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ABSTRACT

Plant-based diets (PBDs) have become very popular in recent years and have been identified as a dietary strategy associated with protection
against chronic disease. However, the classifications of PBDs vary depending on the type of diet. Some PBDs have been recognized as
healthful for their high content of vitamins, minerals, antioxidants, and fiber, or unhealthful if they are high in simple sugars and saturated
fat. Depending on this classification, the type of PBD impacts its protective effects against disease dramatically. Metabolic syndrome (MetS),
characterized by the presence of high plasma triglycerides and low HDL cholesterol, impaired glucose metabolism, elevated blood pressure,
and increased concentrations of inflammatory biomarkers, also increases the risk for heart disease and diabetes. Thus, healthful plant-based
diets could be considered favorable for individuals having MetS. The different types of plant-based diets (vegan, lacto-vegetarian, lacto-ovo-
vegetarian, or pescatarian) are discussed with a focus on specific effects of dietary components in maintaining a healthy weight, protecting
against dyslipidemias, insulin resistance, hypertension, and low-grade inflammation.

Keywords: Healthy plant-based diets, metabolic syndrome, dyslipidemia, insulin resistance, hypertension, waist circumference, inflammation

Statement of significance

This review evaluates the effects of different types of plant-based diets with a focus on being healthy in the parameters of metabolic syndrome.

There is very little information on this topic as a narrative review. In addition, we are focusing on the last 10 y.

Introduction

There is an increased interest in the use of plant-based diets
(PBD:s) for various reasons, including the fact that they are more
environmentally friendly, cause less pollution, and tend to pro-
tect our natural resources [1]. In addition, they provide multiple
health benefits for the whole body and the brain [2].

Plant-based diets are considered the healthiest and the most
popular trend in the US. They are nutrient-dense, rich in fiber,
phytochemicals, and micronutrients, and low in calories and

saturated fat [3]. The phytochemicals and fiber content in plant
foods improve immune function and positively influence car-
diometabolic function, promoting health. When appropriately
administered, PBDs are healthful, with adequate nutrition for all
age groups [3].

It is well-recognized that PBDs are associated with a lower
risk of chronic diseases, including heart disease and diabetes [4,
5]. However, diet quality can vary extensively depending on the
concentration of antioxidants, fiber, vitamins, and minerals.
Therefore, the quality of a plant-based diet is directly associated
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with its ability to reduce the risk of chronic disease. A classifi-
cation of PBD exists based on the dietary components that pro-
mote health compared with those that increase the risk for
chronic disease [6,7]. Satija et al. [8] established an index
method to classify PBDs into healthy and unhealthy index,
leading to the nomenclature of healthful plant-based diets
(hPBDs) and unhealthful plant-based diets (uPBDs) that are
currently used by investigators in this area of research.

If PBDs are not well monitored, increased carbohydrate intake
and foods rich in added sugars may displace more nutrient-dense
foods, thus leading to both overfed and undernourished people,
resulting in unhealthy weight loss or abdominal obesity [9].
Additionally, it is vital to have adequate amounts of protein, iron,
calcium, and reliable sources of vitamin B-12 as fortified foods or
supplements for optimal health while following PBD. About 50%
of individuals with PBD are not consuming healthful diets and
may not benefit from chronic disease risk reduction [3].

Plant-based diets are classified into 6 categories: vegan, raw
vegan, vegetarian, lacto-vegetarian, ovo-vegetarian, and lacto-
ovo-vegetarian [10]. A vegan diet abstains from all types of ani-
mal products [11]. Vegetarian diets are characterized by not
having any animal products, including meat, poultry, fish, and
seafood [12]. Lacto-vegetarian means the inclusion of dairy
products, ovo-vegetarian refers to the inclusion of eggs in the diet,
and raw vegan includes raw products with an average of 75%-—
85% raw food [10]. Other definitions of PBD are pescatarian diets
that include the consumption of fish [1], and flexitarian is a
semi-vegetarian diet in which animal products are limited to a few
portions per week [13]. This review focuses on vegan, vegetarian
(including ovo- and lacto-vegetarian), and pescatarian diets.

Metabolic syndrome (MetS), characterized by central obesity,
dyslipidemias, insulin resistance, hypertension, and low-grade
inflammation [14], significantly increases the risk for heart dis-
ease and diabetes. Most of the biomarkers of the disease can be
stabilized with healthy diets, and several dietary strategies have
been reviewed for patients with MetS [15]. Although one study
reported that unhealthful plant-based diets rich in simple car-
bohydrates and salt are inversely related to the incidence of MetS
[16]. The contribution of healthy plant-based diets in reversing
dyslipidemia, insulin resistance, and inflammation associated
with MetS has yet to be evaluated in detail.

The American Heart Association [17] and the American
Diabetes Association [18] provide dietary guidelines for healthy
eating. However, additional information related to dietary pat-
terns such as PBD is needed, specifically for those individuals
with metabolic disorders, including insulin resistance (IR), hy-
pertension, obesity, and dyslipidemias. The purpose of this re-
view is to summarize the positive effects of PBD on the MetS
biomarkers in studies from the last 10 y, including inflammatory
markers in individuals with MetS, to expand the current infor-
mation on appropriate dietary regimes for those individuals who
are at risk for heart disease and diabetes.

Beneficial Effects of Plant-Based Diets

CVD is the leading cause of mortality, attributing to one in 3
deaths globally [19]. The high prevalence of heart disease has
been linked to lifestyle factors such as smoking, western diets
high in animal fat, added sugars, and refined foods, and a lack of
exercise [20]. A low-fat, vegetarian diet is the exclusive dietary
pattern showing cessation and reversing atherosclerotic plaque
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in clinical trials when combined with exercise and stress man-
agement [20]. Vegetarian diets are associated with a reduced
risk for CVD, ischemic heart disease, and cerebrovascular dis-
eases [20]. Risk factors associated with heart disease are also less
frequent among those following vegetarian diets [11,21].
Plant-based diets are cardioprotective as they are low in satu-
rated fat and consist of advanced glycation end products, nitro-
samines, and heme iron, commonly seen in meat products.

Plant-based diets may effectively reduce cardiometabolic risk
factors, thereby preventing MetS [22]. The cross-sectional anal-
ysis of the Primary Prevention of Cardiovascular Disease with a
Mediterranean diet (PREDIMED)-Plus study suggests that higher
adherence to a healthful provegetarian food pattern (hPVG) was
associated with lower cardiovascular risk when compared to an
unhealthful provegetarian food pattern (uPVG) in MetS partici-
pants, as measured by the MetS z-score [23]. By affecting the in-
dividual components of MetS criteria, PBD may help attenuate the
progression of MetS patients. When untreated, MetS raises the
chance of developing type 2 diabetes (T2D) by 5 times and has
twice the risk of developing CVD in the future. A meta-analysis of
7 randomized controlled trials and 32 observational studies
concluded that vegetarian diets caused lower systolic (SBP) and
diastolic blood pressure (DBP) when compared to omnivorous
diets [24]. However, clinical trials in MetS providing similar re-
sults are scarce.

Effects of different types of PBDs on the parameters
of MetS

In the following paragraphs, a comparison of different types
of plant-based diets and their effectiveness in improving the
biomarkers of MetS is reviewed.

Vegan diets and parameters of metabolic syndrome
Intervention studies among Seventh-day Adventists, a large
cohort following vegetarianism, have shown lower concentra-
tions of plasma triglycerides (TG), total cholesterol (TC), and
LDL-cholesterol (LDL-C), plasma glucose, waist circumference
(WCQ), and body mass index (BMI) but no effect on HDL choles-
terol (HDL-C) [25]. Similarly, a study on an adult Indian popu-
lation showed that vegans have a lower prevalence of T2D and
obesity than omnivores [26]. This beneficial effect may be due to
the presence of the phytonutrients of plant origin and the absence
of animal fats, in addition to the increased consumption of low
glycemic index foods. Data from a randomized controlled clinical
trial in overweight adults suggest that increasing low-fat plant
foods and minimizing high-fat and animal foods are associated
with decreased body weight and fat loss and that a low-fat vegan
diet can improve measures of diet quality and metabolic health
[27]. Different protein concentrations fed to mice were used to
determine improvement in MetS parameters [28]. Investigators
concluded that low protein, a characteristic of vegan diets, was
more effective in lowering plasma TG and glucose concentra-
tions, 2 main components of MetS [28]. However, one drawback
of vegan diets, as indicated above, is that they have been shown to
lower HDL-C, which is one of the biomarkers of MetS [25].

Vegetarian diets (including ovo- and lacto-) and
parameters of metabolic syndrome

In a cross-sectional study involving 146 omnivorous or
vegetarian adults (18-65 y; self-reported diet adherence >6 mo),
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health biomarkers were identical between the groups matched
for age, gender, and adiposity [29]. However, when regrouped
by low versus high diet quality, the biomarkers differed signifi-
cantly between groups for fasting insulin, HOMA (homeostatic
model assessment)-IR, and TG/HDL-C ratio, with more favorable
effects in the group with high diet quality scores, suggesting that
diet quality attributes are more closely associated with health
biomarkers than plant-based diet categories.

