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Preface

The link between nutrition and immune function has been known for a long time. For example,

deficiencies in protein, zinc, and vitamin A lead to the impairment of immune cells and are correlated

with increased risk of infection. In recent years, knowledge of the regulation of immune cells and

immune mechanism-related diseases by dietary components has rapidly increased. The immune

mechanism-mediated diseases that can be regulated by nutrients have expanded to cancer, autoimmune

diseases, and allergies beyond infection. Newer cellular and molecular mechanisms are being

elucidated. To reflect the newest developments in this field, this Special Issue collects 12 papers

focused on the roles of nutrition and specific dietary components in systematic inflammation and

local inflammatory responses in multiple tissues and immune cells. These papers highlight the

roles played by dietary components such as dietary fiber, polyphenols, and polyunsaturated fatty

acids in defense against viral infection, enhancing anti-tumor immune response in breast cancer

and reducing inflammation in osteoarthritis, colitis, and allergic diseases through the modulation of

immune function.

These findings will help physicians and researchers become aware of the critical roles played by

dietary components in the prevention or treatment of a variety of inflammatory diseases. The potential

of nutrition therapy to maintain proper immune function and health is great and worthy of further

investigation.

Ping Zhang

Editor
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Brief Report

Calorie Restriction Impairs Anti-Tumor Immune Responses in
an Immunogenic Preclinical Cancer Model
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* Correspondence: haya@inm.u-toyama.ac.jp; Tel.: +81-76-434-7620

Abstract: (1) Background: Although the important role of dietary energy intake in regulating both
cancer progression and host immunity has been widely recognized, it remains unclear whether
dietary calorie restriction (CR) has any impact on anti-tumor immune responses. (2) Methods: Using
an immunogenic B16 melanoma cell expressing ovalbumin (B16-OVA), we examined the effect of
the CR diet on B16-OVA tumor growth and host immune responses. To further test whether the CR
diet affects the efficacy of cancer immunotherapy, we examined the effect of CR against anti-PD-1
monoclonal antibody (anti-PD-1 Ab) treatment. (3) Results: The CR diet significantly slowed down
the tumor growth of B16-OVA without affecting both CD4+ and CD8+ T cell infiltration into the
tumor. Although in vivo depletion of CD8+ T cells facilitated B16-OVA tumor growth in the control
diet group, there was no significant change in the tumor growth in the CR diet group with or without
CD8+ T cell-depletion. Anti-PD-1 Ab treatment lost its efficacy to suppress tumor growth along with
the activation and metabolic shift of CD8+ T cells under CR condition. (4) Conclusions: Our present
results suggest that a physical condition restricted in energy intake in cancer patients may impair
CD8+ T cell immune surveillance and the efficacy of immunotherapy.

Keywords: calorie restriction; host immune response; CD8+ T cell; immune checkpoint inhibitor

1. Introduction

The role of physical condition, including energy/food intake, diet, exercise, and
weight, has been studied extensively in cancer progression. Diets high in calories, saturated
fats, and refined sugars are associated with increased cancer risk and faster tumor growth,
while diets high in fruits, vegetables, and whole grains are associated with reducing the
risk of cancer and improving cancer outcomes [1–4]. Regular exercise has been shown to
reduce inflammation, improve immune function and hormone regulation, and slow cancer
growth [5,6]. In contrast, obesity is known to be associated with an increased risk of certain
types of cancer and support aggressive tumor growth [7,8].

The correlation between physical condition and host immunity has also been studied
recently. It has been reported that malnutrition and an unhealthy diet, characterized
by a low intake of fruits, vegetables, and micronutrients, impair immune function and
increase susceptibility to infections [9,10]. On the other hand, a diet rich in nutrients and
phytochemicals, such as flavonoids, carotenes, and vitamins, is known to increase immune
function and reduce inflammation [11,12]. Physical activity has also been shown to improve
immune function by enhancing immune cell circulation and reducing inflammation [6,13].
Contrarily, obesity and a sedentary lifestyle were reported to impair immune function and
increase the risk of infection [14,15]. Recent findings suggest the effect of dietary calorie
intake has significant impact on cancer disease and therapy [16–19]. In general, calorie

Nutrients 2023, 15, 3638. https://doi.org/10.3390/nu15163638 https://www.mdpi.com/journal/nutrients1
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restriction (CR) is defined as the 20% to 40% reduction of the average daily caloric intake
without incurring malnutrition or the deprivation of essential nutrients, and has been
reported to affect cancer prevention and therapy [16–19].

In this study, we aim to investigate the effect of calorie restriction (CR) on anti-tumor
immune responses in an immunogenic preclinical cancer model. We conducted a preclinical
study using an immunogenic tumor model with B16 melanoma expressing ovalbumin
(B16-OVA) and tested for the effect of CR on the host anti-tumor immune responses. B16-
OVA model is one of the most well-established models used to monitor host CD8+ T
cell-dependent immune response. In addition, the effect of CR on immunotherapy with
immune checkpoint blockade (ICB) was studied. Although the CR diet delayed tumor
growth, the host anti-tumor immunity and the response to anti-PD-1 treatment were poor
due to the alteration of CD8+ T cells’ number and function. These findings may contribute
to understanding the response to ICB under energy restriction in cancer patients.

2. Materials and Methods

2.1. Cells

Murine melanoma cell line constitutively expressing ovalbumin, B16-OVA (MO4),
was a kind gift from Dr. Shinichiro Fujii (Riken, Japan). Cells were cultured using Eagle’s
Minimum Essential Media (EMEM; Nissui, Tokyo, Japan) and supplemented with 2 mM
L-glutamine, 10% fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin.
Cells were all maintained at 37 ◦C in a humidified atmosphere of 95% air/5% CO2.

2.2. Animals and Diet

All experiments were conducted using 7-week-old C57BL/6 mice which were pur-
chased from CLEA Japan, Inc. (Tokyo, Japan). Mice were randomized into 2 groups using
ad lib diet/CR diet, then each group was divided into 2 cages, with/without vehicles,
and were group-housed and acclimatized to the animal facility environment for 7 days
before experimentation, after which we measured daily food intake on average over the
next 3 days. Animal rooms were maintained at 22.2 ± 1 ◦C and 30–70% humidity with
a 12 h day/light cycles. On day 0, mice were subcutaneously inoculated with B16-OVA
melanoma cells (105), then the CR group started fasting. Purified Rodent Diet with 10% fat
(diet #D12450J, Research Diets, Inc., New Brunswick, NJ, USA) were fed for the entirety of
the study, except a diet with 40% CR was customized and used for the CR group (diet #
D16042001, Research Diets, Inc.). Tumors and body weight were measured 3 times weekly.
Tumor growth was measured by a caliper square measuring along the longer axes (a)
and the shorter axes (b) of the tumors. Tumor volumes (mm3) were calculated by the
formula: tumor volume (mm3) = ab2/2. Tissues were collected between 8 a.m. and 12 p.m.,
~14 h after the last meal. All experiments were approved (Animal Experiment Protocol:
A209INM-4, A2022INM-5) and performed in accordance with the guidelines of Care and
Use of Laboratory Animals of University of Toyama.

2.3. Antibody Treatment

For CD8+ T cell depletion, B16-OVA-inoculated mice were pretreated with anti-CD8
antibody (clone 53.6.2, Bio X Cell, Lebanon, NH, USA) (0.25 mg/mouse i.p.) 2 times at
2 days prior day 0, and then again at days 7 and 14. For PD-1 blocking, B16-OVA-inoculated
mice were treated with anti-PD-1 antibody (RMP1–14, BioXCell) (0.2 mg/mouse i.p.) at
days 3, 6, and 9 from day 0.

2.4. Tumor-Infiltrating Lymphocyte (TIL) Isolation and Flow Cytometry

Tumor samples were cut into small pieces and digested in serum-free RPMI 1640
medium containing 2 mg/mL collagenase (Roche Diagnostics GmbH) and 0.1 mg/mL
DNase I (Roche Diagnostics GmbH) for 1 h at 37 ◦C. The cells were then incubated with a
saturating amount of fluorophore-conjugated antibodies against PE-Cy/7 CD45 (30-F11),
FITC CD3ε (145-2C11), PerCP-Cy5.5 CD4 (GK1.5), APC CD8 (53-6.7), PE CD44 (IM7),
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APC-Cy7 CD62L (MEL-14) were purchased from Biolegend (San Diego, CA, USA). FACS
Canto II (BD Biosciences, Franklin Lakes, NJ, USA) was used for FACS analysis and data
were analyzed using FlowJo software v.10 (BD Biosciences).

