arachidonate 5-lipoxygenase gene; COX1:
cyclooxygenase 1; COX2: cyclooxygenase 2; iNOS: inducible nitric oxide synthase; IL-2: interleukin-2;
IL-4: interleukin 4; NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells; PPARγ:
peroxisome proliferator-activated receptor γ; HIF-1α: hypoxia-induced factor 1α; Sirt1: sirtuin 1;
mTORC1: mammalian target of rapamycin complex 1; mLST8: mammalian lethal with SEC13 protein
8; PRAS40: proline-rich Akt substrate of 40 kDa; mTOR: mammalian target of rapamycin. The
above figure was created with BioRender.com, accessed on 23 November 2022. Agreement number:
TF24OJVLEL.

3. The Role of the Ketogenic Diet in the Treatment of Epilepsy

Epilepsy is a neurological disorder associated with constant recurrent seizure attacks.
The disease itself is not fraught with a great risk of death, and in most patients, the prognosis
(measured based on the absence of seizures) is favourable. It is, however, associated with a
significant impairment in the quality of life. Although it concerns all age groups (and either
sex), it is one of the most frequent neurological disorders of childhood (it occurs slightly
more frequently in males). About 50 million people struggle with the disease worldwide.
The mean incidence of active epilepsy is 6.38 cases per 1000 population. It affects, to a
greater extent, the populations of countries with low and medium incomes. Hence, millions
of people worldwide are affected. It is worth stressing, however, that not all individuals
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with seizures have epilepsy since seizures can also occur, e.g., due to acute injury to the
central nervous system [87–90]. Currently, as a rule, epileptic patients are prescribed drugs,
which, however, give no benefit to some patients diagnosed with so-called drug-resistant
epilepsy. This concerns about one-third of all epileptic patients, including 7–20% of children
and 30–40% of adults [91,92]. In such cases, a ketogenic diet may be the only rescue, which
has been confirmed, among other studies, by an extensive meta-analysis in 2020 [93].

Although a hundred years ago, the ketogenic diet was the main therapeutic option for
epilepsy, after 1940, pharmacological treatments became the main therapeutic method. An
antiepileptic drug called Dilantin superseded the use of the ketogenic diet to a significant
extent. Its effectiveness in reducing epileptic seizures caused doctors to be more willing
to reach for that method of therapy, less and less frequently ordering ketogenic diets [25].
That resulted, of course, from obtaining similar results with a lower amount of work (since
the institution of the diet requires a significantly wider medical approach than prescribing
a drug). As mentioned above, pharmacotherapy has, however, failed and still fails in about
1/3 of cases. For that reason, the ketogenic diet, after over a hundred years, still is one of the
standard therapeutic options in the case of drug-resistant epilepsy when pharmacotherapy
fails. A renaissance of the ketogenic diet was observed in 1997 after the movie “First
do no harm”, presenting the experience of Charlie Abrahams (son of Jim Abrahams, a
Hollywood film producer) with the ketogenic diet, which proved to be the last resort for
epileptic seizures in the boy [14,22]. The available data show that the ketogenic diet has
the properties of reducing (to a smaller or greater extent) epileptic seizures, frequently
by several score percentage points or 50–90% of patients; a 90% reduction in seizures
may be experienced by about 27% of patients. In some patients, complete remission was
observed [94–99]. In 2022, an extensive study was conducted on 160 pediatric patients
(mean age five years and nine months) with epilepsy treated with the ketogenic diet, and
the effects were monitored for 3, 6, 12 and 24 months after its institution. An absence of
seizures was observed (depending on the duration) in 13.7% of children after three months,
12.5% of children after six months, 14.4% after 12 months and 10.6% after 24 months. On
the other hand, a reduction of ≥50% was observed in 41.9% of children after three months,
37.5% after six months, 28.7% after 12 months and 16.2% after 24 months [100]. A meta-
analysis of 2022, based on the studies conducted on epileptic children, demonstrated a
reduction in the number of seizures by at least 50%, together with a complete absence of
seizures in as many as 48.31% of children. It was demonstrated that children on a ketogenic
diet had a 5.6 times greater chance for seizure frequency reduction by at least 50% compared
with a control group [101]. Another extensive study revealed that in patients observing a
ketogenic diet for epilepsy, a reduction in seizure frequency by ≥50% occurred in 35–56.1%
of the participants compared with 6–18% in the control group [102]. In 2020, a meta-analysis
focused on the effect of the ketogenic diet on babies (<2 years) with epilepsy, based on
a total number of 534 subjects. It was demonstrated that in as many as 33% of cases, a
complete regression of seizures occurred, while in 59% of the babies, a significant reduction
of seizure episodes by ≥50% was achieved. The authors have concluded that based on the
results obtained, it can be said that the ketogenic diet is effective and safe in babies with
drug-resistant epilepsy [103]. Currently, instead of the classic ketogenic diet, increasingly
frequently, the modified Atkins diet (MAD) is used, which also is a model of the ketogenic
diet. In one meta-analysis, the two nutritional models were compared in respect of better
effectiveness. In the group of patients on the classic ketogenic diet, the reductions in seizure
frequency by ≥50% after 1, 3, 6, 12 and 24 months were (as a percentage of the patients) 62%,
60%, 52%, 42% and 46%, respectively, while after 1, 3, 6 and 12 months in the patients using
the modified Atkins diet, the percentages were 55%, 47%, 42%, and 29%, respectively. In
view of that, the authors concluded that the effectiveness of both models was similar [104].
The authors of another meta-analysis drew a similar conclusion. They mentioned, however,
a slight advantage of the modified Atkins diet in respect of the lower number of potential
adverse events. Furthermore, the whole effect can also be indirectly influenced by the fact
that MAD is, as a rule, tastier, thus encouraging better compliance with is requirements [93].
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Two other meta-analyses also demonstrated similar results [102,105]. The ketogenic diet is
also frequently prescribed in a version enriched with medium-chain triglycerides (MCTs)
in view of their high ketogenicity. This was checked in one randomised controlled study,
and it was revealed that the therapeutic effects were similarly favourable in both versions
of the diet. The mean percentage of initial seizures was similar in the third, sixth and
twelfth months. In the classic version of the diet, in the third month, it reached 66.5%; in
the 6th month—48.5% and in the 12th month—40.8%. In the MCT-enriched version, it was
68.9% in the third month, 67.6% in the sixth month and 53.2% in the twelfth month [106].
The possible mechanisms of action of the ketogenic diet and the reduction in the number of
epileptic seizures, in spite of over a hundred years of studies in this respect, are still not fully
elucidated. Some potential mechanisms are, however, known and have an influence on the
reduction of seizures; it is possible that they contribute to the observed therapeutic effect
through synergistic actions [14,107]. The first of them is the possible anticonvulsant effect
of the ketone bodies themselves, which was demonstrated in some studies [108–112] but
not confirmed in other studies [113,114]. A study of 2019 has shed new light on that issue,
presenting new molecular foundations of the anticonvulsant action of ketone bodies. It
turns out that the anticonvulsant effectiveness of the ketogenic diet is positively correlated
with the serum concentration of β-hydroxybutyrate, which has an ability to directly activate
the potassium voltage-gated channel subfamily Q (KCNQ1/3) channels [115]. Another
potential mechanism of ketone bodies’ action concerns the effect on neuronal metabolism
(including mitochondrial function) and synaptic function. That mechanism postulates that
it is glucose, which is readily available for neurons, the diffusion of which through the
blood–brain barrier is quite easy (since the transport takes place in the endothelium of
cerebral capillaries), that is indispensable for the initiation of neuronal seizure activity [116].
The ketogenic diet is supposed to reduce seizure frequency by decreasing the availability
of glucose and, hence, energy and, in particular, the rate of its consumption by neurons.
That has been confirmed in studies demonstrating a direct effect of glucose on the seizure
threshold [117,118]. Some effects can be exerted by medium-chain triglycerides (MCTs),
which are particularly frequently and willingly used in ketogenic diets. Apart from the
properties of increasing the concentration of ketones in the body, they have the ability to
increase decanoic acid concentration in plasma. The acid directly inhibits the α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPA) and, owing to that, shows
an even better anticonvulsant effect than ketones [81,119,120]. In a publication in 2020, the
extraordinary effectiveness of medium-chain fatty acids was confirmed since the addition
of MCT oil to diets twice daily for three months was sufficient to reduce the number of
seizures by 42% in adult patients with incurable epilepsy [121]. In the state of ketosis,
an increase in mitochondrial metabolism is also observed, leading to an increase in ATP
production, which activates ATP-sensitive potassium channels (KATPs), reducing, in turn,
neuronal excitability [81,119,120]. It has also been demonstrated that one of the ketone
bodies, that is, acetoacetate (Acac), inhibits the voltage-dependent Ca2+ channels (VDCCs)
and decreases excitatory postsynaptic currents (EPSCs) at sites showing epileptic activity
and, thus, inhibits convulsions in vivo [122]. Another potential mechanism is supposed to
be the effect of ketones increasing the synthesis of the neurotransmitter GABA (through
a reduction in aspartate concentration), the higher concentration of which can exert an
inhibitory effect on convulsion initiation, and the synthesis of the neurotransmitter A1
adenosine, which can also show some anticonvulsant activity, reducing as well the level
of excitatory glutamate [123–126]. Other possible mechanisms include the modulation
of intestinal microbiota [127], the reduction of proinflammatory cytokine levels [128], an
epigenetic effect of β-hydroxybutyrate through the inhibition of class I histone deacetylases
and an effect on the transcription of genes (particularly those associated with the widely
understood antioxidant factors) [129,130]. The most recent publications also discuss the
above-mentioned mechanisms and suggest that, most likely, a synergy of all of them enables
the antiepileptic effect of the ketogenic diet [131].
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4. The Role of the Ketogenic Diet in the Therapy of Alzheimer’s Disease (AD)

Alzheimer’s disease (AD) is the most frequent cause of dementia worldwide. It is esti-
mated that 50–70% of dementia cases are caused by this disease. The problem of dementia
is very serious since it is estimated that by 2050, its incidence will triple. Currently, about
10 million new cases are noted annually. Taking into account the approximate current
number of over 55 million people affected by the disease worldwide, its tripled incidence
in a not-too-distant future seems to foreshadow a real calamity [132,133]. Alzheimer’s dis-
ease (AD) develops for many years, frequently not showing earlier any specific symptoms.
Therefore, the use of adequate early diagnostic procedures and the institution of therapeutic
management are frequently difficult. Early symptoms in the form of minor memory dis-
turbances are frequently not regarded as an onset of Alzheimer’s disease (AD). With time,
as a result of progressing brain neurodegenerative processes, the disturbances exacerbate,
starting a new stage of disease advancement. Among other symptoms, problems occur
with performing everyday activities, memorizing the meaning of words, disorientation and
disorders of mood and sleep. As a result, the patient affected by the disease is frequently
unable to function unassisted due to the occurrence of neurological and psychiatric symp-
toms [134–136]. The mortality rate due to Alzheimer’s disease (AD) has increased between
2000 and 2018 by as much as 146.2%. The disease has become the fifth most frequent cause
of death among elderly people in America, which illustrates the scale of the problem [137].
In the brain of patients with Alzheimer’s disease (AD), increased amounts are found of
β-amyloid (βA) and hyperphosphorylated tau protein (tau-p), which aggregate to form
intracellular neurofibrillary tangles [138]. The factors contributing to Alzheimer’s disease
(AD) development are multifaceted. They include, among other factors: depression and
long-term stress, diabetes mellitus, hypertension, dyslipidaemia, obesity, cardiovascular
diseases, traumatic cerebral injury, hyperhomocysteinaemia, oral cavity diseases, loss of
hearing, sleep disorders, low physical activity, tobacco smoking, alcohol consumption,
vitamin D deficiencies, inadequate diet, air pollution, poor education level and avoidance
of social contacts [135].

The ketogenic diet can exert a favourable effect on Alzheimer’s disease (AD) in many
mechanisms [139]. First, it is worth mentioning that the disease is frequently called type
3 diabetes mellitus, which involves the brain. This results from the fact that it shows
molecular and biochemical features that are observed in type 1 and type 2 diabetes. More-
over, diabetic patients are at a significantly higher risk of AD development [140,141]. An
important argument to support this is the fact of brain insulin resistance occurrence in
patients with the disease. Insulin resistance developing in the brain of AD patients and dis-
turbed signalling processes are well-grounded in the literature [141–143]. Socio-economic
progress has contributed to people increasingly choosing processed products that belong
to the western diet pattern. This, undoubtedly, is the cause of the development of not only
diabetes mellitus but also, as demonstrated in a study in 2022, of AD, leading to brain
insulin resistance and the progression of neurodegenerative processes [144]. In the course
of AD, a reduction is observed in the amounts of GLUT1 and GLUT3, the two main glucose
transporters in the brain. This is correlated with tau protein hyperphosphorylation and
the density of neurofibrillary tangles in the brain, i.e., the typical signs of AD [145]. Insulin
resistance and a reduced amount of glucose transporters in the brain cause neurons to have
significantly hindered access to energy sources, so brain functioning disturbances are not
surprising. A then-instituted, adequately composed and customised ketogenic diet can, in
such cases, exert its effect on at least two main domains. On one hand, an induction of the
ketosis state and an increase in ketone bodies concentration would provide an alternative
source of energy for the brain (ketone bodies). In view of that, energy generation from
glucose (problematic in the brain of AD patients) will not be indispensable anymore for the
normal work of the brain since it can function excellently using ketone bodies, the transport
of which (contrary to glucose) into the brain is not impaired in AD patients [146,147]. On
the other hand, the ketogenic diet (particularly in combination with calorie deficits) would
act as a causal treatment. It shows the ability to reduce insulin and glucose concentrations,
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and thus, insulin resistance, which is the cause of brain function disorders in AD, will be
consistently reduced. The ketogenic diet can reduce insulin resistance through a number of
mechanisms [52,148,149]. The most common method of determination of insulin resistance
is the calculation of the Homeostatic Model Assessment–Insulin Resistance (HOMA-IR)
index. Many studies have demonstrated a significant reduction of the index value due to
the application of the ketogenic diet, which is a direct confirmation of its effect on insulin
resistance. It was demonstrated, among other findings, that after 12 weeks, the HOMA-IR
index value was reduced by 62.5% (from the initial 3.73 value to 1.4) [150]. In another study,
just four weeks were enough to reduce the index by almost half (45.9%) [151]. The effect
of the ketogenic diet on disturbed brain bioenergetics in AD and possible mechanisms of
reduction of amyloid plaques has been increasingly suggested [152]. Animal studies have
already demonstrated that, compared with a standard diet, the ketogenic diet results in the
reduced deposition of amyloid plaques in the hippocampus, the decreased activation of
the microglia and the improvement of cognitive functions, including learning and spatial
memory [67]. In another study, a 25% reduction in amyloid plaques was found in mice
with AD after the application of the diet [58]. The ketogenic diet can also act by exerting
an effect on the expression of genes associated with neurodegenerative diseases such as
AD, including genes associated with the metabolism of the hippocampus, and it prevents
disorders of oxidative phosphorylation [153–155]. In AD, the function of mitochondria
is also abnormal, leading to a gradual loss of their ability to produce energy. That phe-
nomenon is related to inflammatory processes and the accumulation of amyloid plaques. It
was demonstrated, however, that a ketogenic diet is able to induce the formation of new
mitochondria through the activation of mitogenesis-regulating pathways. It also reduces
the inflammatory condition in the brain, resulting from, among other factors, the excessive
production of reactive oxygen species (ROS) by dysfunctional mitochondria [156–159].
Evidence shows that diet supplementation with medium-chain fatty acids from MCTs,
similar to this case, seems to be extremely helpful, and this has been mentioned in an
increasing number of publications [36]. The fatty acids show high ketogenicity, and the
body is able to transform them in a simple process into ketones. A study in 2018 in patients
with mild and moderate AD demonstrated that supplementation with a 30 g daily dose of
MCTs contributed to the doubling of the uptake of ketones in the brain and increasing the
brain’s total energy metabolism. Ketones produced from MCTs compensated for glucose
deficiency in the brains of AD patients, proportional to the concentration of ketones in
plasma [160]. MCT oil can maintain or improve cognitive functions in AD patients in
a significant majority of cases, at about 80% [161]. It has also been demonstrated that
supplementation with MCTs contributed to, among other results, an improvement of the
working memory and cognitive functions in patients with AD as well as in individuals
without dementia [162,163]. In an animal model, the effect of MCTs was also demonstrated
on mitochondrial function improvement and the alleviation of the unfavourable action of
β-amyloid on cortical neurons and the reduction of its total amount [58,164–167]. Moreover,
the use of MCT oil seems helpful since it facilitates the maintenance of the high ketogenicity
of the diet, even with a slightly increased consumption of carbohydrates (in relation to
the ketogenic diet without MCT oil) [168]. A double-blind, placebo-controlled study also
demonstrated that increased serum β-hydroxybutyrate concentrations contributed to an
improvement in cognitive functions and memory [169]. In the case of AD, supplementa-
tion with exogenous β-hydroxybutyrate for 20 months also produced an improvement in
cognitive functions, mood and everyday functioning [170]. The first randomised controlled
study in patients with an unequivocal diagnosis of AD, assessing the effect of the ketogenic
diet on the disease, was published in 2021. It compared the effect of the diet with that of a
standard diet based on low-fat content. Compared with the low-fat diet, in the group of pa-
tients on the ketogenic diet, an improvement in cognitive function by 2.12 ± 8.70 points on
the Addenbrooke’s Cognitive Examination III (ACE-III) scale, an improvement in everyday
functioning by 3.12 ± 5.01 points on the Alzheimer’s Disease Cooperative Study Activities
of Daily Living Inventory (ADCS-ADL) scale and an improvement in the quality of life by
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3.37 ± 6.86 points on the Quality of Life in AD (QOL-AD) scale were demonstrated. It was
also noted that the adverse effects were mild, while changes in cardiovascular risk parame-
ters were mostly favourable [171]. Importantly, in spite of frequent accusations of problems
with compliance with ketogenic diet requirements, half of the patients decided to continue
it after the 12 weeks of study duration. The significant change in the quality of life of AD
patients may be even more pronounced than the effect of drugs, including cholinesterase
inhibitors, which exert an inconsistent influence on the quality of life [172,173]. Taking
these results into account, the low-fat recommendations in AD should definitely be verified
and challenged with the current results of scientific research.

5. The Role of the Ketogenic Diet in the Therapy of Parkinson’s Disease (PD)

Parkinson’s disease (PD) is a frequently observed neurodegenerative disease of the
brain, the incidence of which has doubled since 1990. It develops particularly in elderly
people, namely, in 1% of individuals aged over 60 years, although it is increasingly diag-
nosed in persons at a young age. It is a significant cause of disability worldwide since in
2019, it was responsible for 5.8 million disability-adjusted life years (increased by 81% in
relation to 2000). At least 53 million people worldwide struggle with that disease, and
in 2019, it was the cause of 329 thousand deaths, which was an increase of over 100%
in relation to the year 2000. The disease is manifested with motor sluggishness, tremor,
equilibrium disturbances and dysaesthesia or neuropsychiatric signs. The cause of these
signs is damage to the neurons in the substantia nigra responsible, inter alia for dopamine
production [1,174–179]. In this case, the ketogenic diet also may prove effective, and that
effect is more and more frequently the subject of studies.

The ketogenic diet can affect Parkinson’s disease (PD) through several mechanisms
resulting from the nature of the disease. Although specific unequivocal causes have still not
been established, a persistent inflammatory condition of the nervous system, mitochondrial
dysfunction, reactive oxygen species (ROS) excess, a reduced ability to produce dopamine,
abnormal cerebral glucose metabolism and the accumulation of damaged proteins, so-
called Lewy bodies composed of misfolded α-synuclein, have been observed [180,181].
It has been found that the ketogenic diet can affect each of the aspects mentioned. The
anti-inflammatory effect in all neurodegenerative diseases has been described earlier, and
in this respect, the diet has a multifaceted activity [182]. However, studies are available on
the anti-inflammatory effect of the diet strictly in PD. Among other studies, a publication
in 2022 demonstrated that the anti-inflammatory effect of the ketogenic diet in the disease
is related to a modulation of the Akt/GSK-3β/CREB signalling pathway, mediated by the
acetylation of metabotropic glutamate receptor 5 (mGluR5) promoter region histones in a
rat Parkinson’s disease model [183]. This study confirmed mainly the neuroprotective effect
of preventive ketosis compared to receiving KD as a therapeutic diet in the lipopolysaccha-
ride (LPS)-induced rat PD model. After the induction of PD (with LPS), the model showed
an increased regulation of proinflammatory mediators (TNF-α, IL-1 and IL-6), the loss of
dopaminergic neurons, a reduction in mGluR5+ microglial cells, an increase in TSPO+ mi-
croglial cells, a reduction in H3K9 acetylation in the mGluR5 promoter region, and mGluR5
mRNA reduction with a decrease in the phosphorylation levels of the Akt/GSK-3/CREB
pathway. These disturbances were improved by the dietary intervention of preventive
KD in particular. PET imaging enabled the noninvasive detection and monitoring of the
anti-inflammatory effect on PD (via the KD diet) related to histone acetylation or the DNA
methylation of the mGluR5 gene.

KD suppressed the inflammatory response (neuroinflammation) relevant to microglial
activation and had a neuroprotective influence. The anti-inflammatory effect of KD on PD
was related to the modulation of the mGluR5/Akt/GSK-3β/CREB signalling pathway by
increasing the level of histone acetylation of the mGluR5 promoter region.

In addition, the pathological processes of neuroinflammation connected with PD are
supposed to ameliorate by the multiple neuroprotective mechanisms of KD-induced ketosis
involving the inhibition of proinflammatory mediator gene expression, the inhibition of the
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NLRP3 inflammasome assembly, epigenetic adaptations associated with calorie restriction,
polyunsaturated fatty acids, ROS reduction, and the gut microbiome. Ketone bodies serve
not only as an energy substrate but also as a signalling molecule. Finally, microglial
cells can be modulated by various epigenetic mechanisms (DNA methylation and histone
acetylation) and, thus, regulate neuroinflammation, resulting in neuroprotection [183].

Damaged mitochondria, ROS excess and abnormal glucose metabolism are closely
interrelated, and the ketogenic diet can have an influence on those as well. Ketone bodies
show an ability to rebuild new mitochondria to increase mitochondrial respiration and
the production of ATP molecules. The reduction of free radicals thus also results from
the improved efficiency of the respiratory chain in mitochondria [45,81,184]. The main
ketone body, β-hydroxybutyrate, can also reduce the dopaminergic neurodegeneration
and mitochondrial deficit observed in PD [38,185]. The neuroprotection of dopaminergic
neurons seems to be of great importance, taking into account the scale of the problem of
dopamine deficiency. Levodopa (L-DOPA), i.e., a dopamine precursor, has been, for years,
one of the main drugs prescribed for PD. That drug can, however, contribute to the increased
aggregation of α-synuclein, which, abnormally tangled, causes the formation of the Lewy
bodies present in PD [186]. It has been found, however, that when using levodopa together
with a ketogenic diet, the results can be far more favourable than those of the treatment
with the drug alone (through an improvement of its bioavailability) [187–189]. Studies on
PD animal models have clearly demonstrated that ketone bodies reduce dopaminergic
neuronal death (BHB administered in vitro to cortical neurons and subcutaneously infused
in mice) [38,190], decrease the number of proinflammatory cells in the brain and improve
motor functions [62]. Another potentially possible mechanism of the ketogenic diet’s
influence on PD is the indirect effect mediated by changes in the intestinal microbiome.
It is known that diet significantly influences intestinal microbiome remodelling; on the
other hand, it is known that the microbiome plays a great role in the pathogenesis and
course of PD [191]. In 2018, a randomised controlled study was conducted on 47 patients
with PD (38 of whom completed the study), who were divided into two groups: a group
in which the ketogenic diet was applied and a group on a low-fat and high-carbohydrate
diet. Although, after eight weeks, an improvement was observed in both groups, it was
more pronounced in the group of patients on the ketogenic diet. In Part I of the Unified
Parkinson’s Disease Rating Scale (UPDRS), the results in the ketogenic diet group improved
by 41% in relation to the initial values (−4.58 ± 2.17 points), while those in the low-fat
group improved by 11% (−0.99 ± 3.63 points). That was true of non-motor signs, while,
in respect of motor signs, both groups presented a similar significant improvement. The
adverse effects observed in both groups included increased sensations of hunger in the
low-fat group and periodical exacerbations of tremor and/or stiffness in the ketogenic diet
group [192]. A study in 2022 conducted on 16 patients with PD observing a ketogenic diet
for 12 weeks also demonstrated its favourable effects. A significant improvement was noted
on the Parkinson Anxiety Scale (PAS). At the same time, an improvement was observed
in body mass, BMI, waist circumference, the concentrations of C-reactive protein (CRP),
glycated haemoglobin, fasting insulin, HDL cholesterol and triglycerides. On the Center
for Epidemiologic Studies Depression Scale (CESD-R-20), no major changes in depression
symptoms were found [193]. In another study, among other findings, it was demonstrated
that in PD patients, ketogenic diet application resulted in a mean reduction in Unified
Parkinson Disease Rating Scale (UPDRS) result values by 10.72 points (a reduction by
almost half compared with the initial results). An improvement was observed in respect of
posture equilibrium, gait, resting tremor, mood and energy level, and it was achieved in
just 28 days [188]. Another study comparing the ketogenic diet with a high-carbohydrate
diet in PD patients demonstrated that in spite of the absence of motor function differences
in the UPDRS between the groups, in the group of patients on the ketogenic diet, better
results were observed in respect of short-term memory and verbal fluency [194]. In 2022,
a case report was published on a 69-year-old woman with PD and mild depression and
anxiety symptoms, to whom the ketogenic diet had been applied. A reduction in depression
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symptoms by 8 points on the Center for Epidemiologic Studies Depression Scale (CESDR)
(from 42 to 34) and an improvement in the Parkinson Anxiety Scale (PAS) by 6 points
(from 23 to 17) were noted. A significant improvement occurred in all health biomarkers,
including a reduction in cardiovascular disease risk. On the other hand, in the UPDRS, an
increase was observed from 24 to 33 points [195]. An improvement in UPDRS also occurred
in all five study participants with PD, strictly complying with ketogenic diet requirements
(fats 90%, proteins 8%, carbohydrates 2%) for 28 days [194]. Włodarek also referred to these
results in his publication in 2019 [36]. Another study assessed the effect of the ketogenic
diet on the quality of voice, which is decreased in PD patients. A Voice Handicap Index
(VHI) test was used, and an improvement was observed in voice quality parameters in
patients with PD, suggesting a possible alternative therapy for the improvement of that
parameter in PD patients [196]. Taking into account the wide range of the effect on many
aspects and potential therapeutic possibilities of the ketogenic diet in PD, further studies in
this respect seem extremely necessary.

6. The Role of the Ketogenic Diet in the Therapy of Multiple Sclerosis (MS)

Multiple sclerosis (MS) is a neurodegenerative, inflammatory disease of the central
nervous system (affecting the brain and spinal cord) of autoimmune origin. It concerns
about 2.8 million people of either sex worldwide, including young individuals. It is
also the main cause of disability among young people. Its incidence is unfortunately
increasing; in 2013, it affected 2.3 million patients. It consists of damage to the myelin
sheaths protecting neurons, thus causing disorders in the transmission of nerve impulses.
Its manifestations take various forms, not infrequently different in different individuals (it
can take a progressive form as well as a relapsing–remitting form). The frequently present
symptoms include tingling sensations, limb weakening, problems with equilibrium, fatigue,
dizziness, vision disorders and dysaesthesia [197–200].

Currently, a body of objective evidence that suggests a potentially favourable effect of
the ketogenic diet in the treatment of MS is available. It can affect the course and prophy-
laxis of the disease while simultaneously offering safety of use and feasibility [201]. Taking
into account the demyelination processes observed in MS, an effect of the ketogenic diet
is suggested for the possible reconstruction and repair of the myelin sheaths. A possible
even greater influence on these processes seems to be exerted by the ketogenic diet in
the Mediterranean model, which has been suggested by the authors of a publication in
2022 [202]. The ketogenic diet affects the concentration of the brain-derived neurotrophic
factor (BDNF), which is the main neurotrophic growth factor produced by neurons partici-
pating in myelin repair. The diet acts through a ketone body, i.e., β-hydroxybutyrate, which
penetrates the blood–brain barrier, and through its effect on mitochondrial respiration and
NF-KB, indirectly increasing BDNF synthesis through the activation of p300/EP300 histone
acetyltransferase. Moreover, an inverse relationship has been demonstrated between serum
glucose concentration and the amount of BDNF [203–206]. The Mediterranean model of
the diet could exert an even greater effect in view of the increased amount of polyphe-
nols in such a diet. It was shown that they activate the nuclear CREB factor and, thus,
can additionally increase the amount of BDNF [207]. Another study also concerned the
Mediterranean model of the ketogenic diet in 26 patients with MS. After four months on the
diet, a significant intensification of the sensation of satiety (with similar values of ghrelin)
and an increase in lean body mass and paraoxonase 1 (PON1) levels were observed. The
authors explicitly suggest the favourable effect of the Mediterranean (isocaloric) ketogenic
diet on the metabolism of their patients and associate the increase in the sensation of
satiety with the reduction in inflammatory conditions and oxidation processes based on
the observed changes of the studied parameters [208]. Another mechanism of action of
the diet in MS therapy is its effect on the serum neurofilament light chain (sNfL), which is
associated with multiple sclerosis (MS) and can serve as a marker of that disease. This was
observed in a study on patients with relapsing–remitting MS. It was noted that the diet, six
months after its institution, decreased sNfL levels, thus showing a neuroprotective effect in
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MS [209]. An extensive anti-inflammatory effect was also observed, specifically in patients
with the disease. This was demonstrated in a six-month-long randomised controlled study
of 60 patients. Compared with the control group, in the ketogenic diet group, a significantly
reduced expression was noted of the arachidonate 5-lipoxygenase (ALOX5) gene, which
encodes the enzymes for the biosynthesis of proinflammatory eicosanoids. Compared,
however, to the results of the same individuals before and after the institution of dietary
therapy, a significantly impaired expression was noted of other proinflammatory enzymes,
i.e., cyclooxygenase 1 (COX-1) and cyclooxygenase 2 (COX-2), and an inverse correlation
was observed between the expression of proinflammatory genes and patients’ quality of
life in the Multiple Sclerosis Quality of Life-54 (MSQOL-54) scale [210]. In a study in 2022,
among 65 participants with recurrent MS, in whom the ketogenic diet was applied for
six months, some promising results were observed. Benefits were noted, among other
findings, in the form of improvement in neurological disability, quality of life, depression
or inflammatory conditions. A reduction occurred, by almost half, in the fatigue and
depression results reported by the study participants. An improvement occurred not only
in mental health but also in physical health. In the participants, an improvement was also
seen in the mean values of the disability status in the Expanded Disability Status Scale
(EDSS), from 2.3 ± 0.9 to 1.9 ± 1.1 points [211]. That has also been confirmed by an earlier
study in 19 patients on the ketogenic diet for three months and 16 patients using it for six
months. An improvement occurred in the results of depression and fatigue, body mass
decreased, and the level of serologic proinflammatory adipokines was reduced, with good
tolerance and safety of the diet [212]. No significant clinical improvement was, however,
observed in another study on MS patients using ketogenic diets enriched with MCTs,
but an evident reduction of fasting glucose and insulin levels was noted [213]. Taking
into account the nature of the ketogenic diet, mimicking fasting, the possible additional
mechanisms of its action are known and have been demonstrated in another randomised
controlled study. It has been shown that the fast-mimicking diet increases regeneration
in the oligodendrocyte precursors and remyelination in axons and reduces the symptoms
of autoimmunisation and, thus, the symptoms of MS. Moreover, it is able to reduce the
concentrations of proinflammatory cytokines, T helper type 1 cells (TH1), T helper type
17 cells (TH17) and antigen-presenting cells (APCs). The study has also provided evidence
of potential benefits resulting from the ketogenic diet in the treatment of patients with
relapsing–remitting MS (RRMS) [214]. Taking into account the multifaceted favourable
effect of the ketogenic diet in MS, further studies could effectively lead to a change in the
therapeutic approach to the disease.

7. Ketogenic Diet in the Therapy of Migraine

Migraine is the most frequently occurring neurological disease. It occurs in 12% of the
world population, and chronic migraine (CM) is observed in 1–2% of people worldwide.
Among the individuals struggling with episodic migraine, 2.5% of patients develop its
chronic form. It is manifested with frequent paroxysmal headaches, which are frequently
very intense. It is, therefore, a disease that significantly impairs patients’ quality of life
and willingness to function on a daily basis. Individuals with migraine are at a higher risk
of the development of other symptoms, including psychic disorders, sleep disorders or
cardiovascular manifestations [215].