In a case-controlled study of female vegetarians (80% lacto-
ovo-vegetarians), participants were associated with a reduced
risk of developing MetS and IR [30]. The effect of vegetarianism
on Taiwanese Buddhist vegetarian females in multivariate linear
regression analyses was associated with a lower body mass
index, smaller waist circumference with reduced risk for central
obesity, and lower TC, LDL-C, and HDL-C (30). Despite having
lower HDL-C, these vegetarians had significantly lower
TC/HDL-C and LDL-C/HDL-C ratios [30]. The Tzu Chi Health
study used a cohort of 6000 Taiwanese adults and compared the
effects of insulin sensitivity in vegetarians to omnivores [31].
Vegetarians had a lower prevalence of diabetes when compared
to omnivores, although the omnivores consumed a limited
quantity of meat and fish, illustrating the contribution of meat to
the development of IR [31].

In a matched cohort, cross-sectional and longitudinal study
comparing the metabolic profiles of vegetarians with non-
vegetarians, the authors observed lower values for WC, BMI,
SBP, DBP, fasting blood glucose (FBG), TC, HDL-C, and LDL-C,
along with lower TC/HDL-C ratios [32]. For the cross-sectional
comparisons, all sub-types of vegetarians reduced each of the
biomarkers compared with nonvegetarians, except for HDL-C
and TG. The beneficial effects on the metabolic profiles of veg-
etarians were partially attributed to their lower BMI, which can
be considered a confounding variable. The authors suggested
that with proper management of TG and HDL-C, along with
caution on maintaining a healthy plant diet index (hPDI) by
reducing the intake of refined carbohydrates and fructose, a PBD
may benefit all aspects of the biomarkers of disease [32].

A randomized controlled cross-over intervention in 24
habitual omnivores with MetS following a lacto-ovo-vegetarian
diet and consuming 2 whole eggs with spinach daily for break-
fast for 4 wk demonstrated that combining whole eggs with a
PBD resulted in a protective effect for MetS participants [33].
Compared to an equivalent amount of egg substitute, whole egg
intake resulted in a significant reduction in body weight and
BMI, with increases in plasma HDL-C choline and zeaxanthin.
Following a plant-based diet for 13 wk, this intervention high-
lighted the influence of diet quality on the health effects asso-
ciated with PBD in MetS [6]. At baseline, when on a
lacto-vegetarian diet, hPDI was inversely associated with
weight (r = —0.445, P < 0.05), and unhealthy plant diet index
(uPDI) was positively associated with weight (r = 0.437, P <
0.05). Follow-up data after 9 wk showed that HDL-C was posi-
tively associated with hPDI (r = 0.411, P < 0.05) and negatively
associated with uPDI (r = —0.411, P < 0.05).

Mediterranean diet, Nordic diet, and parameters of
MetS

Adherence to the Mediterranean diet is associated with better
blood lipid profiles and reduced risk for MetS [34]. The Medi-
terranean is characterized by regular consumption of olive oil as
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the main source of added fat and plant-based foods, including
whole grains, vegetables, legumes, fresh fruits, nuts and seeds,
moderate amounts of fish, seafood, dairy and poultry, and low
consumption of red and processed meat [35].

Oxidative stress is increased in the case of MetS due to dys-
lipidemia and insulin resistance. One way the Mediterranean
diet protects against lipid peroxidation and oxidative stress is by
increasing the activity of paraoxonasel (PON1), a well-
recognized antioxidant transported by HDL [36]. It has also
been shown that PON1 has a role in preventing microvascular
complications due to oxidative stress in individuals with MetS
[36,37].

When low-calorie vegetarian and Mediterranean diets were
compared in their efficiency in improving MetS profiles, both
diets effectively reduced body weight, BMI, and fat mass, with no
significant differences between diets. However, a low-fat vege-
tarian diet was more effective in lowering LDL-C concentrations,
whereas the Mediterranean diet was more effective in reducing
plasma TG concentrations [38]. Like the Mediterranean diet, a
healthy Nordic diet (healthy pescatarian diet) improves the lipid
profile and beneficially affects low-grade inflammation in MetS
[39]. This diet focuses on seasonal plant-based whole foods
(>300 g/wk, including >200 g/wk fatty fish), whole-grain
products, berries, fruits, vegetables, rapeseed oil, and low-fat
dairy products), typically found in Nordic regions like Norway,
Denmark, and Iceland. In contrast, greater adherence to diets
consisting of a high intake of refined carbohydrates, sugars, and
salty foods in PBD, that is, higher adherence to an unhealthful
plant-based diet is associated with an increased risk of MetS
[39]. These studies suggest that considering the quality of plant
foods is critical for preventing MetS in a population that habit-
ually consumes plant-based foods.

Plant-based diets index

There are, however, some discrepancies related to the effects
of PBDs and MetS. A cross-sectional study of 270 Iranian adults
with MetS showed that adherence to hPDI was associated with
significantly better anthropometric measures such as a lower
BMI, body weight, and WC (40). In this study, there was no
significant relationship between the plant-based diet index (PDI)
and the risk of obesity, hypertension, and dyslipidemia to
confirm the relationship between PDI and MetS in this popula-
tion group [40]. A similar cross-sectional investigation of 178
Iranian older adults showed that plant-based diets were not
significantly associated with the risk of MetS [41]. There were no
significant differences between the PDI, the hPDI, and uPDI for
this population. The MASALA (Metabolic Syndrome and
Atherosclerosis in South Asians Living in America) study
compared the dietary pattern of South Asians living in the US,
classifying 150 participants into 2 principal patterns: vegetarian
(n = 91) and Western diet (n = 59) [42]. The vegetarian pattern
was associated with lower fasting glucose, HOMA-IR, and HDL-C
than the Western diet. This study suggests that both dietary
patterns were associated with detrimental metabolic changes.
Thus, healthful diet choices rather than dietary patterns may
assist Asian Indians in maintaining lower levels of risk factors for
CVD.

In contrast to the previous studies, an open prospective,
population-based, longitudinal study using data from the China
Health and Nutrition Survey (CHNS) suggests that adherence
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Table 1
Positive effects of different types of plant-based diets on parameters of the metabolic syndrome. The type of study, the participants, the charac-
teristics of the evaluated diet, the metabolic parameters, and the main results are presented’

Study Design/
Duration

Participants

Evaluation of Diets

Metabolic Parameters

Results

Ref

Prospective cohort,
median follow-up 6
y

Cross-sectional
matched cohort
study

Intervention
Randomized cross-
over

Cross-sectional

Cross-sectional

Cross-sectional case-
control study

5646 (men and women) aged
40-60y.

4415 lacto-ovo-vegetarians,
1855 lacto-vegetarians, and
1913 vegans; each vegetarian
was compared with 5
nonvegetarians based on age,
sex, and study site.

24 Participants with
metabolic syndrome.

6439 participants of the
PREDIMED Plus study.

29 with MetS.

391 female vegetarians

(compared with age-matched
315 female omnivores).

FFQ
4 plant-based diet indexes

PD]J, h-PDI, uPDI, and provegetarian
index.

FFQ

Questionnaire to classify participants
into vegan, lacto-vegetarian, lacto-
ovo-vegetarian, and omnivore.

Lacto-ovo-vegetarian compared to a
lacto-vegetarian.

FFQ

General Prove-vegetarian (gPVG),
healthful (hPVG), and unhealthful
(uPVG).

3-d food records. PBD and quintiles
for h-PBD and U-PBD.

VEG status was determined from a
self-reported questionnaire. Among
the 391 vegetarians, 22 were pure
vegetarians (5.6%), 20 were ovo-
vegetarians (5.1%), and 33 were
lacto-vegetarians.
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TG, HDL, FBG, BP,
and WC.

WC, BMI, SBP, DPB,
FBG, HDL, LDL, and
TG.

Parameters of
metabolic syndrome
and body weight.

BMI, SBP, DBP, HDL-
C, TG and FBG.

TG, HDL-C, FBG, BP,
and WC.

TG, HDL, FBG, BP
(systolic only), WC,
BMI, smaller WC,
lower concentrations
of FBG, TC, LDL-C,
and HDL-C compared
to non-VEG female
vegetarians were
associated with

The highest vs.
lowest quintile of
uPDI had a 50%
higher risk of
developing MetS
after adjusting for
demographic and
lifestyle factors.
After adjusting for
confounding
variables,
vegetarians had
lower WC, BMI,
SBP, DPB, FBG,
TC, and LDL-C.
Each additional
year of the vegan
diet lowered the
risk of obesity by
7%. Lacto-
vegetarian diet
reduced the risk of
elevated SBP by
8% and elevated
glucose by 7%.
Lacto-ovo
vegetarianism
resulted in lower
BMI and body
weight and higher
HDL-C.

A higher
adherence to the
gPVH and hPVG
was associated
with lower
cardiometabolic
risk in
multivariate
models.

At baseline, hPDI
was inversely
associated with
weight, and uPDI
and positively
associated with
weight. Using
follow-up data,
HDL-c was
positively
associated with
hPDI and
negatively
associated with
uPDI.