2.5. Real-Time CD8+ T Cell Metabolic Analysis

After euthanizing the mice by cervical dislocation, cells were isolated by tumor-
draining lymph node (tLN) from the mice fed with either a normal diet or CR diet. CD8+ T
cells were negatively selected using MojoSortTM mouse CD8 T cell Isolation Kit (BioLegend)
according to the manufacturer’s protocol. The isolated CD8+ T cell were seeded at the
density of 5 × 105 cells/well in Poly-D-Lysine (Thermo Fisher Scientific, Waltham, MA,
USA)-coated XFe24 plates in 500 μL Seahorse XF RPMI medium containing 1 mM pyruvate,
2 mM glutamine, and 10 mM glucose. ECAR and OCR were measured on an XFe24 Extra-
cellular Flux analyzer (Agilent Technologies, Santa Clara, CA, USA) using the Seahorse XF
Cell Mito Stress test kit (Agilent Technologies). The OCR and ECAR values were obtained
at baseline and after the injections of oligomycin (final concentration 1 μM), FCCP (final
concentration 1μM), and antimycin/rotenone (final concentration 0.5 μM), respectively.

2.6. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 8 Software (GraphPad
Software, La Jolla, CA, USA). Significance was determined using either Bonferroni’s test
for multiple comparisons following one-way ANOVA or the unpaired two tailed t-test
(Student’s t-test). In all cases, p values of <0.05 were considered statistically significant. All
data were obtained from the groups of 4–10 mice.

3. Results

3.1. Effect of CR on Host Anti-Tumor Immunity

We first examined the effect of CR on B16-OVA tumor growth. Mice were subcuta-
neously inoculated with B16-OVA cells, then subjected to a 40% CR condition from the
day of tumor inoculation and monitored for tumor growth. The body weight change in
CR-diet-fed mice is shown in Figure 1A by comparing control-diet-fed mice. There was a
substantial decrease in the body weight in CR diet group, however, it was no more than
20% reduction and was reversible by regular feeding. As shown in Figure 1B, the growth
of tumors was significantly impaired in mice fed with the CR diet compared to controls. To
further determine the contribution of the host immune response, particularly CD8+ T cells,
for controlling tumor growth in mice fed with the control diet or the CR diet, mice were
treated with anti-CD8 Ab to deplete CD8+ T cells. In the control-diet-fed mice, anti-CD8 Ab
treatment showed a trend to increase the growth of B16-OVA tumor (Figure 1C); however, it
did not show any different tumor growth in the CR-diet-fed mice (Figure 1D). These results
potentially implicate that the CR diet retards the growth of B16-OVA tumor. Although
there were no statistically significant differences in both CD8+ T cell-depleted control diet
and CR diet groups, the CR diet might also has a negative impact on the host anti-tumor
immunity by CD8+ T cells in controlling tumor growth.

3.2. Effect of CR on the Responsiveness to Immune Checkpoint Blockade

As CR-impaired host CD8+ T cells display immunity against the B16-OVA tumor,
we next tested whether CR affects the responsiveness to immune checkpoint blockade in
tumor-bearing mice. B16-OVA tumor-bearing mice, either fed with the control diet or a
40% CR diet, were treated with anti-PD-1 Ab after the tumor inoculation. As shown in
Figure 2A, anti-PD-1 Ab treatment significantly inhibited the growth of B16-OVA tumor in
control-diet-fed mice. Contrarily, anti-PD-1 Ab treatment did not show any effect on the
growth of the B16-OVA tumor in CR-fed-mice (Figure 2B), suggesting CR has a negative
effect on the responsiveness to immune checkpoint blockade, presumably through a CD8+

T cell-dependent anti-tumor immune response.

3



Nutrients 2023, 15, 3638

Figure 1. Effect of CR on tumor growth in the presence or absence of host CD8+ T cell. (A) Body
weight change in in control-diet-fed and CR-diet-fed C57BL/6J mice. (B) B16-OVA tumor size pro-
gression in control-diet-fed and CR-diet-fed C57BL/6J mice. (C,D) B16-OVA tumor size progression
in control-diet-fed (C) and CR-diet-fed (D) mice with/without CD8+ T cell depletion. Each plot
represents the mean ± SEM (n = 4–21); * p < 0.05, ** p < 0.01, compared with control-diet-fed mice
or antibody untreated group; indicated p values were obtained from a statistical comparison, the
unpaired two tailed t-test (Student’s t-test).

3.3. Effect of CR on the Population of Tumor-Infiltrating Lymphocytes (TILs)

In order to understand the effect of CR on CD8+ T cell-dependent anti-tumor immune
responses, we next examined the population of TILs in B16-OVA tumor-bearing mice fed
with the control diet or the CR diet, and with or without anti-PD-1 Ab treatment. B16-OVA
inoculated mice were fed with the control diet or the CR diet from day 0, and then treated
with or without anti-PD-1 Ab (on days 3, 6, and 9). The tumor samples were collected on
day 16 to isolate TILs, and subjected to flow cytometry analysis. There was no significant
difference in the tumor infiltration of CD3+ T cells (Figure 3A), the ratio of CD8+/CD4+ T
cells (Figure 3B), or CD44high effector CD8+ T cells (Figure 3C) between control-diet- and
CR-diet-fed mice. In control-diet-fed mice, anti-PD-1 Ab treatment increased the population

4
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of those CD8+ T cells in line with inhibiting the B16-OVA tumor growth (Figure 3). Although
anti-PD-1 Ab treatment did not show an anti-tumor effect, it had a similar effect on the
population of tumor-infiltrating CD8+ T cells in CR-diet-fed mice (Figure 3). These results
suggest that CR may not impair the anti-tumor effect of anti-PD-1 Ab treatment by affecting
the presence of tumor-infiltrating effector CD8+ T cells.

Figure 2. Effect of CR on the responsiveness to immune checkpoint blockade. (A,B) B16-OVA tumor
size progression in control-diet-fed (A) and CR-diet-fed (B) C57BL/6J mice with/without anti-PD-1
antibody treatment (0.2 mg/mouse i.p.) at days 3, 6, and 9 from day 0. Each plot represents the
mean ± SEM (n = 4–21); ** p < 0.01, compared with control-diet-fed mice or antibody-untreated
group; indicated p values were obtained from a statistical comparison, the unpaired two tailed t-test
(Student’s t-test).

3.4. Effect of CR on the Metabolic Status of CD8+ T Cell in B16-OVA Tumor-Bearing Mice

Considering that there was no significant effect of CR diet on the population of TILs,
we sought to understand the metabolic status of CD8+ T cells in B16-OVA tumor-bearing
mice fed with the control or the CR diet, and also compared their response to anti-PD-1
Ab treatment using an extracellular flux analyzer. In CR-diet-fed mice, CD8+ T cells in
the B16-OVA tumor-draining lymph node (tLN) showed lower oxygen consumption rates
(OCR, Figure 4A) and extracellular acidification rates (ECAR, Figure 4B) compared to
control diet fed mice, suggesting the CR diet generally reduces the metabolic activity of
CD8+ T cells compared to the control diet. Upon anti-PD-1 Ab treatment, CD8+ T cells
in tLN of control-diet-fed mice showed lower OCR and higher ECAR compared to the
untreated group, whereas those of CR-diet-fed mice did not show any difference (Figure 4).
These results indicate that anti-PD-1 treatment activated and induced a metabolic shift of
CD8+ T cells to the glycolytic pathway under control-fed conditions; however, it cannot be
recapitulated in CR-diet-fed mice.
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Figure 4. Effect of CR on the metabolic status of CD8+ T cell in B16-OVA tumor-bearing mice.
(A,B) The oxygen consumption rate (OCR) (A), the extracellular acidification rate (ECAR) (B), and the
summary of respiration status and ATP production (C) of the isolated CD8+ T cells from lymph nodes
of each group was measured using a Seahorse XFe24 analyzer. Each plot represents the mean ± SEM
(n = 3–4).

4. Discussion

To understand the importance of physical condition, particularly energy intake, in
cancer progression, we studied the effect of CR on anti-tumor immune responses in the
immunogenic B16-OVA melanoma model. CR significantly slowed down the tumor growth
of B16-OVA without affecting both CD4+ and CD8+ T cell infiltration into the tumor. While
the in vivo depletion of CD8+ cells accelerated B16-OVA tumor growth in the normal
diet group, there was no significant change in the tumor growth of the CR group with or
without CD8+ cells. Considering anti-PD-1 Ab lost its efficacy to suppress tumor growth
under the CR condition along with the alteration of CD8+ T cells’ mitochondrial activity,
the energy restricted physical condition in cancer patients may impair CD8+ T cell immune
surveillance and the efficacy of immunotherapy.

