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Background: Growing evidence highlights the significant impact of diet to
modify low-grade inflammation closely linked to cardiometabolic profile.
Multifunctionnal diets, combining several compounds have been shown to
beneficially impact metabolic parameters.

Objective: This study synthesizes the knowledge on the impact of RCTs
combining dietary multifunctional compounds on low-grade inflammation in
humans. We investigate whether the effects of dietary multifunctional
interventions on inflammatory markers were parallel to alterations of
cardiometabolic parameters.

Methodology: We considered both the integrated dietary interventions (ID, i.e.
global diets such as Mediterranean, Nordic...) and the dietary interventions based
on selected bioactive mix (BM) compounds, in healthy individuals and those at
cardiometabolic risk. Out of 221 screened publications, we selected 27 studies: 11
for BM (polyphenols and/or omega-3 fatty acids and/or antioxidants and/or
dietary fiber) and 16 for ID (Mediterranean, paleo, Nordic, Dietary Approaches to
Stop Hypertension (DASH) diet...).

Results: ID studies reflected significant improvements in inflammatory markers
(CRP, IL-6, IL-10, IL-1b), concomitantly with beneficial changes in metabolic
parameters. In BM studies, pronounced effects on low-grade inflammatory
markers were observed, while improvements in metabolic parameters were
not consistent. Both types of studies suggested a favorable impact on oxidative
stress, a factor closely linked to the inflammatory profile.

Conclusion: Our findings showed that multifunctional RCT diets have differential
role in managing low-grade inflammation and cardiometabolic health, with a
large heterogeneity in explored inflammatory markers. Further research is
imperative to elucidate the link between low-grade inflammation and other
cardiometabolic risk factors, such as intestinal inflammation or postprandial

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1304686/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1304686/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1304686/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1304686/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1304686/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2024.1304686&domain=pdf&date_stamp=2024-02-27
mailto:julie-anne.nazare@univ-lyon1.fr
https://doi.org/10.3389/fimmu.2024.1304686
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2024.1304686
https://www.frontiersin.org/journals/immunology

Hornero-Ramirez et al.

10.3389/fimmu.2024.1304686

inflammatory dynamics, aiming to attain a comprehensive understanding of the
mechanisms involved in these processes. These future investigations not only
have the potential to deepen our insights into the connections among these
elements but also pave the way for significant advancements in the prevention
and management of conditions related to the cardiovascular and

metabolic systems.

KEYWORDS

bioactive compound, food synergy, oxidative stress, Mediterranean, Nordic, portfolio,
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1 Introduction

The increasing prevalence of cardiometabolic diseases (CDs), such
as obesity, type 2 diabetes mellitus (T2DM), cardiovascular diseases, and
metabolic dystunction-associated fatty liver disease (MAFLD) represents
a global public health challenge. Chronic low-grade inflammation is
considered as a common underlying pathophysiological feature of these
chronic diseases (1). Low-grade inflammation reflects a sustained and
subtle inflammatory response occurring at a low level in the body over
an extended duration. It is characterized by the production of pro-
inflammatory cytokines and immune cell activation, resulting from a
multifaceted interplay of inflammatory processes originating from a
multitude of tissues (2). This persistent inflammatory state has been
implicated in the pathogenesis of numerous chronic conditions, such as
cardiovascular disease and diabetes (3). Moreover, it has been
emphasized that the interaction between dietary compounds and the
gut is a critical component of immunomodulatory effects, identified as
both a potential cause and therapeutic strategy to help managing low-
grade inflammation and metabolic abnormalities (3). Dietary patterns
have been scientifically associated with variations in the inflammatory
profile in particular with low-grade inflammation markers.

Liselot Koelman et al. showed in a meta-analysis the beneficial
effects of certain dietary patterns, notably Mediterranean diet inducing
the reduction of inflammatory biomarkers such as IL-6, IL-1b and
CRP, reflecting an impact on several immunometabolic pathways (4).
Research on the effects of food components on low-grade inflammation
includes n-3 fatty acids, dietary fiber, polyphenols, antioxidants and a

Abbreviations: AID, Anti-Inflammatory Diet; BM, bioactive mix; CDs,
cardiometabolic diseases; CD, Control Diet; CVD, cardiovascular disease;
DASH, Dietary Approaches to Stop Hypertension; DF, Dietary Fiber; HCD,
healthy carbohydrate diet; ID integrated diet; IL, interleukin-; MD,
Mediterranean; MetS, metabolic syndrome; NASH, nonalcoholic steato-
hepatitis; ND, Nordic Diet; NEFA, non-esterified fatty acids; Paleo, Paleolithic;
PF, Portfolio Diet; PUFAs, Poly-Unsaturated Fatty Acids; RD, Refined Grain
Diet; RCTs, randomized controlled trial; RS, Resistant Starch; SCFA, short chain
fatty acids; T2DM, type 2 diabetes mellitus; TI, Test Intervention; TLR-4, Toll-
like receptor 4; WG, Whole grain.
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number of trials have shown positive effects on IL-6, TNF-a, CRP.
Garcia-Arellano et al. demonstrated in the PREDIMED study that a
Mediterranean diet characterized by higher consumption of foods such
as fruits, vegetables and whole grains characterized by a low
inflammatory potential (low-inflammatory index, an assigned score
to different foods and nutrients according to their inflammatory
properties) was associated with a reduced risk of cardiovascular
disease (5). Beyond the well documented association between dietary
patterns and inflammatory profile, dietary interventions which target
low-grade inflammation have led to divergent results. Such
discrepancies could be attributed to differences in tested dietary
compounds or tested mix, in chosen inflammatory markers of
interest or in study design (6, 7). Low-grade inflammation involves
various different organs, cellular mediators and biochemical pathways
and no consensus to date has been reached to determine the best
marker or markers’ signature of low-grade inflammation (4, 8).
Accordingly, previous works have defined the combination of several
different food ingredients with proven health effect within the same diet
as multifunctional interventions (9). The objective of this review is to
synthesize the knowledge on the impact of RCTs (randomized
controlled trial) dietary multifunctional interventions on low-grade
inflammation in healthy and at cardiometabolic-risk subjects in
relation to cardiometabolic profile. We considered both the
integrated diet interventions (ID, global dietary patterns such as
Mediterranean, Nordic...) and the dietary interventions based on
selected bioactive mixes (BM), while analyzing all the different
biomarkers assessed in RCTs as surrogates of low-grade
inflammatory profile. Concomitantly, we investigated whether the
effects of dietary multifunctional interventions on inflammatory
markers were associated to alterations of other metabolic parameters
such as lipidic, glycemic, and anthropometric parameters.