The VEG group
was associated
with lower BML

[16]

[32]

[33]

[23]

(61

[30]

(continued on next page)
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Study Design/ Participants Evaluation of Diets Metabolic Parameters Results Ref
Duration

reduced risk for MetS

and IR.
Cross-sectional 91 vegetarians compared to FFQ, Food group intake was collected WG, TG, LFL, and FBG Compared with [42]

50 omnivores (Western diet)

with the Study of Health Assessment
and Risk in Ethnic (SHARE) groups.

the Western diet,
the vegetarian diet
was associated
with lower
HOMA-IR and
HDL.

! DBP, diastolic blood pressure; FBG, fasting blood glucose; FFQ, food frequency questionnaire; gPVG, generally provegetarian; hPDI, healthy
plant diet index; hPVG, healthful provegetarian, HOMA-IR, homeostatic model assessment for insulin resistance; PBD, plant-based diets; SBP,
systolic blood pressure; TC, total cholesterol; TG, triglycerides; T2D, type 2 diabetes; uPDI, unhealthy plant dietary index; uPVG, unhealthful

provegetarian; VEG, vegetarian; WC, waist circumference.

to an overall PD helps in reducing the risk of metabolic dis-
eases such as T2D, obesity, and hypertension in Chinese adults
who habitually consume plant-based foods, especially for those
aged <55 y [43]. Furthermore, this study [43] points out that a
PBD for a longer duration is more important than diet indices,
which is in contrast to other observations in most reviewed
studies [29-31,41,42]. Table 1 presents the beneficial effects of
different types of PBDs on the parameters of metabolic
syndrome.

Nutrients associated with beneficial effects of PBD
on parameters of the metabolic syndrome

As mentioned earlier, PBDs include nutrients such as dietary
fiber, polyphenols, carotenoids, and flavonoids, derived pri-
marily from whole grains, fruits, and vegetables, as well as
omega-3 (w-3) fatty acids in the pescatarian diet. Some of these
nutrients that promote cardioprotective effects and improve the
biomarkers of MetS are described below:

Pescatarian
Vegetarian
@: O v Vegan

e Dietary fiber: Dietary fiber has been shown to decrease
plasma cholesterol by binding to bile acids and dietary
cholesterol in the intestinal lumen, resulting in reduced
cholesterol absorption [44]. Further, the loss of bile acids
results in a compensatory mechanism by which bile acids are
formed from hepatic cholesterol. The decrease in cholesterol
results in the upregulation of the LDL receptor and the
removal of LDL from plasma [45]. Dietary fiber has also been
shown to decrease body weight, BMI, and WC [46] by
providing a sensation of fullness and reducing caloric con-
sumption. A meta-analysis of 21 controlled clinical trials
demonstrated a significant reduction in body weight (P =
0.03) in those diets where pulses, high in dietary fiber, were
used to replace other foods [47].

®-3 Fatty acids: The plant-derived -3 fatty acid, alpha-
linolenic acid (ALA), is readily available from plant sources
such as green leafy vegetables, walnuts, chia seed, flaxseed,
and vegetable oils, including flaxseed, soybean, and canola

Metabolic Benefits Of Plant-based Diets

J BMI [13,26]

J SBP, DBP [13]

J TG [49]

J CRP [70]

J Mortality [25]

J Weight [38,32,33,41]

J BMI [12,38,30,41,64]

J WC [30,41,64]

J SBP, DBP [13,24,32,64]

J FBG [32,64],4 HOMA-IR [30,42]
 HDL [33]

J CRP [67]

J Weight [32]

J BMI [12,11,13, 26]

J SBP, DBP [13,24,32]

J TG [28]

J FBG [28,32], HOMA-IR [30,42]

BSOSO UG BI ST DS BY

Fig. 1. Benefits of different plant-based diets: vegan, vegetarian (may include dairy and eggs), and pescatarian on the parameters of metabolic
syndrome and inflammatory markers. The number in brackets is the corresponding reference. Abbreviations used: BMI, body mass index; CRP, C
reactive protein; DBP, diastolic blood pressure; FBG, fasting blood glucose; IR, insulin resistance; SBP, systolic blood pressure; TG, triglycerides
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oils. Alpha-linolenic acid is an essential omega-3 fatty acid
metabolized to eicosapentaenoic acid (EPA) or docosahexa-
enoic acid (DHA). However, the effectiveness of converting
alpha-linolenic to EPA and DHA appears to be unreliable and
restricted, with severely restricted conversion in the case of
DHA [48]. Therefore, fish oils are rich in EPA and DHA fatty
acids, and fish has been demonstrated to possess car-
dioprotective and hypotriglyceridemic properties [49]. Di-
etary supplementation of ®-3 fatty acids may improve
obesity-induced metabolic syndrome features, including in-
sulin resistance, hypertension, and dyslipidemia, by lowering
plasma triglycerides [50,51].

Polyphenols: Healthy PBDs include a high intake of
polyphenol-rich foods such as nuts, fruits, vegetables, spices,
and olive oil, to mention a few. They may prevent the
development and progression of MetS by lowering body
weight, blood pressure, and plasma glucose and improving
abnormal lipid metabolism [22,52].

Flavonoids: Consumption of dietary flavonoids are associ-
ated with reduced risk for MetS. Isoflavones, present in soy,
have anti-inflammatory properties and potentially protect
against MetS by preventing the onset of hypertension, hy-
perglycemia, dyslipidemia, and arteriosclerosis [53]. A recent
systemic review and meta-analysis demonstrated that dietary
intake of soy products effectively improves the lipid profiles
and glycemic parameters in MetS [54]. The isoflavones gen-
istein and daidzein may improve cardiovascular health by
increasing LDL oxidation resistance and inhibiting thrombus
formation [55].

Carotenoids: Dietary carotenoids are potent antioxidant nu-
trients that can alter the composition of lipoproteins, affecting
the components of MetS. A systematic review and meta-
analysis in middle-aged and older men evaluated the link
between vitamin A and carotenoids and metabolic syndrome
[56]. The authors reported a lower prevalence of MetS and
reduced serum TG after higher total carotenoid intakes,
mainly those of beta-carotene and lycopene [56]. Participants
consuming a plant-based diet with 2 eggs (rich in bioavailable
lutein and zeaxanthin) per day in combination with spinach
as an omelet for breakfast have shown increases in plasma
HDL-C [33]. Observational and interventional studies suggest
that the intake of lutein and zeaxanthin is positively corre-
lated with serum HDL-C but negatively correlated with serum
LDL-C and TG [57,58]. Similarly, dietary lycopene may pro-
vide a protective role by its association with the individual
parameters of MetS [59].

The Fig. 1 represents a summary of the nutrients involved in
decreasing the MetS parameters.

PBD: Effects on Inflammation

Elevated WC is one of the features of MetS, and central
obesity is a marker of low-grade systemic inflammation. People
diagnosed with MetS commonly present low-grade systemic
inflammation. The effect of diet on inflammation may differ
between average weight and obese individuals with an un-
healthy metabolic profile [60]. Data on how PBD specifically
plays a role in inflammation for MetS-diagnosed individuals is
less studied than the effects of PBD on the key parameters of
MetS, such as dyslipidemia, glucose metabolism, and WC. The
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current literature focuses on how PBD affects the most common
inflammatory markers, as discussed below.

The most commonly measured inflammatory markers in
people with MetS are C-reactive protein (CRP), interleukin (IL)-
6, IL-8, IL-10, IL-17, IL-18, tumor necrosis factor-alpha (TNFa),
transforming growth factor-beta 1 (TGF-$1), IL-#1, monocyte
chemoattractant protein (MCP)-1, serum amyloid A, and the
anti-inflammatory adiponectin. Additionally, ferritin has been
measured based on its role in insulin sensitivity and inflamma-
tion. Ferritin is found in all body cells but is in high concentra-
tions in marrow macrophages, the spleen, and the liver [61]. It
provides intracellular storage of bioavailable iron in a safe and
readily accessible form. Ferritin tends to be elevated in people
with MetS and correlates with increased hepcidin production
and other inflammatory cytokines [61].

It is difficult to determine the effects of a PBD in observational
studies, where there could be confounding factors that might not
be accounted for including the fact that healthier lifestyle factors
are commonly followed by individuals choosing a PBD.

The reviewed studies regarding inflammation and PBDs can
be grouped into 2 categories: 1) examining the inflammatory
markers and the incidence and/or prevalence of MetS in in-
dividuals following a PBD versus an omnivorous diet, and 2)
examining individuals with MetS and how following a PBD may
ameliorate inflammation, along with the well-studied key fea-
tures of MetS.

Metabolic syndrome and low-grade inflammation

There is evidence that following a PBD is associated with
lower markers of low-grade systemic inflammation and can be
protective against developing MetS over time.

Park et al. [62] tested the association between participants’
immunity by measuring plasma CRP and white blood cells
(WBC) and different dietary patterns, including PBDs (n = 40,
764). A PBD, physical activity, and non-smoking were related to
lower WBC counts and CRP. Additionally, those with the lowest
plant-based dietary intake were 2 times more likely to develop
MetS.