It has been known that CR reduces cancer risk and improves outcomes in preclinical
and clinical studies. Calorie restriction activates molecular pathways that enhance cellular
defenses, promote DNA repair, and reduce oxidative damage, which may contribute to its
anticancer effects [20,21]. Additionally, CR has been shown to enhance the effectiveness
of cancer treatments such as chemotherapy and radiation [22,23]. Indeed, some studies
have demonstrated that calorie restriction can improve immune function and reduce
inflammation, potentially contributing to increased health [21,24,25]. Several studies have
also provided evidence indicating that calorie restriction can enhance immune function
and alleviate inflammation, leading to potentially improved overall health [26,27]. CR has
been shown to prevent mitochondrial dysfunction and enhance mitochondrial efficiency
by reducing oxidative stress and inflammation, promoting mitochondrial biogenesis, and
improving mitochondrial quality control mechanisms. Therefore, CR may improve cellular
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metabolism and energy production, reduce cellular damage, and contribute to improved
health and longevity [28,29].

Contrary to the role of CR in cancer suppression, patients with sarcopenia or cachexia
resulting from chronic caloric deficits may have a poorer response to immunotherapy,
lower progression-free survival, and lower overall survival rates, according to some
studies [30,31]. In line with our findings, those patients also showed a reduction in immune
cell infiltration into the tumor microenvironment and impaired T cell activation [30,31]. In
general, CD8+T cells use glycolysis during their differentiation to effector cells, and PD-1
ligation increases fatty acid oxidation (FAO) [32]. The mitochondrial activation of CD8+ T
cells has been reported to enhance the efficacy of PD-1 blockade [33,34]. Therefore, it must
be critical to balance between calorie restriction and maintaining an adequate calorie intake
to avoid negative impacts on immune function and the subsequent response to cancer
therapy.

5. Conclusions

In this study, we aim to investigate the effect of calorie restriction (CR) on anti-tumor
immune responses in an immunogenic preclinical cancer model. Although the CR diet
delayed tumor growth, the effect of anti-PD-1 treatment was poorer in CR mice. Although
our presented study is still exploratory with a relatively low sample size and large data
variations, our present results suggest that the energy restricted physical condition of cancer
patients may impair CD8+ T cell immune surveillance and the efficacy of immunotherapy.
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Abstract: In recent times, the emergence of viral infections, including the SARS-CoV-2 virus, the
monkeypox virus, and, most recently, the Langya virus, has highlighted the devastating effects of viral
infection on human life. There has been significant progress in the development of efficacious vaccines
for the prevention and control of viruses; however, the high rates of viral mutation and transmission
necessitate the need for novel methods of control, management, and prevention. In recent years, there
has been a shift in public awareness on health and wellbeing, with consumers making significant
dietary changes to improve their immunity and overall health. This rising health awareness is driving
a global increase in the consumption of functional foods. This review delves into the benefits of
functional foods as potential natural means to modulate the host immune system to enhance defense
against viral infections. We provide an overview of the functional food market in Europe and discuss
the benefits of enhancing immune fitness in high-risk groups, including the elderly, those with obesity,
and people with underlying chronic conditions. We also discuss the immunomodulatory mechanisms
of key functional foods, including dairy proteins and hydrolysates, plant-based functional foods,
fermentates, and foods enriched with vitamin D, zinc, and selenium. Our findings reveal four key
immunity boosting mechanisms by functional foods, including inhibition of viral proliferation and
binding to host cells, modulation of the innate immune response in macrophages and dendritic cells,
enhancement of specific immune responses in T cells and B cells, and promotion of the intestinal
barrier function. Overall, this review demonstrates that diet-derived nutrients and functional foods
show immense potential to boost viral immunity in high-risk individuals and can be an important
approach to improving overall immune health.

Keywords: functional food; viral immunity; COVID-19; immune fitness; health benefits; elderly;
obese; chronic disease; boosting immune system; fermentates; milk hydrolysates

1. Introduction

In recent years, as a result of the increase in awareness of the impact of diet on health,
there has been a significant shift in the interest of consumers towards food that improves im-
mune health. Food is a critical influencer of a healthy, disease-free, high-quality life. Given
that global dietary risk factors are estimated to cause 11 million deaths and 255 million
disability-adjusted life years annually [1], food has become fundamental to longevity more
than ever. It is a long-known fact that what we eat influences our body, and vital nutrients
are essential for growth, cellular function, tissue development, energy, and immune de-
fense [2]. There is growing evidence that food can act as an immunomodulator, and certain
nutrients and foods have been highlighted to improve immune defense and to increase
resistance to infection while maintaining immune tolerance [3]. Furthermore, deficiency in
certain nutrients leads to malnutrition and results in the development of diseases. Often,
these diseases result from nutritional inadequacies, which impair immune function.

A poor diet can compromise the immune system, leaving the host more susceptible to
pathogenic infection, including viral infections. With the recent viral outbreaks, including
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the SARS-CoV-2 virus, the monkeypox virus, and, most recently, the Langya virus, boosting
the immune system is increasingly important. As seen with the COVID-19 pandemic,
viruses have the capability of spreading rapidly from person to person, causing devastating
damage to humanity due to their potential for high transmissibility. Therefore, there is
an urgent need to explore new ways of enhancing viral immunity. Food has long been
known to provide antiviral protection and, therefore, can be used as a first-line strategy
to boost the immune system in the form of functional foods to enhance protection against
new, emerging viral infections as well as well-established viruses, including the influenza
virus [4–11].

Used in conjunction with hygiene practices and an active lifestyle, functional foods
may provide additional, naturally sourced antiviral protection. In this review, we discuss
the current trends in health and wellbeing in relation to the growing interest in functional
foods, especially in Europe. We present the concept of boosting immune fitness with a
focus on individuals at high risk of viral infections. Moreover, we discuss the mechanisms
by which diet-derived nutrients and functional foods can boost immunity in high-risk
individuals, and how diet-based strategies can be an important approach to improving
overall immune health. Finally, we present future perspectives on how functional foods,
especially fermented foods, can be further developed for boosting immune fitness.

2. Trends in Health and Wellbeing: A Focus on Functional Foods

The increased popularity and global explosion within the Health and Wellbeing
industry are evidenced by the booming economic figures in data from 2015 to 2017, showing
a growth rate of 6.4% [12]. This growth was expected to continue at this pace, and the
global wellness industry had a net worth of an estimated USD 4.75 trillion in 2019 [12].
The total Healthy Eating, Nutrition, and Weight Loss sector comes to an estimated USD
702 billion, making it the second largest sector of the industry [12].

These trends in the Health and Wellbeing industry reflect trends seen in the food
industry, with an increasing demand for healthy foods, in turn driving the revolution that
is the development of food products that can impart additional health benefits to their
consumers, i.e., the functional food industry. The functional food industry is growing
at a phenomenal rate, with a worldwide growth rate of 10.34% from 2016 to 2021 based
on data gathered from Euromonitor [13]. Furthermore, this growth rate is expected to
increase further, nearly doubling that of 2016–2021, with an expected worldwide growth
rate of 19.17% from 2021 to 2026 [13]. The retail sales value of the functional food industry
in Europe in 2021 was dominated by the UK, which held the largest value, followed by
France and Germany (Figure 1) [14]. The popularity of functional foods worldwide is on
the rise, with the USA, Europe, and Japan being the regions holding the greatest retail sales
values [14]. An annual increase in market size for Ireland, Eastern and Western Europe, the
USA, and worldwide has been observed (Table 1) with future predictions in market size for
2022–2026. Figure 2 shows the percentage hold Ireland, Eastern and Western Europe, and
the USA have in the worldwide functional food market, with Europe and the USA making
up over a third of the worldwide functional food market at a combined 33.67% of the total
market size.

This annual growth rate was expected to continue for the foreseeable future; however,
in late 2019 and early 2020, the catastrophic news of a global COVID-19 pandemic further
ignited global interest in the Health and Wellness industry. The rapid growth and boom
within the functional food industry are clear evidence that, globally, we are now looking
to food as a source of immune support when food is so well known to aid in anti-viral
immunity and overall immune support [4–11]. Seeking functional food sources with
immunomodulatory capabilities could potentially be a game changer to naturally aid our
management of viral infection.
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Figure 1. Retail sales value of functional foods in Europe in 2021 [13]. Two-letter country abbreviations
included for markets of interest. Adapted from [14].

Table 1. Functional food market size in Ireland, Eastern Europe, Western Europe, and the world.

Year 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

Ireland 494.97 510.65 519.51 531.83 554.24 584.79 585.71 591.82 617.89 646.61 679

Eastern Europe 4142 4727.30 4967.70 4999 4921 5211.80 5530.50 5745.60 5977.00 6234.30 6498.10

Western Europe 20,689.50 20,695.50 21,568.80 20,661.60 21,537.40 23,032.30 23,526.50 23,906.90 24,444.30 25,130.70 25,803.50

USA 31,902.50 31,708.50 31,007.50 30,956.90 32,053.90 31,512.30 32,940.60 34,148.30 35,239.50 36,210.90 37,164.30

World 159,040.10 164,365.30 168,157.20 168,477.90 168,919.00 177,395.00 184,464.70 192,846.20 201,417.00 201,355.60 219,467.80

Market values from 2016 to 2021 in USD million. Predicted market values for 2022–2026 in USD million. Data
obtained from Euromonitor International, a market research provider (2022).