1.1 Methods

1.1.1 Literature search strategy
A bibliographic research was conducted using an electronic
search performed on PubMed/Google Scholar that includes all
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original research articles based on RCTs, parallel or crossover
design, written in English, published after 2003. The search terms
criteria were: [(intervention) AND (bioactive compounds OR anti-
inflammatory OR low-grade inflammation OR inflammatory OR
inflammatory markers OR polyphenol OR PUFA OR Portfolio OR
Bioactive foods OR Whole Diet OR Multifunctional OR bioactive
mix)] AND (inflammation) AND (dietary) AND (humans) NOT
(animals). The final search was carried out on June 14, 2023.

1.1.2 Inclusion and exclusion criteria

Selected studies involved adult male or female patients with a
body mass index (BMI) between 18 and 40 kg/m?. Only studies that
included at one inflammatory marker (plasma/serum) as described as
measures of analyses were included in the review with secondary
metabolic outcomes such as lipidic and glycemic [glycaemia, insulin,
non-esterified fatty acids (NEFA), triglycerides, adiponectin,
Apolipoprotein B, and total, HDL, LDL cholesterol, HOMA, short
chain fatty acids (SCFA)], anthropometric (body composition,
weight, height, waist circumference, hip circumference),cardiac
(blood pressure, tension) and gut markers (metagenomics).

The search criteria for biomarkers of inflammation
encompassed terms such as “low-grade inflammation,”
“inflammatory,” “inflammatory markers,” and “oxidative stress.”
In addition, anthropometric, metabolic criteria, or gut microbiota
measurements were considered if the article included at least one
inflammatory criterion. Included studies encompasses RCTs
involving an integrated diet (ID), i.e., global dietary patterns, or
RCTs investigating at least two bioactive compounds added
together as part of a supplementation (bioactive mix,
BM) (Figure 1).

Exclusion criteria were: i) design non-randomized trials, non-
controlled trials, observational studies; ii) Population: studies
carried out on animal models or in vitro, studies carried out on
subjects with BMI> 40 kg.mz, with cardiovascular disease (CVD),
inflammatory pathology [e.g. rheumatoid arthritis, nonalcoholic
steato-hepatitis (NASH)] or pathology affecting glucose metabolism
(type 1 and 2 diabetics) or a specific group of subjects (pregnant
women, breastfeeding women, study population <18 years, mental
disorders). The study included both ad libitum and strict nutrition
interventions and excluding caloric restriction, as well as research
involving bioactive mixtures or integrated dietary approaches.
However, studies focusing solely on the impact of a single
bioactive compound were not considered. Additionally, studies
examining physical activity or caloric restriction protocols were
excluded if there were discrepancies between the placebo and
test interventions.

1.1.3 Selection

Two investigators (H.H and A.A) independently assessed each
article during each step of the article retrieval process from the
Pubmed and Google scholar databases (Figure 2). First, the titles of
the articles were screened, as well as the abstracts to identify articles
which potentially meet the inclusion search inclusion criteria.
Second, the full texts were retrieved and screened to verify

Frontiers in Immunology

10.3389/fimmu.2024.1304686

eligibility for inclusion based on inclusion and exclusion criterion.
Any disagreements were resolved by discussion among the
investigators and included discussion with a third researcher (J.N)
until consensus was reached.

Finally, for each selected article, a data extraction form was used
to collect information on the article (authors, title, source, year), the
study population and baseline measurements, the study design, the
study duration, the type of intervention, the amount of bioactive
compounds, the outcome measures, and main findings.

2 Results
2.1 Study selection

The first stage of the research process identified 1152 items. By
analyzing the titles and abstracts, 182 articles were identified after
removing the duplicate articles. Sixty-four articles were excluded
because of the absence of inflammatory markers assessed in the
study, 32 because the type of subjects (mainly diabetics) or
inflammations diseases (rheumatoid polyarthritis). Of the
remaining articles, 32 were journal articles, 10 were abstracts of
scientific presentations at congresses and 4 corresponded to articles
in languages other than English.

Among these, a further selection was done after selecting by study
design and exclusion criteria, 27 RCTs from the 60 that were eligible
by title and abstract. Common reasons for exclusion were inclusion
criteria not met; languages other than English or French; duplicates
and unavailability of results on inflammation criteria. The two types
of studies will be analyzed separately, first the integrated diet (ID)
studies and then the bioactive mix (BM). Of the 27 interventional
studies, 16 were integrated diets, which are diets that include all foods
present in a day and include at least two bioactive components that
have shown effects on inflammation. Concerning the 11 selected BM
studies; these articles included the intake of a test product with a
minimum of two bioactive compounds within the same matrix. Full
details of each study are presented in Table 1 for the ID and in Table 2
for the BM, summarizing the descriptions and types of interventions
with the amount of the main bioactive compounds. The analysis
comprehensively explored various parameters beyond inflammatory
markers, encompassing metabolic factors. In addition, it looked at
other metabolic markers such as the composition of the gut
microbiota, recognizing its recently unveiled role in a wide range of
physiological processes and diseases.