The ketogenic diet in the case of migraine shows significant potential benefits, which
have been observed in an increasing number of recent clinical studies. Although the causes
of migraine have not been unequivocally established, disorders in mitochondrial function-
ing and related problems with ATP production are supposed to belong to the possible
mechanisms [216]. In such cases, the cause may be a disturbed metabolism of the cerebral
cells, for which the possibility of taking energy from glucose is reduced; thus, ketone bodies
seem to be a promising option here since they provide an alternative form of energy to the
brain. However, looking not at the theory but at the actual results of studies in patients suf-
fering from migraine, interesting conclusions can be drawn. A randomised controlled study
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comparing the effect of a very-low-calorie ketogenic diet with that of a very-low-calorie
non-ketogenic diet demonstrated an advantage of the ketogenic diet. The study was con-
ducted on 35 patients with migraine and overweight. The participants on the ketogenic diet,
compared with the non-ketogenic diet, demonstrated a mean reduction of −3.73 migraine
days monthly and −3.02 migraine attacks monthly. The percentage of patients with at least
a 50% reduction in the mean number of days with migraine in the ketogenic group was
74.28%, compared with only 8.57% in the non-ketogenic group. It was suggested that diet
can be a useful therapeutic strategy for migraine [217]. Another study in 2022, conducted
on 23 patients with migraine and overweight, revealed a reduction in the number of days
with headaches from 12.5 ± 9.5 days monthly on average, before the institution of the diet,
to 6.7 ± 8.6 days on average after its institution. Furthermore, a reduction in the number of
days taking drugs on an ad hoc basis was observed—from 11.06 ± 9.37 days monthly on
average, before the institution of the ketogenic diet, to 4.93 ± 7.99 days after the institution.
Moreover, body mass, fatty tissue mass and, thus, BMI values were also reduced in these
patients. The favourable influence goes beyond the effect of body weight loss, and the
authors concluded that other mechanisms must underlie the therapeutic activity [218].
The aim of another study in 2022 was an assessment of the effect of the ketogenic diet
on treatment-refractory migraine in 22 patients (in the first study) and 31 subjects (in the
second study). Very importantly, the ketogenic diet was compared with a low-carbohydrate
diet. This means that the effects observed resulted strictly from the status of ketosis and
not from the fact of the minimisation of carbohydrate contents in the diet. In the first group
of 22 patients on the ketogenic diet, a significant reduction was observed in the frequency
of migraine attacks, headache intensity and the amount of drugs taken. For comparison,
in the low-carbohydrate diet group, no major changes were noted. In the study of the
second group of 31 patients, similar effects were observed, which was evidence of the
effectiveness of the ketogenic diet in the case of treatment-resistant migraine. A relationship
was also observed between the production of ketones and their effect on headaches [219].
Another study also analysed the effect of the nutritional model on drug-resistant migraine.
Patients with drug-resistant migraine were subjected to dietary intervention in the form
of a ketogenic diet lasting three months. Very promising results were obtained since the
mean number of days with pain decreased from 30 to 7.5 and the mean duration of pain
episodes decreased to 5.5 h. Initially, 83% of the study participants reported maximal pain
levels (on a pain rating scale). After the institution of the ketogenic diet, 55% of the study
participants observed a reduction in pain intensity [220]. In 2022, for the first time, a study
was conducted in order to systematise the data concerning the effect of ketogenic diets on
migraine. The authors concluded that in most studies analysed, ketogenic diets reduced
the number of attacks and their intensity in patients suffering from migraine [221].

8. Limitations and Potential Adverse Health Impacts of the Ketogenic Diet

The main limitations include a low number of available studies and, particularly, a
low number of qualitative studies. Although the highest-quality body of evidence suggests
the effectiveness of the ketogenic diet in the treatment of epilepsy, the situation is not
similar in the case of the remaining neurological diseases. This results from the fact that
the development of research in the field of neurological diseases other than epilepsy is
a relatively new phenomenon. All meta-analyses and systematic reviews concerning
Alzheimer’s disease, Parkinson’s disease, multiple sclerosis and migraine begin in 2020
(according to the PubMed search engine). This fact justifies the need for the exploration of
this new research domain.

Potential adverse effects of the use of the ketogenic diet are possible, but they rarely
occur and usually result from inadequately adjusted diets. It should be kept in mind that
the therapeutic approach to patients should be maximally individualised. Such effects were
described in a meta-analysis in 2020, involving a total number of 932 participants [93]. It
demonstrated that in epileptic children on ketogenic diets, gastrointestinal signs occurred
most frequently. Among other effects, diarrhoea, constipation and vomiting were observed.
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The signs also occurred in children treated by other methods; therefore, they could not
be ascribed strictly to the ketogenic diet. The remaining adverse effects, less frequently
described in the meta-analysis, included body mass loss, infections, nausea, dysphagia,
and lethargy. In adults, on the other hand, among other symptoms and signs, the following
were rarely observed: headache, abdominal pain, irregular menstruation, drowsiness, and
nephrolithiasis. In the study by Arora et al., no side effects of the ketogenic diet were
found in adults with traumatic brain injury. The diet proved safe [43]. In a randomised
controlled study on patients with Alzheimer’s disease, no major adverse effects were
observed [171]. In a study conducted on patients with Parkinson’s disease, some of them
presented periodical exacerbations of tremor and/or stiffness, increased irritability, and
excessive hunger or thirst [192]. It should be kept in mind, however, that the period of the
so-called “keto flu” is frequently regarded as an adverse effect. That period is, in fact, a
transient episode frequently occurring at the beginning of treatment with the diet, and it
poses no threat [222].

9. Summary

Taking into account all the data discussed, the ketogenic diet is undoubtedly a very
promising model in the therapy of the above-mentioned neurological diseases. More than
a hundred years of studies on the ketogenic diet’s effect on neurological diseases (starting
with epilepsy) means that they belong to the main fields of research related to the thera-
peutic potential of the diet. This results from its very wide, pleiotropic effect on the body
as well as from a number of (including those not yet known) mechanisms of action on the
nervous system. Its favourable activity in neurological diseases, demonstrated in clinical
studies, is related to the following: reducing the production of reactive oxygen species
(ROS); reducing neuronal inflammatory conditions; the reconstruction of neuronal myelin
sheaths; the repair of damaged mitochondria and the formation of new mitochondria
and, thus, the effect on the disturbed neuronal metabolism in a number of neurological
diseases; the provision of an alternative energy source for neurons in the form of ketone
bodies; a reduction in glucose and insulin concentrations; the induction of autophagy; the
reduction of microglia stimulation; the reduction of the excitatory postsynaptic current
(EPSC) through action on voltage-dependent Ca2+ channels (VDCC); intestinal microbiota
modulation and gene expression (epigenetic origin); assistance in the production of indis-
pensable dopamine; and an increase in glutamine conversion into the neurotransmitter
GABA. Together, with all the mentioned mechanisms, it is not surprising that the ketogenic
diet in clinical studies shows a favourable effect on a number of neurological diseases,
including epilepsy, Alzheimer’s disease (AD), Parkinson’s disease (PD), multiple sclerosis
(MS) and migraine, which has been demonstrated in this paper. This is shown in Table 1. At
present, a large body of indirect evidence suggests the effectiveness of the diet, while in the
last few years, studies have increasingly aimed at demonstrating its actual direct effect on
neurological patients. The currently available scientific data suggest a promising influence
of the nutritional model in the therapy of neurological diseases. Despite that, there is a
definite need to continue the further development of research in this field. Keeping in
mind the exponentially growing incidence of neurological diseases, this approach could
contribute in the future to a potential application of the diet in the clinical therapy of
neurological patients, thus increasing the quality of life and lifespan of millions of people
worldwide.

99



Nutrients 2022, 14, 5003

Table 1. Review of selected randomised controlled studies concerning the effect of the ketogenic diet
on the discussed neurological diseases.

Disease No. of Patients
Intervention in

the Study Group
Intervention in

the Control Group
Result Reference

Alzheimer’s disease 26

12-week ketogenic diet;
58% fat (including

26% saturated and 32%
unsaturated), 29% protein,

7% roughage and 6%
carbohydrates net.

+ a multivitamin preparation *

12-week diet according to New
Zealand’s principles of healthy

nutrition; 11% fat (3%
saturated, 8% unsaturated),

19% protein, 8% roughage, and
62% carbohydrates net.

+ a multivitamin preparation *

Compared with the control
group, the ketogenic diet
improved the following:

cognitive functions (by 2.12 pts
on the ACE-III scale), everyday
functioning (by 3.13 pts on the
ADCS-ADL scale), quality of

life (by 3.37 pts on the
QOL-AD scale)

[171]

Parkinson’s disease 47

8-week ketogenic diet,
1750 kcal, 152 g fat (67 g

saturated), 75 g protein, 16 g
carbohydrates net
and 11 g roughage

+ a possibility of additional
“loading” of 500 kcal (50 g fat

(22 g saturated), 6 g protein, 5 g
carbohydrates net and 4 g

roughage)

8-week low-fat diet 1750 kcal,
42 g fat (10 g saturated), 75 g
protein, 246 g carbohydrates

net and 33 g roughage
+ a possibility of additional

“loading” of 500 kcal
(4 g fat (1 g saturated), 6 g

protein, 102 g carbohydrates
net and 11 g roughage)

Improvement in Part I of the
UPDRS by 48% compared with

11% improvement in the
control group, a greater

improvement of non-motor
signs in the ketogenic group,

improvement of motor signs in
both groups

[192]

Multiple sclerosis 60

6-month ketogenic diet, >160 g
fat, ≤100 g protein, <50 g
carbohydrates net, high
(unspecified) roughage

consumption

6-month diet according to the
principles of a healthy diet in

the German population

Reduced expression of
proinflammatory ALOX5

compared with the control
group, impaired expression

also of other proinflammatory
enzymes (COX1, COX2),

significant inverse correlation
between expression of

proinflammatory ALOX5 and
COX2 and the

MSQoL-54 marker

[211]

Migraine 35

4-week very-low-calorie
ketogenic diet (VLCKD), 20 g

fat, ≥75 g protein, 30–50 g
carbohydrates

+ a preparation with
microelements

4-week very-low-calorie
non-ketogenic diet (VLCnKD),
20 g fat, ∼=50 g protein, ≥70 g
carbohydrates + a preparation

with microelements

Reduction in the mean number
of days with migraine monthly

by 3.73 days, compared with
the control group, in the

number of migraine attacks
over that time by 3.02; a greater

percentage of patients in the
ketogenic group, in whom a

reduction by at least 50% of the
days with migraine, was

obtained (74.28% vs. 8.57% of
the participants)

[218]

Epilepsy 145

12-month ketogenic diet
enriched with MCT, 70–75%

energy from fat (30%
long-chain fatty acids, 40–45%

MCT), 10% energy from
protein, 15% energy from

carbohydrates

12-month classic ketogenic diet;
in most cases, the fat to

carbohydrates and protein
ratio was 4:1; protein was
maintained in amounts

recommended by the WHO

Effectiveness of both types of
ketogenic diets: a reduction of

the mean number of initial
attacks in the 3rd, 6th and 12th
months in the classic version
was 66.5%,48.5%, and 40,5%,

respectively, while in the MCT
version, it was 68.9%, 67.6%,

and 53.2%, respectively

[106]

* Multivitamin and Mineral Boost, Clinicians Ltd., Auckland, New Zealand. ACE-III: Addenbrooke’s Cognitive
Examination III; ADCS-ADL: Alzheimer’s Disease Cooperative Study Activities of Daily Living Inventory;
QOL-AD: Quality of Life in AD; UPDRS: Unified Parkinson’s Disease Rating Scale; ALOX5: arachidonate
5-lipoxygenase; COX1: cyclooxygenase 1; COX2: cyclooxygenase 2; MSQOL-54: Multiple Sclerosis Quality of
Life-54; MCT: medium-chain triglycerides; WHO: World Health Organization.
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Abstract: The exponentially growing frequency of diagnosing diabetes mellitus means that a verifica-
tion of the previous dietetic approach to treating the disease seems justified. The simultaneous growth
of interest in the ketogenic diet and the development of knowledge in this field have contributed
to the increasingly frequent application of the ketogenic diet in diabetes treatment. This paper
also deals with that issue; its aim includes an extensive analysis of the influence of the ketogenic
diet on the prophylaxis and treatment of diabetes. The paper has been prepared based on a wide,
meticulous analysis of the available literature on the subject. Among other findings, a favorable
effect of that nutrition model has been demonstrated on the values of glycated hemoglobin, glucose,
insulin, or other metabolic parameters in diabetes patients. The effect of the ketogenic diet on the
pharmacotherapy of type 1 and type 2 diabetes has been presented and compared with the standard
nutritional management plan recommended for that disease. Further research is needed in this field,
especially studies with a long follow-up period. The discussed articles report interesting therapeutic
advantages to the ketogenic diet in comparison with standard diets.

Keywords: ketogenic diet; ketosis; diabetes mellitus; type 1 diabetes mellitus; type 2 diabetes mellitus;
glycaemia; glycated hemoglobin; HbA1c; HOMA-IR; metabolic syndrome; chronic diseases; obesity;
lipid profile; lipidaemia; prophylaxis; treatment; nutrition recommendation; nutrition intervention;
ketogenic; dietary patterns; carbohydrates; PRISMA; Cochrane

1. Introduction

Ongoing progress in medical science has contributed to the increasingly frequent
research activities conducted into the ketogenic diet. Starting from 1921, when the diet
was used for the first time, the scope of studies on the ketogenic nutrition method has
been continuously increasing. Its primary application concerned the treatment of epilepsy
and was initially developed over a hundred years ago [1]. The significant effects of that
diet, observed in the treatment of epilepsy, even in drug-resistant varieties, have received
much attention from both the scientific establishment and the public. Currently, it is
still widely used in the treatment of epilepsy; not infrequently, its efficacy exceeds that
of pharmacotherapy [2–4]. The extraordinary therapeutic effects seen in drug-resistant
epilepsy gave a motive for the development of research into the effect of the ketogenic diet
in many other domains [5–7]. One very interesting and forward-looking approach, from
the perspective of progress in medicine, concerns the effectiveness of the ketogenic diet in
treating diabetes mellitus.

From the historical point of view, ketogenic diets in T1DM treatment date back to the
early twentieth century [8]. The first publication describing the use of a strictly ketogenic
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diet in type 1 diabetes is the study written by Henwood et al. in 2006 [9]. In terms of
T2DM, there is research describing the use of a ketogenic diet as early as 1914–1922 [10].
The diet in question limited the amount of energy from carbohydrates to 8%. Therefore,
it can be considered to be a ketogenic diet. The first major study describing the use of a
strictly ketogenic diet in type 2 diabetes patients was published in 1996 [11]. Importantly,
in both cases, a number of benefits were observed. This encouraged the researchers to
further explore the subject, which resulted in a significant increase in the number of studies
on this topic in successive years, as shown in Figure 1. The two publications mentioned
were the first examples of studies on the effect of a strictly ketogenic diet in type 1 and
type 2 diabetes. It is worth emphasizing, however, that recommendations of a diet with
the limitation of carbohydrates and an increase in the energy share from fat in diabetes
individuals could have also been encountered earlier, in the form of such diets as the paleo,
Atkins, South Beach or Zone diets. However, these are not typical ketogenic diets but they
show a growing tendency that affects the current studies on strictly ketogenic diets in the
treatment of diabetes [12–14].

 

Figure 1. Comparison of the number of publications in the PubMed search engine for type 1 diabetes
(phrases: “ketogenic diet and diabetes type 1”; “ketogenic diet and type 1 diabetes”; “ketogenic diet
and T1DM”; “ketogenic diet and autoimmune diabetes”) and type 2 diabetes (phrases: “ketogenic
diet and diabetes type 2”; “ketogenic diet and type 2 diabetes”; “ketogenic diet and T2DM”).

On the one hand, available data may provide indirect evidence in terms of the possible
prophylactic application of that diet in diabetes (mainly type 2). Success also depends,
to some extent, on its treatment. The results are achieved in the first place from the
significant influence of the ketogenic diet on glycemia parameters [15–17]. On the other
hand, the number of studies suggesting direct benefits in the treatment of diabetes is still
insufficient. Other factors, such as the low number of studies on the effect of a ketogenic
diet on diabetes, the broad spectrum of available indirect evidence, and the high potential
of that diet contribute to the great need for filling the undeveloped scientific space with
the development of studies and publications in this area. The multidimensionality and
extensiveness of the issue of diabetes, resulting from its various types, also require a clear
distinction between studies on the potential use of the ketogenic diet, depending on the
type of the disease. Therefore, there is a justified need to conduct research in this area.
Taking into account the prevalence of diabetes, such publications could finally lead to the
practical implementation of a specific dietetic management plan. This could result in an
improvement in the quality of life and the survival of millions of patients struggling with
this disease.
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2. Ketogenic Diet

The ketogenic diet, according to the most accurate and, at the same time, the most
general definition, is a diet leading to the increased formation of ketone bodies (such as
β-hydroxybutyrate, acetoacetate, and acetone) in the organism. Its task includes somewhat
mimicking a condition of fasting, without the negative consequences of starvation [18].
Despite the plethora of various types of diets, this one undoubtedly distinguishes itself
from all others. It leads to a change in the body’s preferences concerning its main source of
energy supply. While, in other diets, the main source of energy is glucose, in this case, the
organism preferentially targets ketone bodies. The organism is then put into the so-called
nutritional ketosis state, which, in turn, has many favorable applications [19,20]. It is a diet
with a low carbohydrate content, high fat content, and moderate protein content. It can be
assumed that the majority of ketogenic diets in practice concern a limitation of the amount
of carbohydrates to a maximum of 50 g daily. Moreover, the total supply of carbohydrates
can be lowered to 30 g/daily in order to adapt the organism to a more effective use of ketone
bodies. However, this is not an elimination diet but only requires reducing to a minimum
those products with a higher carbohydrate content. At the same time, the percentage share
of fats increases, usually to 70–80%, and protein frequently accounts for about 20% of the
energy share. Additionally, the ratio between protein and fat may be more variable and is
highly dependent on the specifics of each particular case. This type of theoretical sharing of
the macro-components in most cases fits into the frame of the ketogenic diet, but it is worth
stressing that, possibly, the least processed products should be used. The products that are
most frequently present in such menus include, among other foodstuffs, eggs, meat, and
fish (particularly oily fish), plant oils (e.g., olive oil and coconut oil), giblets (e.g., the liver,
heart, and kidneys), non-starchy vegetables (all, but primarily the green ones, i.e., broccoli,
spinach, lamb’s lettuce, arugula, and kale), avocado, olives, and nuts [21].

3. Diabetes Mellitus

Diabetes mellitus is a disease showing a dramatically increasing incidence. The num-
ber of diabetes patients worldwide has already exceeded 460 million and is expected to
reach 700 million by 2045. This is a very wide field of application, but most frequently,
two main diabetes types are distinguished that are characterized by specific mechanisms
of development, although the signs are frequently similar [22,23]. Type 1 diabetes mel-
litus accounts for 5–10% of all cases of the disease and is most frequently diagnosed in
children. It is a chronic disease in which the insulin-producing pancreatic beta cells are
damaged. Such damage occurs, e.g., as the result of an autoimmune reaction in the body.
Because of the absence of a sufficient amount of insulin, the transport of glucose into the
cells is impaired and is manifested as elevated serum glucose concentrations [24–26]. The
manifestations of type 2 diabetes are the same, although the mechanisms of its develop-
ment are different. In this case, what occurs is an impairment of the response of cells to
insulin rather than a shortage of that hormone. The disease usually develops over many
years, since it is diagnosed most frequently in adults [27,28]. Criteria for the diagnosis
of diabetes mellitus are fasting plasma glucose≥ 126 mg/dL (7.0 mmol/L) or random
plasma glucose ≥ 200 mg/dL (11.1 mmol/L) or 2-hour plasma glucose reading with a 75 g
oral glucose tolerance test (OGTT) ≥ 200 mg/dL (11.1 mmol/L) or glycated hemoglobin
(HbA1c) ≥ 6.5% (48 mmol/mol) [29].

4. The Effect of the Ketogenic Diet on the Pharmacotherapy of Type 1 and Type 2 Diabetes

A diagnosis of diabetes is associated with specific, individually selected therapeutic
management, including pharmacotherapy. The unusually high prevalence of this subject
matter demonstrates that this subject is worth discussing in detail. The results of the
available studies suggest an interesting influence of the ketogenic diet on pharmacological
treatment. They demonstrate, among other findings, a significant reduction in the body’s
requirements for insulin and oral antidiabetic drug doses [30]. It has been shown that the
ketogenic diet can reduce the requirement for insulin in type 1 diabetes patients using
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insulin pumps by as much as 44.3% [31]. It turns out that this value is close to that observed
in type 2 diabetes patients, in whom there is frequently a reduction in the requirement
for insulin, reducing it by half, on average [32]. The American Association of Clinical
Endocrinology suggests, in turn, that patients using a treatment with sodium-glucose
cotransporter 2 (SGLT) inhibitors should stop taking them even before the beginning of
a ketogenic diet. This is because of the increased risk of the development of diabetes ke-
toacidosis [33]. Patients receiving treatment with glucagon-like peptide 1 (GLP-1) receptor
agonists during ketogenic diet use should be strictly monitored. The necessity for the com-
plete termination of their administration is also suggested. That need is associated, as in the
case of SGLT2 inhibitors, with an increased risk not only of diabetes ketoacidosis but also of
hypoglycemic episodes [34,35]. In the case of metformin, no general contraindications have
been demonstrated, although each case should be individually considered [36]. In that
particular nutrition model, it is thus possible to completely withdraw pharmacotherapy or
at least to reduce it. A possibility of remission of the disease has also been suggested [37].
That finding was demonstrated in one study, in which most of the patients struggling with
type 2 diabetes could have reduced the doses or completely discontinued their treatment
with antidiabetic drugs during the 16 weeks of the study’s duration [38]. Taking into
account the significant effect of a ketogenic diet on glycemia values and the possibility of
reducing drug doses, the authors of the review published in 2021 suggest that the ketogenic
diet in type 2 diabetes patients seems to be a promising intervention that can be applied to
improve glycemia control [39].

Considering the above-mentioned data, in some patients with pharmacologically
treated type 2 diabetes, the prescribed drugs could be completely withdrawn or their
doses could be reduced. That would thus contribute to the minimization or avoidance
of the potential adverse effects of pharmacotherapy, at least in some patients. Taking
into account the high prevalence of the disease, the given proportion of patients would
possibly constitute quite a substantial group. It is worth stressing here that the continuous
monitoring of the health condition of these patients is extremely important since the subject
has not as yet been sufficiently studied. Continuous monitoring and control will enable
the modification (or the complete withdrawal) of drug doses in such a way as to prevent
episodes of hypoglycemia, diabetes ketoacidosis, and other complications seen in the
disease. This is also important from a future perspective when a ketogenic diet could be
recommended more frequently in diabetes treatment [30].

5. The Effect of the Ketogenic Diet on the Course of Type 1 Diabetes

Studies assessing the effect of a ketogenic diet on diabetes are relatively scarce, and
those concerning strictly type 1 diabetes are particularly scarce. On the other hand, diabetes
patients and ketogenic diet enthusiasts want to apply it based on certain assumptions,
anecdotal evidence, or their own feelings. This is the result of a number of observed
potential advantages to a ketogenic diet, which may motivate such individuals to follow
the principles of such a diet in spite of a current lack of unequivocal evidence as to its
effectiveness in this regard [40]. Therefore, there is a vast gap in the literature for research
concerning the effect of a ketogenic diet on diabetes. One of the main causes of the low
number of studies in this respect relates to concerns regarding ketoacidosis in diabetes
patients who may be persuaded to implement such a type of nutritional management.
Frequently, the physiological condition of nutritional ketosis is regarded as a risk factor for
ketoacidosis, which can develop, e.g., as the result of type 1 diabetes complications. These
two notions should be clearly distinguished. Ketoacidosis is the simultaneous occurrence of
very high serum concentrations of ketone bodies (15–25 mmol/L) and glucose (250 mg/dL
and higher). That condition leads to a dangerous decrease in blood pH value to a level
below 7.3. The physiological condition of nutritional ketosis is characterized by a low value
within the normal range (70–99 mg/dL) of glucose concentration and a slight concentration
(compared with ketoacidosis) of ketone bodies (usually within the range of 0.5–3 mmol/L).
It causes no reduction in blood pH value [19,21,41–43]. In the case of healthy individuals,
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and even in those with type 2 diabetes, the concerns regarding ketoacidosis development
due to the adoption of a ketogenic diet are completely irrational and devoid of any scientific
foundation. The situation is different in the case of patients suffering from type 1 diabetes.
In these patients, such a type of anxiety can be fully justified, and this subject is frequently
discussed in the publications concerning that problem. Such publications, among other
concerns, also mention the risk of hypoglycemia or dyslipidemia development [44,45].

5.1. Possible Mechanisms of Therapeutic Ketogenic Diet Activity in Type 1 Diabetes

There are some circumstances according to which the ketogenic diet can affect type 1
diabetes that is already at the stage of autoimmunization. The autoimmune process, associ-
ated with the destruction of pancreatic beta cells, may be related to intestinal homeostasis
disorders. These disorders arise, among other factors, from a reduction in the number
of intestinal bacteria producing lactate and butyrate, with the simultaneous increase in
the number of Bacteroides organisms. A protective effect of butyrate is suggested on the
autoimmunization process of pancreatic cells. Therefore, it can indirectly prevent the
development of type 1 diabetes [46,47]. During ketogenic diet observation, the amount
of β-hydroxybutyrate (the main ketone body) increases. On the one hand, it plays a role
similar to that of the medium-chain fatty acids produced by intestinal bacteria. On the
other hand, it inhibits inflammatory conditions, for example, through the reduction of
the number of intestinal proinflammatory Th17 cells [48–50]. The extremely widespread
effect of the ketogenic diet on the microbiome means that in the future, it would be worth
looking at the potential mechanism of its influence on the immunization process, including
its effect on pancreatic beta cells [51]. This can also be of importance when taking into
account the character of the ketogenic diet itself, which, in principle, should mimic fasting
conditions in the body, and which, conversely, is frequently also used in diets employing
so-called metabolic windows (e.g., the 16:8 diet). A study in mice demonstrated that a
low-carbohydrate, low-protein, and high-fat diet with a calorie deficit was able to affect
pancreatic beta cells. It should be stressed, however, that a low-carbohydrate diet is not
tantamount to a ketogenic diet. In the case of the pancreatic islets seen in type 1 diabetes,
the periods of fasting decrease the activity of PKA and mTOR and induce Sox2 and Ngn3
expression and insulin production. Thus, they promote the reprogramming of the pancre-
atic islet cells, inducing an expression of genes similar to that observed during fetal life. It
has also been demonstrated that they can reverse insulin deficiency in murine and human
cells in type 1 diabetes [52,53]. Such a possibility was also suggested by the authors of a
study in 2014, in which they presented a case report on a 19-year-old man who had been
diagnosed with type 1 diabetes. After the recommendation of a standard diabetes diet on
which he consumed 240 g of carbohydrates daily in six meals, over the period of 20 days of
diet observation, his glucose concentrations fluctuated within the 68–267 mg/dL range and
the general feeling was that he failed to improve. A paleolithic version of the ketogenic
diet was then applied. His glucose concentrations had returned to normal already in the
first few days; therefore, the administration of insulin was discontinued. After 10 weeks,
the testing was repeated to determine C peptide concentration, which increased from the
initial 0.6 ng/mL level to 2.2 ng/mL. The patient’s glycated hemoglobin level was 5.5%
and his glucose concentration was 88 mg/dL. Although that change could have occurred
independently of the diet used, the authors of the study suggest that the evident increase
in the C peptide level accompanying insulin withdrawal may indicate the return of insulin
production in the pancreas [54]. Many other mechanisms not strictly concerning the au-
toimmunology process, such as its effect on glucose, insulin, and insulin resistance, are,
to a significant degree, common for both types of diabetes. Therefore, the effect on the
aspects mentioned is discussed in more detail in Section 6, “Effect of a ketogenic diet on
the prevention and treatment of type 2 diabetes mellitus”.
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5.2. The Ketogenic Diet in the Treatment of Type 1 Diabetes in Children

Based on the conducted studies, the data provided frequently concern individual cases.
The available case studies on children with type 1 diabetes who observed a ketogenic diet
provide very interesting information. This scenario has been described in, among other
papers, the study conducted by McClean et al. [55]. An effective use of the ketogenic diet
was demonstrated, among other patients, in a nearly four-year-old boy, suffering from
myoclonic-astatic epilepsy and type 1 diabetes, whose glycated hemoglobin values were
within the 5.7–6.4% range. No severe hypoglycemia or ketoacidosis episodes were observed.
After the institution of the diet, the boy continued to follow it for six years [56]. Another
paper presents the case of a 14-year-old girl with type 1 diabetes who observed a direct
improvement after beginning a ketogenic diet, an improvement that was also noted in her
glucose level measurements [57]. In another study, a girl aged 3.5 years who was suffering
from epilepsy and type 1 diabetes was followed up for 15 months while on a ketogenic
diet. Since the institution of the diet, no clinical signs of epilepsy had been reported
and an improvement in the girl’s development was recorded. Her glycated hemoglobin
(HbA1c) level improved, the control of her glycemia was very good, and no severe adverse
effects were observed [58]. Another study described the case of a nine-year-old child
with type 1 diabetes, in whom, after following a ketogenic diet, insulin administration
could have been discontinued [59]. Another two-year-old girl with epilepsy and type 1
diabetes was put on a ketogenic diet. The recorded value of glycated hemoglobin at the
time of making the diagnosis was 7.6% and, after six months, it decreased to 6.8%. Over
that time period, no severe episodes of ketoacidosis and only many mild hypoglycemia
episodes were noted. The girl was put on the diet for 10 months [60]. Interesting data were
also provided by a study conducted on a four-year-old girl with pyruvate dehydrogenase
deficiency, static encephalopathy, convulsive disorder, and diabetic ketoacidosis. She was
simultaneously treated with a ketogenic diet and exogenous insulin, which, at first, seemed
quite risky. However, the follow-up period, lasting 28 months, revealed that the ketogenic
diet contributed to an improvement in the activity and development of the girl and to the
excellent control of glycemia [9]. All the above-mentioned cases are summarized in Table 1.

In 2018 a study was conducted that listed the potential risks resulting from the appli-
cation of that nutritional model in children with type 1 diabetes, based on six cases. The
first of the cases concerned a boy, aged 13 years old, in whom a significant reduction in
glycated hemoglobin levels occurred (from 10.3% to 6.3%), while the authors regarded
reaching the cholesterol concentration of 5.5 mmol/L as a potentially negative side effect.
The second case was that of a 12-year-old girl, in whom the following of a ketogenic diet
resulted in a reduction in HbA1c level (from 7.4% to 6%) but hypoglycemia episodes, a
cholesterol concentration of 5 mmol/L, and hypertension were observed. The third case
described was of a six-year-old boy, in whom a ketogenic diet was associated with hunger,
body weight loss, and poor development. The fourth child studied was a girl of four years
old, in whom a significant reduction in the HbA1c value (from 14% to 8.1%), many hypo-
glycemic episodes, slow growth, and delayed bone age were observed. In the fifth case of a
3.5-year-old boy, an HbA1c reduction (from 6.1% to 5.3%), significant hypoglycemia, slower
growth, low growth hormone levels, and high cholesterol concentrations were recorded.
In the last case concerning a 3.5-year-old girl, unfavorable signs were observed, taking
the form of poor body mass gain and disturbed growth [61]. The publication frequently
refers to increased total cholesterol levels, which, according to current knowledge, are,
rather, of non-significant importance within such a range. The frequent hypoglycemia
episodes observed in the study may be an actual problem that is worth keeping in mind;
the condition of such patients should be adequately monitored. The authors also refer to
the children’s unmet requirements of calcium, in particular, as well as magnesium and
phosphorus. These unmet needs, however, are not the effects of the ketogenic diet itself but
are rather from an inadequately composed ketogenic diet. Frequently, the diet compensates
for the inadequate balance and incorrect nutritional value of the menus that are presented
in the studies.
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Table 1. Effect of ketogenic diets as prescribed for children with type 1 diabetes.

Gender and Age Disease Dietary Intervention Benefits Adverse Effects References

Boy, 4 years Type 1 diabetes and
myoclonic-astatic epilepsy Ketogenic diet

1. Acceptable control of
epileptic seizures
2. Improvement of cognitive
functions
3. Maintenance of the target
glycemia values

No severe episodes of
hypoglycemia or
ketoacidosis were
observed

[56]

Girl, 14 years Type 1 diabetes Ketogenic diet

1. Significant improvement
of subjective sensations
2. Significant improvement
in glycemia

Not observed [57]

Girl, 3.5 years Type 1 diabetes, right
hemiparesis, epilepsy Ketogenic diet

1. Absence of epileptic
seizures
2. Improvement of
development, motor
functions, and activity
3. Proper glycemic control
and improvement in the
HbA1c value

1 episode of
ketoacidosis, apart from
which no adverse effects
were observed

[58]

A 9-year-old child
(no information
on gender)

Type 1 diabetes Paleolithic ketogenic diet

1. Improvement of insulin
and glucose levels
2. Discontinuation of insulin
treatment

Not observed [59]

Girl, 2 years Type 1 diabetes and epilepsy Ketogenic diet

1. No episodes of epileptic
seizures
2. Improvement (reduction)
of glycated hemoglobin level
3. No new episodes of
diabetic ketoacidosis

Mild hypoglycemia
episodes [60]

Girl, 4 years

Pyruvate dehydrogenase
deficiency, diabetic ketoacidosis,
static encephalopathy, convulsive
disorders

Ketogenic diet

1. Proper glycemic control
2. Improvement of activity
level
3. Significant developmental
achievement
4. Compensation of linear
growth from < 5th to the
50th percentile

No major adverse
effects were observed [9]

5.3. The Ketogenic Diet in the Treatment of Type 1 Diabetes in Adults

The results of the available studies in adults are also promising. In one of these studies
on 22 adults, suffering from type 1 diabetes, who decided to go on a ketogenic diet (or,
at least, a very low-carbohydrate diet, i.e., 70–90 g of carbohydrates daily), some specific
benefits were demonstrated. The joint duration of the follow-up was 12 months; dur-
ing this period, a significant reduction was observed in hypoglycemic episodes, glycated
hemoglobin level (from 7.5% to 6.4%), and the postprandial requirement for insulin by
almost half (from 21.1 IU daily to 12.4 IU daily). The total cholesterol and HDL concentra-
tion values were not significantly changed, while the concentration of triglycerides alone
decreased by 16%, on average [62]. However, it is worth emphasizing, however, that a
low-carbohydrate diet was being followed and it was not known whether such an amount
was sufficient to induce ketosis, since the level of the ketone bodies was not measured. In
the conclusions drawn from another study conducted in 11 adult type 1 diabetes patients
who had been on a ketogenic diet for various time periods (2.6 years, on average), the
authors demonstrated that a ketogenic diet in patients with type 1 diabetes was, as a rule,
associated with normal glycated hemoglobin (HbA1c) concentrations and slight glycemic
fluctuations (1.5 ± 0.7 mmol/L). However, they also mentioned that this could have been
associated with the large number of hypoglycemia episodes and also with dyslipidemia [63].
Another randomized controlled study that was conducted on adults with type 1 diabetes
compared the effect of a low-carbohydrate diet with that of a standard carbohydrate diet
over a period of 12 weeks. While, in the carbohydrate group, no changes were observed, in
the low-carbohydrate group, a significant reduction in glycated hemoglobin level (from
8.9% to 8.2%), and a reduction in the daily insulin dose (from 64.4 IU to 44.2 IU) and
body weight (from 83.2 kg to 78 kg) occurred. Therefore, the authors suggested a certain
effectiveness of the diet in type 1 diabetes patients [64]. However, a low-carbohydrate diet
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is not tantamount to a ketogenic diet, so the results of that study do not necessarily need to
be the same as those observed from a ketogenic diet. In 2018, a questionnaire-based survey
was distributed to a larger group, i.e., 316 type 1 diabetes patients, with the subjects being
on very low-carbohydrate diets (36 g carbohydrate daily on average) for a mean period of
2.2 years. Very low amounts of carbohydrates, on average, are found in the ketogenic diet.
It should, however, be kept in mind that these are averaged values. Taking that into account,
it is possible that not all study participants entered a state of ketosis. The mean glycated
hemoglobin value reported in these patients was 5.67%. Only seven patients gave a history
of diabetes-related hospitalizations in the last year: four were due to ketoacidosis, and
only two were due to hypoglycemia. The authors concluded that a ketogenic diet affected
glycemia control in type 1 diabetes, with a low rate of adverse effects, in both adults and
children on a very low-carbohydrate diet (the mean value of 36 g of carbohydrates meets
one criterion of a ketogenic diet) [65]. One case study described a 37-year-old male with
type 1 diabetes who, in 20 days, had covered a distance of 4011 km on a bicycle in Australia,
while being on a ketogenic diet. Continuous glycemia monitoring during the ride revealed
an unusual glycemic stability (mean value 6.1 mmol/L) and only one episode of major
hypoglycemia. The authors have concluded that this observed glycemic stability suggests
that the body’s adaptation to using fats can alleviate glycemia fluctuations. In addition, it
can lead to a lower dependence on carbohydrate consumption in order to maintain normal
glycemia values during physical exercise [66]. It is worth keeping in mind, however, that an
inadequately applied ketogenic diet can be fraught with adverse effects, as was observed in
the case of a 22-year-old woman. She was not aware of her type 1 diabetes, and she started
to follow a ketogenic diet, which led to diabetic ketoacidosis. That particular case was
described in a paper published in 2021 [67]. All the above cases are summarized in Table 2.