Data from a cross-sectional Brazilian study of overweight
individuals showed that omnivores had 6 times higher odds of
having MetS than those following a vegetarian diet [63]. There
were no differences in CRP between the 2 groups. Increases in
liver enzymes can also be considered a biomarker of inflam-
mation and have been shown to be elevated in T2D patients
[64]. Slywitch et al. [65] analyzed the association between
biochemical markers of inflammation, liver function, IR, and
BMI values in vegetarian and omnivore individuals. Vegetarian
obese individuals had lower concentrations of gamma-glutamyl
transferase, a marker of hepatobiliary disease and oxidative
stress, and ferritin than omnivores in this cross-sectional study
[65].

PBD, inflammation, and obesity

Results from a meta-analysis of PBDs and its relationship with
inflammatory and immune markers showed that consumption of
a vegetarian-based dietary pattern was associated with signifi-
cantly lower CRP, fibrinogen, and leukocyte levels compared
with those following a mixed omnivorous non-vegetarian diet
[66]. However, the review did not discriminate among hPDB and
uPBD nor people with and without MetS [66].



M.S. Thomas et al.

Table 2
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Effects of healthful plant-based diets on inflammatory markers in population studies. The study design, duration, participants, characteristics of the
evaluated diets, evaluated inflammatory markers, and results are presented1

Study Design/ Participants Characteristics of the Inflammatory Markers/ Results Ref
Duration Evaluated Diet Adipokines
Retrospective 40,768 adults aged SQFFQ CRP, WBC. Participants In the low PBD intake group, [62]
Cohort over 40 y PCA to determine: Korean divided in quartiles immunity status was associated
balanced diet, PBD, Western- with 2-fold risk for MetS.
style diet & rice-based diet No associations in the high PBD
group
Cross-sectional 88 "apparently 44 Vegetarian (VEG) & 44 CRP and Framingham Risk Percentage of individuals with [63]
healthy" men > 35 y. Omnivorous (OMN) score MetS was higher among OMN
than among.
No differences in CRP among
groups.
Cross-sectional 1340 adults (422 (1) omnivores (2) semi- hs-CRP No differences in CRP among diet [65]
men] and 918 vegetarians (3) lacto-ovo- Ferritin groups
women) aged 18-60y.  vegetarians and (4) vegans A higher prevalence of obesity in
omnivores when compared to
lacto-ovo vegetarians semi-
vegetarians and vegans
Regardless of sex: vegetarian
obese individuals had lower
values of GGT and ferritin
concentrations than omnivorous
individuals
Cross-sectional 3690 Diabetes-free FFQ CRP, ferritin, and Greater total and unprocessed red [68]
female participants in Red meat consumption adiponectin. meat intakes were significantly
the Nurses’ Health divided into quartiles. associated with higher plasma
Study. ferritin concentration after
adjustment for demographic,
medical history, BMI, and
lifestyle variables. BMI accounted
for much of the associations of
the total, unprocessed, and
processed red meat intake with
CRP.
Cross-sectional 240 obese adult FFQ hsCRP, IL-1f, and TGF-p. By increasing the diet based on a [69]
women range of PDI, hPDI, and uPDI in healthy plant, the inflammatory
18-48 y. (Mean BMI quartiles. factors of hsCRP and TGF
30, WC 94 cm) decreased significantly.
Cross-sectional 289 overweight FFQ CRP, TGF-41, ILS1, and MCP- In the crude model, neither [72]
women aged over 18 Overall PDI and tertiles for h- 1. inflammatory markers nor
y. Metabolically PBD and uPBD. phenotypes were associated with

healthy and unhealthy
phenotype (65).

the tertiles of PDI, hPDI, or uPD.
TGF-f1 had a significant inverse
association with hPDI.

1 CRP, C-reactive protein; FFQ, food frequency questionnaire; GGT, gamma-glutamyl transferase; hPDI, healthy plant diet index; hPBD, healthful
plant-based diet; MCP-1, monocyte chemoattractant protein-1; OMN, omnivorous; PCA, principal component analysis; SQFFQ, semiquantitative
food frequency questionnaire; TG, triglycerides; TGF, transforming growth factor; TGF-p1, transforming growth factor -1; uPBD, unhealthful plant-
based diet; VEG, vegans; WBC, white blood cells; WC, waist circumference.

Grosso et al. [67] reviewed the anti-inflammatory effects of
nutrients to shed more light on the effect of diet components on
inflammation. One example of this approach comes from the
Nurses’ Health Study data which showed that substituting un-
processed red meat with either fish or nuts and legumes was
associated with lower ferritin and CRP in their sample [68]. A
cross-sectional study in obese Iranian women also reported that
higher hPBD adherence was associated with lower concentra-
tions of CRP and TGF [69]. Similarly, another study using Na-
tional Health and Nutrition Examination Survey (NHANES) data
showed that the association between the Dietary Inflammatory
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Index and at least one CVD-Risk factor was dose-dependent [70].
This means that those participants in the 3rd and 4th quartile of
this inflammatory index were 1.37 (95% CI: 1.11-1.68) and
1.50-fold (95% CI:1.19-1.90) more likely to have at least one
CVD-Risk factor [70].

Mohamadi et al. [72] examined the association of hPBD and
uPBD in Iranian women categorized into 2 groups: metaboli-
cally healthy obese and unhealthy obese phenotypes based on
Karelis criteria [71]. The markers CRP, TGF-41, IL-f1, and
MCP-1, were not associated with the diets in the crude model,
but researchers reported a significant inverse association
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between hPBD and TGF-$ for the unhealthy metabolic pheno-
type [72]. A randomized control study was conducted in which
participants were randomly assigned to follow a vegan, vege-
tarian, pesco-vegetarian, semi-vegetarian, or omnivorous diet
for 6 mo. Improvements in dietary inflammatory index scores
compared to diets containing meat were reported [73]. Other
recent studies have also reported a lower CRP by vegetarian
diets [74,75].

Table 2 reports recent information on the effects of a PBD on
inflammatory markers.

Nutrients associated with beneficial effects of plant-
based diets on inflammatory markers

Specific dietary components present in an hPBD can
contribute to explaining how these diets can ameliorate low-
grade systemic inflammation.

e Dietary fiber: hPBD are high in soluble and insoluble fiber.
Fiber intake positively alters the microbiota and increases gut
barrier function and anti-inflammatory biomarkers [76]. The
low energy density of this nutrient is associated with lower
BM], so there is an indirect long-term effect on adiposity that
also contributes to modulating the inflammatory response
[771.

¢ Phytochemicals: hPBD are high in polyphenols, which are

well-known for their anti-inflammatory and antioxidant ca-

pacity [78]. These compounds modulate inflammation by
different mechanisms, such as inactivating nuclear factor
kappa-B and modulating mitogen-activated protein kinase

and arachidonic acids pathways [79].

®-3 Fatty acids: hPBD are high in the ®-3 linolenic and

alpha-linoleic acid from vegetable oils such as canola, nuts,

seeds, and soybeans and low in saturated fat. Consuming
high-fat meals promote endotoxin (e.g., lipopolysaccharide)

translocation into the bloodstream, stimulating innate im-

mune cells and leading to a transient postprandial inflam-

matory response [80]. An increase in plant-derived ALA could
potentially contribute to a decrease in inflammation observed

in plant-based diets. An RCT to evaluate the effect of a

hypo-energetic diet rich in ALA (3.4 g/d) in individuals with

MetS showed decreases in CRP [81]. The high ALA intake led

to a more pronounced reduction in the serum concentration

of YKL-40 compared with the intake of the low-ALA control
diet. YKL-40 is an inflammatory glycoprotein involved in
endothelial dysfunction [72]. In addition, EPA and DHA
contained in fish have shown a consistent effect in reducing
inflammatory markers [49,67]. Monounsaturated fatty acids
from olive oil and certain nuts can be anti-inflammatory in
PBD, particularly by replacing saturated fat intake [82].

A summary of the nutrients that might affect inflammation in
the different types of PBD is presented in the Figure.

Limitations

For the most part, in this review, it is clear that the different
types of PBD have some benefits to improve the parameters of
MetS and reduce inflammation. However, there are mixed results
in studies where no significant differences were found in these
parameters compared to omnivorous diets. These results were
not unexpected, given the complexity related to the metabolic
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status, the breath of the inflammatory markers used, and the
control of confounding factors (diet adherence, microbiota, ge-
notype). Additionally, most of the studies analyzed were obser-
vational, preventing controlling for relevant variables. In the
context of the COVID-19 pandemic, the potential anti-
inflammatory and lipid-lowering effects of hPBD should also be
considered as a preventative measure for a better immune re-
action when affected with pathogens such as the severe acute
respiratory syndrome coronavirus-2 [78].

Conclusions

Regarding the different types of PBDs discussed, we conclude
that vegan diets are very effective in lowering body weight and
reducing inflammatory markers; however, a consistent decrease
in HDL-C is a drawback of these diets. The lack of a more efficient
effect of these diets in improving metabolic parameters could be
related to the dietary choices of individuals adhering to this di-
etary pattern. Lacto- and lacto-ovo-vegetarian diets, including
dairy and eggs that contain nutrients and antioxidants that
improve inflammation and dyslipidemia, appear to provide
beneficial effects for MetS. Finally, pescatarian diets associated
with decreases in plasma TG and inflammatory markers are
another healthy option for PBDs.