2.2 Studies’ description

The duration of the studies varied from less than a week to up to
26 weeks. Most of the studies were mixed gender except for the two
studies by Juscelino Tovar et al. and Bakker et al. (16, 28). 4 studies
were conducted in healthy subjects, 11 in obese subjects (12, 24, 27-
30, 32-36), 15 in overweight subjects, 3 in metabolic syndrome
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compounds added
together as part of a
supplementation

FIGURE 1
Multifunctional dietary interventions.

subject, 1 in hyperlipidemic subjects (37), 1 in hypertensive subjects’
stage 1 (32),1 study on subjects with hepatic steatosis (35).

Of all the inflammatory parameters evaluated in the studies,
the most frequently found were high-sensitivity C-reactive protein
(hs-CRP) or CRP in 21 studies, TNF-a for 8 studies, IL-6 for 6

database

1152 articles identifies through the

Identification

l

duplicated removed

182 articles after screening

Screening

60 full text articles
assesed for eligibility

Eligibility

27 RCTs
included

Included

FIGURE 2
Diagram illustrating the literature search and study selection.
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Records
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title and abstract
n =970
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criteria = 842

Pediatric = 33
not human = 29

112 articles were
excluded
64 with no
inflammatory
parameters
32 Diabetic /
Inflammatory
subjects
12 reviews
10 conference
abstracts
4 not english

studies. Out of the 27 studies examined, 16 investigated multiple
inflammatory endpoints, and every study explored metabolic
parameters alongside at least one inflammatory endpoint. The
results are then presented by type of dietary approaches (ID
or BM).
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TABLE 1 Integrated diet intervention studies investigated the impact on systemic inflammation, oxidative stress and cardiometabolic risk markers.

Positive (1). inverse (|).

Proportion and no () statistically
. Length of Components of the Response significant associations
References Design BMI Treatment 9 Age ompo : p 9
(weeks) male dietary intervention variables (pvalue)/Pourcentage
subjects change A placebo
vs enriched
CD 42 34% Low fiber/PUFAs CRP < (p=0.4)/A6% vs -20%
LDL HDL 1 (p <0.05)
Adamsson V Parallel ApoB/APOAl 1 (p <0.05)
¢ al. 2011 (10) non 26 6 53 DF (g/M]) >3 Insulin 1 (p <0.05)
etal, blinded ND 44 38% Beta Glucan >3g/day Weight loss 1 (p < 0.05)
PUFAs (5-10% of energy) Systolic Blood 1 (p < 0.05)
Pressure (BP) 1 (p <0.05)
Average 3 Average CRP < (NS)
Danish Diet Danish Diet HOMA A 73% vs -41% (women)
i Parallel TNF-a A -9% vs 15% (men)
fritzen et al, 31 26 320% 2 0.001
2015 (11) Tlon ° Berries, cabbages, root vegetables and legumes potatoes fresh | (p<0.001)
blinded New ND 21 herbs, wild plants and mushrooms nuts. whole grain. meats ) - (i\IS)
from livestock and game. fish and shellfish and seaweed A7% vs -41% (women)
A -5% vs 7% (men)
Nordic Diet L1 RA 1 (p=0.00053)
ND 93 30% 6,8 (% energy) of PUFAs L6 A 27% vs -0.5%
Uusit cal Parallel 34,7g of DF 1L-10 < (p=0.44)/A5%vs 10%
usttupa et at, single 31 18-24 54 g & (p=0.96)/A6%vs 3%
2013 (12) R . 1-1b
blinded Control Diet HDL < (p=0.42)/A-4% vs 15%
CcD 70 27% 4,4 (% energy) of PUFAs non- 1 (p=004)
15,9g of DF ApoB/ApoAl 1 (p = 0.025)
Parallel CD 47 42 Control Diet (habitual Danish Diet) CRP 1 (p=0.43)
Poulsen et al.,
2014 (13) non 30 24 29%
blinded New ND 73 41 New nordic Diet Weight loss/BP 1 (p<0.01)
refined grain diet
C RD 23g of saturated fat
ross
Kirwan et al., over 21g of DF hsCRP < (p=0.06) A-39% vs 18%
2016 (14) double 33 33 8 18% ¥ Pulse Pressure 1 (p=0.03)
) whole grain diet p=0-
blinded WG 21g of saturated fat
29g of DF
RG group 40 54 refined grain diet IILL—160 o ns/A -43% vs 71%
IL-17 < ns/A -15% vs -28%
A% t al., A 84 149
aznelgasle . Parallel 26 6 60% TNF-a - ns/' A2 ;VS ;
017 (15) WG 4 55 whole grain diet TGE-b < ns: AZ0% s %
< ns/A300% vs 85%
SCFA 1 (p<0.05)
Production P

(Continued)

‘e 19 zallwey-0I3UloH

989%0£T #2002 NWWl/682¢ 0T


https://doi.org/10.3389/fimmu.2024.1304686
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

ABojounwiwi| Ul s1213U044

90

640°UISIoNUOY

TABLE 1 Continued

Positive (1). inverse ({).