Table 2. Effect of a ketogenic diet in adults with type 1 diabetes.

Gender and Age Disease Dietary Intervention Benefits Adverse Effects References

Group of 17 women and 7 men.
Mean age 51 ± 10 years Type 1 diabetes Low-carbohydrate diet

(70–90 g carbohydrates)

1. Significant reduction in
hypoglycemia episodes and
glycated hemoglobin
concentration (from 7.5% to
6.4%),
2. Significant reduction in the
postprandial requirement for
insulin (from 21.1 IU daily to 12.4
IU daily)
3. Reduction of triglyceride
concentration by 16% on average

Diabetic gastroparesis
was observed in 6
individuals

[62]

Group of 7 men and 4 women.
Mean age 36.1 ± 6.8 years Type 1 diabetes Ketogenic diet

1. Normal HbA1c concentration
(The mean HbA1c levels were
35 ± 4 mmol/mol (5.3 ± 0.4%))
2. Slight changes in glycemia
values (little daily glycemic
variability (1.5 ± 0.7 mmol/L)

Hypoglycemia episodes
and dyslipidemia were
observed

[63]

Group of 4 men and 1 woman.
Mean age 44.5 ± 10.4 years
(in the normal carbohydrate
amount group, there were an
additional 3 men and 2 women,
mean age 44.8 ± 8.3 years)

Type 1 diabetes

Target: ketogenic diet,
50–75 g carbohydrates
as a result:
low-carbohydrate diet,
up to 100 g of
carbohydrates

1. Improved glycemic control
(significant reductions in HbA1c
(63 to 55 mmol/mol))
2. Reduction of insulin doses
(significant reductions in daily
insulin use (64.4 to
44.2 units/day))
3. Body mass reduction (83.2 to
78.0 kg)

One participant
reported a higher
irritability and another
one a greater number of
minor diseases

[64]

Group of 316 women and men.
Mean age 27 ± 19 Type 1 diabetes

Carbohydrates of 36 g
on average, i.e., a
ketogenic diet

1. Improved glycemic control
(mean HbA1c was 5.67% ±
0.66%)
2. Lower requirement for insulin

A group of 7
individuals in a year,
who reported a
hospitalization
associated with diabetes
(including ketoacidosis
and hypoglycemia); in
the remaining majority
of cases, there were no
adverse effects

[65]
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Table 2. Cont.

Gender and Age Disease Dietary Intervention Benefits Adverse Effects References

Man. 37 years Type 1 diabetes Ketogenic diet

1. Maintenance of glycemic
stability (average interstitial
glucose 6.1 mmol/L) and 80.4%
of the time spent within a range
of 3.9–10 mmol/L. Interstitial
glucose was < 3 mmol/L for 2.1%
of this time
2. No problems with riding
4011 km on a bicycle over 20 days

1 episode of major
hypoglycemia [66]

Woman. 22 years Undiagnosed
type 1 diabetes Ketogenic diet None

Development of
diabetic ketoacidosis in
4 days

[67]

6. The Effect of the Ketogenic Diet on the Prevention and Treatment of Type 2 Diabetes

In type 2 diabetes, the significantly greater popularity of the ketogenic diet is observed,
compared with that in type 1 diabetes. In this case, the occurrence of the possible adverse
effects is much less of a concern. Despite that finding, clinicians and scientific societies still
cannot find any possible application for it. The favorable mechanisms of a ketogenic diet
that have an effect on the prophylaxis and treatment of type 2 diabetes may be multifaceted.
Based on the available studies, a conclusion can be drawn that the most important aspect
of the issue is the significant effect of this diet on glycemia values.

6.1. The Effect of the Ketogenic Diet in the Therapy of Type 2 Diabetes—Meta-Analyses and
Systematic Reviews

A number of meta-analyses and systematic reviews on the topic of a ketogenic diet are
already available. We considered only those meta-analyses and systematic reviews that were
published in English from 2012 to 2022. Search terms included the keywords: “Diabetes”
AND Ketogenic Diet”. The literature search was completed on 29 November 2022. This study
was performed according to PRISM (preferred reporting items for systemic review) guidelines
(Figure 2). The eligibility of studies was assessed by applying clear inclusion/exclusion criteria.
The studies included comprised full-text English meta-analyses and systematic reviews on the
use of a ketogenic diet by patients with T2DM. Studies excluded were those involving animal
studies and those that were focused on other diseases.

A comprehensive meta-analysis of randomized controlled studies demonstrated that
the ketogenic diet was more effective than the low-fat diet in terms of the improvement of
glycemia parameters, body mass, and lipid profile, particularly in patients with previously
diagnosed diabetes who were also overweight [68]. Another meta-analysis concerned the
effect of a ketogenic diet on glycemia control, insulin resistance, and lipid metabolism
in patients with type 2 diabetes. It was demonstrated that the diet caused an average
reduction in glucose concentration by 1.29 mmol/L and a reduction in glycated hemoglobin
(% HbA1c) by 1.07% and in the concentrations of total cholesterol, LDL fraction, and
triglycerides, as well as an increase in HDL cholesterol concentrations. A reduction in body
mass by 8.66 kg, on average, in waist circumference by 9.17 cm, and in BMI by 3.13 kg/m2

were also observed. In the conclusion of the study, it was said that the ketogenic diet
favorably affected the control of the glycemia and lipid profile in type 2 diabetes patients
and, moreover, significantly contributed to body mass reduction [69]. A meta-analysis
of randomized controlled trials (RCT) in 2022 also provides important information and
presents the benefits of that diet when used for type 2 diabetes. The authors strove for an
assessment of its effect on the control of glycemia and body mass in type 2 diabetes patients
who were overweight. They found that a ketogenic diet exerted a significant favorable effect
on body mass loss (by 5.63 kg, on average), a reduction in waist circumference (by 2.32 cm,
on average), a reduction in the concentrations of glycated hemoglobin (by 0.38 HbA1c, on
average) and triglycerides (by 0.36 mmol/L, on average) and an increase in HDL cholesterol
levels (by 0.28 mmol/L, on average). The authors suggest that the diet can be recommended
for type 2 diabetes [70]. Another meta-analysis in 2022 compared the effect of a ketogenic
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diet with that of a standard diet recommended for diabetes patients. The scope of the
study was only limited, however, to an assessment of drug metabolism. The greatest
changes were observed in terms of triglyceride concentration reduction in patients on a
ketogenic diet. Compared with the control group, an average triglyceride concentration
reduction was found in the 3rd, 6th, and 12th months of the treatment, by −0.49 mmol/L,
−0.82 mmol/L, and −0.18 mmol/L, respectively. The greatest change was found in the
3rd month. Importantly, however, no significant differences were demonstrated in the
total cholesterol, HDL, and LDL concentrations. The authors stressed that type 2 diabetes
patients on a ketogenic diet had no elevated total cholesterol and LDL concentrations.
Similarly, in the studies included in the meta-analysis, no reduced cholesterol concentrations
were observed in the patients [15]. In 2022, a systematic review with a meta-analysis
was conducted, in order to estimate the effect of a ketogenic diet in patients with type
2 diabetes and in those with a pre-diabetic condition. The control group in the studies
mentioned consisted of individuals following a diet with a higher content of carbohydrates
than a ketogenic diet. It was shown that in the patients on a ketogenic diet, compared
with the control group, the concentration of triglycerides decreased by −0.28 mmol/L,
while that of HDL cholesterol increased by 0.04 mmol/L. In four studies, the changes in
glycated hemoglobin concentration after 12 months, with the estimation of permanent
effects (very low carbohydrate/ketogenic diets (VLC/KD) minus the control group), were
0.01% (−0.22 to 0.25). In two studies, an HbA1c change of −0.65% (−0.99l–0.31) was noted
in relation to the initial value. The authors concluded that a ketogenic diet could effectively
reduce HbA1c and triglyceride concentrations in individuals with type 2 diabetes and those
in a pre-diabetic condition. They stress, however, that still more well-planned studies are
needed [71]. The benefits resulting from a ketogenic diet were also confirmed by another
meta-analysis conducted in 2022. The authors compared the effect of the ketogenic diet
with that of the standard diets recommended for diabetes patients. Compared with the
diets in the control groups, in patients on a ketogenic diet, the following were observed: an
HbA1c concentration reduction after three months (by 6.7 mmol/mol on average) and after
six months (by 6.3 mmol/mol on average), a body mass reduction after three months (by
2.91 kg, on average) and after six months (by 2.84 kg, on average). Moreover, for 12 months,
the diet demonstrated an advantage over the control diets in respect of triglyceride level
reduction, HDL cholesterol concentration increase, and a reduction in the administration of
antidiabetic drugs. The authors clearly stated, however, that the quality of the currently
available evidence was still insufficient to allow for the standard recommendation of a
ketogenic diet in patients with type 2 diabetes [72]. In a systematic review with a meta-
analysis published in 2022, the advantages of a ketogenic diet were also demonstrated
in type 2 diabetes patients. Compared with the control diets, the individuals following a
ketogenic diet decreased their glycated hemoglobin values by 1.45% HbA1c on average
and reduced their body mass by 2.67 kg on average [73]. This finding was confirmed by
another systematic review [39]. It demonstrated that a ketogenic diet improved HbA1c
concentration in diabetes patients already showing changes after three weeks; the effect
was maintained for at least a year. That change was also associated with a reduction in
administered antidiabetic drugs and the sustained persistence of a reduced body mass. In
a systematic review of 2022, the effect was studied of a ketogenic diet on insulin sensitivity
in type 2 diabetes patients. Once again, its favorable effect on glycemia was confirmed [74].
Another review also suggested its benefits when treating patients with metabolic diseases,
such as type 2 diabetes. The authors demonstrated its advantages in respect of reducing
the concentrations of HbA1c, glucose, insulin, total cholesterol, triglycerides, ALT, AST,
and the HOMA-IR index. It is worth stressing the finding that no severe adverse effects
were noted [75]. A summary of the results of all analyses and systematic reviews is shown
in Table 3.
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Figure 2. Flowchart presenting the study selection according to PRISMA guidelines.

Table 3. Summary of the meta-analyses and systematic reviews concerning the effect of a ketogenic
diet on patients with type 2 diabetes.

Year and Type of
Publication

Number of
Studies
Considered

Diet Type Publication Aim Results References

2020
Meta-analysis 14 RCT Ketogenic diet

Assessment of the effectiveness
of a ketogenic diet in metabolic
compensation in patients who are
overweight/obese, with and
without type 2 diabetes,
compared with a low-fat diet

Advantages of a ketogenic diet over a low-fat
diet in the control of glycemia (lower HbA1c
levels (SMD −0.62), body mass (SMD −0.46)
and lipid profile (reduction in triglyceride
concentration (mean -0.45, increase in HDL
(SMD 0.31) concentration)

[68]

2020
Systematic review and
meta-analysis

13 Ketogenic diet

Assessment of the effect of a
ketogenic diet on the control of
glycemia, insulin resistance, and
lipid metabolism in type 2
diabetes patients

Reduction in the concentrations of glucose (by
1.29 mmol/L on average), glycated hemoglobin
(by 1.07% HbA1c on average), total cholesterol
(by 0.33 mmol/L on average, LDL (by
0.05 mmol/L on average), and the reduction of
body mass (by 8.66 kg on average), waist
circumference (by 9.17 cm on average), and
BMI (by 3.13 kg/m2 on average)
HDL concentration increased (by 0.14 mmol/L,
on average)

[69]

2022
Meta-analysis 8 RCT Ketogenic diet

Studying the role of the ketogenic
diet in controlling body mass and
glycemia in patients with type 2
diabetes who are overweight

Reduction in body mass (by 5.63 kg on
average), waist circumference (by 2.32 cm on
average), glycated hemoglobin concentration
(by 0.38% HbA1c on average), triglycerides (by
0.36 mmol/L on average) and an increase in
HDL cholesterol concentration (by
0.28 mmol/L, on average)

[70]

2022
Meta-analysis 10 RCT Ketogenic diet

Assessment of the effect of a
ketogenic diet on lipid
metabolism in patients with type
2 diabetes (compared with the
effects of the standard diets)

Advantage of the ketogenic diet in reducing
triglyceride concentration, particularly in the 3rd
month (compared with the control group, with TG
reduction in the 3rd, 6th, and 12th months of
treatment, by 0.49 mmol/L, −0.82 mmol/L, and
−0.18 mmol/L, on average)
No significant differences in total cholesterol,
LDL, and HDL concentrations

[76]
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Table 3. Cont.

Year and Type of
Publication

Number of
Studies
Considered

Diet Type Publication Aim Results References

2022
Systematic review and
meta-analysis

8 RCT Ketogenic diet

Estimation of the effect of a
ketogenic diet in type 2 diabetes
patients and individuals with
pre-diabetic conditions
(compared with the diets with a
higher content of carbohydrates
than in a ketogenic diet)

In individuals on a ketogenic diet, compared
with the control group, a reduction of
triglyceride concentration by 0.28 mmol/L and
an increase in HDL cholesterol level by
0.04 mmol/L.
In total, 4 studies demonstrated changes in
HbA1c concentration after 12 months, with the
estimation of persistent effects (VLC/KD minus
control group) at 0.01% level (−0.22 to 0.25).
In addition, 2 studies demonstrated a change in
HbA1c from the initial value: −0.65% (−0.99; −0.31)

[71]

2022
Meta-analysis 8RCT Ketogenic diet

Comparison of a ketogenic diet
vs. standard diet recommended
in patients with type 2 diabetes in
the context of parameter changes,
i.e.: glycemia, body mass, lipid
profile, drug taking, and the
discontinuation of drug taking

Compared with the standard recommended
diets, in patients on a ketogenic diet, a
reduction in HbA1c after 3 and 6 months (by
6.7 mmol/L and 6.3 mmol/L, on average,
respectively) and a body mass reduction after 3
and 6 months (by 2.91 kg and 2.84 kg on
average, respectively) were observed. In a
12-month period, an advantage of a ketogenic
diet over the control diets was seen in respect of
triglyceride concentration reduction and a
reduction in the requirements for drugs, as well
as an increase in HDL concentration

[72]

2022
Systematic review and
meta-analysis

15

Ketogenic diet
and low-
carbohydrate
diet

Assessment of the effectiveness
of a ketogenic diet (and
low-carbohydrate diet) in
controlling glycemia and body
mass in patients with type 2
diabetes

Patients using a ketogenic diet, compared with
control diets, reduced their glycated hemoglobin
values by 1.45% HbA1c, on average, and their
body mass by 2.67 kg, on average

[73]

2021
Systematic review 14 Ketogenic diet

Assessment of the pleiotropic
effect of a ketogenic diet on
glycemic control, drug changes,
and body mass loss in patients
with type 2 diabetes

Improvement of glycated hemoglobin
concentrations in patients with type 2 diabetes
within three weeks and the persistence of the
effect for at least one year. Effectiveness in the
long-term maintenance of a reduced body mass

[39]

6.2. The Effect of the Ketogenic Diet in the Therapy of Diabetes Type 2—Randomized Controlled
Trials (RCT)

A literature search of the Cochrane Library and PubMed was performed to identify
randomized controlled trials. Search terms included the keywords: “Diabetes” AND
Ketogenic Diet” in the publications’ titles, abstracts, and keywords. Search filters were set
as “Trials” and a time range was set up from 2012 until 2022. The initial database search
yielded 41 papers (with 17 papers in PubMed and 25 from the Cochrane Library), from
which 17 duplicates were excluded. The remaining 24 trials underwent further screening
of the titles and abstracts. As a result, 17 articles were excluded for the following reasons:
other co-morbidities (5), no RCT (4), an animal-based study (1), and unrelated topics (7).
Full-text examination by two independent reviewers narrowed down the number of articles
to 7. The available data from randomized controlled trials (RCT) shows a positive prognosis
for the ketogenic diet’s application in diabetes. One such study demonstrated an advantage
of a ketogenic diet over a diet composed according to the dietary recommendations of the
American Diabetes Association (ADA). It was conducted for 32 weeks in patients with
type 2 diabetes who were overweight, as part of an online intervention. In the group on
a ketogenic diet, a greater reduction in glycated hemoglobin concentrations (−0.8%, on
average) occurred, compared with the other group (−0.3%, on average). Besides that, in
55% of patients, a reduction in the glycated hemoglobin value below 6.5% was found, which
was not observed in any subject in the control group. The improvement of triglyceride
concentrations was also more pronounced in the group on a ketogenic diet (−60.1 mg/dL,
on average) than in the other group (−6.2 mg/dL, on average). Significant differences were
also observed in body mass, the mean loss of which was 12.7 kg in the ketogenic diet group
and 3 kg in the control group. Importantly, the individuals on a ketogenic diet showed
non-compliance significantly less frequently in further adhering to the recommendations
(8% of the individuals) compared with those on the control diet (46% of the subjects) [77,78].
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Another randomized controlled study also demonstrated an advantage to the low-calorie
ketogenic diet over the standard low-calorie diet in 89 adults with type 2 diabetes. A similar
level of safety of use was also observed. However, the values of glycated hemoglobin
showed greater improvement in the ketogenic diet group. In addition, a significantly
greater bodyweight loss and waist circumference reduction were observed [79]. In 2022m a
12-week-long, randomized controlled study was conducted on 60 adult patients with newly
diagnosed diabetes who were overweight. The effect of the usual diabetic diet (30 subjects)
was compared with that of a ketogenic diet (30 subjects). It was found that improvements in
the values of such parameters as glycated hemoglobin (HbA1c), fasting glucose and insulin
levels, lipid profile, body mass, and BMI were more pronounced in those individuals
on the ketogenic diet. Thus, it demonstrated its higher effectiveness compared with
the standard diets [80]. An RCT from 2022 compared the effects of ketogenic and low-
carbohydrate Mediterranean diets, along with their influence on glucose concentration
and cardio-metabolic risk factors in T2DM or pre-diabetic patients. Both types of diet
had a positive effect on HbA1c. However, the ketogenic diet showed greater benefits by
decreasing triglyceride concentrations and body weight and increasing HDL cholesterol
concentration. In addition, increases of LDL cholesterol was observed, and the authors
pointed out a lower balance in the diet [81]. Another study compared the adherence to both
diet types in patients with T2DM and pre-diabetes. The results showed a high similarity
in diet adherence in the first 4 weeks (when all food was delivered to the participants).
Conversely, when the participants were responsible for providing and preparing their own
meals, this similarity was lower. In the context of comparing the ketogenic diet to ADA
guidelines, data published in 2014 showed the advantages of this nutrition model. It was
demonstrated that a higher percentage of participants (44% vs. 11%) could discontinue
one or more oral diabetes medications. Additionally, HbA1c and body weight decreased
on a ketogenic diet. [82]. Moreover, in a 12-month timeframe, participants on a ketogenic
diet showed greater reductions than participants on a low-fat diet. Furthermore, greater
reductions in glycated hemoglobin j (−0.5% vs. −0.2%) and weight (−7.9 kg vs. −1.7 kg)
were observed. Reductions in diabetes-related medications were only observed for the
ketogenic diet [83]. Details of the described RCT are shown in Table 4.

The most promising results were obtained in the RCT conducted by Myette-Côté et al.,
although considering the fact that this trial did not focus on the ketogenic diet (but on
restricting energy from carbohydrates to 10%), it was excluded from Table 4. The aforemen-
tioned study compared the short-term influence of three different types of intervention: a
low-fat low-glycemic index diet (GL), a low-carbohydrate high-fat diet (LC), and an LC
with 15-minute post-meal walks (LC+Ex). The best results were observed for the LC+Ex
diet (a significant reduction in glucose concentration was observed), and the worst results
were presented for the GL diet. Moreover, a significant reduction in circulating proinsulin
was observed for the LC and LC+Ex diets. Additionally, it was shown that the LC diet
improved 4-day glycemic control and fasting proinsulin levels, compared to the GL diet.
An additional 15-minute post-meal walk was beneficial with the LC diet [85].
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Table 4. Summary of the randomized controlled trials (RCT), listing the effect of a ketogenic diet on
patients with type 2 diabetes.

Year and Type
of Publication

Number of
Patients and
Duration

Diet Type Publication Aim
Main Outcome(for Ketogenic
Diet)

Percentage of
Drop-Outs

References

2017, RCT

25 (12 in the
intervention, 13
control).
32 weeks

Ketogenic diet ad
libitum vs. a diet
program based
on the American
Diabetes
Association’s
“Create Your
Plate” website

Comparison of the
online intervention of a
ketogenic diet ad libitum
vs. an online diet
program based on the
American Diabetes
Association’s “Create
Your Plate” website on
glycemic control and
other health outcomes
among overweight
individuals with type 2
diabetes

1. Greater HbA1c decrease (−0.8%
vs. −0.6%),
2. Lowering HbA1c to less than
6.5% (55% of participants vs. 0%
of participants),
3. Greater weight loss (−12.7 kg
vs. −3.0 kg),
4. A greater percentage of
participants lost at least 5% of
their body weight (90% of
participants vs. 29% of
participants)
5. Greater reduction in
triglyceride levels (−60,1mg/dl
vs. −28,9mg/dl)
6. Lower numbers of dropouts
(8% of participants vs. 46% of
participants)

Intervention group:
8% (1/12) and
control group: 46%
(6/13)

[78]

2016, RCT

89 (45 in the
intervention, 44
control).
4 months

Low-calorie
ketogenic diet
(VLC/KD) vs. a
standard
low-calorie diet

Evaluating the
short-term safety and
tolerability of a very
low-calorie-ketogenic
diet (VLCKD) (< 50 g of
carbohydrate daily) in
an interventional weight
loss program including
lifestyle and behavioral
modification support
(Diaprokal method) in
subjects with T2DM.

1. Greater body mass reduction
(−14.7 kg vs. −5.05 kg)
2. Greater percentage of
participants lost more than 5%
and 10% of their body weight
(97.6% vs. 50% and 85.4% vs.
16.7%, respectively)
3. Greater reduction in waist
circumference (−12 cm vs.
−5.4 cm)
4. Greater reduction in HbA1c
levels (−0.9% vs. −0.4%)
5. Greater reduction in oral
diabetes medication (from 73.3%
to 50% of participants vs. from
86.4% to 83.3% of participants)

VLCKD: 11.1%
(5/45), LC diet:
18.2% (8/44)

[79]

2022, RCT

60 (30
intervention, 30
control).
12 weeks

Ketogenic diet vs.
the routine diet
for diabetes

Observation of a
periodic ketogenic diet
for its effect on
overweight or obese
patients newly
diagnosed with T2DM,
with a comparison with
the routine diet for
diabetes

1. Greater reduction in HbA1c
levels (−0.92% vs.–0.27%)
2. Greater reduction in fasting
glucose concentration (−1.39
mmol/L vs. −0.56 mmol/L)
3. Greater reduction in fasting
insulin concentration
(−48.23 pmol/L vs. −3.7 pmol/L)
4. Greater body mass reduction
(−8.06 kg vs. −0.61 kg)
5. Greater reduction in waist
circumference (−9.29 cm vs.
−0.77 cm)
6. Increase HDL concentration
(+0.13 mmol/L vs. +
0.03 mmol/L) and decrease of
LDL concentration (−0.41
mmol/L vs. −0.18 mmol/L)

Ketogenic diet
group: 20% (6/30),
Control group: 3.3%
(1/30)

[80]

2022, RCT

40 (20 + 20)
(33 after
drop-outs (16 on
the ketogenic diet
vs. 17 on the
Mediterranean
diet)).
12 weeks

Ketogenic diet vs.
a low-carb
Mediterranean
diet

Comparison of 2
low-carbohydrate diets
with 3 key similarities
(incorporating
nonstarchy vegetables
and avoiding added
sugars and refined
grains) and 3 key
differences
(incorporating,
compared with avoiding,
legumes, fruits, and
whole, intact grains) for
their effects on glucose
control and
cardiometabolic risk
factors in individuals
with pre-diabetes and
T2DM

1. Decrease in triglyceride
concentration (−16% vs. −5%)
2. Increase in HDL concentration
(+11% vs. +7%)
3. Greater reduction in body mass
(−8% vs. −7%)
4. Increase in LDL concentration
(+10% vs. −5%)

17.5% (7/40) [81]
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Table 4. Cont.

Year and Type
of Publication

Number of
Patients and
Duration

Diet Type Publication Aim
Main Outcome(for Ketogenic
Diet)

Percentage of
Drop-Outs

References

2021, RCT 40 (20 + 20)
24 weeks (12 + 12)

Ketogenic diet vs.
a low-carb
Mediterranean
diet

Detailed examination
and comparison of the
adherence to the two
study diets
(well-formulated
ketogenic diet (WFKD)
and Mediterranean Plus
(Med-Plus) under two
conditions: all food
being provided
(delivered) and all food
being obtained by
individual participants
(self-provided)

1. Higher adherence to the WFKD
diet in the food delivery phase
(7.6 vs. 7.3) and self-provided
food (5.7 vs. 5.4) on a 10-point
scale.
2. After study completion, a clear
relationship with diet preference
was observed—participants
preferred the diet that they were
assigned first

12.5% (5/40) [84]

2014, RCT

34 (16 ketogenic
diet + 18 standard
ADA diet).
3 months

Ketogenic diet vs.
a diet consistent
with guidelines
from the
American
Diabetes
Association

Comparison of the
effects of each diet on
glycemic control,
medication use, and
weight loss among
overweight or obese
individuals with type 2
diabetes mellitus or
prediabetes + testing the
feasibility of research
design for conducting a
larger scale

1. Decrease in HbA1c levels
(−0.6% vs. 0%)
2. Higher percentage of
participants discontinued one or
more diabetes medications (44%
vs. 11%)
3. Higher percentage of
participants discontinued
sulfonylureas (31% vs. 5%)
4. Greater body mass reduction
(−5.5 kg vs. −2.6 kg)

LCK group: 6.25%
(1/16),
MCCR group:
5.55% (1/18)

[82]

2017, RCT

34 (16 ketogenic
diet vs. 18
standard diet).
12 months

Ketogenic diet vs.
a low fat,
moderate
carbohydrate,
calorie-restricted
diet

Comparison of the
effects of each diet on
glycemic control,
medication use, and
weight loss among
overweight or obese
individuals with type 2
diabetes mellitus or
pre-diabetes

1. Greater reduction in HbA1c
levels (−0.5% vs. −0.2%)
2. Greater body mass reduction
(−7.9 kg vs. −1.7 kg)
3. Discontinued metformin
medication (30% of participants
vs. 0% of participants)
4. Discontinued sulfonylureas or
dipeptidyl peptidase-4 inhibitor
medications (60% of participants
vs. 0% of participants)

LCK group: 12.5%
(2/16), MCCR
group: 16.7% (3/18)

[83]

6.3. The Effect of the Ketogenic Diet in the Therapy of Diabetes Type 2—Additional Studies

Two systematic reviews were not included in the PRISMA analysis due to their not
being identified as a meta-analysis or systematic review by the PubMed filter [74] or not
being listed in PubMed [75]. First, one systematic review from 2022 analyzed the influ-
ence of the ketogenic diet on insulin sensitivity in T2DM. It showed an improvement in
glycemic control and the beneficial influence of the ketogenic diet on insulin sensitivity in
type 2 diabetes [74]. The second article investigated the influence of the ketogenic diet on
patients with metabolic disorders. Considering the parameters connected with diabetes,
they reported an improvement in the concentrations of glycated hemoglobin, glucose, and
insulin, and an improvement in HOMA-IR. Moreover, improvements in cholesterol, ALT, and
AST concentrations were reported. [75] In 2022, an extensive meta-analysis was conducted,
including 50 studies that involved 4291 patients, concerning the effect of a low-carbohydrate
diet, in relation to the number of carbohydrates, in patients with type 2 diabetes. It should be
stressed that the meta-analysis did not strictly concern the ketogenic diet. For that reason,
the importance of that publication in the context of the ketogenic diet is not as reliable as
that of the earlier-described meta-analyses of ketogenic diets. Taking into account the widely
presented data in that meta-analysis, it is worth mentioning its results as a complement to
the subject discussed herein. It was shown that over a period of six months, together with a
reduction in the share of energy from carbohydrates from 55–65% to 10%, a linear reduction
occurred in the glycated hemoglobin values (by 0.20 HBA1c %, on average), fasting glycemia
(by 0.34 mmol/L, on average), body mass (by 1.44 kg, on average), triglyceride concentration
(by 0.12 mmol, on average) and systolic blood pressure (by 1.79 mmHg, on average). From
the 12-month perspective (from the 6th to the 12th month), the linear tendency was still
observed in the glycated hemoglobin values (a reduction by 0.11 HbA1c %, on average) and

125



Nutrients 2023, 15, 500

in triglyceride concentration (reduction by 0.12 mmol, on average). A “U”-shaped effect
after 12 months was noted in the case of body mass (the highest reduction being from a
limitation of the carbohydrate energy share to 35%) and after 6 months in the case of total
cholesterol and LDL fraction levels (the highest reduction was seen at a carbohydrate amount
corresponding to 40% of the energy share) [86].

A one-year study of type 2 diabetes patients showed that owing to the ketogenic diet,
fasting insulin values decreased by 43%, on average. Most of that effect had been noted
already at the initial stage of 70 days [87]. Such benefits are not surprising when taking
into account the character of the ketogenic diet. Not infrequently, its significant effect was
demonstrated on the glycemic parameters, including the HOMA-IR (homeostasis model
assessment of insulin resistance) index, which was established based on fasting glucose
and insulin concentrations. In one study, it was already clear after 12 weeks that the index
value was reduced from 3.73 to 1.4, on average [17]. The benefits resulting from diets, even
with a moderate carbohydrate content (26–45% of the energy share from carbohydrates),
low-carbohydrate content (11–25% of the energy share from carbohydrates), and very-low-
carbohydrate content (<10% of the energy share from carbohydrates), have been shown
in a significant number of research studies. Their effects in reducing the concentrations
of glycated hemoglobin and triglycerides, blood pressure, body mass, and increasing
HDL cholesterol concentrations have been shown [88–93]. Considering the presented data,
it cannot be said that there is no evidence for the ketogenic diet’s effectiveness in type
2 diabetes. It is worth clearly stating that not all these effects were observed from the
ketogenic diet. Some of them were related to the total amount of carbohydrates and not to
the condition of ketosis. Although the number of significant clinical studies is not high, it is
sufficient to conclude that the ketogenic diet can be extremely helpful. From the perspective
of the currently available data, the potential benefits cannot be ignored. The topic definitely
deserves attention and further development of the research in this field.

7. The Ketogenic Diet and Standard Recommended Diabetes Diets

Although no ideal percentage proportions have been established for the calorie share
from carbohydrates, fats, and protein to prevent diabetes, the recommended standard
diets in patients with existing diabetes conditions are mainly based on the energy supplied
by carbohydrates. The suggested amount is a 45–65% share of the energy supply. The
recommended amount of fats is from 25% to 40% of the energy share, while that of protein is
15–20%. The maximal amount of cholesterol is 300 mg daily (in the case of dyslipidemia, it
is <200 mg) [29,94]. Thus, the recommendations remain in contradiction to the principles of
the ketogenic diet (the differences are illustrated in Figure 3). On the one hand, the observed
common, although decreasing, reluctance toward employing the ketogenic nutritional
model among some doctors and dieticians is not surprising. On the other hand, ignoring
the current scientific evidence and potential benefits of such a diet and sticking to the old
paradigm may be surprising. Moreover, when using that nutrition model, it is easier to
control the glycemia level since the postprandial glucose and insulin levels are usually
similar to the fasting ones, thus undergoing almost no changes [95]. Comparing studies on
the ketogenic diet with the recommended standard diabetes diet model, it is clear that the
ketogenic diet can produce even better effects, as has been described in the earlier parts of
the current paper. In view of the literature, there is a chance that, over the years, the current
dietary diabetic recommendations will possibly be modified.
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Figure 3. Comparison of an exemplary macronutrient ratio in the classic ketogenic diet (a) with that
in an exemplary diabetic diet (b).