Future Directions

Future directions should focus on precision nutrition and its
applications to metabolic risk factors and PBDs. For example,
caveolin-1 (CAV-1) is the major structural protein of caveolae,
and it correlates with insulin resistance and MetS. A recent study
evaluated the interactions between caveolin-1 (rs3807992) and
PDI on metabolic and inflammatory markers in overweight and
obese Iranian women [83]. Researchers have reported a gene-diet
interaction between plant-based diets and CAV-1 polymorphism
where the AA allele carriers who consumed a PBD with a higher
dietary index had lower concentrations of liver enzymes, insulin,
MCP-1, and hsCRP compared to GG homozygotes [83]. This
suggests that certain genetic polymorphisms can make in-
dividuals more sensitive to a PBD. The future of individualized
healthy diets is in clarifying the interactions between diet and
genetics to have a better understanding of how a healthy PBD can
improve the biomarkers of MetS.

Funding

The authors reported no funding received for this study.
Author disclosures

The authors report no conflicts of interest.
Authors contributions

MLF conceptualized the review, wrote part of the review, and
was responsible for the final content. MST created the figure,
wrote part of this review, and was responsible for Table 1. MC
wrote part of this review and was responsible for the content of
Table 2.



M.S.

Thomas et al.

References

[1]

(2]

[3]

[4]

[51

[6]

[7]

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

V. Melina, W. Craig, S. Levin, Position of the academy of nutrition and
dietetics: vegetarian diets, J. Acad. Nutr. Diet. 116 (12) (2016)
1970-1980, https://doi.org/10.1016/j.jand.2016.09.025.

E. Medawar, S. Huhn, A. Villringer, A.V. Witte, The effects of plant-
based diets on the body and the brain: a systematic review, Transl.
Psychiatry 9 (1) (2019) 226, https://doi.org/10.1038/s41398-019-
0552-0.

P.J. Tuso, M.H. Ismail, B.P. Ha, C. Bartolotto, Nutritional update for
physicians: plant-based diets, Perm. J. 17 (2) (2013) 61-66, https://
doi.org/10.7812/TPP/12-085.

M.Y. Baden, A. Satija, F.B. Hu, T. Huang, Change in plant-based diet
quality is associated with changes in plasma adiposity-associated
biomarker concentrations in women, J. Nutr. 149 (4) (2019) 676-686,
https://doi.org/10.1093/jn/nxy301.

B. Zamani, E. Daneshzad, F. Siassi, B. Guilani, N. Bellissimo,

L. Azadbakht, Association of plant-based dietary patterns with
psychological profile and obesity in Iranian women, Clin. Nutr. 39 (6)
(2020) 1799-1808, https://doi.org/10.1016/j.clnu.2019.07.019.

L. McGrath, M.L. Fernandez, Plant-based diets and metabolic syndrome:
evaluating the influence of diet quality, J. Agric. Food Res. 9 (3) (2022),
100322, https://doi.org/10.1016/j.jafr.2022.100322.

M.L. Fernandez, Commentary: plant-based diet quality is associated
with changes in plasma adiposity biomarkers concentrations in women,
J. Nutr. 149 (2019) 151-152, https://doi.org/10.1093/jn/nxy317.

A. Satija, S.N. Bhupathiraju, E.B. Rimm, D. Spiegelman, S.E. Chiuve,
L. Borgi, et al., Plant-based dietary patterns and incidence of type 2
diabetes in US men and women: results from three prospective cohort
studies, PLoS Med. 13 (6) (2016), 1002039, https://doi.org/10.1371/
journal.pmed.1002039.

E.M. Steele, L.G. Baraldi, M.L. da Costa Louzada, J.C. Moubarac,

D. Mozaffarian, C.A. Monteiro, Ultra-processed foods and added sugars
in the US diet: evidence from a nationally representative cross-sectional
study, BMJ Open 6 (3) (2016), e009892, https://doi.org/10.1136/
bmjopen-2015-009892.

M. Banaszak, I. Gorna, J. Przystawski, Non-pharmacological treatments
for insulin resistance: effective intervention of plant-based diets-A
critical review, Nutrients 14 (7) (2022) 1400, https://doi.org/10.3390/
nul4071400.

K.E. Bradbury, F.L. Crowe, P.N. Appleby, J.A. Schmidt, R.C. Travis,
T.J. Key, Serum concentrations of cholesterol, apolipoprotein A-I and
apolipoprotein B in a total of 1694 meat-eaters, fish-eaters, vegetarians
and vegans, Eur. J. Clin. Nutr. 68 (2) (2014) 178-183, https://doi.org/
10.1038/ejcn.2013.248.

M. Dinu, R. Abbate, G.F. Gensini, A. Casini, F. Sofi, Vegetarian, vegan
diets and multiple health outcomes: A systematic review with meta-
analysis of observational studies, Crit. Rev. Food Sci. Nutr. 57 (17)
(2017) 3640-3649, https://doi.org/10.1080/
10408398.2016.1138447.

H. Wozniak, C. Larpin, C. de Mestral, I. Guessous, J.L. Reny,

S. Stringhini, Vegetarian, pescatarian and flexitarian diets:
sociodemographic determinants and association with cardiovascular
risk factors in a Swiss urban population, Br. J. Nutr. 124 (8) (2020)
844-852, https://doi.org/10.1017/S0007114520001762.

E.S. Ford, The metabolic syndrome and mortality from

cardiovascular disease and all-causes: findings from the National Health
and Nutrition Examination Survey II Mortality study, Atherosclerosis
173 (2) (2004) 309-314, https://doi.org/10.1016/
j.atherosclerosis.2003.12.022.

C.J. Andersen, M.L. Fernandez, Dietary strategies to reduce metabolic
syndrome, Rev. Endocr. Metab. Disord. 14 (3) (2013) 241-254, https://
doi.org/10.1007/s11154-013-9251-y.

H. Kim, K. Lee, C.M. Rebholz, J. Kim, Plant-based diets and incident
metabolic syndrome: results from a South Korean prospective cohort
study, PLoS Med. 17 (11) (2020), 1003371, https://doi.org/10.1371/
journal.pmed.1003371.

A.H. Lichtenstein, L.J. Appel, M. Vadiveloo, F.B. Hu, P.M. Kris-Etherton,
C.M. Rebholz Sacks, et al., 2021 Dietary guidance to improve
cardiovascular health: a scientific statement from the American Heart
Association, Circulation 144 (2021) e472-e487, https://doi.org/
10.1161/CIR.0000000000001031.

A. Gray, R. Threlkedl, Nutritional recommendations for individuals
with diabetes [Internet], 2015. Available from: https://www.ncbi.n
Im.nih.gov/books/NBK279012/12.

52

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Advances in Nutrition 14 (2023) 44-54

G.A. Roth, G.A. Mensah, C.O. Johnson, G. Addolorato, E. Ammirati,
L.M. Baddour, et al., Global burden of cardiovascular diseases and risk
factors, 1990-2019: update from the GBD 2019 study, J. Am. Coll.
Cardiol. 76 (25) (2020) 2982-3021, https://doi.org/10.1016/
jjacc.2020.11.010.

Expert Panel on Detection, Evaluation, and Treatment of High Blood
Cholesterol in Adults, Executive summary of the third report of the
National Cholesterol Education Program (NCEP) expert panel on
detection, evaluation, and treatment of high blood cholesterol in adults
(adult treatment panel I1I), JAMA 285 (19) (2001) 2486-2497, https://
doi.org/10.1001/jama.285.19.2486.

F. Wang, J. Zheng, B. Yang, J. Jiang, Y. Fu, D. Li, Effects of vegetarian
diets on blood lipids: a systematic review and meta-analysis of
randomized controlled trials, J. Am. Heart Assoc. 4 (10) (2015),
002408, https://doi.org/10.1161/JAHA.115.002408.

H. Kahleova, S. Levin, N. Barnard, Cardio-metabolic benefits of plant-
based diets, Nutrients 9 (8) (2017) 848, https://doi.org/10.3390/
nu9080848.

A. Oncina-Céanovas, J. Vioque, S. Gonzalez-Palacios, M.A. Martinez-
Gonzélez, J. Salas-Salvadd, D. Corella, et al., Pro-vegetarian food
patterns and cardiometabolic risk in the PREDIMED-Plus study: a cross-
sectional baseline analysis, Eur. J. Nutr. 61 (1) (2022) 357-372,
https://doi.org/10.1007/s00394-021-02647-4.

Y. Yokoyama, K. Nishimura, N.D. Barnard, M. Takegami, M. Watanabe,
A. Sekikawa, et al., Vegetarian diets and blood pressure: a meta-
analysis, JAMA Intern Med 174 (4) (2014) 577-587, https://doi.org/
10.1001/jamainternmed.2013.14547.

M.J. Orlich, G.E. Fraser, Vegetarian diets in the Adventist Health
Study 2: a review of initial published findings, Am. J. Clin. Nutr. 100
(Suppl 1) (2014) 353S-358S, https://doi.org/10.3945/
ajen.113.071233.