Proportion and no () statistically
. Length of Components of the Response significant associations
References Design BMI Treatment n 9 Age ompor : p 9
(WEELS) male dietary intervention variables (pvalue)/Pourcentage
subjects change A placebo
vs enriched
WG 47g of DF CRP < (p=0.47)/A-2% vs -5%
Tovar et al., Cross 28 % 4 0% 61 7g of PUFAs LDL 1 (p=0.001)
2014 (16) over ’ ApoB/GGT 1 (p=0.001)
cD Control Diet Diastolic BP 1 (p<0.05)
P1 rich in PUFAs (10,9%)
18 27% 25 low in vegetables (167g/10 MJ)
low in fresh fruits (54g/10MJ)
P2 rich in PUFAs (11,1%)
20 25% 26 high in vegetables (440g/10MJ) . < (p=0.819)/A-5% vs -8%
- berries (204g/10M]) P-selectin < (p=0318)
Freese et al., ICAM-1 A5.14 vs -3.8
Parallel 22 6
2004 (17) 20 25% 25 M1 low PUFAs (3,1%) CRP < (p=0.264)
’ low in vegetables 167g/10M]J) Ox-LDL A-16.08% vs -43.7%
— o (p=0.668)
M2 low PUFAs (3,2%)
19 26% 23 high in vegetables (440g/10M])
berries (204g/10M]J)
CD 19 21% 32 Control Group
o .
D 16 4 37% 70 Anti-inflammatory Diet Group CRP o ns/A-60% vs -30%
Chung et al., TNF-a
2022 (18 Parallel 24 MetS < ns/A -5.47 vs -31%
(1s) cD 15 4 60% 72 usual diet et 1 (p < 0.05)
Component
WSD 4 18 g/day of DF,4g from arabinoxylan, 3g from RS 1L-6 < (p=0.640)/A0% vs -3%
X hsCRP < (p=0.16)/A-3% vs -15%
hiol .
Schioldan et al Cross 28 19 68% 58 ) IL-1RA  (p=0.13)/A-11% vs 11%
2017 (19) over 61g of DF, arabinoxylan (16 g/day) A )
HCD 4 Adiponectin < (p=0.87)
RS (21 g/day)
LDL 1 (p<0.05)
CD 18 4 CD
1 Is (1.0 g/1000 kcal), 1 Is (1. . PF
Jenkins et al, plant sterols (1.0 .g/ 000 kcal), sn plant s.tero s (1.0 g/ LDL 1 (p<0.05) (PF)
Parallel 27 PF 16 4 55% 46 1000 kcal), soy protein (21.4 g/1000 kcal), viscous fibers (9.8 1 (p<0.05)/A-21% vs -53%
2005 (20) CRP
£/1000 kcal), and almonds (14 g/1000 kcal) (PF)
Statin 14 4 CD with 20 mg lovastatin (statin)
whole grain diet Body weight 1 (p<0.05)
R t al., C
Zz“i‘;" (621 | 'OS: 28 WG 50 8 36% 49 179 + 50 g/day of WG CRP | (p =0.003)/A61% vs -31%
ove 33g of DF/day IL-6 1 (p =0.009)/A66% vs -12%
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Proportion and no () statistically
. Length of Components of the Response significant associations
References Design BMI Treatment 9 Age ompor : p 9
(WEELS) male dietary intervention variables (pvalue)/Pourcentage
subjects change A placebo
vs enriched
single refined grain diet IL1-b 1 (p = 0.008)/A100% vs -42%
blinded CD 50 8 13 + 10 g/day of WG TNF-a < ns/A0%
21 g of DF/day Gut microbiome < ns
14,6g of PUFAs hsCRP
D 16 2 =0.96)/A30% vs 59
Parallel, ¢ 28g of DF TNEF-a < (p=096)/ %o vs 5%
: ) X < (p=0.32)/A0% vs 2%
Boers et al., stratified a3 26% 53 Triglycerides 1 (p=0.001)
2014 (22) single ° . MetS p=0
g of PUFAs 1 (p=0.01)
blinded Paleo 18 2 34g of DF caracteristics 1 ($<0.05)
HDL p<b
11g of DF
CD 204 300mg of cholesterol
8% energy of PUFAs h
-CRP
Juraschek et al., Parallel 29 4 14 18 s i{: 1 (p=0.03)/A-1% vs -14%
2021 (23) aralle % DD 3 levels of sodium intake cardiac 1 (p<0.001)
32, Of DF parameters
Dash Diet | 208 &
150mg Cholesterol
8% energy of PUFAs
CD 30 43 Control Diet hs-CRP N é i1;/<0.05;/5 .
MDA 0oy
Zade et al, Parallel 28 8 50% GSH 1 (§<o~05)
0 !
2016 (24) Dash Diet 30 40 Dash Diet HOI;’[(’:'IR 1 (p<0.05)
GSH 1 (p<0.05)
1 (p<0.05)
MD 4 MD Total chol 1
. 3 otal.c ol est.ero | (p<0.05)
Meslier et al., Faecalibacterium
2020 (25) Parallel 31 8 48% 43 ©tzii 1 (p<0.05)
cD 39 cD prausnitzii © ns: A23% vs 3%
hs-CRP
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3 Results of integrated
diet interventions

3.1 Descriptions of intervention

Concerning integrated diet studies, 1 was defined as
Mediterranean diet (MD), 4 were “whole grain” diet (WG), 4
were “Nordic Diet” (ND), 2 were Dietary Approaches to Stop
Hypertension (DASH) diets, 1 was a “portfolio” (PF), 1 was a
“healthy carbohydrate” diet (HCD), 1 was a “paleo” diet (paleo),
and 2 were “anti-inflammatory” diets (AID) or “antioxidant-rich”
interventions (Tables 1, 2).

3.1.1 Mediterranean Diet (MD) interventions

The MD consists mainly of traditional foods from countries
bordering the Mediterranean Sea such as berry fruits, vegetables,
cereals, nut and seeds while limiting refined products and associated
added sugar as found in the studies of this review. The MD is one of
the most studied diets for preventing both CVD and inflammation
(38). Its bioactive components have been found to reduce the risk of
CDs by lowering cardiac and blood sugar parameters and by
limitating oxidative stress.

In the case of the selected intervention study (25), each
participant in the MD group adhered to an individually tailored
diet that maintained the daily energy and macronutrient intake of
their habitual diet, ensuring a dietary pattern typical of the
Mediterranean diet. This nutritional intervention lasted for 8
weeks among overweight or obese individuals at cardiometabolic
risk who were otherwise healthy.

3.1.2 Portfolio diet (PF) interventions

The PF diet is based on the use of a range of foods that are known
to reduce blood cholesterol (39). Viscous dietary fiber, soy protein,
plant sterols and nuts together form the basis of the PF diet. Thanks
to its low-fat content and quality, whose benefits have been validated
by international groups such as the Canadian Cardiovascular Society
for benefits on cardiovascular and metabolic risks (40). This diet has
been also shown to improve LDL cholesterol for the prevention of
cardio metabolic risk. Only one PF study investigating its impact on
inflammatory profile was found (20).