8. The Ketogenic Diet in Practice

The implementation of the ketogenic diet should always be performed under the
supervision of a dietician and medical doctor. Additionally, considering the high-fat and
low-carbohydrate character of this diet, there is a limited base of usable products. The diet
should be prepared with the elimination of starchy products (e.g., rice, groats, bread, and
potatoes) and products with high amounts of simple sugars (e.g., sweets and fruits). Small
amounts of fruits with low amounts of simple sugars (e.g., strawberries, raspberries, and
blueberries) are allowed. Green leafy vegetables (e.g., arugula, spinach, kale, corn salad,
and salad) are of high importance. The majority of vegetables, except scratch vegetables,
can be put into the everyday menu. Meat, fish, eggs, and dairy products (to a lesser extent)
are the source of protein, while avocado, olives, nuts, olive oil, cream, or butter will be
good sources of fat. A proper selection of products rich in fatty acids (e.g., Omega-3) will
provide an anti-inflammatory effect. Additionally, the level of hydration is significant.
Special attention should be given to the number of meals planned for a diabetic patient,
due to glucose fluctuations. The source of fluid should be water, but it can also include tea
or coffee.

Due to the possible occurrence of the symptoms of ”keto-flu”, which arise as a result
of increased water excretion, in the initial stage of the diet, it is beneficial to pay special
attention to hydration and electrolyte (magnesium, sodium, and potassium) supplemen-
tation. Moreover, patients should regularly measure the glucose concentration in their
blood and the ketone bodies in serum. In the initial stages of a ketogenic diet, diabetic
patients should limit their physical activity to prevent potential hypoglycemic episodes.
Patients taking medications and insulin should discuss their diet with their medical spe-
cialist, with further pharmacological management. It is possible to reduce the doses of
drugs or to discontinue them altogether (e.g., insulin). It is worth mentioning that coming
back to a high-carbohydrate diet may result in an increase in glycemia. Coming back to
a high-carbohydrate diet should be gradual and should always be performed under the
supervision of an experienced dietician and medical doctor.

9. Conclusions

Considering all the above-mentioned information concerning the effect of a ketogenic
diet on the prophylaxis and treatment of diabetes, it can definitely be said that this is a
promising direction for future research into the results derived from the low-carbohydrate
character of a ketogenic diet, which induces a condition of ketosis in the body. The results
of the current study can inspire optimism since the available data offer evidence of the
favorable effect of a ketogenic diet on the prophylaxis and treatment of T2DM disease.

The perspective of drug-dose reduction or its complete withdrawal only renders the
topic more interesting and calls for further exploration. Although carbohydrate reduction
in the diet is beneficial on its own, it seems that the attainment of a ketosis state is necessary
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to obtain its therapeutic effects. This observation applies to both types of diabetes; however,
the majority of data refers to T2DM.

Based on the current literature, the use of a ketogenic diet in T2DM treatment has
its justifications.

The studies mentioned herein suggest an advantage of ketogenic diets over the stan-
dard diets recommended for patients with type 2 diabetes. The multifaceted benefits may
outweigh those resulting from the standard dietary recommendations for diabetes patients.
The observed beneficial effects of a ketogenic diet in T2DM are the reduction and stabiliza-
tion of glucose and insulin concentrations in serum, the reduction of glycated hemoglobin
concentration, and the reduction of the HOMAR-IR indicator, insulin resistance, and body
mass. Additionally, the ketogenic diet shows anti-inflammatory effects and changes to
the lipid parameters. It is worth mentioning that this effect is more visible for a ketogenic
diet when combined with a caloric deficit. The available literature shows that the fears
of potential adverse effects of using a ketogenic diet in T2DM patients are, in practice,
disproportionate to the number of cases observed. With the correct monitoring of the
patient’s condition, a skillfully adjusted diet poses no significant risk.

Based on the available data, it can be concluded that it may be reasonable to apply
the ketogenic diet in type 1 diabetes (T1D). Although the literature evidence is limited,
the beneficial effect of a ketogenic diet in T1D may arise as a consequence of its anti-
inflammatory capabilities, glycemic stabilization, and potential effects on the pancreas.

According to the published studies, the occurrence of diabetic ketoacidosis or episodes
of severe hypoglycemia is not frequent, although it should be taken into consideration, and
the patient should be under medical supervision. It should be made clear, however, that
further studies in this field are definitely needed. Although the available data bode well
for the future, it seems that it is still too early to “give the green light” to the use of the
ketogenic diet; this is caused by, e.g., the unavailability of long follow-up studies or a lack
of final results.

In conclusion, the ketogenic diet may be advantageous in T2DM patients. In the case
of T1D patients, the observed results are beneficial, but available data are limited and it is
difficult to make a final assessment. The topic definitely deserves continued research and
clinical follow-up. The results are promising enough to contribute not only to the development
of science but also to a potential change in the recommendations for diabetes patients. Thus, it
could improve the quality of life of many millions of individuals worldwide.
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Abstract: Introduction: The prevalence of malnutrition in patients with diabetes mellitus is high. In
these patients, monitoring nutritional intervention is complex. Aims: To evaluate the evolution in the
nutritional status in patients with diabetes/prediabetes and malnutrition with a diabetes-specific
enteral formula. Methods: Real-life study of one arm in 60 patients with diabetes and prediabetes,
performing a dietary adaptation with diabetes-specific oral nutritional supplementation. A mor-
phofunctional assessment was performed, consisting of intake assessment, anthropometry, body
composition (bioimpedance and muscle ultrasound), handgrip strength and biochemical markers.
The diagnosis of malnutrition was made using the criteria of the Global Leadership Initiative on
Malnutrition (GLIM). The variables were measured at baseline and 3 months after starting the inter-
vention. Results: The mean age was 67.13 (14.9) years. In total, 30 (50%) of the patients were women.
Of the total, 60% of the patients had diabetes mellitus and 40% of the patients had prediabetes. The
initial body mass index was 24.65 (5.35) kg/m2. It was observed that 80% of the patients had malnu-
trition, whereas after the intervention, the prevalence was 51.7% (p < 0.01). At the beginning of the
study, 20% of the patients suffered from sarcopenia and after the intervention it was 16.7% (p = 0.19).
Conclusions: Medical Nutrition Therapy with an adapted oral diet associated with diabetes-specific
oral nutritional supplementation reduces malnutrition in patients at nutritional risk and disturbances
of carbohydrate metabolism.

Keywords: diabetes; prediabetes; oral nutritional supplement; enteral nutrition; morphofunctional
assessment

1. Introduction

Disease-related malnutrition (DRM) is a pathology with a high prevalence, reaching
up to 60% in hospitalized patients with chronic diseases [1]. This malnutrition is more
striking in elderly patients and is closely related to sarcopenia, another highly prevalent
disease in elderly patients.

Recently, it is being postulated that diabetes mellitus may be a factor favoring malnu-
trition and sarcopenia. In fact, in institutionalized diabetic patients over 65 years, it has
been observed that 21.2% are malnourished and that 39.1% are at risk of malnutrition [2].
This can be related to two situations that occur in diabetic patients: First, there is a sus-
tained metabolic alteration that makes it difficult to manage energy properly, especially
carbohydrates. This circumstance promotes a prooxidative state that increases the risk of
chronic complications and produces a deterioration in muscle mass and a worser nutri-
tional status. Furthermore, the use of nutrient-restrictive diets is a risk factor for causing
imbalances in energy balance. In fact, in the study carried out by Serrano-Valles et al., it
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was observed that patients with type 2 diabetes mellitus had a worser nutritional situation
than patients without diabetes, and this situation was associated with a longer hospital
stay [3]. On the other hand, an increase in sarcopenia [4] and sarcopenic obesity [5] has
been observed in patients with diabetes mellitus, which conditions a decline in muscle
strength and functionality and is associated with a worsening of quality of life of the patient
and an increase in mortality [6]. Moreover, glycemic control correlates with muscle mass
and function [7].

The diagnosis of malnutrition is difficult because it does not depend only on the weight
at a given time, but also on its evolution and the underlying pathological situations [8].
Classically, body mass index has been used as a measure of the patient’s nutritional status,
but this measure is not the most appropriate and has evident limitations in different
pathologies that can make it possible to maintain an adequate weight with a deterioration
of the “metabolically active mass” [9]. These pathologies can produce an increase in fat
mass (obesity) or body water (heart failure, liver failure, kidney failure) [10]. Therefore, the
clinical use of body composition measurements is essential for adequate assessment of this
malnutrition, especially in the evaluation of muscle mass and function.

In this context, nutritional assessment can no longer be based on the determination of
anthropometric measurements. The concept of morphofunctional assessment postulates
that the diagnosis and monitoring of nutritional status must be carried out using techniques
that determine the evaluation of intake, anthropometry, body composition, muscle strength
and function. This new concept of nutritional evaluation should be implemented in the
clinical management of the patient and in the determination of variables in clinical research
in nutrition [11,12].

The prevalence of malnutrition in patients with diabetes mellitus and the difficulty in
assessing it is high due to the limitations of classical techniques such as body mass index. On
the other hand, monitoring nutritional improvement in these patients is complex in relation
to the above-mentioned reasons. In this context, we need to deploy a comprehensive
assessment of nutritional status. This type of assessment combines methods of determining
body composition and muscle strength according to the concept of the Morphofunctional
Assessment of Disease-Related Malnutrition. This new concept can allow us to obtain more
valuable information in the diagnosis and evolution of the patient in Medical Nutrition
Therapy [10].

Intervention studies with specific nutritional oral supplementation in diabetes are
scarce and conducting clinical trials of intervention is difficult due to ethical problems
in the comparative arm. This means that real life studies can provide us with additional
information. These studies could generate evidence obtained from routine clinical practice
data. This is the principal value from data obtained outside the context of randomized
controlled trials [13].

In patients with diabetes and malnutrition, nutritional intervention for caloric increase
can be associated with a worsening of glycemic control. This is the reason to use diabetes-
specific oral nutritional supplements. These formulas can have the following characteristics:
(a) the reduction of energy from carbohydrates and replace it with energy from lipids;
(b) use of carbohydrates with a low glycemic index such as lactose or isomaltulose; or
(c) increase the amount of soluble fiber to decrease glucose absorption [14]. These types
of formulas usually have a high percentage of protein to improve nutritional status and
muscle function. In addition, these formulas are usually enriched in monounsaturated
(MUFA) and polyunsatured fatty acids (PUFA) and lead to finding benefits in the lipid
profile of these patients [15].

For this reason, a real-life study is proposed to describe the effect of diabetes-specific
oral nutrition supplementation in patients with disease-related malnutrition. The main
objective of this study was to prove the influence of Medical Nutrition Therapy with a
specific oral nutritional supplementation through morphofunctional assessment in patients
with malnutrition and diabetes or altered metabolism of carbohydrates.
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2. Materials and Methods

2.1. Design

This is an open-label, prospective, interventional study. In this study, the nutritional
status of diabetic patients and their evolution was evaluated. The evolution was based
on nutritional measurements performed according to medical nutrition therapy (adapted
dietary recommendations and diabetes-specific oral nutritional supplementation). It was
proposed as a real-world study with data obtained from routine clinical practice.

An exhaustive anamnesis was carried out on affiliation data, personal history, evolu-
tion of the disease and nutritional history. Classic anthropometric evaluation, bioelectrical
impedanciometry and muscle ultrasound evaluation was performed. Nutritional parame-
ters were measured according to usual clinical practice.

Oral nutritional supplementation was started with a specific normocaloric and hyper-
proteic formula for diabetic patients in routine clinical practice. The medical and nutritional
treatment prescribed at the initial visit and during follow-up was recorded. Records of the
evolution of the morphofunctional assessment (anthropometry, nutritional ultrasound, elec-
trical and biochemical bioimpedance analysis) were taken at the beginning and 3 months
after the start of nutritional support.

The study was carried out in accordance with the Declaration of Helsinki and all
procedures were approved by the Medical Research Ethics Committee (CEIm) of the
Hospital Clínico Universitario de Valladolid under code PI 20-1967.

2.2. Study Subjects

The study was developed in patients with malnutrition referred to the Clinical Nutri-
tion consultation of the East Valladolid Area. Patient recruitment was carried out between
January 2021 and September 2022.

The patient inclusion criteria were patients with diabetes mellitus or prediabetes at
risk of malnutrition, and need for specific oral supplementation of diabetes mellitus and
age over 18 years. The exclusion criteria were decompensated liver disease; chronic kidney
disease stage IV or higher; inability to walk; and non-signing of the informed consent by
the patient.

2.3. Nutritional Intervention

The patients received the following nutritional education and medical nutrition therapy:

• Patients received education on adapted oral diet to increase calories and protein in
patients with diabetes or carbohydrate metabolism disorders (prediabetes).

• Patients received nutritional education with a dietitian in adaptation of oral diet to
increase protein–energy intake and they received education in consumption of oral
nutritional supplementation. The adherence of these diets was assessed every fourteen
days with a phone call by a dietitian to improve the calorie restriction and macronu-
trient distribution. The diet compliance was verified with a telephone nutritional
questionnaire every fourteen days and a four-day nutritional questionnaire during
face-to-face visits.

• Oral nutritional supplementation with a hyperproteic normocaloric formula specific
for diabetes (carbohydrates with a low glycemic index, insoluble fiber) (Nutavant
Plus Diabetica®) (Table 1). The amount (1 or 2 bottles) was adjusted according to the
nutritional requirements of the patient and the estimation of usual intake [16,17].
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Table 1. Composition of Specific Diabetes Formula used as intervention.

Diabetes Specific Formula
(250 mL Bottle)

Caloric Content (kcal) 300
Proteins (g (% TCV 1)) 17 (22.66%)

Lipids (g (% TCV)) 11.7 (35.1%)
Saturated (g) 2.6

MCT (g) 1.7
MUFA (g) 5.9
PUFA (g) 2.8
w-3 (g) 0.83
w-6 (g) 1.88

Carbohydrates (g (%TCV)) 30 (40%)
Sugars (g) 6.3

Isomaltulose (g) 3
Minerals

Sodium (mg) 278
Chloride (mg) 113

Potassium (mg) 333
Calcium (mg) 275

Phosphate (mg) 238
Magnesium (mg) 50

Iron (mg) 2.8
Zinc (mg) 2

Copper (mg) 0,20
Iodine (mg) 30

Selenium (mg) 11
Manganese (mg) 0.40

Chrome (mg) 45
Molybdenum (mg) 10.6

Fluoride (mg) 0.58
Vitamins

Vitamin A (mg) 160
Vitamin D (mg) 1.6
Vitamin K (mg) 15
Vitamin C (mg) 16
Thiamin (mg) 0.22

Riboflavin (mg) 0.28
Vitamin B6 (mg) 0.28

Niacin (mg) 3.3
Folic Acid (mg) 40

Vitamin B12 (mg) 0.50
Pantothenic acid (mg) 1.2

Biotin (mg) 10
Vitamin E (mg) 2.4

Inositol (mg) 38
Choline (mg) 38

Osmolarity (mOsm/L) 315
Fiber (g) 4.5

1 %TCV: Percentage Total Calorie Value.

2.4. Study Variables

• Clinical variables: Age (years); gender (male/female); systolic and diastolic blood
pressure (mmHg); presence of concomitant pathologies.

• Anthropometry: The anthropometric variables measured were weight (kg); height (me-
ters); body mass index (BMI) (weight/height × height) (kg/m2); arm circumference
(AC); and calf circumference (CC). The percentage of weight loss was calculated: Start
Weight Loss = ((Usual weight (kg) – Present weight (kg))/Usual weight) × 100; and
3 Months Weight Loss = ((Initial weight (kg) − 3 months weight)/Initial weight) × 100.
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• Biochemical variables: They were performed with a Cobas c-711 autoanalyzer (Roche
Diagnostics): Glucose (mg/dL); total cholesterol (mg/dL); HDL cholesterol (mg/dL);
LDL cholesterol (mg/dL); triglycerides (mg/dL); albumin (g/dL); HbA1c (%), C-
Reactive Protein (CRP) (mg/dL), prealbumin (mg/dL); and CRP/prealbumin ratio.

• Energy Expenditure and Nutritional Requirements: The energy expenditure of the
patients was determined by means of the Harris–Benedict Equation multiplied by a
Stress Factor of 1.3 and the protein requirements were determined by means of the
factor 1–1.5 g of protein per kilogram of the patient’s adjusted weight. We based the
requirements on the patient’s clinical situation and comorbidities as the recommenda-
tions made by the clinical guidelines of the European Society for Clinical Nutrition
and Metabolism in surgery and oncology suggests. This decision was made because
most of the patients had underlying oncological and/or surgical pathology [18,19].

• Nutritional questionnaire: All subjects completed a 4-day prospective nutritional
questionnaire to assess calorie and macronutrient intake. This questionnaire was
conducted before starting the intervention and 3 months after its start. The importance
of not modifying dietary habits was insisted on so that it would be representative.
All study participants were instructed to record food intake, daily and prospectively,
with the help of food scales to facilitate precision in portion sizes. They were also
asked about the way of preparing said foods. Records were reviewed by a dietitian
and analyzed by a Dietsource® data processing computer system (Nestle, Geneve,
Switzerland). Total calorie intake was used as an indicator of nutritional intake. No
subject was taking dietary supplements or following any type of diet at the start of
the study or in the 6 months prior to the study. Nutritional intake was measured in
absolute values (in kilocalories (kcal) or grams (g)) and in percentages of the total
caloric value. The nutritional questionnaire assessed the total energy intake, measured
in kilocalories, as well as the different macronutrients: proteins, carbohydrates, fats
and fiber, all of them measured in grams. The amount of protein ingested per kilogram
of body weight was also calculated.

• Muscle functionality variables: Hand dynamometry (JAMAR® dynamometer): non-
dominant hand dynamometry was performed with the patient seated and the arm at a
right angle to the forearm. Three measurements were made and the average of the three
measurements was made. The diagnostic criteria of low muscle strength proposed by
the European Working Group on sarcopenia in older people (EWGSOP2) [20] were
used. (<27 kg in men and <16 kg in women).

• Corporal Composition:

Bioimpedanciometry (BIA 101 Anniversary; EFG Akern): The BIA was performed
between 8:00 and 9:15 h, after an overnight fast and after a time of 15 min in the supine
position. The BIA measured the geometrical components of impedance (Z), resistance
(R) and the capacitance component (X). The PhA is derived for the following equation
PhA = (X/R) × (180◦/π). The BIA provided data regarding fat mass (FM), fat-free mass
(FFM), skeletal muscle mass (SMM), fat free mass index (FFMI) and percentage of skele-
tal muscle mass (%MM) [14]. All these data are based on raw electrical data from BIA
multifrequency at 50 Hz [14].

Skeletal Appendicular Mass Index (ASMI): ASMI (kg/m2) was estimated by bioimpedan-
ciometry applying Sergi’s formula [19]: −3.964 + (0.227 × RI) + (0.095 × weight) + (1.384 × sex)
+ (0.064 × Xc), where RI is Resistivity Index and Xc is reactance (sex: Male = 1; Female = 0).

European Working Group on Sarcopenia in Older People (EWGSOP2) diagnostic
criteria of sarcopenia for low muscle mass (ASMI < 7 kg/m2 in men and ASMI < 5.5 kg/m2

in women) were used [21].
Muscle ultrasound (Mindray Z60): Muscle ultrasound of the quadriceps rectus femoris

(QRF) of the left and right lower extremities with a 10 to 12 MHz probe and a multifrequency
linear matrix (Mindray Z60, Madrid, Spain) were performed in all subjects (patient in supine
position). The probe was aligned perpendicularly to the longitudinal and transverse axis
of the non-dominant QRF. The evaluation was performed without compression at the
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level of the lower third from the superior pole of the patella and the anterior superior iliac
spine, measuring the anteroposterior muscle thickness, circumference and cross-sectional
area [17]. The measurements made using this technique were: muscle area (cm2) (MARA)
and the index of the muscle area with respect to height (cm2/m2) (MARAI), the X-axis of
QRC (cm), Y-axis of QRC (cm) and X/Y index [12].

• Malnutrition and Sarcopenia diagnosis: The diagnosis of malnutrition was made using
the Global Leadership Initiative on Malnutrition (GLIM) criteria, using the ASMI
estimated by bioimpedance measurement measured by impedance measurement
as an evaluation variable for muscle deterioration (ASMI muscle mass reduction
< 7 kg/m2 in men was considered and <5.5 kg/m2 in women) [8]. On the other hand,
the diagnosis of sarcopenia was made according to the revised criteria for sarcopenia
of the EWGSOP2, using the ASMI estimated by bioimpedance as a determination of
decreased muscle mass with handgrip strength to estimate the function to diagnose
sarcopenia [20].

2.5. Data Analysis

The data was stored in a database of the statistical package SPSS 23.0 (SPSS Inc.,
Chicago Illinois, USA) with an official license from the University of Valladolid. A normality
analysis of continuous variables was performed with the Kolmogorov-Smirnov test.

Continuous variables were expressed as mean (standard deviation). The difference
in means between parametric variables was analyzed with the unpaired and paired t-
Student test, and the non-parametric variables with the Mann–Whitney U-test and the
Kruskal–Wallis K-test. An intention-to-treat analysis of patients who consumed supple-
mentation more than a half time of intervention was conducted. A significant difference
was considered as a p-value of less than 0.05.

3. Results

A total of 75 patients were recruited, of whom 60 (80%) were analyzed (Figure 1).
In total, 36 (60%) patients had a diagnosis of diabetes mellitus and 24 (40%) patients
suffered from some disorder of carbohydrate metabolism without a diagnosis of diabetes
mellitus (altered fasting blood glucose, intolerance to carbohydrates, glycated hemoglobin
in prediabetes range (5.7–6.4%).

Of the total number of patients, 30 (50%) patients were women, and 30 (50%) patients
were men. The mean age of the patients was 67.13 (14.09) years.

Most of the patients suffered from oncological pathology (68.3%%); the rest of the
patients suffered from cardiopulmonary pathology (10%), non-oncological digestive pathol-
ogy (13.3%), and neurological (1.7%) and other pathologies (6.7%).

3.1. Sample Description

After performing the nutritional assessment, data were obtained from anthropometry,
dynamometry, electrical bioimpedance measurement, and muscle ultrasound (Table 2).
According to the GLIM criteria, 48 (80%) patients suffered from malnutrition and according
to the EWGSOP2 criteria, 12 (20%) patients presented sarcopenia.

After carrying out the initial analysis of the diet, a consumption below the caloric-
protein requirements was observed (Table 3).
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Figure 1. Flow chart.

Table 2. Differences in the Morphofunctional Assessment at the beginning according to sex.

Total Men Women p-Value

Sarcopenia (EWGSOP2) 20% 3.3% 36.7% <0.01
Malnutrition (GLIM) 80% 86.7% 73.3% 0.19

Diabetes Mellitus 60% 66.7% 53.3% 0.29
Age (years) 67.13 (14.9) 68.70 (12.11) 65.57 (15.89) 0.39

Anthropometry
BMI (kg/m2) 24.65 (5.35) 25.53 (4.30) 23.77 (6.18) 0.20

Braquial circumference (cm) 24.71 (3.52) 25.43 (2.53) 23.99 (4.21) 0,11
Calf Circumference (cm) 31.69 (3.61) 32.75 (3.11) 30.63 (3.81) 0,02

Handgrip Strength
Handgrip Strength (kg) 20.60 (8.26) 25.42 (7.65) 15.79 (5.67) <0.01

Bioelectrical Impedanciometry
Resistance (ohm) 545.4 (91.25) 502.53 (75.11) 588.27 (86.59) <0.01
Reactance (ohm) 46.9 (9.26) 44.7 (9.11) 49.10 (9.01) 0.06

Fase Angle (◦) 4.95 5.11 (0.86) 4.78 (0.66) 0.11
ASMI (kg/m2) 6.43 (1.11) 7.07 (0.91) 5.79 (0.91) <0.01
FFMI (kg/m2) 17.46 (3.05) 18.27 (2.70) 16.65 (3.20) 0.04
FMI (kg/m2) 6.78 (3.32) 6.58 (2.34) 6.98 (4.10) 0.64

BCMI (kg/m2) 8.29 (1.66) 8.93 (1.69) 7.64 (1.37) <0.01
%TBW 56.17 (8.90) 58.60 (4.49) 53.75 (11.35) 0.03

Rectus Femoris Ultrasonography
RFAI (cm2/m2) 1.27 (0.47) 1.36 (0.55) 1.17 (0.35) 0.14
X/Y (cm2/m2) 3.59 (1.57) 3.39 (1.56) 3.79 (1.57) 0.34

ASMI: Appendicular Skeletal Muscular Index; FFMI: Fat-Free Mass Index; FMI: Fat Mass Index; BCMI: Body Cell
Mass Index; %TBW: Percentage Total Body Water; RFAI: Rectus Femoris Area Index; X/Y: Index Transversal axis
(X)/anteroposterior axis (Y).
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Table 3. Difference in calorie and protein requirements and consumption between men and women.

Total Men Women p-Value

Calories Requirement
(kcal/day) 1772 (178.12) 1894 (149) 1650 (107) <0.01

Calories Consumption
(kcal/day) 1364 (417) 1333 (455) 1433 (410) 0.40

Calories Consumption (%) 78.76 (16.88) 70.33 (22.83) 86.87 (23.98) 0.01
Protein Requirements

(g/day) 79.26 (16.88) 87.82 (12.33) 70 (16.61) <0.01

Protein Consumption
(g/day) 1.15 (0.44) 1.07 (0.41) 1.22 (0.47) 0.23

Protein Consumption (%) 88.58 (34.20) 81.81 (31.27) 94.13 (36.53) 0.23

The metabolic parameters of the patients prior to the intervention were evaluated.
An increase in glycated hemoglobin, glucose and triglycerides was observed in patients
with diagnosed diabetes mellitus compared to those patients with carbohydrate alterations
(Table 4).

Table 4. Difference in metabolic parameters depending on the presence of diabetes mellitus (DIA-
BETES) or alterations in carbohydrates metabolism (NO DIABETES).

Diabetes No Diabetes p-Value

HbA1c (%) 6.86 (1.19) 6.03 (0.58) <0.01
Glucose (mg/dL) 124.92 (38.19) 94.62 (19.38) <0.01

Total cholesterol (mg/dL) 153.75 (37.13) 167 (39.95) 0.19
HDL cholesterol (mg/dL) 57.81 (32.50) 63.86 (23.60) 0.45
LDL cholesterol (mg/dL) 79.54 (29,66) 84.40 (23.93) 0.53

Tryglicerides (mg/dL) 108.81 (54.06) 81.79 (31.18) 0.03
Albumin (g/dL) 4.06 (0.56) 4.13 (0.38) 0.59
CRP/prealbumin 0.43 (0.51) 0.60 (0.89) 0.37

HbA1c: Glycated Hemoglobin.

3.2. Nutrional Therapy Intervention

Nutritional supplementation was started with a specific hyperproteic normocaloric
diabetes formula. It was prescribed based on the requirements and the calculated dietary
intake. A bottle (250 mL) was consumed by 44 patients (73.3%), two bottles by 15 patients
(25%) and half a bottle (125 mL) by 1 patient (1.7%). At three months from the beginning
of intervention, 56 (93.3%) patients consumed 100% of oral nutritional supplementation
prescribed, 1 (1.7%) consumed 50%, 1 (1.7%) consumed 25% and 2 (3.3%) patients consumed
no supplementation.

• Influence of the intervention on intake

A significant increase in caloric intake (Baseline: 1364 (417) kcal/day; 3 months: 1666
(519) kcal/day; p < 0.01) and of all nutrients (proteins, fats and carbohydrates) was observed,
with an increase in the percentage of carbohydrates and a decrease in fat over the total
caloric value (Figure 2).
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Figure 2. Differences in the consumption of macronutrients between the beginning of the intervention
(1) and 3 months after it (2). * p-value < 0.05.

An improvement in caloric adjustment to the percent of protein and energy require-
ments was observed. On the other hand, an increase in protein consumption per kg
of weight was observed (Initial: 1.14 (0.43) g/kg/day; 3 months: 1.38 (0.49) g/kg/day;
p-value < 0.01) (Figure 3).

Figure 3. Percent of adjustment to caloric and protein requirements before and 3 months after
the intervention.

An improvement in consumption of monounsaturated fatty acids (MUFA) and polyun-
saturated fatty acids (PUFA) after the intervention was observed (Table 4). In the same way,
an improvement in consumption of minerals except sodium and copper was noted, as was
a consumption of vitamins except vitamin A, B1, B3, B12, C and D (Table 5).
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Table 5. Changes in macronutrients and micronutrients and their distribution before and 3 months
after intervention.

Start 3 Months p-Value

Carbohydrates (g) 144.99 (45.68) 182.21 (54.83) <0.01
Fiber(g) 12.53 (4.76) 17.39 (7.14) <0.01

Proteins (g) 65.51 (21.01) 70.42 (25.34) <0.01
Lipids (g) 60.54 (21.41) 68.70 (25.88) 0.03

SFA (g) 17.39 (8.42) 19.77 (9.51) 0.12
SFA (%TCV) 10.37 (8.2–14) 9.69 (7.16–12.48) 0.26

MUFA (g) 23.86 (10.99) 28.94 (12.51) 0.01
MUFA (%TCV) 15.35 (12.38–18.45) 14.28 (12.53–18.45) 0.55

PUFA(g) 6.17 (4.22) 8.44 (3.68) <0.01
PUFA (%TCV) 3.39 (2.86–4.56) 4.09 (3.61–5.42) <0.01

EPA (g) 0.08 (0.14) 0.22 (0,56) 0.12
DHA (g) 0.13 (0.20) 0.16 (0.22) 0.52

Cholesterol (mg) 300.85 (157.75) 301.71 (196.96) 0.37
Minerals

Phosphorus (mg) 881.10 (338.67) 1116.27 (423.28) <0.01
Magnesium (mg) 151.65 (60.31) 202.09 (79.43) <0.01

Calcium (mg) 708.59 (327.23) 982.12 (377.23) <0.01
Iron (mg) 7.71 (3.09) 10.28 (4.17) <0.01
Zinc (mg) 6.64 (3.25) 8.09 (3.66) <0.01

Sodium (mg) 1569.35 (845.39) 1742.61 (824.38) 0.12
Potassium (mg) 1943.22 (687.02) 2205.49 (824.09) 0.04

Iodine (mg) 30.83 (25.16) 60.63 (33.64) <0.01
Selenium (mg) 35.39 (24.01) 50.66 (27.62) 0.01
Copper (mg) 0.77 (0.54) 0.93 (0.49) 0.08

Vitamins
Vitamin A (IU) 1152.26 (1263.39) 1347.76 (973.54) 0.40

Vitamin B1 (mg) 0.89 (0.46) 1.04 (0.72) 0.20
Vitamin B2 (mg) 1.19 (0.59) 1.51 (0.69) <0.01

Niacin (mg) 11.96 (6.85) 13.84 (6.77) 0.10
Vitamin B5 (mg) 0.14 (0.42) 1.22 (1.00) <0.01
Vitamin B6 (mg) 1.17 (0.61) 1.43 (0.68) 0.01
Folic Acid (mg) 138.75 (75.32) 174.29 (88.33) 0.01

Vitamin B12 (mg) 5.54 (7.88) 5.26 (4.50) 0.83
Vitamin C (mg) 96.55 (67.59) 109.29 (71.45) 0.33
Vitamin D (mg) 4.02 (6.41) 4.96 (5.57) 0.40
Vitamin E (mg) 5.77 (3.33) 7.62 (3.89) <0.01
Vitamin K (mg) 1.52 (5.97) 16.93 (15.81) <0.01

SFA: Saturated Fatty Acids; MUFA: Monounsaturated Fatty acids; PUFA: Polyunsaturated Fatty Acids; EPA:
eicosapentaenoic acid; DHA: docasahexaenoic acid; %TCV: percentage total caloric value.

• Influence of the intervention on body composition

A decrease in the percentage of weight loss was observed at 3 months in the total sam-
ple and stratified according to sex. No deterioration in anthropometric parameters (weight,
muscle circumference, calf circumference), body composition (bioimpedanciometry and
muscle ultrasound) or muscle function (hand dynamometry) was observed after the start
of oral nutritional supplementation. No difference was observed according to sex (Table 6).
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Table 6. Changes in anthropometry, body composition and muscle function according to gender at
baseline and 3 months after nutritional intervention.

Men Women

Anthropometry

Baseline 3 Months p-Value Baseline 3 Months p-Value

%Weight Loss 10.05 (7.03) −0.25(5.57) <0.01 12.84 (13.04) −0.72 (4.95) <0.01
BMI (kg/m2) 25.53 (4.30) 24.72 (4.04) 0.21 23.77 (6.18) 23.11 (5.56) 0.53

Arm circumference
(cm) 25.43 (2.53) 25.67 (2.77) 0.32 23.99 (4.21) 24.16 (3.91) 0.65

Calf Circumference
(cm) 32.75 (3.11) 33.33 (2.75) 0.16 24.16 (3.91) 30.63 (3.81) 0.18

Handgrip Strength
Handgrip Strength

(kg) 23.81 (7.61) 24.03 (8.81) 0.44 14.77 (6.66) 15.13 (5.69) 0.95

Bioelectrical Impedanciometry
Resistance (ohm) 501 (76) 502 (85) 0.95 588 (86) 586 (87) 0.83
Reactance (ohm) 44.61 (9.43) 45.86 (11.43) 0.51 49.10(9.01) 49.43(11.29) 0.82
Phase Angle (◦) 5.11 (0.89) 5.24 (1.15) 0.42 4.78 (0.66) 4.81 (0.79) 0.84
ASMI (kg/m2) 7.11 (0.91) 7.15 (0.94) 0.71 5.79 (0.91) 5.81 (0.94) 0.71
FFMI (kg/m2) 18.35 (2.76) 18.34 (2.80) 0.98 16.65 (3.20) 16.29 (2.19) 0.46
FMI (kg/m2) 6.80 (2.15) 6.72 (2.25) 0.76 6.98 (4.10) 6.85 (4.07) 0.51

BCMI (kg/m2) 8.97 (1.74) 9.09 (2.00) 0.48 7.64 (1.37) 7.67 (1.40) 0.79
%TBW 58.18 (4.13) 58.28 (4.83) 0.88 53.75 (11.35) 55.91 (7.17) 0.32

Rectus Femoris Ultrasonography
RFAI (cm2/m2) 1.36 (0.55) 1.31 (0.57) 0.31 1.18 (0.35) 1.14 (0.37) 0.19
X/Y (cm2/m2) 3.39 (1.56) 3.55 (1.48) 0.46 3.79 (1.57) 3.56 (1.24) 0.46

ASMI: Appendicular Skeletal Muscular Index; FFMI: Fat-Free Mass Index; FMI: Fat Mass Index; BCMI: Body Cell
Mass Index; %TBW: Percentage Total Body Water; RFAI: Rectus Femoris Area Index; X/Y: Index Transversal axis
(X)/anteroposterior axis (Y).