S. Agrawal, C.J. Millett, P.K. Dhillon, S.V. Subramanian, S. Ebrahim,
Type of vegetarian diet, obesity and diabetes in adult Indian population,
Nutr. J. 13 (1) (2014) 89, https://doi.org/10.1186/1475-2891-13-89.
L. Crosby, E. Rembert, S. Levin, A. Green, Z. Ali, M. Jardine, et al.,
Changes in food and nutrient intake and diet quality on a low-fat vegan
diet are associated with changes in body weight, body composition, and
insulin sensitivity in overweight adults: a randomized clinical trial,

J. Acad. Nutr. Diet. 122 (10) (2022) 1922-1939.e0, https://doi.org/
10.1016/j.jand.2022.04.008.

M.R. MacArthur, S.J. Mitchell, J.H. Trevino-Villarreal, Y. Grondin,

J.S. Reynolds, P. Kip, et al., Total protein, not amino acid composition,
differs in plant-based versus omnivorous dietary patterns and
determines metabolic health effects in mice, Cell Metab. 33 (9) (2021)
1808-1819.e2, https://doi.org/10.1016/j.cmet.2021.06.011.

S. Mayra, N. Ugarte, C.S. Johnston, Health biomarkers in adults are
more closely linked to diet quality attributes than to plant-based diet
categorization, Nutrients 11 (6) (2019) 1427, https://doi.org/10.3390/
null061427.

J.K. Chiang, Y.L. Lin, C.L. Chen, C.M. Ouyang, Y.T. Wu, Y.C. Chi, et al.,
Reduced risk for metabolic syndrome and insulin resistance associated
with ovo-lacto-vegetarian behavior in female Buddhists: a case-control
study, PLoS One 8 (8) (2013), 71799, https://doi.org/10.1371/
journal.pone.0071799.

T.H.T. Chiu, H.Y. Huang, Y.F. Chiu, W.H. Pan, H.Y. Kao, J.P.C. Chiu, et
al., Taiwanese vegetarians and omnivores: dietary composition,
prevalence of diabetes and IFG, PLoS One 9 (2) (2014), e88547,
https://doi.org/10.1371/journal.pone.0088547.

Y.F. Chiu, C.C. Hsu, T.H.T. Chiu, C.Y. Lee, T.T. Liu, C.K. Tsao, et al.,
Cross-sectional and longitudinal comparisons of metabolic profiles
between vegetarian and non-vegetarian subjects: a matched cohort
study, Br. J. Nutr. 114 (8) (2015) 1313-1320, https://doi.org/10.1017/
S0007114515002937.

M.S. Thomas, M. Puglisi, O. Malysheva, M.A. Caudill, M. Sholola,

J.L. Cooperstone, et al., Eggs improve plasma biomarkers in patients
with metabolic syndrome following a plant-based diet - a randomized
crossover study, Nutrients 14 (10) (2022) 2138, https://doi.org/
10.3390/nu14102138.

D.R. Bakaloudi, L. Chrysoula, E. Kotzakioulafi, X. Theodoridis,

M. Chourdakis, Impact of the level of adherence to Mediterranean diet
on the parameters of metabolic syndrome: a systematic review and
meta-analysis of observational studies, Nutrients 13 (5) (2021) 1514,
https://doi.org/10.3390/nul13051514.

C. Davis, J. Bryan, J. Hodgson, K. Murphy, Definition of the
Mediterranean diet; a literature review, Nutrients 7 (11) (2015)
9139-9153, https://doi.org/10.3390/nu7115459.


https://doi.org/10.1016/j.jand.2016.09.025
https://doi.org/10.1038/s41398-019-0552-0
https://doi.org/10.1038/s41398-019-0552-0
https://doi.org/10.7812/TPP/12-085
https://doi.org/10.7812/TPP/12-085
https://doi.org/10.1093/jn/nxy301
https://doi.org/10.1016/j.clnu.2019.07.019
https://doi.org/10.1016/j.jafr.2022.100322
https://doi.org/10.1093/jn/nxy317
https://doi.org/10.1371/journal.pmed.1002039
https://doi.org/10.1371/journal.pmed.1002039
https://doi.org/10.1136/bmjopen-2015-009892
https://doi.org/10.1136/bmjopen-2015-009892
https://doi.org/10.3390/nu14071400
https://doi.org/10.3390/nu14071400
https://doi.org/10.1038/ejcn.2013.248
https://doi.org/10.1038/ejcn.2013.248
https://doi.org/10.1080/10408398.2016.1138447
https://doi.org/10.1080/10408398.2016.1138447
https://doi.org/10.1017/S0007114520001762
https://doi.org/10.1016/j.atherosclerosis.2003.12.022
https://doi.org/10.1016/j.atherosclerosis.2003.12.022
https://doi.org/10.1007/s11154-013-9251-y
https://doi.org/10.1007/s11154-013-9251-y
https://doi.org/10.1371/journal.pmed.1003371
https://doi.org/10.1371/journal.pmed.1003371
https://doi.org/10.1161/CIR.0000000000001031
https://doi.org/10.1161/CIR.0000000000001031
https://www.ncbi.nlm.nih.gov/books/NBK279012/12
https://www.ncbi.nlm.nih.gov/books/NBK279012/12
https://doi.org/10.1016/j.jacc.2020.11.010
https://doi.org/10.1016/j.jacc.2020.11.010
https://doi.org/10.1001/jama.285.19.2486
https://doi.org/10.1001/jama.285.19.2486
https://doi.org/10.1161/JAHA.115.002408
https://doi.org/10.3390/nu9080848
https://doi.org/10.3390/nu9080848
https://doi.org/10.1007/s00394-021-02647-4
https://doi.org/10.1001/jamainternmed.2013.14547
https://doi.org/10.1001/jamainternmed.2013.14547
https://doi.org/10.3945/ajcn.113.071233
https://doi.org/10.3945/ajcn.113.071233
https://doi.org/10.1186/1475-2891-13-89
https://doi.org/10.1016/j.jand.2022.04.008
https://doi.org/10.1016/j.jand.2022.04.008
https://doi.org/10.1016/j.cmet.2021.06.011
https://doi.org/10.3390/nu11061427
https://doi.org/10.3390/nu11061427
https://doi.org/10.1371/journal.pone.0071799
https://doi.org/10.1371/journal.pone.0071799
https://doi.org/10.1371/journal.pone.0088547
https://doi.org/10.1017/S0007114515002937
https://doi.org/10.1017/S0007114515002937
https://doi.org/10.3390/nu14102138
https://doi.org/10.3390/nu14102138
https://doi.org/10.3390/nu13051514
https://doi.org/10.3390/nu7115459

M.S. Thomas et al.

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[501]

[51]

[52]

[53]

J.M. Lou-Bonafonte, C. Gabas-Rivera, M.A. Navarro, J. Osada, PON1
and Mediterranean diet, Nutrients 7 (6) (2015) 4068-4092, https://
doi.org/10.3390/nu7064068.

M.M. Quetglas-Llabrés, M. Monserrat-Mesquida, C. Bouzas, C. Gémez,
D. Mateos, T. Ripoll-Vera, et al., Inflammatory and oxidative stress
markers related to adherence to the Mediterranean diet in patients with
metabolic syndrome, Antioxidants (Basel) 11 (5) (2022) 901, https://
doi.org/10.3390/antiox11050901.

F. Sofi, M. Dinu, G. Pagliai, F. Cesari, A.M. Gori, A. Sereni, et al., Low-
calorie vegetarian versus Mediterranean diets for reducing body weight
and improving cardiovascular risk profile: CARDIVEG study
(cardiovascular prevention with vegetarian diet), Circulation 137 (11)
(2018) 1103-1113, https://doi.org/10.1161/
CIRCULATIONAHA.117.030088.

M. Uusitupa, K. Hermansen, M.J. Savolainen, U. Schwab,

M. Kolehmainen, L. Brader, et al., Effects of an isocaloric healthy Nordic
diet on insulin sensitivity, lipid profile and inflammation markers in
metabolic syndrome - a randomized study (SYSDIET), J. Intern. Med.
274 (1) (2013) 52-66, https://doi.org/10.1111/joim.12044.

M. Shahavandi, F. Djafari, H. Shahinfar, S. Davarzani, N. Babaei,

M. Ebaditabar, et al., The association of plant-based dietary patterns
with visceral adiposity, lipid accumulation product, and triglyceride-
glucose index in Iranian adults, Complement Ther. Med. 53 (2020),
102531, https://doi.org/10.1016/j.ctim.2020.102531.

M.R. Amini, H. Shahinfar, F. Djafari, F. Sheikhhossein, S. Naghshi,

K. Djafarian, et al., The association between plant-based diet indices
and metabolic syndrome in Iranian older adults, Nutr. Health 27 (4)
(2021) 435-444, https://doi.org/10.1177/0260106021992672.

M.D. Gadgil, C.A.M. Anderson, N.R. Kandula, A.M. Kanaya, Dietary
patterns in Asian Indians in the United States: an analysis of the
metabolic syndrome and atherosclerosis in South Asians Living in
America study, J. Acad. Nutr. Diet. 114 (2) (2014) 238-243.

B. Chen, J. Zeng, M. Qin, W. Xu, Z. Zhang, X. Li, et al., The association
between plant-based diet indices and obesity and metabolic diseases in
Chinese adults: longitudinal analyses from the China Health and
Nutrition Survey, Front. Nutr. 9 (2022), 881901, https://doi.org/
10.3389/fnut.2022.881901.