3.1.3 Whole grain (WG) Diet interventions

Whole grain consumption has been shown to reduce the risk of
coronary heart disease, cardiovascular disease, cancer and the
development of metabolic disorders such as diabetes (22). Whole
grain are rich in bioactive compounds such as dietary fiber,
antioxidants and phytochemicals, which have anti-inflammatory
properties. Consuming whole grain has been shown to help reduce
levels of inflammatory markers such as CRP and IL-6 (41).

For all 4 studies identified in the present review (14-16, 21), the
level of WG that reached the interventions was higher than the
USDA recommended level as described in Kirwan et al. study (14).
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3.1.4 Nordic Diet (ND) interventions

As for the PF diet, the ND presents similarities with the MD.
Both diets are based on the daily use of fruits, vegetables, oil, fish,
and restrict the use of saturated fats from milk or red meat (42). ND
is based primarily on the use of berries, which contain a large
amount of polyphenols. Both diets use seasonal products with a
plant-based nutritional base (42). The main difference with MD is
the oil origin; MD is focus on the use of olive oil whereas the ND
will contain rapeseed oil. The Nordic food model has been shown to
improve certain cardiac parameters such as blood pressure and
certain blood lipid markers, making it a recognized model for
improving cardiometabolic health (43). It has also been associated
with a decrease in inflammatory markers such as C-reactive protein
(CRP) and interleukin-6 (IL-6) (44). In our selection, four articles
investigated the effects of the ND in healthy individuals or those at
cardiometabolic risk over intervention periods ranging from 6 to 26
weeks (10-13).

3.1.5 Paleolithic Diet (Paleo) interventions

The Paleo diet is a dietary approach based on the prehistoric
food consumption pattern, emphasizing the consumption of
unprocessed foods. This diet consists mainly of lean meats but
also fish, and low-carbohydrate intake and does not allow the
consumption of refined products such as oils or dairy products
from industry (44). The Paleolithic diet, as reported by Ehsan
Ghaedi et al.,, demonstrated short-term improvements in
metabolic syndrome components (44).

Moreover, Ehsan Ghaedi et al. showed the role of this diet in
decreasing CRP in relation to other metabolic risk factors in a meta-
analysis (44). Among the articles selected, only one study was
conducted with Paleo diet, on subjects with metabolic syndrome,
with a duration of intervention lasting two weeks (22).

3.1.6 Dietary approach to stop hypertension
(DASH) Diet interventions

The DASH diet is rich in fruits, vegetables, poultry, fish,
oilseeds, milk and low-fat dairy products (45). The DASH diet
has historically demonstrated cardiac and metabolic benefits in
normal and hypertensive subjects compared to a typical American
diet, leading to a national recommendation of this diet (45). The
DASH diet has exhibited efficacy in reducing levels of these primary
indicators of inflammation, indicating its potential as an anti-
inflammatory intervention (46). Furthermore, the DASH diet has
been shown to effectively decrease inflammation markers linked to
obesity, such as hs-CRP levels, when compared to unhealthy or
customary diet (46). These findings support the notion that the
DASH diet may serve as a valuable dietary intervention for
mitigating low-grade inflammation, thereby contributing to
improved overall health outcomes (46). Within our article
selection, two DASH diet studies were conducted in subjects with
overweight or moderate obesity for a duration of 4 to 8 weeks of
intervention (23, 24).
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TABLE 2 Bioactive mix intervention studies investigated the impact on systemic inflammation, oxidative stress and cardiometabolic risk markers.
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3.2 Results of integrated diets interventions

3.2.1 Inflammation parameters

In 4 out of 16 identified ID studies, significant improvements
were observed in the subjects’ inflammatory profile as assessed by
CRP levels. Studies that contributed to a decrease in circulating CRP

< (NS)
< (NS)
< (NS)

concentrations from Roager et al. (21), Poulsen et al. (13) were
based on intervention with a high dietary fiber intake (>33g). The
studies that demonstrated improvements in hs-CRP levels
specifically pertained to the DASH Diet studies conducted on
individuals at cardiometabolic risk (23, 24). In the 4 identified
studies examining IL-6, one demonstrated a significant

and no («) statistically
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improvement in this parameter (21).
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significant decrease in TNF-a levels (15). In contrast, the study
conducted by Inge Boers, investigating the Paleo diet, showed no
significant impact on hs-CRP and TNF-a levels in individuals with
metabolic syndrome during a 2-week intervention period (22).

3.2.2 Oxidative stress parameters:

Among all the investigated ID studies, 1 study have examined
the effects of integrated nutritional interventions on oxidative stress
parameters. Zade et al. (24) conducted a 60-day intervention with a
MD diet and observed changes in inflammation and oxidative stress
parameters (GSH). Serum levels of the pro-inflammatory marker,
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hs-CRP, were significantly reduced (p<0.05), while serum levels of
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(VitD; 1000 IU vitamin D 3 daily)
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the antioxidant enzyme were significantly increased in
overweight subjects.

3.2.3 Metabolic parameters
With the exception of one study, all ID interventions

45
43
41
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demonstrated benefits on metabolic or anthropometric
parameters regardless of the intervention type, with only 31% of
total ID studies showing a concurrent improvement in the

50%
50%
64%

inflammatory profile. Regarding metabolic parameters, from the

Proportion
of male
subjects

15 studies that reported both inflammation and metabolic

parameters, only 5 showed significant parallel effect on these
parameters (12, 13, 15, 23, 24). Regarding anthropometric

12

parameters, the sole study demonstrating weight reduction was

Length
(weeks)

conducted by Poulsen et al. after 24-week of implementing a ND in

n
21
34

obese subjects (13). In terms of insulin sensitivity and glycemic

markers, Fritzen et al. and Zade et al. demonstrated an
improvement in HOMA-IR following 26 and 8 weeks of the ND
or DASH diet, respectively, in obese or overweight individuals,
accompanied by a concomitant reduction in CRP in the latter study

vitamine D
VitD
placebo

Treatment
Magnesium +

(11, 24). Lipid markers, such as triglycerides, were reduced in the
Paleo and DASH diet studies respectively (22, 24).