A significant decrease in the malnutrition (GLIM criteria) rate was observed 3 months
after the intervention. However, a slight, non-significant decrease in the prevalence of
sarcopenia (EWGSOP2) was observed in the sample studied (Figure 4).

Figure 4. Comparison of the percentages of malnutrition (according to the Global Leadership
Initiative on Malnutrition (GLIM) criteria) and sarcopenia (according to the European Working Group
on Sarcopenia in Older People (EWGSOP2) criteria) before the intervention and 3 months after the
start of the intervention.

In patients with sarcopenia, an improvement in muscle strength measured by dy-
namometry in the non-dominant hand was observed 3 months after the start of the nutri-
tional intervention (Baseline: 9.83 (5.49); 3 months: 11.33 (6.11), p-value = 0.04).

• Influence of the intervention on biochemical parameters

There were no baseline differences in biochemical parameters based on gender. The
evolution in the biochemical parameters was analysed according to the presence or not of
diabetes mellitus due to the baseline differences of the groups at this level.
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A significant increase in glycated haemoglobin was observed in patients with dia-
betes mellitus, although it was not observed in patients with alterations in carbohydrate
metabolism. On the other hand, a significant increase in plasma albumin was observed in
patients with diabetes mellitus (Table 7).

Table 7. Difference in the metabolic parameters before and 3 months after the start of the nutritional
intervention based on the diagnosis of diabetes (DIABETES) or alterations in the carbohydrate’s
metabolism (NO DIABETES).

Diabetes No Diabetes

Baseline 3 Months p-value Baseline 3 Months p-Value

HbA1c (%) 6.87 (1.24) 7.18 (1.09) 0.02 6.05 (0.60) 6.10 (0.62) 0.30
Glucose (mg/dL) 123.56

(38.79)
131.38
(29.76) 0.10 94.62 (19.39) 89.83 (20.03) 0.55

Total cholesterol
(mg/dL) 154 (37.01) 158 (38.99) 0.29 167 (39.95) 172 (46.22) 0.49

HDL cholesterol
(mg/dL) 58 (33.48) 60.94 (27.87) 0.25 65.50 (23.94) 63.7 (20.79) 0.34

LDL cholesterol
(mg/dL) 79.45 (30.55) 83.62 (31.35) 0.29 88.83 (19.56) 95.83 (43.66) 0.45

Tryglicerides
(mg/dL)

109.89
(55.15)

105.34
(50.23) 0.26 81.79 (31.18) 86.92 (29.17) 0.32

Albumin (g/dL) 4.09 (0.53) 4.25 (0.42) 0.02 4.13 (0.38) 4.02 (0.42) 0.14
CRP/prealbumin 0.38 (0.51) 0.70 (2.07) 0.38 0.47 (0.74) 0.26 (0.38) 0.16

4. Discussion

The use of medical nutrition therapy with an adapted oral diet and diabetes-specific
supplementation in patients with high nutritional risk and alterations in carborhydrates
metabolism (diabetes mellitus and prediabetes) was related to an achievement of nutritional
requirements (calorie-protein) in our study. This was associated with cessation of previous
weight loss and maintenance of morphofunctional assessment parameters (anthropometry,
body composition and muscle strength).

The patients analyzed were referred to the Clinical Nutrition consultation as they were
in a situation of nutritional risk. Most of the patients in this sample suffered from cancer.
This type of pathology is associated with an increased risk of malnutrition. It has been
observed that between 15 and 40% of cancer patients present some degree of malnutrition
at diagnosis of the disease [22]. On the other hand, these pathologies are associated with
alterations in carbohydrate metabolism in relation to the disease itself or its treatment
(chemotherapy, corticosteroids, etc.). This circumstance can be associated with a decreased
diagnosis of the state of malnutrition due to the observation of high body mass indexes;
and, in addition, it can be associated with a tendency to carry out a dietary restriction to
control the metabolic complications of diabetes mellitus [3]. All this can enhance the state
of malnutrition by not carrying out adequate medical nutrition therapy.

Most of the patients had malnutrition according to GLIM criteria, and this circum-
stance can be considered normal given that the patients had been referred for nutritional
assessment as they were at high nutritional risk. However, the rate of sarcopenia was quite
high (20%) since the population was not an elderly population. Other series of patients with
diabetes mellitus have also shown high prevalence of muscle mass deterioration, such as
the study by Park et al. which showed a more striking deterioration of skeletal muscle mass
in patients with diabetes mellitus [23]. In fact, it has been observed that there are many
factors that can negatively influence muscle mass in patients with diabetes, such as poor
glycemic control [7], the use of certain treatments for glycemic control that can enhance
muscle loss [24] and a sedentary lifestyle, which is a risk factor for diabetes itself [25].

Differences in terms of muscle strength and body composition according to gender
have been observed. This factor makes it impossible to analyze the evolution of the total
sample so it is necessary to stratify results according to gender.

A decreased caloric and protein intake at baseline was observed with respect to the
estimated requirements based on the clinical guidelines. The criteria used to calculate
requirements was based on the ESPEN clinical guidelines for surgical and oncological
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patients, given the characteristics of the patients in the sample [18,19]. This decrease
could be due to the underlying pathology and could be related to the high percentage of
weight loss observed in our population. After the start of the nutritional intervention, the
energy-protein requirements were achieved.

Supplementation was selected in relation to nutritional requirements (protein require-
ments above energy requirements) and specifically in diabetes mellitus due to the metabolic
characteristics of the patients. Use of specific formulas for diabetes in patients with nu-
trition are widely studied. These types of preparations that change the amount and type
of carbohydrates (low glycemic index) and lipids (predominantly monounsaturated fatty
acids) have shown an improvement in glycemic control and lipid control [15,26]. How-
ever, the evidence regarding its use as a supplementation to an incomplete diet is not as
well studied.

The use of this type of supplementation first showed a stabilization of weight loss
in our patients. The objective of reaching the caloric-protein requirements was adequate,
especially if we consider that most of these patients presented a basic oncological pathology
in which there is a tendency for progressive weight loss in relation to the oncological
treatment and for those who started from a baseline situation of normal weight. On the other
hand, three months after the start of treatment with this type of supplementation, a decrease
in the diagnosis of malnutrition was observed in the total sample; therefore, the first
objective of supplementation was achieved. These objectives are like those recommended
for the use of oral nutritional supplements in patients with malnutrition with oncological
or surgical pathology or elderly patients according to the ESPEN recommendations [18,19].

No significant change In body com”osit’on parameters was observed, although there
was a trend towards improvement in muscle mass in both men and women. On the other
hand, in patients with a diagnosis of sarcopenia at the beginning of the study, it was
observed that in women there was a significant improvement in dynamometry. Nutritional
intervention in patients with diabetes and sarcopenia can improve this situation, as was
shown in the study by Maykish et al. that evaluated the use of different branched-chain
amino acids in the management of sarcopenia and their involvement in the modulation of
diabetes [27]. On the other hand, patients with diabetes mellitus have a high prevalence of
sarcopenic obesity that may require more adapted treatment [5].

The adequate adjustment of the diet in the patient with malnutrition is basic. If the
requirements cannot be achieved with an adaptation of the diet, the use of oral nutritional
supplementation is necessary to meet these requirements. In our sample, an adequate range
of caloric-protein requirements was observed with the nutritional intervention. However, in
patients with diabetes, it is also necessary to achieve an adequate glycemic control because
it has been observed that poorer glycemic control is associated with a greater decline of
muscle mass [7].

A slight increase in glycated hemoglobin and plasma albumin was observed in patients
with diagnosed diabetes mellitus. This may be related to the increase in the consumption of
carbohydrates after the decrease in the initial intake in relation to the underlying pathology.
This data differs from other data observed in studies with diabetes-specific formulas in
which an improvement in glycemic parameters was observed, although in these studies,
medical nutrition therapy with complete enteral nutrition was usually evaluated [26]. In
other studies, in which oral nutritional supplements were used, they were used as a substi-
tute for meals and not in patients with malnutrition, so the results are not comparable with
our population [28]. However, in the sample studied, no alterations were observed in basal
glycaemia or in lipid parameters (cholesterol and tryglicerides), neither in patients with
diabetes nor in patients with prediabetes. This fact could be related to the increase in lipids
with MUFA and PUFA consumption despite the increase of carbohydrate consumption [29].

Albumin is an imprecise biomarker that can be interfered with in many situations,
such as with inflammation and the hydration state of the patient. In this study, albumin
levels were not below the lower limit of normal. The change of this parameter in our
sample is unspecific and there is no easy explanation. More specific nutritional biomarkers
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in the PCR/prealbumin ratio did not show differences but its use is promising to evaluate
the prognosis, especially in patients with acute pathologies [10].

The use of diabetes-specific oral nutritional supplementation has shown better post-
prandial glycemic control after its intake [14,30]. Other studies using a meal-replacement
plan during a short period of time have shown an improvement in the glycemic profile [28].
These interventions were not used in patients with disease-related malnutrition. In these
studies, the type of prescribed diet, the underlying disease and adherence to oral nutritional
supplementation can influence the results.

The main strength of this study was the evaluation of a diabetic-specific formula as an
oral nutritional supplement associated with diet in real clinical practice, since there are not
many studies that evaluate this method of medical nutrition therapy. This fact allows us to
extrapolate our results to generalized clinical practice. On the other hand, the evaluation
from a morphofunctional point of view in thess type sof patients allows for a complete
assessment and for monitoring the different spheres of nutritional status (evaluation of
intake, anthropometry, body composition and muscle function) in order to personalize
most appropriate way of treatment.

The limitations of this study are, first, the non-use of a control group that would allow
us to evaluate the specific effect of the formula with respect to standard or other specific
formulas. In addition, the selected sample has a predominance of cancer patients in whom
the effect of nutrition can be variable depending on the stage and treatment of the disease.
This situation may interfere with the results and would require a larger sample size to
perform adequate stratification.

This study allows us to propose new lines of research on the use of diabetes-specific
nutritional supplementation, with a control group and in specific groups of patients at
nutritional risk. The use of the different morphofunctional assessment techniques must be
basic in all nutritional assessment studies, given that we increasingly have more techniques
that can be used in our daily clinical practice, such as bioimpedance measurement and
nutritional ultrasonography.

5. Conclusions

Medical Nutrition Therapy with an adapted oral diet and oral diabetes-specific nu-
tritional supplementation reduces malnutrition according to GLIM criteria in patients at
nutritional risk with alterations in carbohydrates metabolism. The choice of a diabetes-
specific formula produces a slight increase in glycated hemoglobin in patients with diabetes
but without a significant alteration in the rest of the metabolic parameters. In patients with
BMI in the normal range, this intervention can produce a stabilization in morphofunctional
assessment parameters; and, in women with sarcopenia, it shows an improvement in
muscle strength measured by hand dynamometry.
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Abstract: Diabetic foot ulcers (DFUs) are classified as chronic wounds and are one of the most
common complications of diabetes. In chronic wounds, management of inflammation is a key step in
treatment. Nutrition plays an important role in managing and controlling inflammation. This study
evaluated the effects of nutrition supplementation and education on inflammatory biomarkers in
patients with DFUs. Eligible patients with foot ulcers were randomly assigned to either a treatment
(n = 15) or control group (n = 14). Both groups received standard care for wound treatment from
the clinic; however, the treatment group was also provided with nutritional supplementation and
education. Plasma concentrations of inflammatory biomarkers, namely C-reactive protein (CRP),
interleukin 6 (IL6), interleukin 10 (IL10), and tristetraprolin (TTP), were evaluated at baseline and
every four weeks, until complete wound closure had occurred or up to 12 weeks. The mean plasma
concentration of IL6 significantly decreased in the treatment group (p = 0.001). The interaction
between time and group was not statistically significant for the mean plasma concentrations of CRP,
IL10, and TTP during the 12 weeks of the study. The results of this study showed the positive effects
of nutritional intervention on controlling inflammation in DFU patients. More clinical trials with a
larger population and longer duration of time are needed to confirm our results.

Keywords: nutrient supplementation; nutrition education; diabetes; diabetic foot ulcer; chronic
wounds; pro-inflammatory cytokines; anti-inflammatory cytokines; nutrition intervention;
inflammation; wound healing; cytokines; CRP; IL6; IL10; tristetraprolin; TTP

1. Introduction

Diabetic foot ulcers (DFU) are one of the most common causes of lower extremity
amputation in diabetic patients [1]. About a quarter of people with diabetes will develop
a foot ulcer, and up to 16% of DFUs will lead to amputation if they go untreated [2].
Wound healing is a complex process, including a series of interactions between various cell
types, extracellular matrices, and cytokine mediators. Inflammation is a typical physiologic
response to tissue injury, which is essential for disinfecting the wound area and tissue
repair processes [3]. In normal wounds, acute inflammatory responses continue for a short
duration of time and resolve promptly due to negative feedback mechanisms; however, in
chronic wounds such as DFUs, inflammatory responses fail to regulate themselves, which
results in chronic inflammation and deterioration of the healing process [4]. In DFU patients,
hyperactivity of inflammatory cells results in a higher generation of reactive oxygen species
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(ROS), which, along with downregulation of anti-inflammatory factors such as interleukin
10 (IL10), will add to the burden of inflammation [5]. A high concentration of ROS can
degrade the extracellular matrix by increasing the expression of matrix metalloproteinase
(MMPs) and increasing the production of other free radicals, which worsens the healing
process [6,7]. In addition to the high production of ROS in diabetes, there is a diminished
ability to remove them due to defective reducing complexes (glutathione), reducing en-
zymes (glutathione reductase), and reducing amino acids (cysteine) [5]. A combination of
hyperglycemia as well as hypoxia, caused by disrupted vasculature in diabetic patients,
limits wound healing and inhibits neutrophil and macrophage function which increases the
risk of infection [8,9]. Additionally, upregulation of proinflammatory cytokines interleukin
1β (IL1β), interleukin 6 (IL6), and tumor necrosis factor-alpha (TNF-alpha), alongside
down-regulation of anti-inflammatory molecules, such as transforming growth factor-beta
(TGF-β) and IL10, result in a chronic non-healing wound in diabetic patients [10,11]. There-
fore, controlling inflammation and infection within and surrounding the wound site is
a major goal in DFU wound care. IL6 and C-reactive protein (CRP) are among the best
indicators of inflammation and wound healing in DFU patients. IL6 expression is strongly
correlated with both glucose concentration and wound chronicity [12]. A high concentra-
tion of IL6 is also a promising predictor of delayed wound healing and infection in DFU
patients [13,14]. Additionally, IL6 and CRP are both correlated with the size of the wound in
patients with DFUs [15]. A study by Weigelt et al. showed that patients with grade 3 DFUs,
according to the University of Texas Wound Classification [16], had significantly higher
blood levels of CRP and IL6 compared to those with grade 1 [15]. Decreased expression
of anti-inflammatory biomarkers, such as IL10, was also observed in keratinocytes and
endothelial cells at the wound margins in DFU patients (p < 0.05) [17]. Evidence has shown
that a low concentration of IL10 contributes to the development of non-healing wounds
in diabetic patients [18]. Inhibition of inflammatory biomarkers increases the expression
of anti-inflammatory biomarkers, such as IL10, which is essential for promoting wound
healing [19,20]. Various dietary components, including antioxidant vitamins and minerals,
have the potential to alleviate chronic inflammation and could play a key role in chronic-
wound healing. Vitamins C, A, and E, as well as zinc, manganese, and copper, are strong
antioxidants and show potent anti-inflammatory effects [21–28]. Therefore, it is essential to
examine if these nutrients can shift diabetic wounds from chronic/non-healing to normal
wounds by improving inflammation status. It has been reported that DFU patients have a
significantly low intake of the aforementioned nutrients [29,30]. However, evidence of the
benefit to wound healing in DFUs through management of inflammation is lacking for a
combination of these essential nutrients. Thus, further studies addressing the efficacy of
these nutrients in controlling inflammatory conditions linked to DFUs are required. The
effectiveness of utilizing educational tools for improving blood glucose and foot self-care
behavior in patients with type 2 diabetes has been reported [31,32]; however, to our knowl-
edge the effects of nutrition education in improving inflammatory biomarkers in patients
with DFUs have not been evaluated yet. This study provides valuable information about
the effects of supplementing with a glucose control formula, consisting of essential nutrients
for wound healing, as well as nutrition education on inflammatory biomarkers in patients
with DFUs. This study hypothesized that improving dietary intake of antioxidants through
nutritional supplementation and nutrition education would improve the inflammation
status related to DFUs.

2. Materials and Methods

2.1. Sample Size

The sample size was calculated based on an effect size of Cohen’s d = 0.25 (standardized
mean treatment difference) for the primary outcome measure (reduction in IL6 at 12 weeks),
which would be a clinically meaningful change [33]. Using G*Power statistical software,
and in order to have 80% power for detecting this difference with an α error of 0.05, we
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needed at least 24 patients. Anticipating a 10–20% dropout rate, the target sample size was
27–29, with 14–15 patients in each group (control, treatment).

2.2. Screening and Recruitment

This study was approved by the Institutional Review Board (IRB) of both Florida State
University and Tallahassee Memorial Hospital (TMH, Tallahassee, FL, USA). The trial is
also registered at clinicaltrials.gov(Identifier:NCT04055064). Due to the requirement of
IRB regarding confidentiality of personal health information, a point of contact from the
clinic (a nurse or one of the medical staff) was identified. They were educated about the
study and informed of the inclusion/exclusion criteria. They explained the study and
provided flyers to potential participants. Individuals who were willing to participate in
the study were then referred to the researcher for further screening. Inclusion criteria were
non-pregnant/non-lactating females or males between the ages of 30 and 70 years with
type 1 or 2 diabetes. Participants must have been undergoing pharmacological treatment
for glycemic control, with at least one foot ulcer of grade 1A based on the University of
Texas classification [16].

Patients were excluded from the study if they had: used bioengineered tissue within
four weeks prior to baseline; a history of radiation treatment to the ulcer site; hemoglobin
A1c (HbA1c) > 12%; known immunosuppression; active malignancy; chronic kidney dis-
ease; liver failure/cirrhosis; or heart failure and/or myocardial infarction in the past three
months. Additionally, excessive use of alcohol based on the World Health Organization
standards, current use of warfarin, or any mental or physiological condition that may
interfere with supplement intake warranted exclusion from the study.

After screening, eligible patients were informed about the details of the study and
consent was obtained from patients who were interested in participating. This study was a
randomized control trial with repeated measures. Participants were randomly assigned to
either the treatment or the control group. All participants were consecutively enrolled in
the study and followed up until the time that complete wound closure had occurred or up
to 12 weeks, whichever came first.

2.3. Intervention/Treatment

All participants, irrespective of their grouping, received standard wound care from the
TMH wound care clinic. Additionally, participants in the treatment group were instructed
to consume two servings (474 mL) of Boost Glucose Control (Nestle Health Science, Bridge-
water Township, NJ, USA), a proprietary produced glucose control nutritional formula
(supplement) between meals, preferably one in the morning and one in the afternoon, for
12 weeks or until complete wound closure occurred. Participants in the intervention group
were also educated about improving their dietary intake by increasing their consumption
of low-fat/high-bioavailable protein sources, vegetables, and high-fiber carbohydrates, as
well as decreasing their intake of refined and simple carbohydrates. Nutrition education
was conducted in-person by the primary researcher (nutritionist) for 10 min at baseline.
Participants were then reminded about the educational materials and were given a chance
to ask questions during following visits until complete wound closure had occurred or
up to 12 weeks. Consuming two servings of the supplement provided patients in the
treatment group with a total energy of 500 calories, 28 g of protein, and essential vitamins
and minerals for wound healing. A complete list of the nutrient content of the supplement
is shown in Table S1.

We aimed to provide patients with a supplement that could deliver at least 50% of
the RDA recommendation for essential nutrients. We anticipated that nutrition education
would improve the dietary intake of nutrients and motivate patients to meet the remaining
50% of nutrient recommendations by consuming better food sources. Table 1 shows
the recommended daily allowance (RDA) for nutrients involved in wound healing and
compares it with the nutrient content of two servings of the supplement.
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Table 1. Comparison of content of two servings of supplement vs. RDA recommendations for
antioxidants for age and gender.

Nutrient RDA for Nutrient
Total from Two

Supplements/Day

% of RDA Provided;
Men vs. Women if

RDA Varied

Vitamin C 60 204 304%
Vitamin A 3000 IU 2500 IU 83%
Vitamin E 33.3 IU 66 IU 200%

* Manganese
Men/Women 2.3/1.8 mg 0.8 mg 35%/44%

Copper 0.9 mg 0.8 mg 88%
Zinc

Men/Women 11/8 mg 6 mg 54%/75%

Protein
Men/Women 56 g/46 g 28 g 50%/61%

* No established RDA for Manganese, numbers are showing adequate intake (AI). IU: international unit.

2.4. Data Collection

At baseline, all participants were asked about medical and medication history. Anthro-
pometric measurements, dietary assessments, and blood sample collections were conducted
at baseline and repeated every four weeks until complete wound closure had occurred or
up to 12 weeks.

2.5. Blood Sampling and Processing

A finger stick blood collection was conducted to assess HbA1c using HbA1c Now + test
(Polymer Technology Systems, Indianapolis, IN, USA). Venous blood samples were col-
lected from an antecubital vein using a vacutainer brand collection set. Blood samples were
collected for conducting enzyme-linked immunosorbent assay (ELISA) tests on inflam-
matory biomarkers. Blood samples were obtained at initial assessment/baseline, at 4, 8,
and 12 weeks, or at the time of complete wound closure. These were taken at the wound
care clinic and were then transported to the Florida State University (FSU) research lab,
following the Centers for Disease Control (CDC) guidelines for transporting blood samples.
In the FSU research lab, specimens were centrifuged, separated, and aliquoted into labeled
tubes, and stored in a −80 ◦C freezer until needed for analysis.

2.6. Plasma Preparation

After collecting whole blood into anticoagulant tubes, cells were removed from the
plasma by centrifugation using an IEC CL31R multispeed refrigerated centrifuge (Thermo
Electron Corporation, Waltham, MA, USA) at 1500× g for 10 min [34]. Following centrifu-
gation, plasma was immediately transferred into 0.5 mL aliquots and was stored at −80 ◦C
until analysis.

2.7. Biochemical Analysis

The inflammatory biomarkers IL6, IL10, CRP, and TTP were examined to evaluate
the effects of the intervention on inflammation in DFUs. Evaluation of IL6 and CRP was
undertaken using a human C-Reactive Protein/CRP Quantikine ELISA Kit and a human
IL6 Quantikine ELISA Kit from R&D systems (Biotechne, Minneapolis, MN, USA). For CRP,
the mean CV% for intra-assay precision was 5.5% and for inter-assay precision was 6.5%.
The reported mean CV% for IL6 for intra-assay precision was 2.6% and for inter-assay
precision was 4.5%. Assessments of IL10 and TTP were conducted using human ELISA kits
from MyBioSource (San Diego, CA, USA). The mean CV% for intra-assay and inter-assay
for IL10 were 4.44% and 6.27%, respectively, and for TTP were ≤8% and ≤12%, respectively.
We were not able to read the data following standard instructions for IL10 and TTP ELISA
tests, since our population had an exceptionally low concentration of these biomarkers.
After consulting with the company’s technical support, when evaluating IL10 using ELISA
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kits the first incubation time was increased to 2 h and the plate was put in a slow shaker
during incubation. We also performed the test with standard curve assayed in serum
diluent, and samples assayed and incubated at 4 ◦C overnight (20 h). No other changes
were made to other procedures and protocols.

2.8. Statistical Analysis

Data were analyzed using the Statistical Package for Social Science (SPSS) version 25.0
(IBM SPSS). The statistical significance value was set at α < 0.05 for all tests. Descriptive
statistics and independent-sample t-tests were used to compare means of potential con-
founding variables between groups at baseline. Multilevel modeling (mixed model) was
used for the analysis of inflammatory biomarkers. The effects of potential confounding
factors for different variables were examined and if the effect was significant, they were
added as covariates to the model. If a significant F-statistic was obtained, Bonferroni’s post
hoc test was used for pairwise comparisons.

3. Results

3.1. Baseline Characteristics

In total, 95 patients were screened, but only 42 met the inclusion criteria and were
willing to participate in the study. Overall, 13 participants were excluded from the study
due to a change in their clinic. Therefore, clinical, laboratory, and statistical analyses was
performed on a total of 29 patients.

3.2. General Characteristics

Both groups had similar characteristics at baseline. The general characteristics of
participants at baseline has been shown in Table 2.

Table 2. Baseline characteristics of participants by group.

Groups
Treatment

(n = 15)
Control
(n = 14)

p-Value

Men/women 8/7 11/3 0.08
Age (year)

Means ± SD 52.9 ± 9.74 53.8 ± 12.8 0.84

Ethnicity
African American/white 4/11 3/11 0.75

BMI 1 (kg/m2)
Means ± SD

33.5 ± 7.98 34.1 ± 6.04 0.84

Diabetes Duration (year)
Means ± SD 14.40 ± 8.03 11.7 ± 6.17 0.32

Estimated wound age (m)
Means ± SD 10.97 ± 15.09 10.58 ± 18.27 0.95

HbA1c 2

Means ± SD
7.95 ± 2.06 8.40 ± 2.16 0.57

Smoking
(yes/no) 3/12 3/11 1.00

1 BMI: Body Mass Index 2 HbA1C: Hemoglobin A1c.

The average age of the study population was 53.3 ± 11.1 years (mean ± SD). There
were no statistically significant differences between participants regarding the duration of
diabetes, estimated wound age, HbA1c, ethnicity, age, or body mass index (BMI) at baseline.
Although the distribution of gender was different in the treatment and control groups, the
effect of gender on each variable was examined and added to the model as a covariate
if the effect was significant. The mean duration of diabetes was greater in the treatment
group (14.4 ± 8 year) in comparison with the control group (11.7 ± 6 year); however, the
difference was not statistically significant. There were no significant differences between
the groups regarding indicators of socioeconomic status (SES) or other factors that could
potentially affect the dietary intake of participants, including appetite problems or religious
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and cultural restrictions. Living, financial, and employment status, as well as a need for
food assistance, were considered indicators of SES.

3.3. Changes in Plasma Concentrations of Inflammatory and Anti-Inflammatory Biomarkers
during the Study Period
3.3.1. Changes in Plasma Concentrations of IL6 and CRP

There were no significant differences between the plasma concentrations of IL6 in the
treatment and control groups at baseline (16.1 pg/mL vs. 15.8 pg/mL, respectively). The
potential effects of confounding factors such as duration of diabetes, estimated wound
age (p = 0.004), gender, HbA1c at baseline, age, smoking, and BMI were examined. Only
estimated wound age had a statistically significant effect on the concentrations of IL6, there-
fore this was used as a covariate in the model. The mean concentration of IL6 significantly
decreased in the plasma of the treatment group after adjustment of estimated wound age
(p = 0.001). In the control group, the mean concentration of IL6 was 15 times higher than
its concentration in the treatment group at the end of the study. Comparison of the mean
concentrations of IL6 at different time-points of the study for the treatment and control
groups are outlined in Figure 1.

Figure 1. Comparison of mean plasma concentrations of IL6 (pg/mL) between the treatment and
control group during the 12 weeks of the study. Bars represent the means ± SEM. * Denotes a
significant time by group interaction (p < 0.05).

There was no statistically significant difference between the mean concentration of
CRP among the two groups at baseline. We examined the effects of potential confounding
factors, such as HbA1c at baseline, age, gender (p = 0.02), smoking, estimated wound age
(p < 0.001), duration of diabetes (p = 0.04), and BMI. The significant confounding factors
(gender, estimated wound age, and duration of diabetes) were kept in the model for further
analyses. The interaction between group and time was not statistically significant after
adjustment of confounding factors.

3.3.2. Changes in Plasma Concentrations of IL10 and TTP

There was no statistically significant difference between the mean concentration of
IL10 among the two groups at baseline. The effects of potential confounding factors, such
as HbA1c at baseline, age, gender, smoking, estimated wound age, duration of diabetes,
and BMI, were evaluated; however, none of these factors had a significant effect on the
plasma concentration of IL10, and, therefore, they were removed from the model. The
interaction between group and time was not statistically significant for IL10.

Similar to IL10, the effects of potential confounding factors on the concentrations of the
TTP were evaluated. Only HbA1c at baseline (p = 0.03) and BMI (p = 0.01) yielded significant
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on the concentrations of TTP. Additionally, the effect of gender on the concentration of
TTP tended to be significant (p = 0.06); therefore, we included these factors as covariates in
the model. The mean plasma concentration of TTP in the treatment group was increased
numerically from 361 pg/mL at baseline to 1243 pg/mL at the end of the study. In
the control group, the mean plasma concentration of TTP increased from 355 pg/mL
to 479 pg/mL. Although the interaction between group and time was not statistically
significant after adjustment of the confounding factors, the mean increase in the plasma
concentrations of TTP in the treatment group was about seven times higher than the control
group. Please see Figure 2.

Figure 2. Comparison of mean plasma concentrations of TTP (pg/mL) between the treatment and
control group during the 12 weeks of the study. Bars represent the means ± SEM.

4. Discussion

Our results showed that nutritional supplementation, used concurrently with nutrition
education, can strongly decrease the plasma concentrations of IL6 in DFU patients. In
contrast, the plasma concentrations of IL6 were increased drastically in our control group
at the end of the study. Evidence has shown that an increase in IL6 could be an indicator of
wound infection [13]; however, we did not collect data on wound infections to confirm this
in our population.

The plasma concentration of TTP increased numerically in our intervention group
almost seven times more than the control group. TTP is an RNA binding protein that
enforces the degradation of mRNA encoding cytokines and chemokines [35], and, therefore,
reduces systemic inflammation through the under-expression of inflammatory mediators,
including IL6, TNF alpha, and IL18 [36–38]. Additionally, TTP negatively regulates NF-
κB signaling at the transcriptional corepressor level, which represses inflammatory gene
transcription [39]. Although the interaction between time and group was not statistically
significant for plasma concentrations of TTP, the observed numerical increase in TTP,
along with a strong significant decrease in the concentrations of IL6 in our treatment
group, might suggest positive effects of our intervention on controlling inflammation status
via regulation of TTP in patients with DFUs. The positive effects of the intervention on
increasing (numerically) the plasma concentration of TTP might also suggest the potential
of a positive effect of our intervention on improvement of plasma concentrations of TTP
during long-term application. These results are supported by other studies where they
showed that serum and urinary levels of IL6 and IL18 were significantly elevated while
TTP was significantly depressed in patients with diabetes [36]. We are not aware of a
similar study which evaluates the effects of dietary supplementation or quality of diet on
the concentrations of TTP. More clinical trials with a larger population and longer duration
of time are needed to validate our findings.

Our findings are consistent with the results of a study by Afzali et al., which showed
that nutritional supplementation for 12 weeks reduced inflammation in patients with
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DFUs [40]. Similarly, another study showed that nutritional supplementation could reduce
rate of infection and antibiotic use in patients with DFUs [41]. We are not aware of any other
study that examines the effects of dietary supplementation on inflammatory biomarkers
in DFU patients. However, it has been reported that, in general, high-quality diets have
beneficial effects on reducing concentrations of inflammatory biomarkers in various chronic
conditions. An inverse association between intake of whole grains, fruits, nuts, and
green leafy vegetables, and concentrations of IL6 and CRP, has been reported by several
studies [42–45]. Therefore, providing nutrition education as part of the intervention in this
study could have had synergistic effects on observed improvement of inflammation status
in the intervention group. The strength of our study was to use both nutrition education
and supplementation for improving inflammation status in patients with DFUs. To our
knowledge, this is the first study to evaluate the effects of dietary intake of nutrients on
concentrations of TTP as an inhibitory factor for inflammation. This anti-inflammatory
protein could serve as the basis for novel approaches to chronic wound therapy.

Due to the relatively small sample size, we were not able to examine the effects of
supplementation or education on inflammation status separately. Additionally, the poten-
tial effects of different blood-glucose-lowering medications, as well as the physical activity
levels of the participants, were not evaluated. It has been reported that accumulation of
advanced glycation end products (AGEs) contribute to DFUs [46,47]; however, we did
not collect data on AGEs. Evidence has shown that inositol could decrease HbA1C in
overweight patients with type 1 diabetes [48]. Moreover, it has been shown that inositol
can reduce inflammation and oxidative stress related to diabetes in pregnant women with
gestational diabetes [49]. Our supplement contained 200 mg of inositol per serving, which
might have played a role in the observed improvement in inflammation status. Currently,
there is no RDA for inositol. More studies need to be conducted to discover the optimum
dosage of inositol for improving inflammation status in patients with DFUs. Analysis of
dietary intake of our participants at baseline showed that our population had a signifi-
cantly low intake of potent antioxidants such as vitamin E, vitamin A, zinc, copper, and
manganese when compared with RDA recommendations; these data have been published
elsewhere [50]. Presently, there are no recommendations for dietary intake of micronutri-
ents/antioxidants for people with DFUs. Our aim in this study was to support participants
in receiving an adequate amount of antioxidants based on the RDA recommendation;
however, patients with DFUs might benefit from intakes above the RDA recommendation
due to high production of ROS and the presence of an open wound. More clinical studies
are needed to discover the optimum amount of each of these nutrients for improving
inflammation status and wound healing in DFUs. In order to support the added benefits of
other nutrients found in various foods, priority should be given to nutrition education to
increase the quality of diet in this population. However, several studies showed that DFU
patients could not receive an adequate amount of the essential nutrients from their food for
several reasons [30,50–52]. When receiving enough nutrients from the diet is not possible,
supplementing with optimum dosage of essential nutrients for improving conditions is
recommended. Results of our study showed that educating patients with DFUs to consume
high-quality diets, as well as providing them with supplements that support at least 50% of
the RDA recommendation for antioxidants, have significant positive effects on improving
inflammatory conditions. Currently, nutritional interventions or referral to dietitians are
not part of standard care; however, as our results show, nutritional interventions are critical
components of the wound healing process and should be an integral part of the treatment
of DFUs.