E.D. Jesch, T.P. Carr, Food ingredients that inhibit cholesterol
absorption, Prev. Nutr. Food Sci. 22 (2) (2017) 67-80.

M.L. Fernandez, Soluble fiber and nondigestible carbohydrate effects on
plasma lipids and cardiovascular risk, Curr. Opin. Lipidol. 12 (1) (2001)
35-40, https://doi.org/10.1097,/00041433-200102000-00007.

V.A. Solah, D.A. Kerr, W.J. Hunt, S.K. Johnson, C.J. Boushey,

E.J. Delp, et al., Effect of fibre supplementation on body weight and
composition, frequency of eating and dietary choice in overweight
individuals, Nutrients 9 (2) (2017) 149, https://doi.org/10.3390/
nu9020149.

S.J. Kim, R.J. de Souza, V.L. Choo, V. Ha, A.I. Cozma, L. Chiavaroli,
A. Mirrahimi, et al., Effects of dietary pulse consumption on body
weight: a systematic review and meta-analysis of randomized controlled
trials, Am. J. Clin. Nutr. 103 (5) (2016) 1213-1223, https://doi.org/
10.3945/ajcn.115.124677.

H. Gerster, Can adults adequately convert alpha-linolenic acid (18:3n-3)
to eicosapentaenoic acid (20:5n-3) and docosahexaenoic acid (22:6n-
3)? Int. J. Vitam. Nutr. Res. 68 (3) (1998) 159-173.

C.W. Huang, Y.S. Chien, Y.J. Chen, K.M. Ajuwon, H.M. Mersmann,
S.T. Ding, Role of n-3 polyunsaturated fatty acids in ameliorating the
obesity-induced metabolic syndrome in animal models and humans, Int.
J. Mol. Sci. 17 (10) (2016) 1689, https://doi.org/10.3390/
ijms17101689.

K. Albracht-Schulte, N.S. Kalupahana, L. Ramalingam, S. Wang,

S.M. Rahman, J. Robert-McComb, et al., Omega-3 fatty acids in obesity
and metabolic syndrome: a mechanistic update, J. Nutr. Biochem. 58
(2018) 1-16, https://doi.org/10.1016/j.jnutbio.2018.02.012.

L. De Camargo Talon, E.P. de Oliveira, F. Moreto, K.C. Portero-
Mclellan, R.C. Burini, Omega-3 fatty acids supplementation decreases
metabolic syndrome prevalence after lifestyle modification program,
J. Funct. Foods 19 (2015) 922-928, https://doi.org/10.1016/
j.jff.2015.01.022.

G. Chiva-Blanch, L. Badimon, Effects of polyphenol intake on metabolic
syndrome: current evidences from human trials, Oxid. Med. Cell
Longev. 2017 (2017), 5812401, https://doi.org/10.1155/2017/
5812401.

P. Qin, T. Wang, Y. Luo, A review on plant-based proteins from soybean:
health benefits and soy product development, J Agric. Food Res. 7
(2022), 100265, https://doi.org/10.1016/j.jafr.2021.100265.

53

[54]

[55]

[56]

(571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

Advances in Nutrition 14 (2023) 44-54

N. Mohammadifard, F. Sajjadi, F. Haghighatdoost, Effects of soy
consumption on metabolic parameters in patients with metabolic
syndrome: a systematic review and meta-analysis, Excli. J. 20 (2021)
665-685, https://doi.org/10.1038/d41573-021-00128-1.

D.D. Ramdath, E.M.T. Padhi, S. Sarfaraz, S. Renwick, A.M. Duncan,
Beyond the cholesterol-lowering effect of soy protein: a review of the
effects of dietary soy and its constituents on risk factors for
cardiovascular disease, Nutrients 9 (4) (2017) 4, https://doi.org/
10.3390/nu9040324.

M.A. Beydoun, X. Chen, K. Jha, H.A. Beydoun, A.B. Zonderman,

J.A. Canas, Carotenoids, vitamin A, and their association with the
metabolic syndrome: a systematic review and meta-analysis, Nutr. Rev.
77 (1) (2019) 32-45, https://doi.org/10.1093/nutrit/nuy044.

C.N. Blesso, C.J. Andersen, B.W. Bolling, M.L. Fernandez, Egg intake
improves carotenoid status by increasing plasma HDL cholesterol in
adults with metabolic syndrome, Food Funct. 4 (2) (2013) 213-221,
https://doi.org/10.1039/C2F030154G.

X.R. Xu, Z.Y. Zou, X. Xiao, Y.M. Huang, X. Wang, X.M. Lin, Effects of
lutein supplement on serum inflammatory cytokines, ApoE and lipid
profiles in early atherosclerosis population, J. Atheroscler. Thromb. 20
(2) (2013) 170-177, https://doi.org/10.5551/jat.14365.

K.E. Senkus, L. Tan, K.M. Crowe-White, Lycopene and metabolic
syndrome: a systematic review of the literature, Adv. Nutr. 10 (1)
(2019) 19-29, https://doi.org/10.1093/advances/nmy069.

M.C. Calle, C.J. Andersen, Assessment of dietary patterns represents a
potential, yet variable, measure of inflammatory status: a review and
update, Dis. Markers 2019 (2019), 3102870, https://doi.org/10.1155/
2019/3102870.

J.O. Cullis, E.J. Fitzsimons, W.J. Griffiths, E. Tsochatzis, D.W. Thomas,
British Society for Haematology, Investigation and management of a
raised serum ferritin, Br. J. Haematol. 181 (3) (2018) 331-340, https://
doi.org/10.1111/bjh.15166.

S. Park, T. Zhang, A positive association of overactivated immunity with
metabolic syndrome risk and mitigation of its association by a plant-
based diet and physical activity in a large cohort study, Nutrients 13 (7)
(2021) 2308, https://doi.org/10.3390/nul13072308.

J.C.A. Navarro, L. Antoniazzi, A.M. Oki, M.C. Bonfim, V. Hong,

L.A. Bortolotto, et al., Prevalence of metabolic syndrome and
Framingham risk score in apparently healthy vegetarian and
omnivorous men, Arq. Bras. Cardiol. 110 (5) (2018) 430-437, https://
doi.org/10.5935/abc.20180073.

L. Judi, A. Toukan, Y. Khader, K. Ajlouni, M.A. Khatib, Prevalence of
elevated hepatic transaminases among Jordanian patients with type 2
diabetes mellitus, Ann. Saudi Med. 30 (1) (2010) 25-32, https://
doi.org/10.5144,/0256-4947.59369.

E. Slywitch, C. Savalli, A.C. Duarte, M.A.M.S. Escrivao, Obese
vegetarians and omnivores show different metabolic changes: analysis
of 1340 individuals, Nutrients 14 (11) (2022) 2204, https://doi.org/
10.3390/nul14112204.

J.C. Craddock, E.P. Neale, G.E. Peoples, Y.C. Probst, Vegetarian-based
dietary patterns and their relation with inflammatory and

immune biomarkers: a systematic review and meta-analysis, Adv.
Nutr. 10 (3) (2019) 433-451, https://doi.org/10.1093/advances/
nmy103.

G. Grosso, D. Laudisio, E. Frias-Toral, L. Barrea, G. Muscogiuri,

S. Savastano, et al., Anti-inflammatory nutrients and obesity-associated
metabolic-inflammation: state of the art and future direction, Nutrients
14 (6) (2022) 1137, https://doi.org/10.3390/nul4061137.

S.H. Ley, Q. Sun, W.C. Willett, A.H. Eliassen, K. Wu, A. Pan, et al.,
Associations between red meat intake and biomarkers of inflammation
and glucose metabolism in women, Am. J. Clin. Nutr. 99 (2) (2014)
352-360, https://doi.org/10.3945/ajcn.113.075663.

P. Bolori, L. Setaysh, N. Rasaei, F. Jarrahi, M.S. Yekaninejad, K. Mirzaei,
Adherence to a healthy plant diet may reduce inflammatory factors in
obese and overweight women-a cross-sectional study, Diabetes Metab.
Syndr. 13 (4) (2019) 2795-2802, https://doi.org/10.1016/
j.dsx.2019.07.019.

S. Tyrovolas, A. Koyanagi, G.A. Kotsakis, D. Panagiotakos, N. Shivappa,
M.D. Wirth, et al., Dietary inflammatory potential is linked to
cardiovascular disease risk burden in the US adult population, Int. J.
Cardiol. 240 (2017) 409-413, https://doi.org/10.1016/
j.jcard.2017.04.104.