BMI
30

3.2.4 Inflammation and gut microbiota

Only 3 studies among our selected ID articles investigated the
influence of WG diet and MD on the gut microbiota (15, 21, 25).
Vanegas et al. revealed no significant alterations in Firmicutes,

Design
Parallel
double
blinded

Bacteroidetes, and other microbial populations, nor in alpha
diversity following the intervention (33) as did the study by

Cheung et al.,
2022 (36)

References
TI, Test Intervention; AID, Anti-Inflammatory Diet; CD, Control Diet; RS, Resistant Starch; RD, Refined Grain Diet; PUFAs, Poly-Unsaturated Fatty Acids; MetS, metabolic syndrome; ns, non significant; DF, Dietary Fiber. For each inflammatory parameter, rates of

change in % (A) have been added, except for articles where this information is not available.

TABLE 2 Continued

Roager et al, which showed no change associated with the WG
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intervention (21). However, the study have demonstrated a
significant change in the number of immune effectors (p<0.05)
after a 6-week intervention with a WG diet in obese individuals.
Meslier et al. have shown the impact of the MD intervention,
notably an increase in the abundance of the species
Faecalibacterium prausnitzii (25).

4 Bioactive mix interventions

4.1 Description of bioactive
mix interventions

11 RCT BM studies focusing on the impact of a combination of
two or more multifunctional bioactive compounds, included within
a standard isocaloric diet, were integrated in this review.

Within BM studies, the most frequent combinations of
bioactive compounds were vitamins with polyphenols as well as
dietary fiber and polyphenols. Full details of each BM study are
represented in Table 2, which summarizes the descriptions and
types of interventions with the quality and quantity of the studied
bioactive compounds.

8 studies have tested polyphenols of different classes in juice or
concentrated powder form (27-33, 35) 3 BM studies have tested the
impact of dietary fiber in soluble or integrated within a food (30, 32,
34). PUFAs are included in 2 BM studies in association with other
bioactive compounds such as dietary fiber or polyphenols (27, 28).
Of the two studies, lipids were mainly PUFAs mainly containing
EPA and DHA always associated with polyphenols as well as a mix
of vitamins for which the quantities are different between the two
study types (Tables 1, 2). The efficacy of various vitamins was
assessed in three interventional studies, specifically investigating the
effects of vitamins or combined with polyphenols or omega-3 fatty
acids (27, 33, 36).

Among the studied inflammatory parameters, the distribution
was very heterogeneous compared to the ID studies with CRP and
IL-6 being the most represented markers.

4.2 Results of bioactive mix interventions

4.2.1 Bioactive mix: inflammation parameters:
Among the seven selected BM studies that examined (hs-) CRP,
three showed a significant decrease compared to the control diet in
healthy or hypertensive subjects (31, 32). The first one have tested
the effect of a mix of polyphenols in healthy subjects (31) and the
second one have tested polyphenols, phytosterol and dietary fiber in
hypertensive subjects (32) during 16 and 28 weeks of intervention
respectively. Three studies showed a decrease in both circulating
pro-inflammatory cytokines such as IL-6/17, TNF-a and CRP (29-
31) with multifunctional BM interventions enriched in polyphenols,
with or without dietary fiber all carried out in subjects at
cardiometabolic risk, except for the study by Yu Jin et al. The
only screened study that have tested two chemokines showed an
improvement in RANTES after 8 weeks of polyphenol-rich fruit
juice intervention and a significant decrease of MCP-1 in
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overweight subjects (33). The second study that investigated an
effect on TNF-a, is the study by Vitaglione et al. that showed a
benefit after 8 weeks of intervention with fiber-bound polyphenols
(30). In the study of Tovar et al. (9), the BM intervention
significantly reduced hs-CRP before and after adjustment for
weight changes.

4.2.2 Inflammation and oxidative stress:

Yu Jin et al. showed a positive impact of an antioxidant juice
intervention on markers of oxidative stress with the bioactive
mixture (antioxidant juice): a significant decrease in the
enzymatic activity of superoxide dismutase, a marker in the
production of free radicals on both healthy and at
cardiometabolic risk subjects (33). This study, which investigated
oxidative stress, also observed a joint improvement in RANTES and
MCP-1 inflammatory parameters.

4.2.3 Inflammation and metabolic parameters

Out of all these studies, eight studies have investigated
metabolic parameters, including analyses of lipid metabolism,
carbohydrate metabolism, as well as anthropometric parameters,
alongside inflammatory parameters. The studies conducted by
Arcusa et al. and Sola et al. (31, 32) demonstrated effects on both
metabolic markers and inflammation. Arcusa et al.’s study notably
revealed an impact on C-reactive protein in relation to oxidized
low-density lipoprotein (ox-LDL) after a 16-week intervention with
a high-polyphenolic nutraceutical in healthy subjects. Sola et al.’s
study showed a benefit on high-sensitivity CRP after a 4-week
intervention with polyphenol phytosterols and dietary fiber in stage
1-hypertensive subjects. The study by Baker et al. showed a
beneficial impact of a mixture of polyphenols and vitamins on
adiponectin in overweight and obese subjects after 5 weeks of
intervention with no effect on inflammatory marker CRP (28). In
addition, the study by Ranaivo et al. showed an improvement in
LDL, HOMA and insulin parameters after 8 weeks of intervention
with a multifiber bread with no effect on inflammatory marker hs-
CRP (34). Tovar et al. study (9) showed multiple improvement in
metabolic parameters notably in serum cholesterol, LDL/HDL,
apoB/apoAl, HbAlc, and systolic blood pressure after 4 weeks of
low glycemic impact meals, antioxidant-rich foods, oily fish as
source of long-chain omega-3 fatty acids, dietary fibers and a
probiotic strain. Finally, the only study that did not show
significant effects on inflammatory or metabolic parameters was
the study by Scotto di Palumbo et al. that tested an intervention
with omega 3, polyphenols and vitamins in overweight subjects
after 24 weeks of intervention.