5. Conclusions

Our findings showed that nutritional supplementation, along with nutrition education
could significantly improve inflammation status in patients with DFUs. More clinical trials
with larger sizes are needed to confirm our results.
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Abstract: In patients with age-related macular degeneration (AMD), the crucial retinal pigment
epithelial (RPE) cells are characterized by mitochondria that are structurally and functionally defective.
Moreover, deficient expression of the mRNA-editing enzyme Dicer is noted specifically in these
cells. This Dicer deficit up-regulates expression of Alu RNA, which in turn damages mitochondria—
inducing the loss of membrane potential, boosting oxidant generation, and causing mitochondrial
DNA to translocate to the cytoplasmic region. The cytoplasmic mtDNA, in conjunction with induced
oxidative stress, triggers a non-canonical pathway of NLRP3 inflammasome activation, leading to
the production of interleukin-18 that acts in an autocrine manner to induce apoptotic death of RPE
cells, thereby driving progression of dry AMD. It is proposed that measures which jointly up-regulate
mitophagy and mitochondrial biogenesis (MB), by replacing damaged mitochondria with “healthy”
new ones, may lessen the adverse impact of Alu RNA on RPE cells, enabling the prevention or control
of dry AMD. An analysis of the molecular biology underlying mitophagy/MB and inflammasome
activation suggests that nutraceuticals or drugs that can activate Sirt1, AMPK, Nrf2, and PPARα may
be useful in this regard. These include ferulic acid, melatonin urolithin A and glucosamine (Sirt1),
metformin and berberine (AMPK), lipoic acid and broccoli sprout extract (Nrf2), and fibrate drugs
and astaxanthin (PPARα). Hence, nutraceutical regimens providing physiologically meaningful doses
of several or all of the: ferulic acid, melatonin, glucosamine, berberine, lipoic acid, and astaxanthin,
may have potential for control of dry AMD.

Keywords: nutraceuticals; age-related macular degeneration; mitochondrial biogenesis; Sirt1; AMPK;
Nrf2; ferulic acid; melatonin; berberine; astaxanthin

1. The Complex Molecular Biology Underlying the Pathogenesis of Dry AMD

Retinal pigment epithelium, which separates the neural retina from the underlying
blood vessel-rich choroid, performs a number of tasks required for healthful ocular func-
tions: phagocytizing and degrading the distal ends of photoreceptors while regenerating
11-cis retinal; regulating the flux of molecules from the choroid to the retina; and pro-
ducing trophic factors which sustain the survival of retinal neurons while preventing
over-proliferation of choroid blood vessels. The progressive loss of RPE cells over time in
aging humans is responsible for the most common cause of irreversible visual impairment,
so-called dry age-related macular degeneration (AMD)—also known as geographic atrophy.

Recent evidence points to the formation of NLRP3-dependent inflammasomes in
retinal pigment epithelium (RPE) as a key factor driving RPE cell death in dry AMD. In
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particular, a series of elegant investigations, involving study of retinal pigment epithelium
from deceased patients with dry AMD, studies with human and mouse RPE-derived cell
lines, and studies in mice, have characterized a complex mechanism, consistent with the re-
sults of these studies, by which such inflammasomes can arise and induce the death of RPE
cells [1–6]. For reasons yet to be clarified, expression of the microRNA-processing enzyme
DICER1 is notably depressed in the RPE of patients with GA [1]. Moreover, knockdown
of DICER1 leads to death of RPE in mice. While DICER1 plays a key role in generation
of micro-RNAs, knockdown of other enzymes required for microRNA generation fails
to induce death in RPE cells. However, DICER1 also functions to cleave the Alu RNA
retrotransposon, and, as a consequence of DICER1 deficiency, this accumulates to excessive
levels in the RPE [7]. In RPE cell lines, Alu RNA excess has been shown to lead to cell
death which is dependent on the activation of NLRP3 inflammasomes. These generate
interleukin-18, which acts in an autocrine fashion via MyD88 to induce cell death via a
mechanism dependent on Fas ligand and caspase-8 [4]. These mechanisms seem likely to
be pertinent to clinical AMD, as RPE from dry AMD patients displays increased levels of
NRLP3 inflammasomes, IL-18, and caspases 1 and 8 [4].

The excess of Alu RNA induces structural and functional damage to RPE mitochondria
that plays an obligate role in inflammasome activation. This damage entails the opening
of mitochondrial permeability transition pores associated with increased mitochondrial
generation of oxidants, a reduction in mitochondrial membrane potential, and escape
of mitochondrial DNA (mtDNA) into the cytoplasm. Increased mitochondrial oxidant
generation provides the oxidant stress required for NLRP3 inflammasome activation, as
mitochondrially -targeted antioxidants—but not inhibitors of NADPH oxidase—block the
impact of Alu RNA excess on inflammasome activation and cell death in RPE cells [2]. How-
ever, cytoplasmic mtDNA also plays a role in Alu RNA-mediated inflammasome activation.
However, cytoplasmic mtDNA interacts with and activates cyclic GMP-AMP synthase
(cGAS), which via interferon response factor 3 (IRF3) activation, promotes transcription
of interferon-β [6]. Autocrine signaling by the latter drives non-canonical activation of
NLRP3 inflammasomes via a mechanism dependent on caspase 4 expression/activation
and on the presence of gasdermin [2].

Alu RNA also promotes inflammasome priming via NF-kappaB activation, another
possible consequence of cGAS activation [3,8]. Activation of NF-kappaB might also reflect
interaction of Alu RNA with double-stranded RNA receptors [9]. Stimulation of P2X7
receptors—leading to an efflux of cellular potassium also participates in Alu RNA-induced
inflammasome activation. Extracellular ATP is the canonical mediator of P2X7 activation;
however, whether ATP efflux mediates Alu RNA-induced P2X7 activation remains unclear.
ATP release through gasdermin-mediated pore formation does not appear to play a role in
this regard, even though the presence of gasdermin is required [6]. It has been suggested
that Alu RNA may mediate P2X7 activation via an intracellular effect on the receptor, rather
than ATP release [10]. Finally, activated NLRP3 generates interleukin-18 (IL-18), which
via autocrine signaling leads to caspase-8-mediated apoptosis of RPE cells [4]. Figure 1
offers a simplified depiction of how DICER1 deficit and consequent Alu RNA excess lead
to mitochondrial damage, inflammasome activation, and IL-18-mediated RPE cell death.

It is reasonable to presume that certain environmental factors linked to increased risk
for GA, do so by amplifying some of the signaling mechanism outlined here. In particular,
amyloid beta, complement component C5a, and the bisretinoid A2E have been found to
promote NLRP3 inflammasome formation in ARPE-19 cells [11–13].

Accumulating evidence indicates that mitochondria are indeed structurally and func-
tionally impaired in the RPE of AMD patients [14–17]. A loss of mitochondrial mass
disrupted internal structure, diminished expression of electron transport chain proteins,
and elevated oxidation of mtDNA have all been reported; the extent to which Alu RNA
excess drives this phenomenon remains unclear [14,16]. These findings have prompted a
number of investigators to suggest that measures which improve mitochondrial structure
and function might prove useful for preventing and controlling dry AMD [14,17,18]. It is
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reasonable to suspect that the ability of Alu RNA to induce mitochondrial oxidant stress
and promote extrusion of mtDNA is not just an acute effect observable with healthy mito-
chondria but may be a gradually evolving phenomenon in which mitochondrial function
is progressively disrupted. If so, then insuring that RPE mitochondria are structurally
and functionally sound by promoting mitophagy of unsound mitochondria, coupled with
biogenesis of new mitochondria, might ameliorate the contribution of disrupted mitochon-
dria to NLRP3 inflammasome activation and the consequent apoptotic death of RPE cells.
And, measures which work in complementary ways to suppress NLRP3 inflammasome
activation might also contribute to a rational strategy for combatting dry AMD. As ex-
plained below, nutraceuticals or drugs which boost the activity of Sirt1, AMPK, Nrf2, and
PPARalpha could be expected to achieve these goals.

Figure 1. A simplified depiction of how DICER1 deficiency in RPE cells leads to Alu RNA excess,
mitochondrial damage, NLRP3 inflammasome activation, autocrine IL-18 activity, and caspase-8-
mediated cell death.

2. Regulation of Mitophagy, Mitochondrial Biogenesis, and Inflammasome Activation

The type III deacetylase Sirt1 and AMPK-activated kinase (AMPK) collaborate in the activa-
tion of both autophagy and mitophagy, while promoting mitochondrial biogenesis by boosting
the activity of PPARg coactivator-1alpha (PGC-1a). They also can boost each other’s activity.
AMPK increases expression of nicotinamide ribosyltransferase (NAMPT), which promotes
synthesis of Sirt1’s obligate substrate NAD+. Sirt1, in turn, deacetylates and thereby stabilizes
LKB1, which can phosphorylate and thereby activate AMPK [19–23]. With respect to autophagy,
Sirt1 boosts the activity of number of proteins which participate in autophagosome formation;
it also promotes the activity of Rab7, a G protein that enables fusion of autophagosomes and
lysosomes [24–26]. Via deacetylation of the transcription factor FOXO1, Sirt1 enhances tran-
scription of a number of genes which code for mediators of autophagy [26]. AMPK promotes
autophagy by conferring an activating phosphorylation on ULK1, while inhibiting and sup-
pressing the anti-autophagic activity of mTORC1 [27–29]. In regard to mitophagy, Sirt1 and
AMPK collaborate in enhancing the expression of Parkin and Pink1, proteins which detect
defective mitochondria with diminished membrane potential and mark them for incorporation
into autophagic vacuoles; the mechanism of this effect is described below.
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The coactivator activity of PGC-1a works in multiple ways to stimulate the synthesis of
proteins that participate in mitochondrial biogenesis (MB), through its interactions with the
transcription factors NRF-1, estrogen-related receptor-alpha (ERRα), and PPARα [30]. Aided
by PGC-1α, NRF-1 promotes the transcription of genes coding for enzymes that mediate
replication of mtDNA, such as Tfam, NRF-2, and TFB1 [31]. PGC-1α’s interaction with ERRα
boosts expression of Sirt3; the latter alters the transcriptional activity of FOXO3a, enabling
it to boost transcription of mtDNA genes coding for certain proteins in the mitochondrial
electron transport chain, as well as for the mitochondrial form of superoxide dismutase
(SOD2) [32–35]. Sirt3 also enhances the activity of SOD2 by deacetylating it [36,37]. Hence,
Sirt3 exerts a profound antioxidant effect within mitochondria. Importantly, Sirt3-deacetylated
FOXO3a also promotes transcription of genes coding for Parkin and Pink1, the mediators
of mitophagy [38–40]. Finally, via interaction with the transcription factor PPARα, PGC-1α
boosts expression of the uncoupling protein UCP-2 (whose activity decreases mitochondrial
superoxide generation) and a number of enzymes, including carnitine palmitoyltransferase-1,
required for mitochondrial oxidation of fatty acids [41–43].

The contribution of Sir1 and AMPK to MB hinges on their ability to enhance both
the expression and the activity of PGC-1α. Phosphorylation of PGC-1α by AMPK is a
pre-requisite for its deacetylation by Sirt1; these effects importantly enhance PGC-1α’s
activity [44]. Sirt1 also promotes PGC-1α’s expression at the transcriptional level by
reducing activity of NF-kB, which can bind to the promoter of the PGC-1α gene and inhibit
its transcription [45,46].

The transcriptional factor Nrf2 participates in MB by driving transcription of the tran-
scription factor NRF-1, which, as we have seen, works with PGC-1a to promote expression
of proteins vital for MB [47–49]. Sirt1 can enhance Nrf2’s activity in this regard via deacety-
lation [50]. The reader is referred to Figure 2 for a depiction of the mechanisms whereby
Sirt1, AMPK, Nrf2, and PPARα interact in the promotion of MB, while also enhancing
expression of the mediators of mitophagy, Parkin and Pink1.

Figure 2. Roles for Sirt1, AMPK, Nrf2, and PPARα in promotion of mitochondrial biogenesis (MB)
and autophagy/mitophagy. FA = ferulic acid; MLT = melatonin; GCA = glucosamine.

It is reasonable to suspect that activation of autophagy/mitophagy and MB will
lessen activation of NLRP3 inflammasomes in RPE cells by suppressing mitochondrial
oxidant generation and the cytoplasmic release of mtDNA. However, Nrf2 and AMPK
can also inhibit inflammasome activation via their effects on expression and activity of
thioredoxin (TRX) and thioredoxin interacting proteins (TXNIPs). The formation of NLRP3

164



Nutrients 2022, 14, 1985

inflammasomes hinges on the interaction between TXNIP and NLRP3; in cells with good
redox control, this interaction is suppressed by complex formation between TXNIP and
TRX [51,52]. In the context of oxidative stress, reversible oxidation of TRX prevents its
interaction with TXNIP, freeing the latter to participate in inflammasome formation. Nrf2
activity, promoted by Sirt1, induces expression of both TRX and the enzyme which restores
its reduced form, thioredoxin reductase, thereby decreasing the free pool of TXNIP [53,54].
The contribution of AMPK to suppression of inflammasome formation hinges on its ability
to decrease the expression of TXNIP at the transcriptional level, possibly reflecting its in-
hibitory effect on activity of the transcription factor carbohydrate response element-binding
protein (ChREBP) [55,56]. AMPK also has the potential to accelerate the proteasomal
degradation of TXNIP [57].

The foregoing explains how Sir1, AMPK, Nrf2 and PPARα can interact to replace
damaged mitochondria with healthy new ones, while amplifying mechanisms which
protect mitochondria from oxidative stress and diminish their production of oxidants.
Additionally, via the modulation of TRX/TXNIP, they work in an additional way to blunt
NLRP3 inflammasome formation. Importantly, there are nutraceuticals and drugs capable
of boosting the activity of each of these key enzymes.

3. Nutraceuticals and Drugs Can Activate Sirt1, AMPK, Nrf2 and PPARα

While resveratrol has gained a considerable reputation as an agent that can activate
Sirt1, poor pharmacokinetics have to this point prevented it from being clinically useful for
this purpose [58]. Moreover, its ability to directly activate Sirt1 has been challenged [59].
A more practical choice in this regard is ferulic acid. Ferulic acid is produced when gut
bacteria metabolize dietary anthocyanins; the latter are not absorbed intact and ferulic acid
seems likely to mediate most if not all of their protective properties [60]. Ferulic acid also
occurs, mostly in conjugated forms, in a wide range of whole grains, fruits, vegetables and
nuts. In animal and cell-culture studies, ferulic acid has demonstrated anti-inflammatory
and antioxidant effects in a wide range of disease models; in Chinese medicine, sodium
ferulate has been widely used in cardiovascular medicine [60,61]. The piperazine salt of
ferulate is used in China for treatment of diabetic nephropathy [62]. In a recent controlled
clinical trial, the administration of 1000 mg ferulic acid daily to hyperlipidemics was found
to improve serum lipid profiles, decrease systemic markers of oxidative stress, and lower
plasma C-reactive protein by one-third [63].

Only recently has it been recognized that its utilities in these regards may reflect its
ability to up-regulate Sirt1 expression quite markedly at both the mRNA and protein level;
this effect appears to be broad in scope, as it has been reported so far in chondrocytes,
skeletal muscle fibers, testes, neural stem cells and hepatocytes [64–69]. How it achieves
this effect still remains mysterious. In light of its efficient absorption, and its demonstrated
benefits in cardiovascular medicine, ferulic acid, or salts thereof, may have considerable
clinical potential for boosting Sirt1 activity. Of possible pertinence to AMD is the fact that
rich dietary sources of anthocyanins—notably bilberry extract—have been traditionally
used for retinal protection [70–72]. Whether they are genuinely beneficial for the prevention
of dry AMD has not yet received adequate study.

Also useful in for Sirt1 activation is melatonin, which increases transcription of the
gene encoding for Sirt1 via the activation of the BMAL1 transcription factor [73,74]. Mela-
tonin also increases Nrf2 expression by the same mechanism, and hence may have consid-
erable potential for dry AMD control [75,76]. Melatonin administration has been found
to protect the retina in a mouse model of dry AMD (superior cervical ganglionectomy)
and in a rat model of accelerated senescence associated with AMD [77,78]. Favorable
anecdotal clinical experience with supplemental melatonin in AMD has also been reported,
but formal clinical trials evaluating its efficacy in this regard are lacking [79].

Sirt1 is susceptible to O-GlcNAcylation at Ser 549, and this post-translational mod-
ification has been found to amplify its deacetylase activity [80]. Oral or parenteral ad-
ministration of glucosamine can increase the cellular pool of UDP-N-acetylglucosamine;
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this therefore up-regulates the O-GlcNAcylation of proteins, likely explaining the anti-
inflammatory properties of supplemental glucosamine [81]. The ability of glucosamine to
boost Sirt1 activity may hence explain recent epidemiology pointing to a lower risk for
dry AMD in people who use this nutraceutical regularly; adjusted hazard rate for those
using glucosamine for 3 or more years was found to be 0.493 (p = 0.003) [82]. Increased
Sirt1 activity may also explain an increase in skeletal muscle MB and exercise performance
in mice given oral glucosamine as an adjuvant to aerobic training [83].

Very recently, the bacterial ellagitannin metabolite urolithin A (which may mediate
the protective benefits of pomegranate juice) has been shown to have potential for Sirt1
activation, as has the natural nicotinamide metabolite N1-methylnicotinamide, both of
which unsurprisingly have anti-inflammatory properties [84–88]. Both urolithin A and
MNA have recently become available in nutraceutical form, but have not yet been studied
in regard to possible impact on AMD.

It is well know that the favorable impact of the drug metformin on diabetes control reflects
its ability to activate AMPK [89,90]. Consistent with the thesis presented here, diabetics who
use metformin have been reported to be at lower risk for AMD than diabetics who do not use
this drug– albeit findings in this regard are not completely consistent [91–94]. The nutraceutical
berberine, a key component of certain Chinese medicinal herbs, can also activate AMPK in a
manner comparable to metformin, and is used widely in China for diabetes control [95–99].

A number of phytochemicals (known as phase 2 inducers) are capable of promoting
the migration of Nrf2 to the nucleus—thereby promoting its transcriptional activity—by
disrupting its binding to the cytoplasmic protein Keap1 [100,101]. The most clinically useful
agents in this regard appear to be lipoic acid and sulforaphane—the latter can be supplied
for clinical use in broccoli sprout extracts [102–104]. The ability of Sirt1 to deacetylate
Nrf2 is complementary to the activity of phase 2 inducers in promoting the transcriptional
activity of Nrf2 [50,105].

Drugs which can act as agonists for PPARα are used for the management of hyper-
lipidemia associated with metabolic syndrome; these include the fibrate drugs fenofibrate
and gemfibrozil [106]. Curiously, it has been learned that the algae-derived phytonutrient
astaxanthin—an outstanding scavenging antioxidant for biological membranes—can also
function as a PPARα agonist, for which reason it can exert clinically useful hypolipidemic ef-
fects [107–111]. Astaxanthin may thus be useful in AMD both as an agonist for PPARα, and
for protecting the mitochondrial electron transport chain from oxidative damage [112–114].

Overall, these considerations suggest that a nutraceutical regimens providing physio-
logically meaningful doses of several of these agents:ferulic acid, melatonin, glucosamine,
berberine, lipoic acid and astaxanthin may have important potential for prevention and
control of the dry form of AMD. Table 1 depicts dosage schedules of these agents that
have proved to be clinically active for certain applications in past research. The drugs
metformin and fenofibrate could function as alternatives to berberine and astaxanthin
in this regard—albeit astaxanthin has scavenging antioxidant activity not possessed by
fenofibrate. Potentially, these agents could be studied in RPE cell cultures in which Alu
RNA expression has been artificially boosted.

Table 1. Suggested dose schedules for nutraceuticals with potential for controlling dry AMD.

Nutraceuticals Dose Schedules

Ferulic Acid (or Sodium Ferulate) 250–500 mg twice daily [63]

Melatonin 3–20 mg at bedtime [115]

Glucosamine 1500–3000 mg once daily [81]

Berberine 500 mg, 2–3 times daily [99]

Lipoic Acid 600 mg 2 times daily [116]

Astaxanthin 12–20 mg daily [116]
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It might also be noted that the protective impact of macular pigmentation—comprised
of the xanthophyll carotenoids lutein, zeaxanthin, and meso-zeaxanthin, available as
nutraceuticals—on AMD risk, suggests that photo-oxidative damage to retinal photore-
ceptors either promotes RPE deficit of Dicer1, or amplifies the pro-inflammatory signaling
downstream from Dicer1 deficiency [117]. The key question remains: why is Dicer1 se-
lectively depressed in RPE cells in AMD? Nutraceutical strategies for correcting the RPE
deficit of DICER1 might cut to the root of AMD pathogenesis, but what these might be
remains unclear.

Mention should be made of recent evidence that the adverse impact of Alu RNA
accumulation on RPE survival requires cytoplasmic reverse transcription of this RNA into
DNA within the cytoplasm [118]. This is mediated by the L1 reverse transcriptase, which
can be inhibited by clinical concentrations of nucleotide reverse transcriptase inhibitor
drugs used in management of HIV. An epidemiological analysis suggests that patients
using such drugs regularly may be at lower risk for AMD [118]. Hence, a pharmaceutical
strategy for managing dry AMD, potentially complementary to the measures suggested
here, can be envisioned. However, rather perversely, these drugs have the potential to
damage mitochondria [119].

4. Pertinence to Neovascular AMD

The neovascular, “wet” form of AMD is distinctly different from the dry form consid-
ered here. However, there is recent evidence that deficient genetic expression of Dicer1,
whether general or specific to RPE cells, leads not only to geographic atrophy, but also
to pathological neovascularization. Moreover, concurrent deficiency of proteins required
for inflammasome signaling, or MyD88, required for IL-18 signaling, blunts this neovas-
cularization [120]. This suggests that measures which oppose inflammasome activation
in RPE cells—such as those suggested here—might also be expected to aid prevention of
neovascular AMD.

Moreover, in light of a central role for endothelial NADPH oxidase activation in
VEGF-mediated signaling that evoke retinal neoangiogenesis, the spirulina chromophore
phycocyanobilin, a biliverdin derivative that can mimic the NADPH oxidase-inhibitory
effects of its chemical relative bilirubin, may have potential for prevention and control
of wet AMD [121–126]. Also, high intakes of glycine—which is clinically feasible, as this
amino acid is highly soluble, pleasantly sweet, and inexpensive—has been demonstrated
to have anti-angiogenic effects in rodent models of cancer and wound healing [127–130]. It
has been suggested that indirect inhibition of endothelial NADPH oxidase activity may
mediate this effect [131].
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Abstract: Background: Extra virgin olive oil (EVOO) improves post-prandial glycemia, but the
underlying mechanism has not been fully elucidated. We tested the hypothesis that EVOO improves
post-prandial glycemia by reducing gut permeability-derived low-grade endotoxemia. Methods:
Serum levels of lipopolysaccharides (LPS), zonulin, a marker of gut permeability, glucose, insulin and
glucagon-like peptide 1 (GLP1) were measured in 20 patients with impaired fasting glucose (IFG) and
20 healthy subjects (HS) matched for sex and age. The same variables were measured in IFG patients
(n = 20) and HS (n = 20) before and after a Mediterranean diet with 10 g EVOO added or not (n = 20)
or in IFG patients (n = 20) before and after intake of 40 g chocolate with EVOO added or not. Results:
Compared to HS, IFG had higher levels of LPS and zonulin. In HS, meal intake was associated with a
significant increase of blood glucose, insulin, and GLP1 with no changes of blood LPS and zonulin.
Two hours after a meal intake containing EVOO, IFG patients showed a less significant increase of
blood glucose, a more marked increase of blood insulin and GLP1 and a significant reduction of
LPS and zonulin compared to IFG patients not given EVOO. Correlation analysis showed that LPS
directly correlated with blood glucose and zonulin and inversely with blood insulin. Similar findings
were detected in IFG patients given a chocolate added or without EVOO. Conclusion: Addition of
EVOO to a Mediterranean diet or chocolate improves gut permeability and low-grade endotoxemia.

Keywords: lipopolysaccharides (LPS); gut permeability; zonulin; Glucagon-like peptide1(GLP1);
extra virgin olive oil (EVOO); oleuropein; Impaired fasting glucose (IFG)

1. Introduction

Circulating lipopolysaccharides (LPS), a membrane component of Gram-negative
gut microbiota, may be detectable in human circulation in concentrations ranging from
as low as 1 pg/mL to as high as 200 pg/mL [1]. In non-septic conditions, low-grade
endotoxemia by LPS may be detectable in patients at risk of cardiovascular events such
as patients with obesity or type 2 diabetes mellitus (T2DM) or in patients with clinically
overt vascular disease [2,3]. In T2DM, the term “metabolic endotoxemia” has been coined
to describe the association between low-grade endotoxemia and metabolic changes such
as insulin resistance, hyperglycemia and lipid metabolism changes favoring obesity [4].
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Metabolic endotoxemia has been suggested to occur as a consequence of enhanced gut
permeability, which depends on transcellular or paracellular LPS translocation into systemic
circulation [5]. Thus, modulation of gut permeability may have positive effects on glycemic
control in T2DM. We and others have previously reported that in diabetic patients, intake
of EVOO or its component oleuropein lowered post-prandial LPS and glycaemia, an
effect of potentially clinical relevance, as post-prandial glycemia may increase the risk
of cardiovascular disease [6–9]. However, we did not investigate the relationship, if any,
between gut permeability and glycaemic control and if EVOO could improve the glycaemic
profile by modulating gut permeability. EVOO is composed of 98–98.5% triglycerides [6]
and 1.5–2% of minor components such as sterols [7], fatty alcohols [7], waxes [8], phenols,
tocopherols, and carotenoids [9]; furthermore, EVOO is rich in polyphenols and vitamin
E [10], which could exert a beneficial effect against cardiovascular events [11,12] and
cancer [13], even if further randomized clinical studies are necessary to confirm these
hypotheses. The antioxidant property of EVOO could turn useful in the context of gut
permeability, which is, in fact, enhanced by oxidative stress-mediated zonulin activation
and eventually down-regulation of adhesive proteins such as tight junctions [14]. Therefore,
we hypothesized that acute administration of EVOO could improve metabolic endotoxemia,
i.e., metabolic profile and endotoxemia by LSP, by affecting gut permeability as assessed
by serum zonulin, an indirect marker of gut permeability [15]. To explore this issue, we
compared the parallel changes of LPS, glycaemia, and serum zonulin in patients with
impaired fasting glucose (IFG) and healthy subjects (HS).

2. Materials and Methods

2.1. Study Design and Participants

We performed a cross-sectional analysis of variables exploring gut permeability, low-
grade endotoxemia by LPS and metabolic profile in HS (n = 20, 11 males, 9 females,
aged 47.05 ± 6.41 years) and in patients with IFG (n = 20, 12 males, 8 females, aged
51.54 ± 8.02) (study 1). According to the American Diabetes Association guidelines [16],
IFG was defined as a fasting blood sugar glucose concentration ≥100 and <126 mg/dL.

Additionally, we performed a secondary analysis of two previous reports in which
EVOO was added to or not from a Mediterranean-type meal (studies 2 and 3) or to 40 g
chocolate (study 4) [17–19].

Study 2: In this study, we analyzed 20 healthy subjects (HS; 11 males and 9 females)
who received a typical Mediterranean lunch including or not 10 g of EVOO in a cross-over
design; there was an interval of 30 days between the two phases of the study. Clinical and
demographic characteristics of HS are reported in Table 1.

Table 1. Clinical characteristics of the study population.

HS (n = 20) IFG (n = 20) p Value

Age (years) 47.05 ± 6.41 51.54 ± 8.02 0.057

Males n (%) 11 (55) 12 (60) 0.757

BMI (kg/m2) 27.50 ± 3.91 28.79 ± 3.52 0.270

Systolic BP (mmHg) 121.40 ± 8.52 127 ± 11.29 0.085

Diastolic BP (mmHg) 76.85 ± 4.29 80.00 ± 6.28 0.072

Smokers n (%) 4 (20) 2 (10) 0.388

EVOO was provided by monoculture (Itri area, Latina) and its chemical characteriza-
tion is reported in Supplementary Table S1.

Study 3: In this study, we performed an interventional study in 20 IFG patients
(12 males and 8 females); clinical and demographic characteristics of IFG are reported in
Table 1. We randomized 20 IFG to receive a typical Mediterranean lunch including or not
10 g of EVOO in a cross-over design; there was an interval of at least seven days between

176



Nutrients 2022, 14, 2153

the two phases of the study. The Mediterranean-type lunch composition is reported in
Supplementary Table S2. Briefly, the Mediterranean-type meal for both studies 2 and 3
consisted of pasta (g 100), chicken breast (150 g), salad (80 g), bread (80 g), and apple (200 g)
for a total of 894 calories; blood analyses were performed before and 2 h after meal intake.

Study 4: We analyzed the acute effect of chocolate intake in a single blind, crossover
study including IFG patients (n = 20), randomized to receive 40 g of chocolate spread mixed
or not with EVOO. Blood analyses were carried out before and 2 h after the intake of 40 g
chocolate (18.5% hazelnuts, 40% of cocoa, sugar, whole milk powder to reach 27% vitamin
E over 100 g carbohydrates); the control chocolate had the same characteristics but without
EVOO addition. Every blood determination was performed blind. None of the participants
were receiving antioxidants supplements, statins, or dietary restrictions prior to the study.
The study conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was
approved by the Ethical Committee of Sapienza University (Rif. N◦ 509/2016).

2.2. Serum Glucose and Insulin Assay

Glucose and insulin were analyzed in serum samples by a commercial ELISA Kit
(Arbor Assay (Ann Arbor, MI, USA) and DRG International (Springfield, NJ, USA)). Glucose
values were expressed as mg/dl and intra-assay and inter-assay coefficients of variation
were 6% and 9%, respectively. Insulin values were expressed as μU/mL and intra-assay
and inter-assay coefficients of variation were 2.2% and 4.5%, respectively.

2.3. Serum Glucagon Like Peptide-1 (GLP1) Assay

A commercial ELISA Kit (DRG International) was used for the quantitative determina-
tion of bioactive GLP1 (7e36) and (9e36) levels in serum. GLP-1 values are expressed as
pmol/L and both intra- and inter-assay coefficients of variation were <10%.

2.4. Serum LPS Assay

LPS were measured in serum using a commercial ELISA kit (Cusabio, Wuhan, China).
The standards and samples were plated for 2 h at room temperature into a micro-plate pre-
coated with the antibody specific for LPS. After incubation, samples were read at 450 nm.
Values were expressed as pg/mL; intra-assay and inter-assay coefficients of variation were
<10%.

2.5. Serum Zonulin Assay

Zonulin concentration was detected in serum by a commercial ELISA kit (Elabscience
Houston, TX, USA). Values were expressed as ng/mL; both intra-assay and inter-assay
coefficients of variation were within 10%.

2.6. Statistical Methods

Categorical variables are reported as percentage and continuous variables as means ±
SD unless otherwise indicated. Independence of categorical variables was tested by the
chi-square test. Comparisons between groups were analyzed by Student’s t-test and were
replicated as appropriate with nonparametric tests (Kolmogorov–Smirnov (z) test in case
of non-homogeneous variances as verified by Levene’s test).

The cross-over study data were analysed for the assessment of treatment and period effects,
by performing a split-plot ANOVA with one between-subject factor (treatment sequence) and
two within-subject factors (pre- vs. post-treatment). The full model was considered, allowing
for the assessment of all main effects and interactions. Pairwise comparisons were corrected by
the Bonferroni test; results were expressed as means ± SD. Bivariate analysis was calculated by
the Spearman rank correlation test. A value of p < 0.05 was considered statistically significant.
All analyses were carried out with GraphPad Prism9.1.0 and IBM SPSS 25.0.
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3. Results

Clinical characteristics of the population are reported in Table 1.
At baseline, patients with IFG had higher levels of blood glucose, insulin and GLP-1

compared to HS (Figure 1a–c); furthermore, patients with IFG had higher blood levels of
LPS and zonulin compared to HS (Figure 1d,e).

Figure 1. Serum levels of (a) glucose, (b) insulin, (c) GLP-1, (d) LPS, and (e) zonulin in patients with
IFG (n = 20) and control subjects (n = 20); ** p < 0.001; * p < 0.01.

As previously reported [17] (Study 2), in HS meal intake was associated with a signifi-
cant increase of blood glycaemia, insulin, and GLP-1 (Figure 2a–c). A trend of an increase
of blood LPS and zonulin was detected but the difference was not significant (Figure 2d,e).
LPS did not correlate with blood glucose, insulin, and zonulin; zonulin was not correlated
with GLP-1 (Figure 2f–i).

Figure 2. Cont.
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Figure 2. Serum levels of (a) glucose, (b) insulin, (c) GLP-1, (d) LPS, and (e) zonulin before (T0) and
2 h after a meal with (black line) or without (grey line) extra-virgin olive oil (EVOO) in HS (n = 20).
Correlations of circulating LPS levels with (f) glucose, (g) insulin, and (h) zonulin in HS. Correlations
of circulating Zonulin levels with (i) GLP-1 in HS. ** p < 0.001.

As previously reported [18] (Study 3), two hours after a meal intake containing EVOO,
IFG patients showed a less significant increase of blood glucose and a more marked increase
of blood insulin and GLP-1 (Figure 3a–c) compared to IFG not given EVOO. Additionally,
compared to IFG patients not given EVOO, a significant reduction of blood LPS and zonulin
was detected (Figure 3d,e). Correlation analysis showed that LPS directly correlated with
blood glucose and zonulin and inversely with blood insulin; blood zonulin inversely
correlated with GLP-1 (Figure 3f–i).

Figure 3. Cont.
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Figure 3. Serum levels of (a) glucose, (b) insulin, (c) GLP-1, (d) LPS, and (e) zonulin before (T0) and
2 h after (T2h) a meal with (black line) or without (grey line) extra-virgin olive oil (EVOO) in IFG
patients (n = 20). Correlations of circulating LPS levels with (f) glucose, (g) insulin, and (h) zonulin in
IFG. Correlations of circulating Zonulin levels with (i) GLP-1 in IFG. ** p < 0.001, * p < 0.05.

Similar modifications of metabolic profile, blood LPS, and zonulin as well as correlation
analyses were observed in IFG patients (n = 20) taking chocolate with EVOO added
compared to controls (Figure 4a–i).