Due to the current economic climate and a recent global pandemic, the immune
support and health supplements market is expected to grow even further, at a compound
annual growth rate of over 9% from 2019 to 2025 [15]. With an estimated six-month
immunity provided by the vaccines as antiviral therapy for the prevention of COVID-19
infection, alternative methods to augment protection against viral invasion are highly
desirable [16,17].
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Figure 2. Percentage hold of various regions of the worldwide functional food market size for 2021.
Data obtained from Euromonitor International, a market research provider (2022) [13]. Created with
Datawrapper.

3. Boosting Immune Fitness in High-Risk Individuals

In this section, we highlight the importance of boosting the immunity of high-risk
individuals. We first present the concept of immune fitness, followed by an overview of
the key features of the innate and adaptive immune system of three highly vulnerable
cohorts with a focus on gut immunity. Understanding the changes in the immune responses
of these cohorts is critical to furthering the development of functional foods targeted at
boosting viral immunity.

3.1. Immune Fitness

Immune fitness describes the capacity of the body to respond to health challenges,
such as infection, via activation of the appropriate immune response in order to prompt
disease resolution, prevent pathogen infection, and promote health, thereby ensuring
quality of life [18]. Immune fitness refers to a resilient immune system with the “built-in”
capacity to adapt to challenges by establishing, maintaining, and regulating an appropriate
immune response [19]. This means that the individual’s immune system is robust enough
to eliminate harmful pathogens, such as viruses and bacteria, while simultaneously being
able to tolerate harmless ones, such as food antigens. In doing so, this prevents the body
from entering into a hyporesponsive state of weakened immunity, leading to increased in-
fection, and from entering into a hyperresponsive state, leading to allergy and autoimmune
disease (Figure 3) [19]. Immune fitness can be viewed as the establishment of core lifestyle
habits that can improve your immune capacity, including good eating habits, good social
relationships, abstinence from smoking, limiting alcohol consumption, and controlling
stress levels, all of which can slow down the process of aging on the immune system [20].
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Figure 3. Maintaining immune fitness. Good diet, social relationships, stress control, and not smoking
or drinking all aid in maintaining a healthy immune system to enable the immune system to fight off
pathogens and recognise harmless food antigens. The ability and resilience of the immune system
to fight off and manage such challenges are encapsulated by the immune fitness of the individual.
Hypo immune responses lead to the development of infections. Hyper immune responses lead to the
development of allergy and autoimmune disease. Created with BioRender.com.

As we age, the immune system changes, and chronic low-grade inflammation devel-
ops, termed “inflammageing”, which, in turn, contributes to the pathogenesis of age-related
disease [21]. The immune system responds more slowly and less effectively; thus, there is
increased risk of infection due to less effective immune defenses. This gradual deteriora-
tion in the immune system caused by advanced aging is termed immunosenescence [20].
Nutrition is closely linked to proper functioning of the immune system, meaning what
we eat has a huge influence over our immune response, making us more or less likely
to suffer from infections or inflammatory disease [22]. It is long understood that the
plant-based Mediterranean diet, consisting largely of cereals, legumes, vegetables, fruits,
olive oil, and nuts, provides fibre with prebiotic activity, polyunsaturated fatty acids with
anti-inflammatory properties, bioactive compounds with antioxidative properties, and
vitamins and minerals, all aiding in the modulation of the microbiota, the activation of
the host immunity, and, ultimately, promoting health and disease prevention [23]. On the
other hand, the Western diet is associated with high animal protein, digestible sugars, and
fat, while also being low in fibre [24]. Observational studies have linked the Western diet
to the risk and development of inflammatory bowel diseases (IBDs), including Crohn’s
Disease (CD) and ulcerative colitis (UC), as well as other immune diseases, including
asthma and allergy, while also coinciding with an increase in autoimmune diseases [25–28].
Furthermore, the Western diet is a key contributor to the global obesity epidemic, which
causes low-grade activation of the immune system [28]. Therefore, the differing effects
of the Mediterranean and Western diets demonstrate that differing dietary patterns have
differential effects on the immune system and overall immune fitness. Individuals who are
considered immunocompromised are those with weakened immune systems [29]. These
people have a reduced ability to fight infections and other diseases. Certain conditions, like
cancer, diabetes, AIDS, some genetic conditions, and even simply malnutrition, result in
an individual becoming immunocompromised [30]. Not only this; often, the treatments
for various diseases like cancer, including radiation therapy or stem cell therapy, result in
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immunosuppression [29]. The immunocompromised are a highly vulnerable group with
reduced immune system response and thus require boosting of their immune fitness in
order to help tackle any immune challenges they may face.

In this review, we examine the effect of functional foods on the immune fitness of
three core vulnerable populations within our society: the elderly, the obese, and the
immunocompromised. Challenges arise in the fight against viruses, such as COVID-19, in
the elderly population, obese individuals, and for those who suffer from chronic underlying
conditions, as these individuals have an already weakened immune system. Individuals
that are older and have underlying conditions are at an increased risk of severe infection
due to their already weakened immune systems [31]. It is the low-grade inflammation
within the immune systems of the elderly and the obese that makes them vulnerable to
infection [32,33]. The aging process is inevitable; however, there are other factors one
can consider to keep the body as fit and healthy as possible to manage weight and to
support the immune system in order to protect against viral invasion. Immune fitness
encapsulates how one’s immune system is built in terms of its resilience, fragility, and
chronic immune disorder morbidity [34]. Immune fitness can be influenced by a variety
of factors, including biological factors, such as the epigenome and microbiome, lifestyle
factors, such as sleep, diet, and exercise, and other psychosocial factors, like stress response
and the social environment [34]. Therefore, it is critical that we look for natural ways of
boosting the immune fitness of the elderly, the obese, and the immunocompromised to
ensure the immune system is in a prime state for fighting against viral infection by virtue
of maintaining a healthy lifestyle.

3.1.1. Immune Response in the Elderly

The elderly are classed in the extremely vulnerable group of individuals at risk of
contracting viral infections, including COVID-19 infection, while people less than 65 years
old have been shown to have a smaller risk of COVID-19 deaths, even in pandemic
epicentres [35]. Not only are the elderly at increased risk of susceptibility to infectious
disease, but they are also seen to have reduced vaccine efficacy [36]. As we age, there
is an increased dysregulation of the immune system, both innate and adaptive, due to
the accumulation of damage over the years at a molecular, cellular, and organ-based
level, which results in the increased risk of disease and higher rates of morbidity and
mortality [37]. The degree to which the immune system is affected by the aging process is
referred to as immunosenescence [38]. The degree of immunosenescence can be slowed
down by optimising the immune fitness of the individual [39].

As we age, the innate immune system is highly affected. The mucosal immune sys-
tem of the gastrointestinal tract, which provides the first line of defense against ingested
pathogens by deciphering between harmless antigens and generating tolerance towards
them or being able to mount a rapid protective immune response against dangerous
pathogens, becomes significantly compromised in the elderly [40]. The intestinal mucosa
provides innate immunity by virtue of the gut-associated lymphoid tissue (GALT), consti-
tuted by Peyer’s patches, lymphoid follicles, and mesenteric lymph nodes [41]. In aged
GALT, reductions in mucus secretion and defensins are reported, indicative of impaired
gut function [42]. Aging brings about an increase in the innate cells of the intestine with an
elevation of pro-inflammatory mediators, i.e., pro-inflammatory cytokines (IL-6, TNF-α,
IFN-γ, and IL-1β) and C-reactive protein, contributing to the low-grade inflammation
associated with aging, as well as a link to poorer cognitive performance [43]. Aged den-
dritic cells show significant decreases in IL-12p70 and IL-15 production and decreased
expression of co-stimulatory factors CD80/CD86 [44,45], affecting their ability to present
antigens that activate cells of the adaptive immune system. Furthermore, a link to reduced
expression of IL-22 and IL-17 cytokines results in increased intestinal barrier permeability in
the elderly [46]. Furthermore, an increase in IL-6 and TNF-α is associated with the increase
in paracellular permeability of the microbiome as well as metabolic endotoxemia, which
contributes to the low-grade chronic inflammatory state seen in aging [47]. Changes in the
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gut microbiome are often associated with aging, where a decrease in microbiota diversity is
observed, and an increase in pro-inflammatory commensals is seen at the expense of bene-
ficial microbes [48]. Such dysbiosis leads to alterations in microbiota-associated metabolite
levels, impaired function and integrity of the gastrointestinal tract, and increased leaky
gut [48]. In addition, reductions in chewing ability, dentition, taste, digestion, and intestinal
transit time affect dietary choices and food digestion as we age, contributing directly or
indirectly to microbiota alterations [49]. Therefore, as we age, the integrity and functioning
of the gut are compromised, leading to increased permeability of the gut by virtue of its
decreased integrity, meaning the elderly are at increased risk of viral infection due to this
weakened first line of physical defense.