4.2.4 Inflammation and gut microbiota

Three studies have investigated the impact of BM interventions
on microbiota abundance, with only one also assessing microbiota
function simultaneously. Ranaivo et al. (34) examined the effect of a
multifiber bread intervention on overweight or obese individuals.
The multifiber bread intervention resulted in a significant alteration
in the diversity of bacteria, specifically Bacteroides vulgatus
(q < 0.1), when compared to the lower dietary fiber control bread
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after 16-week intervention. The second study demonstrating
changes in the microbiota composition was conducted by
Vitaglione et al. (30), revealing a reduction in TNF-a levels
correlated with an increase in Bacteroides and Lactobacillus.

The study of Tovar et al. (26) did not significantly modify the
gut microbiota composition at phylum or genus taxonomic levels.

5 Discussion

In this review, we examined the influence of combining multiple
dietary compounds on low-grade inflammation, which play a key
role in the development of metabolic alterations, particularly in at-
risk individuals. Our findings reveal that RCT-based
multifunctional dietary interventions have differential effects on
managing low-grade inflammation depending not solely on the
bioactive compounds content but also on the explored
inflammatory markers, which demonstrated a large heterogeneity
among studies. Diet-induced improvements in inflammatory
profile were not specifically associated with alterations of
cardiometabolic parameters or gut health.

First, we focused on BM studies, combining 2 or more
multifunctional bioactive compounds, among which 72%
demonstrated a beneficial effect on at least one inflammatory
marker. The majority of studies showing benefits on the
inflammatory axis involved mix of polyphenols or in combination
with PUFAs or dietary fiber. Polyphenols, specifically flavonoids,
are known to regulate the expression and production of cytokines
such as IL-1b, TNF-a, IL-6, IL-8, and to prevent and treat intestinal
inflammation through the modulation of Treg cell activity and
promotion of beneficial microbiota proliferation within the
intestinal environment (47, 48). Moreover, procyanidins have
been acknowledged for their capacity to regulate the immune
system, particularly through the inhibition of pro-inflammatory
cascades such as NF-«xB (nuclear factor-kappa B) and MAPK
(Mitogen-activated protein kinases) (48), thereby mitigating the
generation of pro-inflammatory mediators which aligns with the
observed effects in the reviewed studies. That suggest that the
potential multi-level impact of polyphenols on inflammation and
cardiometabolic health. Presently, the main classes of polyphenols
showing an impact on inflammatory markers are flavonoids and
resveratrol (29, 32, 33). Concomitantly, we also observed in the
studies by Peluso et al., Sola et al. and Jin et al. a beneficial role on
the production of pro-inflammatory markers. The supplementation
with polyphenols also showed beneficial effects when tested with
dietary fiber, as in the study by Rosa Sola et al. (32). Dietary fiber
have been shown to reduce the production of pro-inflammatory
cytokines, more particularly resistant starch (49). Dietary fiber
interact with gut microbiota and the resulting production of short
chain fatty acids (SCFA) may improve gut permeability and alter
the immune system through the activation of G protein-coupled
receptors-related signalling pathways, which modulate the
inhibition of the production of inflammatory cytokines (50).
However, in the study by Ranaivo et al, a mix of dietary fibers did
not significantly alter CRP or endotoxemia in at-risk individuals
despite improvements in cardiometabolic parameters (34).
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As for studies testing PUFAs, both were associated with other
components such as polyphenols or dietary fiber (22, 28) and none
of the combination showed an impact of inflammation as assessed
solely by CRP, despite beneficial effects on insulin sensitivity and
lipid metabolism. Dietary fats can impact inflammatory profile by
modulating both pro-inflammatory and anti-inflammatory
processes (51). Presently both Scotto et al. and Bakker et al.
studies used supplementation with DHA (docosahexaenoic acid)
and EPA (eicosapentaenoic acid), precursors of anti-inflammatory
eicosanoids previously shown to reduce CRP in subjects presenting
with dyslipidaemia or higher baseline inflammatory status, as
synthetized in Guo’s meta-analysis (52).

As for ID studies, 31,25% have demonstrated an improvement
in inflammatory parameters, with a parallel metabolic effect in more
than half of them. The common denominator among the ID diets,
Mediterranean, Nordic, DASH and Paleo diets, which have shown a
beneficial effect on low-grade inflammation markers is the
combination of polyphenols, dietary fiber, vitamins and omega-3
fatty acids. The potential impact of Mediterranean diet components
on cardiometabolic and inflammation markers has been extensively
studied and reviewed through their actions on adipocytes and on
the innate immune system (53). Published works have
demonstrated the efficacy of the Nordic food model in enhancing
specific cardiovascular indicators but no impact on inflammatory
markers such as CRP, TNF-a, and IL-6 as previously reviewed (43).
Consistently in our review, the ND studies showed a beneficial
impact on the cardiometabolic profile and only half of them an
improvement in CRP, IL-6 but no other interleukins. The DASH
diet has been shown to effectively reduce obesity-related markers of
inflammation, such as hs-CRP levels, compared to usual diets (24).
Of the two studies that tested this DASH diet, both showed a
significant improvement in the inflammatory profile of hs-CRP,
with the study by Zade et al. showing a joint improvement in
oxidative stress and metabolic parameters (23, 24). Concerning the
Paleo diet, the results were more mixed, with an improvement in
markers of metabolic syndrome but no improvement in the
inflammatory profile (22), contrary to what was shown in the
meta-analysis by Ehsan Ghaedi et al. (44). Notably, the research
discussed in this review primarily emphasized well-established
inflammation markers such as CRP, IL-6, and TNF-a. Moreover,
there has been limited exploration of a broader spectrum of markers
associated with low-grade inflammation or oxidative stress, as only
half of the RCTs reported a single inflammatory or oxidative
stress marker.