Figure 4. Cont.
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Figure 4. Serum levels of (a) glucose, (b) insulin, (c) GLP-1, (d) LPS, and (e) zonulin before (T0) and
after 2 h (T2h) of oleuropein-enriched chocolate (black line) or control chocolate (grey line) in IFG
patients (n = 20). Correlations of circulating LPS levels with (f) glucose, (g) insulin, and (h) zonulin in
patients with IFG. Correlations of circulating zonulin levels with (i) GLP-1 in patients with * p < 0.001.

4. Discussion

The results of the present study demonstrate that, in IFG patients, EVOO counteracts
LPS increases detected after meal or chocolate intake coincidentally with zonulin lowering,
suggesting that this beneficial effect may be attributed to improvement of gut permeability.

Previous studies reported that patients with metabolic diseases such as those with
T2DM or obesity display low-grade endotoxemia consequent to changes of proteins im-
plicated in intestinal epithelial cell permeability, such as the tight junction (TJ) proteins
ZO-1 or occludin [20]. In accordance with these reports, we found elevated levels of LPS
in patients with IFG compared to controls coincidentally with zonulin elevation, which
increases gut permeability by disassembling the TJ proteins [21]; this finding corrobo-
rates the hypothesis that T2DM is associated with metabolic endotoxemia consequent
to changes of gut permeability [5,22]. Low-grade endotoxemia has a negative effect on
metabolic profile as documented by an experimental study showing that LPS infusion
increases glycaemia by negatively affecting insulin activity [5]; in accordance with this,
we found that in IFG, but not in HS, LPS correlated directly with glycaemia and inversely
with insulin. In two previous studies [21,23], we reported that a meal intake is associated
with low-grade endotoxemia in IFG but not in HS but did not investigate the interplay
between low-grade endotoxemia and the post-prandial metabolic profile or the relationship
between post-prandial LPS and gut permeability. While the inverse relationship between
low-grade endotoxemia and metabolic profile confirms previous data in T2DM [4,21], here
we report that in patients with IFG intake of a Mediterranean-type meal or chocolate is
associated with a coincident increase of LPS and zonulin, suggesting that changes of gut
permeability may account for post-prandial low-grade endotoxemia. This finding would
suggest, therefore, that in addition to LPS translocation to systemic circulation via chy-
lomicron biosynthesis [24], post-prandial low-grade endotoxemia occurs via a change of
gut permeability.

In two separate studies we also reported that EVOO lowers low-grade endotoxemia,
but the underlying mechanism was not investigated [21,23]; furthermore, we did not
analyze if the positive effect of EVOO on the metabolic profile could be related to a
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change of low-grade endotoxemia. The experiments conducted that adding EVOO to
a Mediterranean-type meal or to chocolate showed a coincident decrease of LPS and
zonulin, indicating that EVOO has a positive effect on gut permeability. In order to
investigate the underlying mechanism, we focused on GLP-1, which is increased by EVOO
administration [9,16,17], and is suggested to be implicated in the up-regulation of TJ
proteins [23]; of note, we found a significant relationship between post-prandial increase
of GLP-1 and the decrease of LPS and zonulin, suggesting GLP-1-mediated up-regulation
of TJ proteins as a potential mechanism accounting for EVOO-related improvement of
gut permeability. These data extend our previous report in this field, indicating that the
positive effect of EVOO on metabolic profile may be related to changes of gut permeability
and in turn to reduction of low-grade endotoxemia. In accordance with this, a coincident
post-prandial LPS and glycaemia lowering along with an inverse relationship between LPS
and insulin were detected.

The study has implications and limitations. We must acknowledge that serum zonulin
is an indirect marker of gut permeability, and thereby further study is necessary to assess
the relationship between EVOO intake and gut permeability. We cannot exclude that
zonulin may also be implicated in LPS translocation to systemic circulation via mechanisms
not related to TJ disassembling. Additionally, we cannot exclude that EVOO may lower
circulating LPS by interfering with chylomicron biosynthesis. The study has been carried
out in a single center and in Caucasian patients; further study is, therefore, necessary
to support the present findings. The study has been conducted in acute conditions, and
further study should be carried out to assess the effect of chronic EVOO on gut permeability
and low-grade endotoxemia. Another limitation of the study is represented by the lack of
further reference points (beyond 2 h from baseline values) that could have better described
the post-prandial time course of the variables (glucose, insulin, GLP1, LPS, and zonulin).

5. Conclusions

The study reports that EVOO added to a Mediterranean-type diet or chocolate blunts
the increase of glycaemia by interfering with markers of gut permeability and low-grade
endotoxemia in IFG. Further study is necessary to assess if a similar effect can be detected
by chronic administration of EVOO.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14102153/s1, Table S1: Vitamin E and total polyphenols
content in EVOO; Table S2: Meal composition.
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Abstract: The influence of long-term diet on gut microbiota is an active area of investigation. The
present work aimed to explore the associations between habitual diet patterns and gut microbiota
in a large sample of asymptomatic Chinese adults. The gut microbiome was profiled through the
sequencing of the 16S rRNA gene in stool samples from 702 Chinese adults aged 50–75 years who
underwent colonoscopies and were diagnosed to be free of colorectal neoplasm. Long-term dietary
consumption was assessed through a food-frequency questionnaire. The microbial associations
with specific food groups and the posteriori dietary pattern were tested using the Kruskal–Wallis H
test, permutational ANOVAs, and multivariate analyses with linear models. The Shannon indexes
generally shared similar levels across different food intake frequency groups. Whole grain and
vegetable intakes totally explained 1.46% of the microbiota compositional variance. Using the data-
driven posteriori approach, a general dietary pattern characterized by lower intakes of refined grains
was highlighted to be associated with higher abundances of the genus Anaerostipes and a species of
it. We also observed 17 associations between various food group intakes and specific genera and
species. For instance, the relative abundances of the genus Weissella and an uncultured species of it
were negatively associated with red meat intake. The results of this study support the idea that the
usual dietary consumption measured by certain food items or summary indexes is associated with
gut microbial features. These results deepen the understanding of complex relationships of diet and
gut microbiota, as well as their implications for gut microbiome studies of human chronic diseases.

Keywords: gut microbiota; habitual diet; 16S rRNA gene sequencing; Chinese; adults

1. Introduction

The gut microbiota play a vital role in the host homeostasis maintenance, ranging from
the catabolism and biosynthesis of essential nutrients to immune regulations and nerve
signals transmission [1–3]. Pathological alterations of the gut microbiota community have
been shown to be involved in the development of a wide spectrum of health disorders [4–7].
Various human lifestyle and physiological variables exert differential impacts on the gut
microbiota throughout the life span, with environmental factors outweighing the genetic
ones [2,8]. Among these environmental variables, including living behaviors, food habits,
and medication, diet has been a primary research focus recently due to its diversity and eas-
ily modifiable properties. Food intake is increasingly considered as an intervention target
for disease treatment and health promotion, and it has further evolved into a hot research
area called precision nutrition [9–11]. Additionally, inter-individual heterogeneity in gut
microbiota mainly arising from differences in personal physiological and lifestyle variables
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(such as diet) may confound microbiota analyses, resulting in spurious associations in gut
microbiome studies of human diseases [12,13].

Short-term dietary changes such as the introduction of specific nutrients, foodstuffs,
or special diet patterns can rapidly and significantly influence gut microbial profiles [14].
The observed transient effect supports diet’s causal role in gut microbiome alterations
while necessitating the study of dietary habits’ impact on the gut microbiota in the long
run because previous studies have either focused on single nutritional factor at a time or
only substances without deleterious effects on humans [15]. Additionally, specific changes
induced by short-term interventions generally do not persist due to their limited duration,
whereas long-term dietary habits may dominantly drive gut microbiota composition [14,15].
Large-scale observational studies have accordingly investigated the associations between
usual diet and gut microbiota composition, unveiling the relationships between food in-
takes and the gut microbiota profiles, as well as some particular dietary patterns. Studies
have suggested that plant-rich food intakes are associated with a more diverse and compo-
sitionally distinct microbiota, as well as elevated abundances of specific bacterial taxa with
a greater potential to produce short chain fatty acids (SCFAs), including fruits, fiber-rich
breads, and vegetarian or Mediterranean diets [16,17]. By comparison, the Western diet and
high intakes of animal protein have been reported to be associated with lower microbiome
diversity and the enrichment of harmful bacteria [16,18].

However, previous studies mainly focused on either some particular food groups [19–21],
such as fiber, red meat and processed meat, or on Western-population-oriented predefined
diet quality scores, such as the Healthy Eating Index [13,22,23] and the Mediterranean Diet
Score [13,23,24]. Habitual dietary variables are multidimensional, with internal correlations.
Summary dietary indices can simplify complexity by quantifying dietary variance in a
single measure and possibly offer a potential means of diet control in microbiota studies. In
addition, caution should be taken in extrapolating findings from European and American
populations to other ethnic groups. To our knowledge, only two published studies have
specifically looked into this topic among Chinese populations. Yu et al. observed that
the long-term diet quality was positively associated with fecal microbiome diversity and
an abundance of fiber-fermenting bacteria among people lived in urban communities in
a single region (Shanghai, China) [25]. Lu et al. provided a nationwide gut microbiota
baseline of the Chinese population and knowledge on important environmental covariates,
though with a sole focus on the dominant staple food type (including rice and wheat) [26].
There remains great uncertainty with respect to the long-term dietary habits related gut
microbiome profiles fluctuations among Chinese people, especially those over 50 years old
who are prone to chronic diseases with the potential participation of the gut microbiota.

The aim of the present study was to explore the dietary associations of the posteriori
long-term diet pattern and habitual food intakes with gut microbiota composition in a large
sample of asymptomatic individuals aged 50–75 years from six cities of China.

2. Methods

2.1. Study Participants

This study was based on the TARGET-C study initiated in May, 2018. The rationale,
design, and protocol have been published and extensively described elsewhere [27–29].
Briefly, the primary objective of the TARGET-C study was to compare the effectiveness of
the colonoscopy-based fecal immunochemical test (FIT) and risk-adapted triage screening
strategies for colorectal cancer in China. Epidemiological data and biological samples
collected during this study were also used for interested investigations, such as the work
presented here. After obtaining signed informed consent, the eligible participants were ran-
domly assigned into three groups to undergo colonoscopy, FIT, and risk-adapted colorectal
cancer screening (i.e., the colorectal cancer risk assessment followed by FITs for the low-risk
group or colonoscopies for the high-risk group). Patients who had positive FIT results
were also required to undergo a subsequent colonoscopy. All participants undergoing
colonoscopy were required to collect stool samples within 24 h prior to bowel preparation
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for colonoscopy. This study was approved by the Ethics Committee of the National Cancer
Center/Cancer Hospital, Chinese Academy of Medical Sciences, and Peking Union Medical
College (18-013/1615).

For the present study, we included participants who had no abnormal findings at
screening colonoscopy and had available stool samples for microbiota sequencing. Exclu-
sion criteria comprised a history of cancer and any current administration of anticoagulants,
analgesics, and anti-rheumatic drugs. In addition, patients exhibiting abnormal abdominal
symptoms, such as abdominal pain, diarrhea, constipation, and hematochezia, within
1 month before the colonoscopy examinations were excluded. More details of the partici-
pants’ enrollment can be found in Supplementary Figure S1.

2.2. Stool Sample Collection

Eligible participants for colonoscopy were instructed to collect two stool samples at
home prior to bowel preparation for the scheduled colonoscopy within 24 h. One was
collected using the FIT stool collection device for extended microbiome analysis. Existing
evidence suggests that feces collected by these devices are stable at room temperature
and can be used for gut microbiota studies [30]. The stool-filled containers in storage
boxes were delivered to a central laboratory and immediately frozen at −20 ◦C until DNA
extraction. In this study, we used these stool samples for 16S rRNA sequencing. The other
collected stool samples were kept in stool container tubes, then packaged in insulated boxes
equipped with ice packs, and brought to the clinical sites on the days of the colonoscopies.
On receipt, the fecal samples were frozen at −80 ◦C and subsequently transported by a
cold chain to the central biobanks for further research.

2.3. DNA Extraction and 16S rRNA Gene Sequencing

DNA was extracted using the QIAamp Fast DNA Stool Mini Kit (QIAGEN). The V4
region of the microbial 16S rRNA gene was amplified and sequenced on the Illumina MiSeq
sequencing platform. To avoid end-read sequencing errors, all reads were truncated at
the 150th base and a median Q score of >20. Noisy sequences, chimeric sequences, and
singletons were removed, and then amplicon sequence variants (ASVs) were inferred from
the clean sequencing reads using the DADA2 pipeline built into Qiime2 [31]. Taxonomy
was assigned to each ASV using the classify-sklearn classification methods via the q2-
feature-classifier plugin built from the Greengenes database (release 13.8). To quantify
the taxonomic composition, all sequences were rarefied to an even sampling depth of
10,000. Only the taxa and taxa present in at least 1% of the samples with an average relative
abundance greater than 0.01% were included in the downstream analyses. Diversity metrics
were calculated using the R package vegan, including α-diversity index and distance-based
β-diversity. The relative abundances of each taxon were used in the following analyses.

2.4. Dietary Data Collection

Information about food intake during the past 12 months was collected through a
food-frequency questionnaire (FFQ). Dietary data covered 9 major food groups in China:
red meat (pork, beef, lamb, etc.), white meat (fish, chicken, duck, goose, etc.), eggs, dairy
products, cooked meat (e.g., sausage), refined grains (rice, wheat, etc.), whole grains (millet,
corn, sorghum, etc.), fresh fruits, and fresh vegetables. All these foods were examined with
5 frequency levels of habitual consumption (monthly or never/rarely, once a week, more
than 1 time per week, daily, or more than 1 time per day) during the past 12 months. For
analysis purposes, we transformed the frequency to times per week (i.e., 0, 1, 4, 7, and 14,
respectively).

2.5. Dietary Pattern Analysis

Posteriori dietary patterns were derived from the 9 food groups using factor analysis
with a principal component method. We applied a factor analysis with the principal
component method to identify the major common factors. Orthogonal varimax rotation
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was performed to attain mutually independent structure with great interpretability. The
optimal number of factors was determined by the scree plot examination of the true dataset
compared to random “parallel” matrices, factor interpretability, and the variance explained
(5%) by each factor. Finally, we chose the three-factor solution, totally explaining 50% of
the whole variance of food intake frequencies (see Supplementary Figure S2 and Table S1).
Using the k-means clustering method, we finally clustered the participants into 3 groups
according to the weighted factor scores from the factor analysis. For more details, see
Supplementary Method 1.

2.6. Statistical Analysis

Covariates, including sociodemographic variables (sex and age), lifestyle factors
(cigarette smoking, alcohol drinking, and physical activity) and BMI (in kg/m2) were
adjusted in the diet–microbiome association analysis. Distributions of ASV-based alpha-
diversity (including Shannon, richness, chao1, Simpson, Pielou, ACE, and faith_pd index)
by different food intake frequency groups were compared using the Kruskal–Wallis H test.
Associations between dietary variables and the β-diversity dissimilarities were evaluated
using a permutational multivariate ANOVA (PERMANOVA, 999 permutations ) with
adjustment for covariates, which was also used to measure the percentage of variation
in microbial composition explained by the dietary variables. A p-value of <0.05 was
considered to be significant. For a better visualization of the interindividual variation
in gut microbiota composition, unconstrained principal coordinate analyses (PCoAs) of
the Bray–Curtis distance were plotted and color-coded based on sex, age group, and
BMI. Associations between dietary variables and gut microbiome profiles at the relative
abundances of phyla, genera, and species level were tested using multivariate associations
with linear models (MaAsLins). Detailed information regarding MaAsLins is provided in
Supplementary Method 2. Models were multi-adjusted for the aforementioned covariates
with a BH-adjusted p-value of <0.1 considered significant. All analyses were performed
using R Version 4.0.5.

Although gut microbiota have been widely reported to geographically vary [32], it is
hard to dissect the mixed effects of, for instance, lifestyle and long-term diets captured by
the geographical variable. Thus, we conducted a sensitivity analysis among participants
from the same province instead of regarding geography as a covariate to be adjusted, and
we also considered the sample size. Additional sensitivity analyses were conducted by
excluding (1) 223 participants who were assessed as at high risk of colorectal cancer or had
positive FIT results and (2) 360 participants with BMI < 18.5 kg/m2 or >24.0 kg/m2.

3. Results

3.1. Study Sample Characteristics

A total of 702 participants were included in our final analysis, including 369 women
and 333 men. Characteristics of the study population are presented in Table 1. The majority
of the included individuals were aged between 50 and 70 years old, and they were evenly
distributed by an age interval of 5 years, with only 5.56% aged over 70. The proportion
of current smokers was 73.36%. Nearly two thirds of the population were non-drinkers.
The BMI values were regrouped into three groups according to the Chinese definitions of
“overweight” and “obesity”, with more than a half having a BMI of less than 24 kg/m2.
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Table 1. Characteristics of the study population (N = 702).

N Percentage

Sex
Female 369 52.56%
Male 333 47.44%

Age, years
50–54 188 26.78%
55–59 153 21.79%
60–64 181 25.78%
65–69 141 20.09%
70–74 39 5.56%

Smoking status
Current smoker 515 73.36%

Past smoker 45 6.41%
Nonsmoker 142 20.23%

Alcohol consumption
No 463 65.95%

Seldom 102 14.53%
Regular 137 19.52%

BMI, kg/m2

<24.0 373 53.13%
24.0–27.9 282 40.17%
≥28.0 47 6.7%

Physical activity (MET, h/week)
<33.60 175 24.93%

33.60–82.05 176 25.07%
82.05–147.80 175 24.93%
≥147.80 176 25.07%

Region
Changsha, Hunan 190 27.07%

Hefei, Anhui 92 13.11%
Kunming, Yunnan 14 1.99%

Lanxi, Zhejiang 154 21.94%
Taizhou, Zhejiang 164 23.36%
Xuzhou, Jiangsu 88 12.54%

BMI, body mass index; MET, metabolic equivalents.

The usual dietary consumption of the participants is presented in Table 2. The
amount of physical activity was evaluated using metabolic equivalent hours per day
(MET-hours/day), which was regrouped into quantiles. The geographical distribution is
also presented. The usual food intakes frequencies of the participants are presented in
Table 2. Microbiota composition showed great interindividual variability at the phylum
level (see Figure 1).

Table 2. Usual dietary consumption frequencies of the study population.

Food Group >1 per Day 1 per Day >1 per Week 1 per Week <1 per Week

Red meat (pork, beef, lamb, etc.) 142 (20.23%) 272 (38.75%) 211 (30.06%) 64 (9.12%) 13 (1.85%)
White meat (fish and poultry) 57 (8.12%) 170 (24.22%) 280 (39.89%) 131 (18.66%) 64 (9.12%)

Eggs 51 (7.26%) 218 (31.05%) 263 (37.46%) 88 (12.54%) 82 (11.68%)
Dairy products (milk, yoghurt, etc.) 23 (3.28%) 123 (17.52%) 121 (17.24%) 66 (9.40%) 369 (52.56%)

Cooked and cured meats
(e.g., sausages) 18 (2.56%) 22 (3.13%) 57 (8.12%) 53 (7.55%) 552 (78.63%)

Refined grains (rice, flour, etc.) 521 (74.22%) 103 (14.67%) 55 (7.83%) 11 (1.57%) 12 (1.71%)
Whole grains (millet, corn,

sorghum, etc.) 62 (8.83%) 107 (15.24%) 234 (33.33%) 123 (17.52%) 176 (25.07%)

Fruits 98 (13.96%) 212 (30.20%) 167 (23.79%) 127 (18.09%) 98 (13.96%)
Vegetables 480 (68.38%) 159 (22.65%) 44 (6.27%) 14 (1.99%) 5 (0.71%)
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Figure 1. Relative abundances of the 4 most abundant phyla. Each thin vertical bar presents relative
abundances determined in 1 individual stool sample, totaling 702.

3.2. Data-Driven Posteriori Dietary Patterns

Three dietary patterns were identified in the present Chinese population (Supplemen-
tary Tables S2 and S3). The first cluster, a traditional dietary pattern of the Yangtze River
Delta, represented a typical traditional diet in South China characterized by high intakes
of refined grains and vegetables but low intakes of cooked meat. A majority of partici-
pants from two sites of Zhejiang province, part of the Yangtze River Delta, followed this
traditional Yangtze River Delta dietary pattern (indicated as Cluster A; see Supplementary
Table S4). The second cluster was a modern dietary pattern that was characterized by
specifically high intakes of eggs, dairy, fruits, vegetables and whole grains accompanied
by medium intakes of red meat and white meat (indicated as Cluster B). The third cluster,
labeled as the general dietary pattern, was characterized by the generally higher intake
of each food group (4–6 times per week), except for the relatively lower consumption of
cooked meat, compared to the other dietary patterns (indicated as Cluster C).

3.3. α-Diversity Indexes Distributed by Food Intake Frequencies

For the Shannon index, no significant differences were observed among different
food intake frequencies for the nine food groups (Figure 2). Regarding red meat, white
meat, cooked meat, dairy products, whole grains, and vegetables, the α-diversity in-
dex shared similar levels across different food intake frequency groups (Supplementary
Figures S3–S5, S7, S9 and S11). The richness, chao1, ACE, faith_pd index were significantly
distributed by egg intake frequencies (Supplementary Figures S6). For refined grain and
fruit consumption, the faith_pd index presented different distributions among different
food intake frequency groups (Supplementary Figures S8 and S10).
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Figure 2. Boxplots for α-diversity Shannon index according to food intake frequencies in different
food groups. ns: non-significant.

3.4. Associations between Dietary Variables and β-Diversity

Unconstrained PCoAs of the Bray–Curtis distance are shown in Figure 3. Compo-
sitional dissimilarities (β-diversity) of the gut microbiota between men and women and
across different BMI groups were detected (Figure 3A,C). Although no clear clustering
appeared among age groups, a grouping pattern along the gradient of age groups could
be observed (Figure 3B). Arrows indicate the direction of gradient for covariates and were
obtained via the envfit function (package “vegan”). Figure 3D presents the associations
between dietary variables and β-diversity matrices found using PERMANOVAs. The
Bray–Curtis distances of inter-individual dissimilarities were associated with whole grains
and vegetables, explaining 1.46% of the total variation in the gut microbiota composition
measured by the partial R2 value with age, sex, BMI, smoking, alcohol consumption, and
physical activity adjusted.

 

Figure 3. Variation in the gut microbiota composition represented by unconstrained PCoA based on
the distance indexes. (A–C) present the grouping patterns of gut microbiota composition based on sex,
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age, and BMI. (D) shows percentages of variation in gut microbiota composition explained by
dietary variables using multi-adjusted permutational ANOVAs (999 permutations). PCoA, principal
coordinate analysis. * p-value < 0.05.

3.5. Associations between Dietary Variables and Relative Abundances of Taxa

Taxa significantly associated with food groups and the posteriori dietary pattern
are presented in Table 3. For instance, the genus Weissella and an unknown species of
it were negatively associated with weekly red meat intake. Cooked meat was positively
associated with an abundance of the genus Coprobacter. The relationships of Weissella and
Coprobacter were kept consistent in the sensitivity analyses by restricting participants from
a single province or removing individuals at a high risk of intestinal diseases, respectively
(Supplementary Table S6).

Table 3. Associations between food intakes, posteriori dietary patterns, and gut microbial profiles
using MaAsLins.

Food
Group

Phylum Class | Order | Family Genus Species Value Coef 1 Coverage
(%) 2 Pval 3 Qval 4

Red meat Firmicutes Bacilli | Lactobacillales |
Leuconostocaceae Weissella Uncultured

organism pd −0.0379 28.35% <0.0001 0.0300

Red meat Firmicutes Bacilli | Lactobacillales |
Leuconostocaceae Weissella pd −0.0379 29.91% <0.0001 0.0308

Dairy Firmicutes Clostridia | Clostridiales |
Lachnospiraceae Anaerostipes uncultured

organism pd 0.0146 67.95% <0.0001 0.0261

Dairy Firmicutes Clostridia | Clostridiales |
Lachnospiraceae Anaerostipes pd 0.0146 71.37% <0.0001 0.0261

Cooked
meat Bacteroidetes Bacteroidia | Bacteroidales

| Barnesiellaceae Coprobacter pd 0.0118 11.97% <0.0001 0.0044

Whole
grains Firmicutes

Negativicutes |
Veillonellales |
Veillonellaceae

Megasphaera uncultured
organism mul_pd 0.0420 14.25% <0.0001 0.0183

Refined
grains Firmicutes Bacilli | Lactobacillales |

Lactobacillaceae Lactobacillus uncultured
organism pw 0.0602 13.82% 0.0001 0.0763

Vegetables Firmicutes Clostridia | Clostridiales |
Ruminococcaceae

Eubacterium co-
prostanoligenes

group

uncultured
organism pd −0.0767 23.50% <0.0001 0.0123

Vegetables Firmicutes Clostridia | Clostridiales |
Ruminococcaceae

Eubacterium co-
prostanoligenes

group

uncultured
organism mul_pd −0.0737 23.50% <0.0001 0.0140

Vegetables Firmicutes Clostridia | Clostridiales |
Ruminococcaceae uncultured pd −0.0389 43.87% <0.0001 0.0156

Vegetables Firmicutes Clostridia | Clostridiales |
Ruminococcaceae

Eubacterium co-
prostanoligenes

group

uncultured
organism mul_pw −0.0746 23.50% <0.0001 0.0173

Vegetables Firmicutes Clostridia | Clostridiales |
Ruminococcaceae uncultured mul_pw −0.0394 43.87% <0.0001 0.0173

Vegetables Firmicutes Clostridia | Clostridiales |
Christensenellaceae

Christensenellaceae
R7 group

uncultured
organism pd −0.0573 27.78% <0.0001 0.0226

Vegetables Firmicutes Clostridia | Clostridiales |
Christensenellaceae

Christensenellaceae
R7 group

uncultured
organism mul_pd −0.0561 27.78% <0.0001 0.0256

Vegetables Firmicutes Clostridia | Clostridiales |
Ruminococcaceae

Eubacterium co-
prostanoligenes

group

uncultured
organism pw −0.0754 23.50% 0.0001 0.0460

Vegetables Firmicutes Clostridia | Clostridiales |
Ruminococcaceae

Ruminococcaceae
UCG 005

uncultured
organism mul_pw −0.0243 12.68% 0.0002 0.0588

Vegetables Firmicutes Clostridia | Clostridiales |
Ruminococcaceae uncultured mul_pd −0.0339 43.87% 0.0001 0.0588

Vegetables Firmicutes Clostridia | Clostridiales |
Ruminococcaceae uncultured pw −0.0388 43.87% 0.0002 0.0588

Vegetables Firmicutes Clostridia | Clostridiales |
Ruminococcaceae uncultured uncultured

organism mul_pw −0.0284 13.96% 0.0002 0.0595
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Table 3. Cont.

Food
Group

Phylum Class | Order | Family Genus Species Value Coef 1 Coverage
(%) 2 Pval 3 Qval 4

Vegetables Firmicutes Clostridia | Clostridiales |
Ruminococcaceae

Ruminococcaceae
UCG 005

uncultured
organism pd −0.0230 12.68% 0.0002 0.0629

Vegetables Firmicutes Clostridia | Clostridiales |
Ruminococcaceae uncultured uncultured

organism pd −0.0267 13.96% 0.0003 0.0733

Vegetables Firmicutes Clostridia | Clostridiales |
Christensenellaceae

Christensenellaceae
R7 group

uncultured
organism mul_pw −0.0522 27.78% 0.0003 0.0743

Vegetables Firmicutes Clostridia | Clostridiales |
Christensenellaceae

Christensenellaceae
R7 group

uncultured
organism pw −0.0572 27.78% 0.0003 0.0743

Vegetables Firmicutes Clostridia | Clostridiales |
Ruminococcaceae

Ruminococcaceae
UCG 005

uncultured
organism mul_pd −0.0222 12.68% 0.0003 0.0743

Vegetables Firmicutes Bacilli | Lactobacillales |
Leuconostocaceae Leuconostoc uncultured

organism mul_pw −0.0246 17.81% 0.0003 0.0745

Vegetables Firmicutes Bacilli | Lactobacillales |
Leuconostocaceae Leuconostoc mul_pw −0.0246 17.81% 0.0003 0.0745

Vegetables Firmicutes Bacilli | Lactobacillales |
Leuconostocaceae Leuconostoc uncultured

organism pd −0.0231 17.81% 0.0005 0.0867

Vegetables Firmicutes Bacilli | Lactobacillales |
Leuconostocaceae Leuconostoc pd −0.0231 17.81% 0.0005 0.0867

Vegetables Firmicutes Clostridia | Clostridiales |
Ruminococcaceae

Ruminococcaceae
UCG 005

uncultured
organism pw −0.0246 12.68% 0.0005 0.0900

Vegetables Firmicutes Bacilli | Lactobacillales |
Leuconostocaceae Leuconostoc uncultured

organism mul_pd −0.0225 17.81% 0.0006 0.0958

Vegetables Firmicutes Bacilli | Lactobacillales |
Leuconostocaceae Leuconostoc mul_pd −0.0225 17.81% 0.0006 0.0958

Vegetables Firmicutes Clostridia | Clostridiales |
Ruminococcaceae

Eubacterium
coprostanoligenes

group
pd −0.0804 71.23% 0.0006 0.0958

Cluster Firmicutes Clostridia | Clostridiales |
Lachnospiraceae Anaerostipes uncultured

organism C 0.0119 67.95% 0.0001 0.0749

Cluster Firmicutes Clostridia | Clostridiales |
Lachnospiraceae Anaerostipes C 0.0115 71.37% 0.0001 0.0858

1 For categorical features in MaAsLins analysis, the specific feature level for the coefficient and significance of
association is reported. 2 Prevalence of bacterial taxa in the study sample is equal to the total of number of samples
in which the feature is non-zero divided by the total number of samples used in the model. 3 p-value for MaAsLin
adjusted for age, sex, BMI, smoking status, alcohol consumption, and physical activity; computed using the
Maaslin2 package on R. 4 Corrected p-value by the Benjamini–Hochberg method (10% false discovery rate).

Dairy intake was positively associated with the genus Anaerostipes and an unknown
species of it. Moreover, we found significant positive associations for whole grain in-
take with a species of the genus Megasphaera and refined grain intake with a species of
the genus Lactobacillus, which were also observed in the sensitivity analyses (Supple-
mentary Tables S5–S7). Vegetables were negatively inversely associated with the genus
Eubacterium coprostanoligenes group and a species of it, a species of the genus Christensenel-
laceae R7 group belonging to the family Christensenellaceae, and the genus Leuconostoc. For
the whole picture of the habitual food intakes, individuals leading the general dietary style
(Cluster C) had higher abundances of the genus Anaerostipes and a species of it compared to
those who had the traditional Yangtze River Delta dietary pattern (Cluster A) characterized
by higher intakes of refined grains and vegetables and lower intakes of dairy products.

4. Discussion

In this population-based study of 702 healthy Chinese adults free of colorectal neo-
plasm aged 50–75 years, we examined the associations between the habitual dietary pattern
and the gut microbiome. Our data revealed that the α-diversity index generally shared sim-
ilar levels across different food intake frequencies among nine major food groups, whereas
whole grain and vegetable intakes drove the dissimilarities in gut microbial composition,
as indicated by the distance-based β-diversity dissimilarities. Based on the data-driven
posteriori dietary pattern analyses, our results also highlighted the relationship of the
general dietary style with higher abundances of the genus Anaerostipes and a species of
it, which was characterized by lower intakes of refined grains. Moreover, we observed a
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number of positive or inverse associations between usual food groups and abundances of
certain taxa, concentrated in genera within the phylum Firmicutes.

Previously reported evidence supports our findings. Evidence from a randomized
diet intervention trial aiming to examine the effect of carbohydrate type on gut microbial
composition and function and metabolites showed that Anaerostipes had a higher abundance
after a simple carbohydrate diet compared to a refined carbohydrate diet [33]. Due to
the role of Anaerostipes as a butyrate producer, low abundance after the consumption
of refined carbohydrate foods may contribute to the unfavorable effects of diets rich in
refined carbohydrates. In addition, the authors of a recent study reported a myo-inositol
pathway in Anaerostipes spp., which was most abundantly present in mammalian tissues and
fruits, suggesting a newly discovered benefit of intestinal Anaerostipes spp. for host health
promotion [34]. In our study, participants consuming general diets had higher weekly fruit
intakes than individuals with the traditional Yangtze River Delta dietary pattern.

For the specific food groups, our results showed that genus Weissella and an unknown
species of it were negatively associated with weekly red meat intake. Weissella is a member
of the lactic acid bacteria group, which has been well-studied and is best known for its
potential in imparting beneficial human health effects [34]. Some strains of Weissella can
prevent lipopolysaccharide-induced proinflammatory stress in murine macrophages and
human colonic epithelial cells [35]. Dairy has presented a positive association with the
abundance of Anaerostipes, which warrants further investigation, whereas mice model
studies have suggested that Anaerostipes caccae may be involved in the protective process
against the allergic response to cow’s milk [36]. The association between vegetable intake
and Christensenellaceae disappeared after excluding individuals with abnormal BMI levels,
predominantly overweight and obese people. This phenomenon could be explained by
previously reported evidence that suggests that the relative abundance of Christensenellaceae
in the human gut is inversely related to host BMI in different populations, making its
relationship with BMI the most robust and reproducible link between the microbial ecology
of the human gut and metabolic disease [37].

The Eubacterium coprostanoligenes group is characterized as one of the hub genera in
the fecal micro-ecosystem of high-fat diets, and studies have shown that the Eubacterium
coprostanoligenes mediates the effect of high-fat diets on dyslipidemia through sphingo-
sine [38]. The requirement of lecithin for the growth of Eubacterium coprostanoligenes [39],
which is primarily rich in animal foods, may partly explain the negative association between
the relative abundances of Eubacterium coprostanoligenes and vegetable intakes found here.