The adaptive arm of the immune system is highly affected by aging, with some key
changes seen, such as decreased T cell function, the central defect of immunosenescence, as
well as decreased production of T cell populations. Aging is associated with declined IL-2
production and expression of T cell receptors, resulting in decreased T cell proliferation,
as well as altered signaling pathways associated with T cell activation, i.e., the NF-κB
pathway [37,50]. T cell function is therefore already impaired in an older individual; thus,
contracting COVID-19 and the associated T cell exhaustion (Tex) puts these individuals
at a much greater risk of a poor outcome. Similarly, B cell function is affected by the
aging process, making the elderly defective in their ability to produce optimal antibody
responses [51]. These defects include reduced somatic hypermutation of the antibody
variable region, reduced binding, reduced class switch recombination responsible for the
generation of a secondary response of class switched antibodies, reduced neutralization
capacity and binding specificity of secreted antibodies, increased frequencies of inflamma-
tory B cell subsets and shorter telomers, and increased epigenetic modifications that are
associated with lower antibody responses [51]. Furthermore, there is an obvious effect seen
on B cell function in an aged immune system. The number of competent B cells significantly
decreases with age, while the percentage of terminally differentiated and senescent memory
CD27- B cells increases [52]. Thus, the elderly have an impaired antibody function, which
only further serves as a potential risk factor for contracting viral pathogens.

The gut undergoes several changes in the adaptive immune response as a result of
aging. On a cellular level, the ability of dendritic cells to initiate T cell responses is impaired
due to defective priming by dendritic cells of the mucosal tissue, while antigen-specific T
cell responses in the gut are reduced [44]. The expression of co-inhibitory molecules CTLA-
4 and PD-1 in lamina propria CD4+ T cells, which control homeostasis and antigen-specific
responses, is significantly lower in the elderly [53–55]. Furthermore, older Th1 and Th17
cells proliferate to a lesser degree compared to their younger T subset counterparts, while
higher levels of spontaneous death among older CD4+ T cells are observed [54].

Immunoglobulin A (IgA) is the dominant class of antibody secreted by the intestinal
mucosa, and it plays a key role in the regulation of the gut microbiota [56]. IgA is a major
class of antibody secreted by the gut mucosa and is key to the maintenance of intestinal
homeostasis [57], gut immunity, regulating the mucosal immune response, maintaining
the microbiome [58], and activating the gut microbiome to promote protection from in-
flammation [59]. T cells regulate the magnitude and nature of microbiota-specific IgA via
IgA-committed B cell responses [40]. However, these become senescent as we age, and
it is therefore suggested to be a contributing factor in the decreased antigen-specific IgA
responses associated with aging [56]. This reduction in IgA response is, in turn, thought
to contribute to the decline in gut and intestinal immunity as we age. Specifically, this
reduction in IgA is linked to the decreased small intestinal CCL25 and the increase in
colonic CCL28 associated with advanced aging and the deterioration of gut immunity [58].

Overall, the elderly have a unique pro-inflammatory predisposition. They experience
a constant low-grade inflammation (LGI) that leads to the chronic systemic inflammation
that is strongly associated with the elderly population and is the causative factor of many
age-related illnesses, such as cardiovascular disease and stroke, and autoimmune disorders,
such rheumatoid arthritis [60]. Thus, in the context of viral infection, such as COVID-19,
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an elderly individual will already have a heightened inflammatory response and is at a
significantly higher risk of having a more severe outcome from viral infection.

3.1.2. Immune Response in Obese Individuals

Obesity is an excessive accumulation of adipose tissue, clinically defined as consti-
tuting a body mass index (BMI) > 30 kg/m2 [61]. Obesity is linked to a reduced oxygen
saturation of the blood by compromised ventilation in the base of the lungs [62]. It is char-
acterised by chronic low-grade systemic inflammation, with an increased pro-inflammatory
cytokine profile in adipose tissue and infiltration of leukocytes, such as macrophages, into
the adipose tissue [63]. Such chronic inflammation results in impaired insulin signaling
in adipocytes, causing insulin resistance and further contributing to the development of
metabolic disorders, such as cardiovascular disease, type 2 diabetes, and hypertension [64].

Obesity has long been known to be linked to an increase in susceptibility to viral
infections, including influenza A virus and swine flu [65]. Comorbidities linked to obesity
can result in an increased risk of worse prognosis for COVID-19 and may even require me-
chanical breathing [66]. Obese individuals are more likely to suffer from other independent
risk factors for severe COVID-19 than normal-weight-bearing individuals, including heart
disease, lung disease, and diabetes [67] due to their added weight, poorer diet, and reduced
exercise compromising their metabolic health. Even when vaccinated, obese adults tend to
contract viral infections more easily than healthy weight individuals. For example, obese
individuals are twice as likely to develop influenza or influenza-like illness compared with
healthy weight adults post influenza vaccination [68]. Therefore, the risk of contracting
COVID-19 and other viral infections in obese individuals is higher because they already
have decreased lung capacity and difficulty breathing, as well as chronic low-grade inflam-
mation. This risk of contracting a viral infection puts them at a greater risk of increased
susceptibility, poorer prognosis, increased severity of disease, and increased mortality rates.

Innate immunity is highly affected in the gut of obese individuals, making them
more vulnerable to viral diseases. Macrophages are key players in innate immunity. They
are major mediators of inflammation within adipose tissues and are the most abundant
immune cells that contribute to obesity via the infiltration of adipose tissue and subse-
quent secretion of inflammatory cytokines in response to obesity [69,70]. A lean profile is
associated with the “alternatively activated” M2 macrophage phenotype, while an obese
profile is associated with the “classically activated” M1 macrophage phenotype [69]. It is
the breach of the intestinal barrier that induces microbe-associated molecular patterns to
stimulate intestinal epithelial cells (IECs) and macrophage, and dendritic cells to produce
proinflammatory cytokines, such as IL-1, IL-6, IL-12, IL-18, and IL-23, which result in
the intestinal cytokine profile associated with diet-induced obesity and often resulting in
insulin resistance [71,72]. Intestinal permeability is increased as a result of obesity by virtue
of a high-fat diet that sparks an imbalance in the gut microbiota diversity and alters the
microbial composition [71,73]. This imbalance initiates an innate immune response trig-
gered when pathogens cross the intestinal barrier with greater ease [71,73]. This increased
intestinal permeability is due to the reduced expression of epithelial tight junction proteins,
such as zonula occludens 1 (ZO-1) and claudins [74]. IFN-γ-secreting immune cells, i.e., M1
macrophages [69], are in part responsible for barrier permeability, as IFN-γ reduces ZO-1
expression in intestinal epithelial cells [75]. Similarly, IL-1β has been linked to the increase
in intestinal epithelial tight junction permeability [76]. Macrophages are recruited due to
the secretion of chemokines and the activation of pattern-recognition receptors (PRRs), such
as toll-like receptors (TLRs), that recognise unique danger signals for the differentiation
of pathogens for the neutralization of pathogens or clearing of stressed cells induced by
obesity [69].

Obese adipose tissues have been noted to have increased macrophage accumulation
and higher TNF-α and IL-6 cytokine levels; thus, obesity is associated with an accumulation
of immune cells that, overall, contribute to a state of LGI, dysregulated metabolism, and
insulin resistance as a result of this pro-inflammatory state [77]. Furthermore, the bone
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marrow, which is the site where immune cells develop, is affected by obesity in that
ectopic fat accumulates here, thus affecting immune cell development [78]. Circulating
PBMCs have been shown to secrete higher levels of TNF-α and lower levels of the anti-
inflammatory cytokine IL-10 in obese individuals, which further establishes this permanent
state of chronic inflammation [79]. In addition, TLR activation of PBMCs becomes impaired
in obese people, with a decreased ability to produce antiviral type I IFNs, IFN-α, and
IFN-β [80]. The chemoattractant monocyte chemoattractant protein-1 (MCP-1) is secreted
by adipose tissue and macrophages and is more abundant in obese individuals than in lean
individuals [81]. MCP-1 is stimulated by the presence of IL-1β, TNF-α, IL-8, IL-4, and IL-6,
and thus further aids in the macrophage recruitment to adipose tissue seen in obesity [81].