Considering the highly intricate nature of inflammation
processes mediated by diverse cellular actors, a comprehensive
examination of pro- and anti-inflammatory cytokines becomes
imperative for comprehending the specific impact of nutritional
interventions on distinct cellular constituents. Interestingly, when
several markers were analyzed, the impact of dietary intervention was
similar. Furthermore, as observed in this review, only a few anti-
inflammatory markers have been investigated within the studies,
compared to pro-inflammatory markers. The balance between pro-
and anti-inflammatory markers represents the global inflammatory
state and needs to be further investigated. For example, lipid
mediators derived from omega-3 polyunsaturated fatty acids, such
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as resolvins, play a crucial role in resolving inflammation. Their
ability to regulate immune and inflammatory responses makes them
potentially beneficial in the treatment of chronic inflammatory
diseases, but they remain largely unexplored in nutritional
interventions (51).

To address the global inflammatory status, an alternative approach
is to use composite inflammatory scores derived from multiple
inflammatory markers to evaluate the effects of interventional studies
by estimating overall inflammatory status. Such strategies could prove
useful for improving sensitivity to detect changes following nutritional
intervention, particularly in healthy subjects (54).

Moreover, although the relationship between diet, gut
microbiota and inflammation is a crucial, few studies explored
specific microbial markers, originating from the gut gram negative
bacteria, identified as being associated with inflammation and
metabolism, such as flagellin or lipopolysaccharides (LPS), also
known as endotoxins (55). These endotoxins can trigger
inflammation by binding to immune receptors, such as Toll-like
receptor 4 (TLR-4). Only one study on the impact of a mix of
dietary fibers on gut microbiota composition, gut health and
metabolic profile investigated markers of metabolic endotoxemia
but no effect was detected (34). Interestingly, alterations in the
composition of the microbiota may also impact inflammatory
status, potentially through the presence of certain beneficial
bacteria, such as Faecalibacterium prausnitzii (25).

It should be kept in mind that these cytokines are present at the
systemic level when homeostasis is strongly altered and it has been
proposed that dietary challenges stressing homeostasis could be a
more relevant condition to address the dynamic impact of food
items on inflammatory status and may increase the robustness of
the studies carried out in particular in healthy or at-risk subjects (1,
6, 55). Van den Brink et al. argue for the use of dynamic challenges
to complement fasting measurements information (7). Indeed, the
postprandial phase appears to be a complementary period
providing additional information for detecting early alterations in
metabolism and inflammatory status, particularly during
nutritional interventions with diverse bioactive compounds
targeting a significant number of pathways. In this sense,
Emerson et al. reviewed the magnitude and interest of several
inflammatory markers assessment after a high-fat meal challenge
and concluded that beyond CRP and TNF-a, not responsive in the
postprandial phase, other inflammatory markers, such as leukocyte-
bound markers should be further investigated (56).

Comprehensive fasting and postprandial evaluation could facilitate
a nuanced understanding of the complex interaction between bioactive
compounds, the food matrix and their cumulative impact on
inflammatory responses (57, 58). Finally dietary scores have been
developed such as the Dietary Inflammatory Index that report the
potential inflammatory effect of foods could play a significant role in
improving our understanding of the mechanistic effects of bioactive
compounds, both when administered individually and within a dietary
matrix, in modulating specific inflammatory markers (59). Such
information may improve researchers’ ability to design precise and
effective nutritional interventions, designed to target specific
inflammatory pathways (60). Using indexes such as the DII could
allow to manage diet by potentiating the synergistic interactions
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contained in all the available foods in order to effectively prevent the
onset of the disease.

5.1 Strengths and limitations

We conducted a comprehensive analysis based on strict selection
criteria of targeted randomized controlled trials, primarily focused on
individuals with cardiometabolic risk and combination of
multifunctional compounds within usual diet. It is important to
acknowledge that variations in study outcomes may arise from
divergent experimental designs, particularly in terms of intervention
duration, participants, types of bioactive compounds used, and
parameters studied. Moreover, since these studies did not extensively
explore the influence of the microbiota and primarily focused on
examining fasting markers, it is plausible that broader effects on
cardiometabolic health may have been overlooked. Therefore, a more
comprehensive mechanistic understanding of low-grade inflammation
would strongly support the adoption of standardized markers to
effectively isolate the individual effects of each intervention. We need
to acknowledge that for many studies inflammatory markers were not
the primary outcome thus some impact could have been
underpowered-and under-estimated. Moreover, the external validity
of present findings is limited to healthy and at-risk individuals.

6 Conclusion

Our review demonstrates that multifunctional interventions,
whether integrated into a diet or as bioactive mix supplements,
exhibit diverse impacts on low-grade inflammation markers,
contingent on specific ingredient combinations. Although TNF-
alpha and CRP are the most commonly reported, notable finding is
the considerable heterogeneity in the inflammatory markers studied
across various trials that limits rigourous comparisons between
combinations. Significant improvements in inflammatory profiles
from multifunctional interventions do not consistently correlate
with enhancements in cardiometabolic profiles. The balance
between pro- and anti-inflammatory markers emerges as crucial,
emphasizing the need for multiple markers analysis or composite
inflammatory scores to comprehensively evaluate the overall impact
of nutritional interventions.

Further research is warranted to assess the effectiveness of
multifunctional dietary interventions on specific inflammatory
markers, providing deeper insights into the links between low-
grade inflammation and other cardiometabolic risk factors, such as
intestinal inflammation or postprandial inflammatory dynamics.
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