In the present study, we used aggregated items to collect information on broad di-
etary habits of participants for the sake of convenient dietary data collection. This led to
high variability in terms of specific food types and nutrient composition, as well as the
population-specific findings. For example, people residing in Europe consume different
types of vegetables than Chinese people. Moreover, the complexity of food composition
including macronutrients, micronutrients, and food additives made it difficult to elucidate
the intricate diet–microbiota relationship. The significant findings in our study need to be
cautiously interpreted, and some associations could be explained from a biological mecha-
nistic standpoint. Thus, additional efforts and deeper insights regarding the underlying
mechanisms are required before considering translating such knowledge to personalized
diet intervention strategies. Nevertheless, we have confirmed that future studies should
consider dietary variables as covariates in analyses of disease-microbiome associations
to disentangle the effects of diet on the gut microbiome from disease-related associations.
To simplify the complexity of multidimensional diet data with internal correlations, re-
searchers can the dietary index as a summary measure when quantifying dietary variance in
microbiota studies instead of individual dietary features [13], including priori or posteriori
dietary indices [40].

The presented study is the so-far largest multi-center study of the association between
the gut microbiota and the habitual diet with unitary and general measurements in the Chi-
nese population. However, some points should be considered in interpreting our findings.
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Firstly, we only assessed nine commonly consumed food groups in the Chinese diet using
aggregated items, so food groups that could be further classified were broadly considered,
e.g., milk and yogurt were considered as general dairy products. Although the major
dietary patterns in the studied Chinese adults were well-captured, only the frequencies
(not the quantities of the major food groups) were collected, which made it less feasible to
completely quantify food intakes. In addition, given the potentially rapid and transient
effects of food on the human gut microbiome [14], the bacterial profiles characterized in a
single fecal sample will likely reflect the effect of food consumption patterns in the period
immediately prior to sample collection and not necessarily a participant’s long-term steady
state. Additionally, long-term dietary habits were coarsely assessed using a one-time FFQ
that collected data on food intake patterns over the prior 12 months. Thus, large-scale
observational studies using accurate frameworks to capture long-term dietary exposures
and stable gut microbiota composition and to reduce random within-person variation are
needed for exploration of associations between habitual food intakes and gut microbiome.
Subsequent time points with both dietary and microbiota data would be of utmost interest
to investigate the stability of the studied relations over time. Though the participants of
our study were from multiple regions, we performed a sensitivity analysis with individ-
uals from a single province instead of regarding region as a covariate since the dietary
information partly captured the geographical characteristics of the studied population
(Supplementary Table S8). However, we cannot rule out residual confounding effects due
to imperfectly measured covariates and unmeasured confounders, despite multivariable
adjustments and sensitivities analyses. Furthermore, the TARGET-C study was initially
established to evaluate the effectiveness of different colorectal cancer screening strategies.
Participants enrolled in this study were apparently healthy upon recruitment according
to stringent inclusion criteria but no systematic physical examination, thus providing a
less pure foundation to investigate the diet–microbiota relationship. Extensive studies in a
completely disease-free context are needed. Finally, the annotation resolution of the 16S
rRNA amplicon sequencing was limited, so future efforts focusing on a broader picture
of microbiome variability and the potential functional capability of the gut microbiome
through shotgun metagenomics may provide deeper insight into the diet–gut microbiome
relationship.

5. Conclusions

In summary, in a large sample of the Chinese population free of colorectal neoplasm,
we found that the long-term dietary pattern characterized by lower intakes of refined
grains was associated with higher abundances of the genus Anaerostipes and a species
of it. The dietary pattern can act as a summary measure that captures gut microbiota
variance attributable to habitual diet in microbiome studies. Future studies are needed
to investigate whether and to what extent the gut microbiota may mediate or modify the
effects of habitual diets on human physiological and pathological processes.
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Abstract: Metabolic syndrome (MS) comprises a vast range of metabolic dysfunctions, which can be
associated to cardiovascular disease risk factors. MS is reaching pandemic levels worldwide and it
currently affects around 25% in the adult population of developed countries. The definition states
for the diagnosis of MS may be clear, but it is also relevant to interpret the patient data and realize
whether similar criteria were used by different clinicians. The different criteria explain, at least in
part, the controversies on the theme. Several studies are presently focusing on the microbiota changes
according to the components of MS. It is widely accepted that the gut microbiota is a regulator of
metabolic homeostasis, being the gut microbiome in MS described as dysbiotic and certain taxonomic
groups associated to metabolic changes. Probiotics, and more recently synbiotics, arise as promising
therapeutic alternatives that can mitigate some metabolic disturbances, namely by correcting the
microbiome and bringing homeostasis to the gut. The most recent studies were revised and the
promising results and perspectives revealed in this review.

Keywords: inflammation; gut metabolites; gut microbiome; metabolic syndrome; obesity; probi-
otics; synbiotics

1. Introduction

Metabolic syndrome (MS), also known as syndrome X or insulin resistance syndrome,
comprises a constellation of metabolic dysfunctions, which represent cardiovascular (CV)
disease risk factors [1]. Its definition may be controversial according to various entities [1].
One of the most accepted and used definition is the one recommended by the National
Cholesterol Education Program (NCEP), 2005 [2]. The definition states that the diagnosis
may be made in the presence of any three or more of the following: (1) fasting blood glucose
greater than 100 mg/dL or drug treatment for elevated blood glucose; (2) high-density
lipoprotein (HDL) cholesterol <140 mg/dL in men or <50 mg/dL in women, or drug
treatment for low HDL cholesterol; (3) blood triglycerides > 150 mg/dL or drug treatment
for elevated triglycerides; (4) waist circumference > 102 cm in men or >88 cm in women;
(5) blood pressure > 130/85 mmHg or drug treatment for hypertension [2]. When interpret-
ing data, it is important to realize whether this or other criteria were used by the authors.
The different criteria used in the existing literature explain, at least in part, the controversies
on this theme.

The complex and not entirely clear pathophysiology of MS is largely acknowledged [1].
Abdominal adiposity and insulin resistance are thought to be central elements for its de-
velopment [3]. Data shows complex interactions between internal factors, as genetic back-
grounds, as well as external factors, such as physical activity and diet [4,5]. Nonetheless,
genetic background is believed to be only a minor component for MS development, given
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the epidemic grow of such metabolic disturbance, which is unlikely related to genetics [6].
On the other hand, epigenetic changes namely in the spermatozoa, oocytes or in utero may
have an important role [1]. Nutrition (both intrauterine and postnatal) and growth have
also shown strong associations with MS in the adulthood [1]. Inflammation may also be an
important contributing factor to the metabolic dysfunction [7]. This led to the concept of
immunometabolism, linking inflammation, and metabolic defects [7,8]. For instance, MS
is now known for being a milieu of a chronic pro-inflammatory state namely presenting
with elevated inflammatory cytokines (such as tumour necrosis factor-α and interleukin-6)
and acute-phase reactants (such as C-reactive protein and fibrinogen) [5]. Data shows that
inflammatory cytokines associated to MS stimulate insulin resistance in adipose tissue and
muscle [5].

MS is reaching pandemic levels worldwide and it currently affects around 25% in
the adult population of developed countries [1]. The rising prevalence of MS parallels
obesity and type 2 diabetes prevalence’s, which are often coincidental [1]. Identifying
these patients is crucial to achieve their optimal CV risk management. MS components are
independent risk factors for CV disease and the combination of them may be synergic [9].
Given the uncertainty on its pathophysiology and aetiology, as well as the great variability
among different individuals, the best treatment approach is not known [3]. It is consensual
that prevention rather than treating should be the targeted, and that no single medication
can eradicate it [1]. Currently, lifestyle changes (namely concerning diet and exercise) are
basilar in the treatment of patients with MS [10]. Different recommendations are available
and most include the goal of 7-10% weight loss, regular moderate intensity physical activity
(according to the patient’s clinical status) and adopting a diet with low intake of saturated
fat, transfat, and cholesterol [5]. Individual pharmacological therapy may address central
adiposity, insulin resistance, dyslipidaemia, hypertension, and hypercoagulable state [3].
Additionally, in the setting of severe obesity, bariatric surgery is a greatly effective treatment
of multiple risk factors [3].

In this review we will explore the relationship between MS and the gut microbiome
and the potential of microbial modulators (probiotics or synbiotics) to interfere with the
disease and improve patients’ health. In addition, a systematic review on the randomized
control trials conducted using probiotics or synbiotics in patients with MS will be shown.

2. Metabolic Syndrome and Microbiota

The human gut is known for its wide microbiota composition, which usually lives in a
symbiotic relationship with the host. These microorganisms use the undigested nutrients
reaching the colon as substrates to live, and some of the microbes are important to final
product degradation and for vitamin formation, among other crucial functions related to
host’s immunity [11–13].

It is widely accepted that the gut microbiota is a regulator of metabolic homeosta-
sis [14–17]. Particularly, multiple latest studies aimed to characterize the role of the micro-
biota in the pathogenesis of MS, given that these two are thought to be highly correlated.
Although the specific microorganism profile in patients with MS is not yet known, it seems
likely that these patients have a different microbiota composition (dysbiosis), when com-
pared to patients without MS (Figure 1). This different milieu, including different bacterial
metabolites, may regulate inflammation and immunity, as well as the metabolic homeosta-
sis [18]. The recognition of the microbiome impact on metabolism is recent and yet to be
elucidated. Possible explanations for this regulation, which likely act together, may em-
brace the regulation by the microbiome of epithelial lipid uptake, hepatic gluconeogenesis,
circadian host biology, and insulin signalling, among other possible mechanisms [17].
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Figure 1. Mechanisms and modulation of the relationship between metabolic syndrome, human
microbiome, and inflammation.

Concerning the microbiome profile, the HELIUS study, a multi-ethnic population
study, reported higher proportion of Enterobacteriaceae and lower of Peptostreptococ-
caceae in patients with MS [19]. Also, enrichment of Enterobacteriaceae, as well as in
Turicibacter sp., Clostridium coccoides, Clostridium leptum, and decrease of Butyricicoccus sp.,
Akkermansia muciniphila, and Faecalibacterium prausnitzii was reported in Romanian patients
with MS [20]. Similarly, Qin and colleagues [21] reported microbiota changes in patients
with MS namely decreased abundance of Alistipes onderdonkii, Clostridium asparagiforme,
Clostridium citroniae, Clostridium scindens, Roseburia intestinalis, and Bacteroides thetaiotaomi-
cron. Walker and colleagues [22] performed a population cross-sectional analysis in which
from the 8 operational taxonomic units (OTUs) associated with diabetes, 3 OTUs (identified
as belonging to Ruminococcaceae, Clostridiales, and Lachnospiraceae) were also signif-
icantly associated with MS and CV disease risk. These results advocate that microbiota
may mediate mechanisms that contribute to cardiometabolic phenotypes through common
mechanisms.

There are also studies focusing on the microbiota changes according to the compo-
nents of MS. For example, Atzeni and colleagues [23] aimed to determine different faecal
microbiota signatures associated with insulin resistance in a population with MS and
concluded that differences in insulin resistance associated to a singular microbiota profile.
These authors reported a negative association between insulin resistance and Desulfovibrio,
Odoribacter, and Oscillospiraceae UCG-002, through mechanism of amino acid degradation,
gluconeogenesis, immunomodulation and acetate, and a positive association between
insulin resistance and Feacalibaterium and Butyricicoccus linked with the production of
butyrate [23].

Yan and colleagues [24] studied 41 patients to identify gut microbiota changes in
patients with visceral obesity. These authors found strong correlations between 16 species
and visceral adiposity, being the strongest one with Escherichia coli. Additionally, the degra-
dation of short-chain fatty acids (SCFAs) may be related to visceral adipose accumulation.
The authors underline the hypothesis of an intrinsic connection between the gut microbiota
and visceral adiposity, as well as the related metabolic disorders.

The METISM cohort is a Finland population cohort composed by unrelated man
primarily designed to determine the prevalence and genetic determinants of metabolic
and CV diseases. Org and colleagues [25] aimed to investigate the associations between

201



Nutrients 2022, 14, 4490

gut microbiota and its plasma metabolites, with MS features. These authors identified a
panoply of associations between gut microbiota composition and circulation metabolites,
and MS features. For instance, these authors report an association between the micro-
biota metabolite trimethylamine N-oxide (TMAO, in the fasting plasma), associated with
coronary artery disease and stroke, and the abundance of Peptococcaceae and Prevotella,
and a negative association between TMAO and the abundance F. prausnitzii. These results
underline that gut microbiota may modulate several cardio-metabolically traits [25].

Concerning microbiota metabolites, Xiaomin and colleagues [18] summarized current
knowledge on the role of gut microbiota-derived tryptophan metabolites in the devel-
opment of several diseases, including MS. Tryptophan is an essential amino acid, ob-
tained from dietary proteins, and its metabolites, such as such as indole-3-lactate, indole-3-
acrylate, indole-3-propionate, indole-3-aldehyde, indoleacetic acid, indole-3-acetaldehyde,
and kynurenine (Kyn), can be produced by multiple taxa resident in the gut microbiota,
and may have a role in MS pathogenesis. The metabolites can promote the differentiation
and function of anti-inflammatory cells (such as anti-inflammatory macrophages and Treg
cells) and are involved in maintaining the gut mucosal homeostasis [18]. Namely, blood
levels of specific tryptophan metabolites are lower in patients with type 2 diabetes, when
compared to the lean controls [17,26]. Also, a study using high fat fed rodents showed
that increased acetate production, which occurs when microbiota is exposed to calorically
dense nutrients, and particularly in the setting of chronic exposure to calorically dense
food, promotes obesity and its related consequences of hyperlipidaemia, fatty liver disease,
and insulin resistance [27].

On the other hand, Qin and colleagues [21] described that microbiota profile changes
in patients with MS were associated with increased inflammation, through the inhibition
of SCFAs production. A significantly lower microbiota diversity was observed in patients
with MS. Namely, the relative abundance of Clostridiales (Chlorobium phaeobacteroides,
Clostridium asparagiforme, Clostridium bartlettii, Clostridium leptum, Clostridium scindens, and
Collinsella aerofaciens), five species from the order Bacteroidales (Bacteroides fragilis, Rose-
buria intestinalis, Bacteroides nordii, Bacteroides thetaiotaomicron, and Bacteroides xylanisolven),
species from the genus Alistipes (Alistipes onderdonkii, Alistipes hadrus, Alistipes colihominis,
and unclassified), and three species belonging to the family Ruminococcaceae (bacterium
D16, Ruminococcus lactaris, and Ruminococcus obeum) were enriched in controls, when com-
pared to MS patients. In addition, 28 bacterial species were negatively correlated with
waist circumstance, being the strongest correlation with Alistipes onderdonkii. In line with
these findings is the study from Vriezze and colleagues [28], in which microbiota transfer
from lean donors to individuals with obesity and MS led to an increase in the abundance
of butyrate-producing microbes and to an increase in insulin sensitivity six weeks after
the procedure.

Given the data presented above, an association between microbiota and MS seems
very likely and plausible. Despite the gap in knowledge regarding the specific microbiota
profile in patients with MS, multiple data on modulation of microbiota in these patients is
quickly arising.

3. Administration of Probiotic Supplements

3.1. Effects and Mechanisms of Action

Multiple factors associated to patients with MS, such as age and genetic background,
cannot be changed, while other factors, such as weight and body mass index (BMI), triglyc-
erides and high-density lipoprotein, or hypertension, can be somehow modifiable in order
to improve the metabolic status of patients with MS [29]. Probiotics are alternatives which
have been shown to be able to help to mitigate some of the described risk factors by
enhancing the integrity of intestinal epithelium, adjusting inflammatory processes and
endotoxin levels, modulating the bile acids production and secretion, and/or releasing
antimicrobial peptides, among other mechanisms [30,31]. Therefore, it is important to know
the mechanisms of action usually associated to the administration of probiotic supplements
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to the diet of patients with MS to understand and clarify its impact on metabolic health
(Figure 1).

Improvements of the gut epithelial barrier, specifically among tight-junction proteins,
can reduce bacterial translocation, inflammation, and metabolic endotoxaemia at the gut
in patients with MS and these patients have been described with gut epithelium impair-
ment [32–34]. Such gut impairment can be stimulated with poor diets and lack of certain
nutrients. In the absence of fibers in the diet, the mucus barrier can work as source of
nutrients for mucin-degrading bacteria, therefore affecting the epithelial thickness [35]. A
firm inner structure associated to balanced microbiota, confers protection to the host [36].
Lactobacillus reuteri may compensate for impaired of aryl hydrocarbon receptors (related to
some hormonal and immune responses) by increasing the availability of intestinal metabo-
lites and improving metabolic homeostasis, being such results related to the restoration
of the intestinal barrier function in animal models [37]. The Mediterranean diet, rich in
polyunsaturated fats, polyphenols, carotenoids, and vitamins, was shown to be effective in
reducing the risk of MS through the reinforcement of the gut barrier and the reduction of
endotoxaemia in patients with in non-alcoholic fatty liver disease [38].

The most popular probiotics are members of lactobacilli and bifidobacteria groups,
which are capable of interfering with dysbiotic gut biodiversity [39]. A higher Bac-
teroidetes/Firmicutes ratio is important in the gut and multiple probiotics have been
showing the ability to modulate and normalize such ratio in murine models, as well as the
abundance of Proteobacteria [40,41]. Specific gut bacteria, such as Bilophila wadsworthia, can
also worsen the host metabolism in patients with high fat diets, being directly and indirectly
related to inflammation mechanisms [42]. The probiotic Lactobacillus rhamnosus CNCM
I-3690 was capable of reducing B. wadsworthia-induced immune and metabolic impairment
by limiting its proliferation in the gut, reducing inflammation, and reinforcing intestinal
barrier. The administration of multiple probiotics can also increase anti-inflammatory
bacteria, such as Prevotella, in murine models of hepatocellular carcinoma along with their
metabolites (i.e., propionate), shifting the bacteria community to Bacteroidetes, Prevotella
and Oscillibacter, in addition to promoting IL-10 signalling and inhibiting pro-inflammatory
helper T cell secretion from the gut to the liver [43].

By increasing proinflammatory molecules, such as lipopolysaccharides (LPS), it can be
speculated that endotoxaemia can be promoted and metabolic disorders induced, therefore
increasing the body fat mass and other metabolic parameters in obese patients. These
effects can be reduced by probiotics through the preservation of gut permeability inter-
fering with endotoxin levels [44]. Probiotic supplementation in rats may increase fatty
acid oxidation, correct energy metabolism, plasma glucose and insulin resistance, inhibit
cholesterol synthesis, prevent bile salt recycling, and modulate proinflammatory cytokines,
therefore improving functional integrity of liver through the reduction of lipid reabsorption
at the intestine [45]. Plasma bile acids, such as glycocholic acid, glycoursodeoxycholic acid,
taurohyodeoxycholic acid, and tauroursodeoxycholic acid, were reduced in overweight
adults taking synbiotics, supporting the effects of dietary supplements on certain metabolic
pathways [46]. SCFAs, such as acetate, propionate and butyrate, can be released during
the degradation of dietary fibers and are responsible for activities on the intestinal epithe-
lial barrier, the immune system and the gut microbiota, sometimes working as bacterial
inhibitors and quorum-sensing signaling molecules to regulate bacterial cell density and
biofilm formation [36]. Nevertheless, it is important to decipher the potential beneficial
anti-obesogenic, hypocholesterolemic, antihypertensive, and antiinflammatory properties
of SCFAs and other metabolites produced and released by bacteria [47].

There are multiple probiotic strains described in the literature as presenting inter-
esting and potential impact on MS. For example, L. rhamnosus BFE5264 resulted in a
significant reduction of the serum cholesterol level that was accompanied by changes in
intestinal microbiota and the production of SCFA in animal models [41]. Bacillus licheni-
formis Zhengchangsheng® significantly decreased body weight gain and fat accumulation,
serum lipid profiles, and proinflammatory cytokine levels, and improved glucose and
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lipid metabolism in obese mice [48]. Lactobacillus gerneri BNR17 was shown to inhibit the
secretion of adiponectin and serum leptin and reduce mesenteric adipose tissue mass and
adipocyte size in obese mice [49]. Lactobacillus pentosus GSSK2 and Lactobacillus plantarum
GS26A exhibited improved glucose tolerance, liver biomarkers, alleviated oxidative stress,
and restored the histoarchitechture of adipose tissue, colon, and liver, compared with high
fat diet animals [45]. L. reuteri ATCC treated mice gained significantly less body weight
than the control mice [50] and another strain of L. reuteri increased the expression of Cpt1a
(gene involved in fatty acid oxidation pathway) in obese mice, although the lipogenic
genes in the liver of mice were not altered by the probiotics [50]. L. rhamnosus NCIMB 8010
and Pediococcus acidilactici NCIMB 8018 improved the viability of human hepatocellular
carcinoma cell line HepG2, protected against apoptosis under normal and insulin resistance
conditions and attenuated oxidative stress by improving mitochondrial metabolism and
dynamics [51]. Bifidobacterium supplementation ameliorated visceral fat accumulation and
insulin sensitivity of the metabolic syndrome in rats under high fat diet [52]. Among the
next-generation probiotics, A. muciniphila and F. prausnitzii are also promising candidates,
being their abundance found reduced in different intestinal disorders [53] and increased in
patients with MS [54].

3.2. Probiotics in MS

The search for Clinical Trials and Randomized Controlled Trials was conducted on
PUBMED/MEDLINE, considering eligible articles published in English, French, Spanish,
or Portuguese between January 1990 and September 2022. The terms used were “metabolic
syndrome” and “probiotics” or “synbiotics”. Figure 2 shows the diagram for the selection
of sources included in this systematic review.

Figure 2. Diagram with the search results and criteria for selection of sources.

The prophylactic potential of isolated probiotics in patients with MS has been tested
in randomized clinical trials, but the results are still scarce. The results can be promising
for particular probiotics, but the initial trials were not enthusiastic. Lactobacillus salivarius
Ls-33 was tested on a series of biomarkers related to inflammation in adolescents with
obesity and MS and no differences were observed after 12 weeks of treatment regarding
anthropometric evaluation, blood pressure (systolic and diastolic), fasting glucose and
insulin, homeostasis model assessment of insulin resistance, C-peptide, cholesterol, high-
density lipoprotein cholesterol, low-density lipoprotein cholesterol, triglyceride, free fatty
acids, C-reactive protein, interleukin-6, tumour necrosis factor-α, or faecal calprotectin [55].
In addition, Lactobacillus casei Shirota was tested by multiple studies regarding its effects
on gut permeability, microbiome biodiversity and metabolite production, presence of
endotoxin and neutrophil function in MS. Gut permeability can be significantly increased in
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MS as described above, but the treatment with L. casei Shirota did not show different results
between patient and control groups [56]. Bacteroidetes/Firmicutes ratio was significantly
higher in healthy controls compared to patients with MS, but the gut microbiome was not
influenced by the probiotic. In addition, the proteins zonulin and calprotectin, usually
higher in patients with MS, was not modified by the probiotic [32]; TMAO was not affected
by L. casei Shirota either [57]. The insulin sensitivity index significantly improved after
3 months of probiotic supplementation, but the values were not different from the controls, as
well as the values for β-cell and endothelial functions, or the inflammation markers [56,58].

More recently, other probiotics showed more success in clinical trials. The individual
strain L. reuteri V3401 was tested by Tenorio-Jiménez and colleagues [59,60] and, although
the decrease of Bacteroidetes/Firmicutes ratio was not corrected in obese patients, a rise of
Verrucomicrobia was observed in patients receiving the probiotic. In addition, interleukin-6
and soluble vascular cell adhesion molecule 1 diminished following the treatment with
the probiotic. Nevertheless, no significant correlation was observed between Verrucomi-
crobia abundance, and any inflammatory biomarker and subsequent studies are needed
to complement the observations. Microbes4U© is a pilot study performed in patients
with prediabetes and MS conducted to evaluate the tolerance, safety, and feasibility of the
Gram-negative bacterium A. muciniphila, ingested either alive or pasteurized for 12 weeks,
as a next-generation probiotic [61]. Beneficial impacts were shown on anthropometric
measurements, as well as on the lipid profile, glycaemic parameters, such as insulin resis-
tance, hepatic profile, and endotoxaemia, possibly due to interference with amino acids
metabolism especially of alanine and arginine.

Multispecies probiotics may be more effective than single strain on metabolic disor-
ders. Kassaian and colleagues [62] tested the effects of multiple probiotics (freeze-dried
Lactobacillus acidophilus, Bifidobacterium bifidum, Bifidobacterium lactis, and Bifidobacterium
longum with maltodextrin as filler) and synbiotics (the previous probiotics plus inulin as
prebiotic) in individuals with prediabetes and MS. A clear reduction of hyperglycaemia in
the groups treated with probiotic and synbiotic, as well as a reduction in hypertension in
the group treated with probiotic, were reported.

3.3. Synbiotics in MS

The potential benefit of prebiotics can be conjugated with probiotics to potentiate its
effects and support its adaptation and growth in challenging gut environments. Multiple
sets of synbiotics have been tested in patients with MS, and the results have been clearly
positive as described above by the study of Kassaian and colleagues [62]. Additional
studies have been published and the results are in accordance.

Synbiotic capsules containing L. casei, L. rhamnosus, L. acidophilus, Lactobacillus bulgari-
cus, B. longum, Bifidobacterium breve, and Streptococcus thermophiles, plus the prebiotic short
chain fructo-oligosaccharide were tested on patients with MS [63]. The synbiotic treatment
significantly reduced fasting blood glucose in the MS group versus placebo, but no differ-
ences were observed in other metabolic factors, including insulin level, homeostatic model
assessment for insulin resistance, homoeostatic model assessment-β, and insulin/glucagon
ratio. In another study, 38 patients with MS were supplemented with either synbiotic
capsules containing seven strains of friendly bacteria (L. casei, L. rhamnosus, L. acidophilus,
L. bulgaricus B. longum, B. breve, and S. thermophilus) plus fructo-oligosaccharide or placebo
and increased the efficacy of diet therapy and the management of insulin resistance, al-
though no significant differences were observed in low-density lipoprotein (LDL) levels,
waist circumference, BMI, metabolism, and energy intake between the groups [64].

More relevant differences were reported by Rabiei and colleagues [65] by testing seven
probiotic strains (L. casei, L. rhamnosus, L. acidophilus, L. bulgaricus, B. longum, B. breve, and
S. thermophilus), plus fructo-oligosaccharide as prebiotic in patients with MS. The synbiotic
treatment improved the status of BMI, fasting blood sugar, insulin resistance, homeostatic
model assessment for insulin resistance, glucagon-like peptide-1, and peptide YY in pa-
tients, and interestingly, the trend of weight loss in the synbiotic group was significant until
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the end of the study. Cicero and colleagues [66] also tested a synbiotic formula comprising
of L. plantarum PBS067, L. acidophilus PBS066, and L. reuteri PBS072 with active prebiotics in
elderly patients with MS (aged 65–80 years). Patients receiving synbiotics improved waist
circumference and fasting plasma insulin, arterial pressure, total cholesterol, high-density
lipoprotein cholesterol, non-high-density lipoprotein cholesterol, triglycerides, low-density
lipoprotein cholesterol, high-sensitivity C-reactive protein, and tumour necrosis factor-α
serum levels. Compared to placebo, the patients receiving synbiotic treatment improved
visceral adiposity index and triglycerides either. The EQ-5D Visual Analogue Scale (VAS)
questionnaire confirmed an increase of quality of life in patients treated with synbiotics.

3.4. Other Foods with Probiotics in MS

The probiotics can be added to other foods and supplements and its effects have also
been described in multiple studies and trials. The beneficial effects of functional yogurt NY-
YP901 supplemented with mixture of S. thermophilus, L. acidophilus, Bifidobacterium infantis,
and extra-ingredients containing B. breve CBG-C2, Enterococcus faecalis FK-23, fibersol-2 and
other compounds, was tested in patients with MS [67]. In the group consuming NY-YP901,
improvements were observed in body weight, BMI, and low-density lipoprotein-cholesterol
after 8 weeks. A fortified yogurt containing the starter cultures of S. thermophiles and
L. bulgaricus enriched with B. lactis Bb-12 was tested in overweight and obese patients
with MS under a caloric-restricted diet [68]. The fortified yogurt reduced the body fat
mass, body fat percentage, waist circumference, homoeostasis model of assessment-insulin
resistance, triglyceride concentration versus patients consuming low fat yogurt, and led to a
significant increase in total 25-hydroxyvitamin D, high density lipoprotein-cholesterol and
quantitative insulin sensitivity check index. A probiotic yogurt containing L. acidophilus La5
and B. lactis Bb12 was compared with a regular yogurt for 2 months in patients with MS
and significant reduction in the blood glucose and vascular cell adhesion molecule-1 was
observed [69]. The probiotic yogurt induced changes in plasminogen activator inhibitor-1,
insulin, homoeostasis model of assessment-insulin resistance, and quantitative insulin
sensitivity check index compared to baseline, as well as improved fasting blood glucose
and some serum markers associated to the endothelial function.

The influence of fermented milk with L. plantarum was tested in postmenopausal
women with MS and showed positive results regarding CV risk factors by decreasing total
cholesterol levels and fasting glucose levels [70]. In another study, the daily ingestion of
fermented milk with B. lactis HN019 was tested in patients with MS and showed significant
reduction in BMI, total cholesterol, low-density lipoprotein, tumour necrosis factor-α, and
interleukin-6 pro-inflammatory cytokines when compared to baseline and control group
values [71].

Probiotic kefir, comprising Lactococcus lactis subsp. lactis, Lactococcus lactis subsp. cre-
moris, Lactococcus lactis subsp. diacetylactis, Leuconostoc mesenteroides subsp. cremoris, Lacto-
bacillus kefyr, Kluyveromyces marxianus, and Saccharomyces unisporus, was tested on patients
with MS [72]. A significant increase in serum apolipoprotein A1 concentrations was pro-
vided by kefir compared to milk consumption. The regular kefir consumption did not
provide superior effects compared with milk consumption on anthropometrical measure-
ments, glycaemic control, inflammatory parameters, or blood pressure. Another study
showed a decrease in fasting blood glucose without a change in glycated haemoglobin
concentration after kefir (with more than 30 species of bacteria and more than 12 species of
yeast and fungi) was administrated to patients with MS [73].

4. Discussion

In humans, data is being concordant towards beneficial effects of probiotics on patients
with MS especially concerning weight loss, despite the effect is not transversal to all patients
as described above. There are three important points to take into account when studying
probiotics and its impacts on health. First, the individualized response to the consumption
of probiotics may be dependent on microbiome variations and the ability of the probiotic
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strain(s) to interact and modify the host gut microbiome [74]. The gut microbiome and its
variability is one of the first variables that need to be monitored in clinical trials in order to
correctly compare patients. Patients should be carefully grouped, not only based on similar
clinical features, but also taking into account the variability of the human microbiome
as the response to modulatory treatments can be discrepant. Second, the variability of
metabolic responses found among bacterial strains can be vast. For example, the strains
L. rhamnosus LGG and L. rhamnosus BFE5264 belong to the same species, yet these strains
may impact the gut microbiome of murine models for MS very differently and result in
distinct cholesterol reduction levels [41]. These results strongly emphasise the importance
of strain-specificity and metabolic networks potentially available in each strain. Third, the
features of one probiotic formulation should not be generalized to multiple probiotics. The
colony forming counts, type of strains, ratio of strains or the manufacturing processes of
one probiotic product should be carefully considered and studied individually [75].

Although the mechanism of some probiotics has been clearly described and its im-
pacts studied, it may be possible to combine probiotics strains via the complementary of
mechanisms of action, therefore putting them to work together to achieve healthy goals.
The metabolic deterioration of liver can be associated with excessive accumulation of free
fatty acids, exhaustive oxidative stress, cellular apoptosis and inflammation, impairment
of some insulin pathways and lipotoxicity [76], and probiotics may act on these multiple
points as described above. Alternative mechanisms of action have been described for
other probiotics in animal models and considerable advances may be soon seen in this
topic. For example, L. plantarum PCS 26 might act as a liver X receptor agonist and help
to improve lipid profiles in hypercholesterolemic patients with complex diseases, such
as MS [77]. More recently, synbiotic supplementation showed recovering of nitric oxide
function associated to hypertension in rats under high fat diets and correction of systolic
blood pressure [78] and this represents a new and additional mechanism of action to be
targeted. L. plantarum strains may also be capable to stimulate hepatic and renal nuclear
factor-erythroid 2-related factor 2 (Nrf2) expression in hyperlipidemic mice and alleviate
MS [79].

Engineered strains represent a dynamic and interesting new option for probiotics
with specific activities and targets. An engineered L. reuteri secreting interleukin -22 was
developed based on the probiotic L. reuteri ATCC PTA 6475 and could ameliorate non-
alcoholic fatty liver disease [80]. Treatment with L. reuteri expressing interleukin-22 yielded
subtle changes in the expression of reg3 genes in the small intestine and interleukin-22
levels in the plasma in some animal models. Ongoing research projects aimed to identify
specific bacterial targets in the gut microbiome and then create phage cocktails designed
to eliminate particular bacterial strains are also underway [36] and may represent a valid
alternative for clinical cases associated to the proliferation of specific bacteria.

In this review it was described the effect of some probiotics and synbiotics currently
available that were tested on patients with MS. Current results are very promising. In
addition, it was observed that multiple strains (synbiotics) may be presenting better results
on patients with MS due to the multitude of mechanisms of action that be working together
in such cases. The number of trials available is still limited and the number of tested
patients in each trial (some dozens) is also reduced. The ethnicity and nutritional habits
tend to be similar as most of the studies were conducted in occidental countries, therefore,
some differences may be observed when other populations are tested.

5. Conclusions

Although the specific microorganism profile in patients with MS is not yet properly
known, these patients seem to have a different microbiota composition, when compared
to patients without MS. Despite the gap in knowledge regarding the specific microbiota
profile in patients with MS, multiple data on modulation of microbiota in these patients is
quickly arising. It has been clearly described differences in the gut microbiome of patients
with MS compared with healthy individuals, and such differences can be mitigated in
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some patients by the administration of probiotics or synbiotics. The number of published
studies is still limited, and additional results can be expected soon as multiple randomized
studies are currently being conducted. Nevertheless, there are multiple factors capable
to affect the microbiota of patients with MS that should be considered simultaneously.
Therefore, it is extremely difficult to associate particular microbial and metabolic changes
to single factors. As more studies are published and both the diversity and stability of gut
microbiome is revealed in patients with MS, a clear picture of the intricate relationship
between microbiome and disease can become clear and additional therapeutic options can
be explored.
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77. Gorenjak, M.; Gradišnik, L.; Trapečar, M.; Pistello, M.; Kozmus, C.; Škorjanc, D.; Skok, P.; Langerholc, T.; Cencič, A. Improvement
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