It has been proven that obesity-related disease progression and severity are highly
correlated with pro-inflammatory T and B cell phenotypes within the gut [69]. Gut res-
ident T cells include CD8+ T cells and CD4+ T cells consisting of Th1 cells, Th2 cells,
Th17 cells, Tfh cells, and Treg cells [82]. It is the CD4+ Th17 and Treg cells that are most
abundant in mucosal tissue [83]. Normal lean homeostatic conditions within the intesti-
nal immune environment lead to immune cells, which are dominated by tolerogenic and
mucosal-barrier-maintaining cells, such as IL-10-producing Treg cells, IL-22-producing
lymphoid cells, and IL-17-protective Th17 cells, as well as IgA+ antibody-secreting cells
producing secretory IgA to interface within the lamina propria [84]. Diet-induced obesity
in mice demonstrates a shift in the inflammatory response within the intestinal immune
environment, which leads to increases in Th1 and CD8+ T cells, a decrease in the aforemen-
tioned tolerogenic cell types Th17 and Treg [83], a decrease in intestinal homing CCR2+

macrophage, a decrease in intestinal intra-epithelial CD8αβ+ T cells, and an increase in IL-2,
via small intestinal group 2 innate lymphoid cells. These all promote diet-induced obesity
via intestinal dysfunction that enables dysregulated glucose homeostasis [84]. Obesity is
associated with fewer intestinal IgA+ immune cells and secreting less secretory IgA and
IgA-promoting immune mediators, which results in dysfunctional glucose metabolism
of the microbiome [85]. IgA is a critical B-cell-induced antibody that controls intestinal
and adipose tissue inflammation, intestinal permeability, microbial encroachment, and the
composition of the intestinal microbiome [85]. Limiting IgA secretion greatly impacts the
gut immune system, further showing the detrimental effects associated with obesity on
the gut. IgA is essential for gut homeostasis, and reduced levels demonstrated in obesity
results in altered gut microbiota and further suggests a crucial supporting role for intestinal
immunity as a key modulator of the systemic glucose metabolism microbiome [85].

The increased Th1 and Th17 subpopulations in obese individuals further contribute to
the heightened proinflammatory state, which is detrimental to the body when under viral
attack. Therefore, obese individuals are already in a state of LGI, cytokine dysregulation
and T cell pro-inflammatory activation, putting them at higher risk of poorer prognosis in
the event of contracting viral diseases, including COVID-19.

3.1.3. Immune Response in People with Underlying Chronic Conditions

People with underlying health conditions are at serious risk of contracting viral in-
fections that may result in the need for hospitalisation, intensive care, ventilators, or
mechanical machinery to help them survive, as they are at a higher risk of death due to the
severity of the illness [86]. The weakened immune system puts these individuals at great
risk for contracting viral infections as they have medical conditions and/or are undergoing
treatments for medical conditions that suppress their immune system. Examples of im-
munocompromised cohorts include individuals suffering from CD or UC, HIV patients,
cancer patients, and organ transplant recipients whose underlying conditions only serve to
amplify the effects of COVID-19 [86]. In this section, we focus our discussion on the key
features of the gut immunity in people living with HIV and those with IBD.

18



Nutrients 2023, 15, 3371

HIV is a virus that attacks the individual’s immune system and weakens its ability
to fight infection and disease, thus putting the HIV-positive individual at a higher risk
of contracting other viral infections and suffering from poorer clinical outcomes. HIV
damages the immune system by infecting CD4 cells that help fight off infection and protect
the body from disease [87]. HIV affects approximately 37.7 million people worldwide,
while 680,000 people died of HIV-related illness worldwide in 2020 [88,89], with no known
cure [90].

HIV infection alters the components of the gut microbiome and changes the host
immune responses to gut microbes, which means the gut plays a critical role in the immune
systems of HIV-positive individuals [91]. HIV is associated with a chronic inflammatory
state represented by increased soluble IL-6 and high-sensitivity CRP, D-dimer, and cystatin
C levels even after antiretroviral therapy [92]. The gut epithelial barrier integrity, including
intestinal fatty acid binding protein and zonulin-1 levels, as well as innate immune activa-
tion and inflammation through markers like soluble CD14 levels, kynurenine/tryptophan
ratio, and TNF receptor 1 levels, are highly affected in HIV infection, with increased levels
being strong independent predictors of mortality [93]. The gradual loss of CD4 T cells in
HIV has a knock-on effect for the innate immunity provided by the gut, as the poor CD4
cell recovery within the lamina propria results in the disruption of the gut mucosal barrier
integrity. Therefore, the first line of innate defense against invading pathogens becomes
weakened, and there is a subsequent loss in cytokines secreted, which are needed for the
support of normal barrier function [94].

The leaky gut barrier leads to systemic inflammation due to increased circulation of
microbial components in the bloodstream as well as an increase in exposure of the resident
gut mucosal T cell population to new antigens, meaning the gut barrier dysfunction seen
with HIV infection may originate in the gut lamina propria and its resident CD4 T cells [91].
Lamina propria T cells are thought to be more susceptible to HIV infection due to the
high levels of activation and expression of HIV receptors like CCR5 [95]. HIV infection is
associated with the gradual loss of peripheral CD4+ T cells, largely through the accelerated
proliferation, expansion, and death of T cells, and this high T cell turnover results in the
depletion and exhaustion of the regenerative capacity of the hyperactive immune system,
leading to opportunistic infections, malignancies, and, ultimately, death [96]. It is this
exhaustion of the immune system that leads to the subsequent development of acquired
immunodeficiency syndrome (AIDS), whereby the immune system is unable to maintain the
high rate of T cell production it requires for proper functioning [96]. This hyperactivation
of the immune system on naïve T cells, whether antigen-specific, induced by cytokines, or
by viral gene products, may lead to the increased consumption of both CD4+ and CD8+

naïve T cells through apoptosis of activated T cells or differentiation towards memory
phenotypes [96–98]. Decreases in sigmoid IL-22-producing CD4+ T cells, which are essential
for the sigmoid mucosa integrity, are also observed in HIV infection, thereby worsening
epithelial barrier dysfunction and increasing microbial translocation [91,94].

IBD is associated with gut discomfort as a result of immunological imbalances within
the intestinal mucosa associated with cells of the adaptive immune system [99]. IBDs
arise as a result of the immune system responding to self-antigens and triggering chronic
inflammation in patients with diseases like UC and CD. The prevalence of IBDs is on
the rise [100,101], with these chronic digestive diseases affecting over 10 million people
worldwide; they have no known cause or cure [102].

With the modern diet consisting of greater meat and animal product consumption,
observational studies have linked such dietary patterns to the risk and development of
IBDs like that of CD and UC [27]. IBD is associated with the disruption of the integrity of
the epithelial cells of the intestinal lumen bacteria, which are necessary to communicate
with the immune system [103]. IECs are key players within the mucosal barrier, prevent-
ing the influx of antigens, the invasion of pathogens and commensal microorganisms,
and maintaining tolerance to alimentary antigens and commensal microbiota, while also
playing a crucial role in the activation of cellular innate and adaptive immune responses,
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producing cytokines and chemokines, and keeping the epithelial barrier intact [103,104].
Macrophages play a crucial role in the regulation of gut homeostasis within the intestinal
mucosa, and when this macrophage function becomes disrupted, this leads to chronic
intestinal inflammation [103]. Regulation of intestinal gut inflammation is largely due to
the M2 macrophages that produce IL-10 [103]. Dysregulation in IL-10 function leads to
a decrease in the secretion of this anti-inflammatory cytokine and is therefore linked to
the pathogenesis of IBDs, particularly for UC [105]. Nucleotide-binding oligomerisation
domain 2 (NOD2) is a protein encoded by the caspase recruitment domain-containing
protein (CARD), which is an intracellular microbial sensor that acts as a potent activator
and regulator of inflammation [99]. NOD2 mutation or deficient expression is often associ-
ated with IBDs, including CD, through increased expression of inflammatory factors [106].
TLR signaling helps protect the epithelial barrier and aids in tolerance to commensal
bacteria; however, a malfunction in the TLR signaling associated with IBDs induces an
intestinal inflammatory response through the activation of the NF-κB transcription factor,
which regulates the expression of key inflammatory cytokines IL-1, IL-2, IL-6, IL-12, and
TNF-α [104].