A.D. Karelis, R. Rabasa-Lhoret, Inclusion of C-reactive protein in the
identification of metabolically healthy but obese (MHO) individuals,
Diabetes Metab. 34 (2) (2008) 183-184, https://doi.org/10.1016/
j.diabet.2007.11.004.


https://doi.org/10.3390/nu7064068
https://doi.org/10.3390/nu7064068
https://doi.org/10.3390/antiox11050901
https://doi.org/10.3390/antiox11050901
https://doi.org/10.1161/CIRCULATIONAHA.117.030088
https://doi.org/10.1161/CIRCULATIONAHA.117.030088
https://doi.org/10.1111/joim.12044
https://doi.org/10.1016/j.ctim.2020.102531
https://doi.org/10.1177/0260106021992672
http://refhub.elsevier.com/S2161-8313(22)01301-1/sref42
http://refhub.elsevier.com/S2161-8313(22)01301-1/sref42
http://refhub.elsevier.com/S2161-8313(22)01301-1/sref42
http://refhub.elsevier.com/S2161-8313(22)01301-1/sref42
http://refhub.elsevier.com/S2161-8313(22)01301-1/sref42
https://doi.org/10.3389/fnut.2022.881901
https://doi.org/10.3389/fnut.2022.881901
http://refhub.elsevier.com/S2161-8313(22)01301-1/sref44
http://refhub.elsevier.com/S2161-8313(22)01301-1/sref44
http://refhub.elsevier.com/S2161-8313(22)01301-1/sref44
https://doi.org/10.1097/00041433-200102000-00007
https://doi.org/10.3390/nu9020149
https://doi.org/10.3390/nu9020149
https://doi.org/10.3945/ajcn.115.124677
https://doi.org/10.3945/ajcn.115.124677
http://refhub.elsevier.com/S2161-8313(22)01301-1/sref48
http://refhub.elsevier.com/S2161-8313(22)01301-1/sref48
http://refhub.elsevier.com/S2161-8313(22)01301-1/sref48
http://refhub.elsevier.com/S2161-8313(22)01301-1/sref48
https://doi.org/10.3390/ijms17101689
https://doi.org/10.3390/ijms17101689
https://doi.org/10.1016/j.jnutbio.2018.02.012
https://doi.org/10.1016/j.jff.2015.01.022
https://doi.org/10.1016/j.jff.2015.01.022
https://doi.org/10.1155/2017/5812401
https://doi.org/10.1155/2017/5812401
https://doi.org/10.1016/j.jafr.2021.100265
https://doi.org/10.1038/d41573-021-00128-1
https://doi.org/10.3390/nu9040324
https://doi.org/10.3390/nu9040324
https://doi.org/10.1093/nutrit/nuy044
https://doi.org/10.1039/C2FO30154G
https://doi.org/10.5551/jat.14365
https://doi.org/10.1093/advances/nmy069
https://doi.org/10.1155/2019/3102870
https://doi.org/10.1155/2019/3102870
https://doi.org/10.1111/bjh.15166
https://doi.org/10.1111/bjh.15166
https://doi.org/10.3390/nu13072308
https://doi.org/10.5935/abc.20180073
https://doi.org/10.5935/abc.20180073
https://doi.org/10.5144/0256-4947.59369
https://doi.org/10.5144/0256-4947.59369
https://doi.org/10.3390/nu14112204
https://doi.org/10.3390/nu14112204
https://doi.org/10.1093/advances/nmy103
https://doi.org/10.1093/advances/nmy103
https://doi.org/10.3390/nu14061137
https://doi.org/10.3945/ajcn.113.075663
https://doi.org/10.1016/j.dsx.2019.07.019
https://doi.org/10.1016/j.dsx.2019.07.019
https://doi.org/10.1016/j.ijcard.2017.04.104
https://doi.org/10.1016/j.ijcard.2017.04.104
https://doi.org/10.1016/j.diabet.2007.11.004
https://doi.org/10.1016/j.diabet.2007.11.004

M.S. Thomas et al.

[72]

[73]

[74]

[75]

[76]

[771]

A. Mohamadi, F. Shiraseb, A. Mirzababaei, D. Hosseininasab, N. Rasaei,
C.C.T. Clark, et al., Circulating inflammatory markers may mediate the
relationship between healthy plant-based diet and metabolic phenotype
obesity in women: a cross-sectional study, Int. J. Clin. Pract. 2022
(2022), 8099382, https://doi.org/10.1155/2022/8099382.

G.M. Turner-McGrievy, M.D. Wirth, N. Shivappa, E.E. Wingard,

R. Fayad, S. Wilcox, et al., Randomization to plant-based dietary
approaches leads to larger short-term improvements in dietary
inflammatory index scores and macronutrient intake compared with
diets that contain meat, Nutr. Res. 35 (2) (2015) 97-106, https://
doi.org/10.1016/j.nutres.2014.11.007.

K. Jaceldo-Siegl, E. Haddad, S. Knutsen, J. Fan, J. Lloren, D. Bellinger,
et al., Lower C-reactive protein and IL-6 associated with vegetarian diets
are mediated by BMI, Nutr. Metab. Cardiovasc. Dis. 28 (8) (2018)
787-794, https://doi.org/10.1016/j.numecd.2018.03.003.

J. Menzel, A. Jabakhanji, R. Biemann, K. Mai, K. Abraham, C. Weikert,
Systematic review and meta-analysis of the associations of vegan and
vegetarian diets with inflammatory biomarkers, Sci. Rep. 10 (1) (2020),
21736, https://doi.org/10.1038/s41598-020-78426-8.

M.S. Thomas, C.N. Blesso, M.C. Calle, O.K. Chun, M. Puglisi,

M.L. Fernandez, Dietary influences on gut microbiota with a focus on
metabolic syndrome, Metab. Syndr. Relat. Disord. 20 (8) (2022)
429-439, https://doi.org/10.1089/met.2021.0131.

S.M. Kuo, The interplay between fiber and the intestinal microbiome in
the inflammatory response, Adv. Nutr. 4 (1) (2013) 16-28, https://
doi.org/10.3945/an.112.003046.

54

[78]

[79]

[80]

[81]

[82]

[83]

Advances in Nutrition 14 (2023) 44-54

D. Margina, A. Ungurianu, C. Purdel, G.M. Nitulescu, D. Tsoukalas,

E. Sarandi, et al., Analysis of the intricate effects of polyunsaturated
fatty acids and polyphenols on inflammatory pathways in health and
disease, Food Chem. Toxicol. 143 (2020), 111558, https://doi.org/
10.1016/j.fct.2020.111558.

N. Yahfoufi, N. Alsadi, M. Jambi, C. Matar, The immunomodulatory and
anti-inflammatory role of polyphenols, Nutrients 10 (11) (2018) 1618,
https://doi.org/10.3390/nu10111618.

K.L. Fritsche, The science of fatty acids and inflammation, Adv. Nutr. 6
(3) (2015) 293S-3018S, https://doi.org/10.3945/an.114.006940.

S. Egert, A. Baxheinrich, Y.H. Lee-Barkey, D. Tschoepe, U. Wahrburg,
B. Stratmann, Effects of an energy-restricted diet rich in plant-derived
a-linolenic acid on systemic inflammation and endothelial function in
overweight-to-obese patients with metabolic syndrome traits, Br. J.
Nutr. 112 (8) (2014) 1315-1322, https://doi.org/10.1017/
S0007114514002001.

G. Ravaut, A. Légiot, K.F. Bergeron, C. Mounier, Monounsaturated fatty
acids in obesity-related inflammation, Int. J. Mol. Sci. 22 (1) (2020)
330, https://doi.org/10.3390/ijms22010330.

F. Abaj, A. Mirzababaei, D. Hosseininasab, N. Bahrampour, C.C.T. Clark,
K. Mirzaei, Interactions between Caveolin-1 polymorphism and plant-
based dietary index on metabolic and inflammatory markers among
women with obesity, Sci. Rep. 12 (1) (2022) 9088, https://doi.org/
10.1038/541598-022-12913-y.


https://doi.org/10.1155/2022/8099382
https://doi.org/10.1016/j.nutres.2014.11.007
https://doi.org/10.1016/j.nutres.2014.11.007
https://doi.org/10.1016/j.numecd.2018.03.003
https://doi.org/10.1038/s41598-020-78426-8
https://doi.org/10.1089/met.2021.0131
https://doi.org/10.3945/an.112.003046
https://doi.org/10.3945/an.112.003046
https://doi.org/10.1016/j.fct.2020.111558
https://doi.org/10.1016/j.fct.2020.111558
https://doi.org/10.3390/nu10111618
https://doi.org/10.3945/an.114.006940
https://doi.org/10.1017/S0007114514002001
https://doi.org/10.1017/S0007114514002001
https://doi.org/10.3390/ijms22010330
https://doi.org/10.1038/s41598-022-12913-y
https://doi.org/10.1038/s41598-022-12913-y

	Outline placeholder
	Introduction

	Statement of significance
	Outline placeholder
	Beneficial Effects of Plant-Based Diets
	Effects of different types of PBDs on the parameters of MetS
	Vegan diets and parameters of metabolic syndrome
	Vegetarian diets (including ovo- and lacto-) and parameters of metabolic syndrome
	Mediterranean diet, Nordic diet, and parameters of MetS
	Plant-based diets index
	Nutrients associated with beneficial effects of PBD on parameters of the metabolic syndrome
	PBD: Effects on Inflammation
	Metabolic syndrome and low-grade inflammation
	PBD, inflammation, and obesity
	Nutrients associated with beneficial effects of plant-based diets on inflammatory markers
	Limitations

	Conclusions
	Future Directions

	Funding
	Author disclosures
	Authors contributions
	References