Inflammatory disorders, such as IBDs, are largely associated with issues with the
adaptive immune system and consist of alterations in the autophagy of cells, antigen
processing, regulation of cell signaling, and T cell homeostasis [99]. The imbalance of
Th1 and Th2 cytokine release by the intestinal mucosa determines the development and
persistence of inflammatory responses leading to chronic inflammatory disease [107]. Key
Th1 cytokines linked to the development of IDBs are TNF-α [108], TGF-β [109], IFN-
γ [110], IL-6 [103], IL-12, and IL-18 [111], as well as the response to self-antigens [99].
Similarly, Th17-related cytokines, such as IL-17 and IL-22, play a role in the development
and establishment of IBDs [111,112]. Thus, T cells and their subsets may have excessive
increases in the chemokines and cytokines that lead to the worsening or maintenance of
mucosal inflammation [111]. Treg cells are associated with the pathogenesis of IBD [113].
CD4+ and CD25+ Treg cells play a role in immune regulation and IBD treatment in mice
models, whereby these cells are recruited to the intestinal lymphatic tissues and lamina
propria, playing a key role in maintaining intestinal homeostasis [111,114]. Reduction of
Treg cells can result in the development of IBD [115]. In patients with IBDs, there is a
dysregulation in the amount of antibodies produced and secreted from B cells [116]. UC is
characterised by the infiltration of IgG-producing plasma cells via the CD184 receptor of
inflamed mucosa, further exacerbating inflammation through the activation of intestinal
CD14+ macrophages [103,117]. CD is characterised by high levels of IgG1, IgG2, and IgG3
in both serum and intestinal mucosa [118]. Similarly, higher levels of IgM are associated
with IBD pathogenesis [119].

Immunocompromised individuals with uncontrolled HIV and those who suffer from
IBDs are in a state of chronic T cell exhaustion and chronic low-grade inflammation. These
conditions show how highly affected the gut becomes when the body is in a weakened
state of immunity and demonstrate the vulnerability of the host to further viral infection.
Dietary interventions that enhance immune fitness may benefit people suffering from
these conditions.

4. Functional Foods as Immune Fitness Boosters in the Context of Viral Infection

The concept of functional foods is thought to have first arisen in Japan less than
40 years ago, with the Japanese initiating the concept of functional food science based
on the words of the ancient Chinese, in which they stated that “Medicine and food are
isogenic” [120]. This area of food science research gained huge interest and popularity;
however, the term “functional food” is still not recognised as a unique regulatory product
category by the FDA and has no legal definition [121]. While the area of functional foods
is rapidly emerging and has yet to be legally defined in EU or Irish food legislation, it is
regulated through existing food legislation instead [122]. There are many global definitions
of what a functional food is (Table 2). For the purpose of this review, we define a functional
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food to be a “Natural or processed foods that contains known or unknown biologically-
active compounds; which, in defined, effective, non-toxic amounts, provide a clinically
proven and documented health benefit for the prevention, management, or treatment of
chronic disease” [123].

Table 2. Definitions of the term “functional food” and their originating regions.

Country Definition Reference

EU

A product which is shown in a satisfactory manner that, in addition to
adequate nutritional effects, induces beneficial effects on one or more target
functions of the organism, significantly improving the health status and
welfare or reducing the risk of disease.

[124]

USA Foods that, by virtue of the presence of physiologically active components,
provide a health benefit beyond basic nutrition [125]

Canada
Similar in appearance to conventional food, consumed as part of the usual diet,
with demonstrated physiological benefits, and/or to reduce the risk of chronic
disease beyond basic nutritional functions

[126]

Japan

Known as Foods for Specified Health Use, these are foods composed of
functional ingredients that affect the structure and/or function of the body and
are used to maintain or regulate specific health conditions, such as
gastrointestinal health, blood pressure, and blood cholesterol levels

[127]

A recent review by Zhang et al. [128] noted the importance of vitamins A, B2, B3, B6,
C, D, E, omega-3 polyunsaturated fatty acids, selenium, zinc, and iron in the fight against
viral infections. These are key traditional functional food components that potentially have
the ability to help in the protection against viral infections. In this review, we focus on
milk proteins, fermentation products, other plant-derived products, Zinc, selenium, and
vitamin D as functional foods with the potential to combat viral infections. In this section,
we highlight their interactions with the immune system and the mechanisms underlying
their immune-boosting activities.

4.1. Whole Milk Proteins and Hydrolysates

There are two groups of proteins in milk: casein and whey. Casein comprises 80%
of total bovine milk protein, and the remaining 20% is whey protein. Whey is the ma-
jor by-product generated from the cheese making industry [129] and is composed of
β-lactoglobulin, α-lactalbumin, serum albumin, immunoglobulins, lactoferrin, and trans-
ferrin. Casein, on the other hand, is composed of various protein fractions, including αs1,
αs2, β-, and κ caseins [130]. Milk-derived proteins can work in a variety of ways to act as
antiviral molecules. These traditional antiviral mechanisms include binding to structural
viral proteins to prevent host–cell interactions, interfering with viral entry through viral
and/or cell surface interaction, as well as by interfering with certain viral enzymes required
for viral replication [130]. Most of the antiviral properties attributed to milk are associated
with whey proteins, largely lactoferrin; however, casein has also been shown to exert some
antiviral activity towards viruses [131].

4.1.1. Whey

Most whey proteins have been shown to prevent viral infection [130]. Whey protein
from human breastmilk was shown to effectively inhibit both SARS-CoV-2 and its related
pangolin coronavirus via blocking viral attachment and viral replication at entry into the
cytoplasm and post entry points, as well as by inhibiting infectious viral production [132].
Specifically, whey protein of human breastmilk significantly inhibited the RNA-dependent
RNA polymerase (rdRp) activity of SARS-CoV-2 in a dose-dependent manner [132]. This is
thought to be due to the rich lactoferrin content, well known for its antimicrobial effects, as
well as other components found in breastmilk. Lactoferrin is a naturally occurring nontoxic
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glycoprotein that has been proven to help protect against viral infections, including SARS-
CoV, which is closely related to SARS-CoV-2, which causes COVID-19 [133]. Lactoferrin has
demonstrated the ability to inhibit many viruses, including hepatitis B and C viruses (HBV
and HCV), herpes simplex viruses 1 and 2, HIV, human cytomegalovirus, human papilloma
virus (HPV), enteroviruses, adenoviruses, influenza viruses, parainfluenza viruses, and
rotaviruses [134]. For example, it inhibits the activity of reverse transcriptase, protease and
integrase, and HIV-1 enzymes, which allow viral replication to occur; thus, lactoferrin can
inhibit the viral replication of HIV [134,135].

Lactoferrin has immunomodulatory and anti-inflammatory properties that can be used
to confer protection in host systems by modifying host responses to infections through its
iron-binding capacity, its direct interaction with cell surfaces, its ability to promote immune
cell activation, differentiation, and proliferation, as well as its ability to downregulate
immune responses via anti-inflammatory cytokine activity [136]. For example, lactoferrin
induces the expression of type I interferon IFN-α/β, known potent antiviral cytokines and
immunomodulators, and inhibits viral replication [137]. It has also been shown to lower
IL-6 and TNF-α, key players in the cytokine storm [44].

Another potential mechanism is through the inhibition of ACE2 and S glycoprotein.
ACE2 is the receptor and main landing site for SARS-CoV-2 on host cells via the spike
protein [138]. This spike protein, the S glycoprotein, plays an essential role in virus at-
tachment, fusion, and entry into host cells [139]. Thus, through inhibition of the surface S
glycoprotein, ACE2 receptor binding can be prevented, thereby inhibiting viral attachment
and subsequent infection. A study by Fan et al. [132] revealed that whey can slightly block
the affinity of ACE2 and the S glycoprotein.

In an observational study by Serrano et al. [140], they were able to elucidate a potential
dose for the prevention and treatment of COVID-19 infection using liposomal lactoferrin,
Lactyferrin™, as follows: a dose of 64–96 mg (20–30 mL) every 6 h daily (256–384 mg/d),
which can be increased to 128 mg every 6 h (512 mg) if needed to cure COVID-19, while a
dose of 64 mg two to three times daily can prevent COVID-19 (128–192 mg/d). This study
allowed for complete and fast recovery of all 75 patients within the first 4–5 days, while
smaller doses prevented individuals directly in contact with the patient from ever becoming
infected. In another study, low COVID-19 incidence rates and lesser severity in children
and infants were attributed to lactoferrin present in breastmilk and lactoferrin-containing
infant formulas widely used in this population [141]. Table 3 summarises the immune
boosting functions and mechanisms of action of whey and casein.

4.1.2. Casein

Bovine κ-Casein has been proven to have a direct inhibitory effect on the binding
of viral particles via glycan residues against human rotavirus (HRV) [142]. This direct
binding of viral particles results in 50–70% inhibition of viral activity against HRV, with
the remaining 30–50% of uninhabitable activity hypothesised to be due to the fact there
may be several key molecules involved in the cell entry process of viral attachment and
replication [142]. In contrast, separate studies have shown that casein (the unmodified
form) had no inhibitory effect on HIV-1 [143,144]. However, chemically modified casein
inhibited HIV-1 via the direct binding of the HIV-1 gp 120 envelope glycoprotein and
through direct binding of the CD4 cell receptor [145].
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Table 3. Summary of immune mechanisms enhanced by milk-derived proteins.

Immune-Active
Components

Immune-Boosting
Functions

Mechanism Reference

Whey/Lactoferrin

Antiviral

- Blocks viral attachment, replication, and
production

- Inhibits rdRp activity of SARS-CoV-2
- Inhibits reverse transcriptase, protease,

integrase, and HIV-1 enzyme activity,
inhibiting viral replication

- ACE2 inhibitor

[132,134,135]

Immunomodulator

- Promotes immune cell activation,
differentiation, and proliferation

- Induces type I interferon IFN-α/β
- Promotes promoting CD4+ T cells into Th1

cells, stimulates neutrophil aggregation,
activates phagocytosis, and increases activity
of NK cells

- Enhances antigen expression ability of B cells
and regulates T cell function

[136,137,146,147]

Anti-inflammatory - Lowers IL-6 and TNF-α [44]

Casein Antiviral

- Inhibits viral binding in HRV via
glycan residues

- Some protease and integrase inhibitory activity
- Potent inhibition of HIV-1 via direct binding of

glycoprotein and CD4 cell receptor, inhibiting
HIV-1 infection

[142,144,145]

4.2. Fermented Dairy Products

It is well documented that fermented foods can be used to support and boost immune
responses in humans. For example, kefir, a fermented dairy product, has been noted for its
antiviral and anti-inflammatory potential [148]. It can inhibit ACE levels and cholesterol
metabolism, aid in wound healing, suppress tumour growth, alter the immune system to
improve allergy symptoms, suppress viral activity via modulation of immune responses,
and cause disruption of viral adhesion, as well as acting as an anti-inflammatory agent
inhibiting proinflammatory cytokines like that of IL-1β, TNF-α, and IL-6 [148]. All of these
are indicated in the low-grade inflammation seen within the elderly, obese, and immuno-
compromised populations, as well as being the key contributors to the cytokine storm of
COVID-19 infection. Thus, kefir could be considered for its antiviral activity in the fight
against COVID-19, largely through its ACE inhibitory abilities and its proinflammatory
cytokine-reducing capabilities. Kefir is thought to exert this antiviral activity by direct
probiotic–virus interaction and trapping, production of antiviral inhibitory metabolites,
and/or via stimulation of the immune system for the development of bacteriocins, lactic
acid, and hydrogen peroxide as antiviral agents [149]. Kefir modulates gut microbiota com-
position, regulates low-grade inflammation, controls intestinal permeability, and regulates
gut homeostasis [150]; thus, it is a potentially powerful functional food for the elderly and
IBD-immunocompromised and obese individuals whose gut immunity is compromised.
Kefir improves serum zonulin levels, which are critical for the regulation of intestinal
permeability and the modulation of tight junctions [151]. Furthermore, kefir could act
against obesity by inhibiting enzymes related to the digestion of carbohydrates and lipids
that result in less energy release [150].
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Yogurt is a fermented milk product containing cultures of Lactobacillus bulgaricus
and Streptococcus thermophilus [152]. Yogurt-derived peptides are known for their ACE
inhibitory effects [153] and, therefore, may be effective in counteracting viral infection.
Various in vitro and in vivo studies have shown that the bioactive peptides in yogurt
have direct antiviral effects [153]. In addition to these antiviral effects, yogurt has been
linked with improvements in gut health, reduced chronic inflammation by enhancing
innate and adaptive immune responses, and improved intestinal barrier function [154].
Yogurt upregulates the expression of autophagy, tight junction proteins, and anti-microbial
peptide-related genes, which all play a key role in maintaining a healthy gut barrier function
through interaction with the intestinal epithelium [155]. Yogurt has inhibitory effects on
colon cancer, restores gut homeostasis, and, therefore, prevents the development of and
control of IBDs [156]. Decreases in TNF-α are associated with the consumption of LAB [157].
Therefore, yogurt is considered useful for the control of low-grade inflammation seen in
the elderly, obese, and immunocompromised; for example, those suffering from type 2
diabetes [157]. Furthermore, yogurt also increases anti-inflammatory cytokine IL-10 while
simultaneously reducing proinflammatory IL-17 and IL-12 [158], thus playing a key anti-
inflammatory role crucial in the elderly, obese, and immunocompromised; in particular,
those with IBDs.

Koumiss is a traditional fermented dairy product made from fermented mare’s milk
originating in Mongolia [159,160]. Koumiss has been shown to have immunomodulatory
capabilities by virtue of its ability to reduce TNF-α [161], a key player in the low-grade
inflammation seen among the elderly, obese, and immunocompromised, as well as being a
key contributor to the cytokine storm seen in COVID-19 infection. Koumiss has been shown
to increase IFN-γ [161], and these IFN-γ secreting cells play a critical role in maintaining the
gut barrier function. Furthermore, Koumiss is capable of inducing gut mucosal responses
by enhancing the production of sIgA and therefore has effects on both the innate and
adaptive immune responses [161]. SIgA prevents infection by inhibiting the attachment of
bacteria and viruses within the gastrointestinal system [162].

Overall, fermented dairy products could be considered functional foods with the
potential to protect against viral infection. These fermented foods can be highly beneficial
for the elderly and obese and immunocompromised individuals through the modulation
of gut microbiota composition and their overall antiviral abilities by virtue of their ACE
inhibitory role, their direct viral inhibitory mechanisms, their gastrointestinal system
maintenance, and their contribution to enhanced epithelial gut barrier function. Table 4
summarises the immune boosting functions and mechanisms of action of fermented food
products, kefir, yoghurt, and Koumiss.

Furthermore, one food component of interest of late are fermentates. A fermentate
generally refers to “a powdered preparation, derived from a fermented [food] product and
which can contain the fermenting microorganisms, components of these microorganisms,
culture supernatants, fermented substrates, and a range of metabolites and bioactive
components” [163]. For example, an oral fermentation product known as EpiCor, derived
from Saccharomyces cerevisiae (S. cerevisiae), showed the potential of enhancing the immune
system to protect and aid in defense against cold/flu-like symptoms [164,165]. In these
two 12-week randomized, double-blind, placebo-controlled trials, it was proven that this
oral over-the-counter fermentate has the ability to reduce the incidence of cold and flu-like
symptoms in both individuals with and without a history of influenza vaccination [165].
These studies show the potential of fermentates for the protection and prevention of viral
infections and thus warrant further investigation into their potential uses against COVID-19
as well as other viral infections.
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Table 4. Summary of immune mechanisms enhanced by fermented dairy products.

Immune-Active
Components

Immune-Boosting
Functions

Mechanism Reference

Kefir Antiviral

- Inhibits ACE levels and suppresses viral activity
- Directs probiotic–virus interaction and trapping,

production of antiviral inhibitory metabolites, and
development of lactic acid and hydrogen peroxide
as antiviral agents

- Antioxidant

[148,149,153]

Immunomodulator

- Enhances cholesterol metabolism, aids in
wound healing, suppresses tumour growth, and
improves allergy

- Modulates gut microbiota composition, controls
intestinal permeability, and regulates gut
homeostasis

- Improves zonulin levels and regulates intestinal
permeability and modulation of tight junctions

[148,150,151]

Anti-inflammatory - Inhibits IL-1β, TNF-α, and IL-6 [148]

Yogurt Antiviral - ACE inhibitor [166]

Immunomodulator

- Antithrombotic
- Improves gut health and intestinal barrier function
- Upregulates expression of autophagy, tight

junction proteins, and anti-microbial
peptide-related genes for gut barrier health

[153–155]

Anti-inflammatory
- Decrease TNF-α
- Decreases IL-17 and IL-12 and increases IL-10 [157,158]

Koumiss Antiviral
- Enhanced SigA production, inhibiting the

attachment of viruses in the gastrointestinal tract [161,162]

Immunomodulator

- Maintains healthy gastric intestinal systems,
regulates cholesterol and sugar levels, controls
blood pressure, and produces important vitamins

- Increases IFN-γ secreting cells to maintain gut
barrier function

[161,167]

Anti-inflammatory - Decreases TNF-α [161]

4.3. Plant-Derived Functional Foods

Plant-based functional foods are becoming increasingly more popular with the grow-
ing interest in vegetarian and vegan diets. Plant-based functional foods are derived from
natural or unprocessed plant foods or may be derived from plant foods modified via biotech-
nological means [168,169]. Plants have been long known to have medicinal properties
reducing the risk of developing a range of illnesses, including diabetes, cancer, cardiovas-
cular disease, hyperlipidaemia, and hyperuricemia, by virtue of their immunomodulatory
capabilities [170].

Virgin coconut oil (VCO) comes from the coconuts of coconut palm trees (Cocos
nucifera) and is rich in nutrients, vitamins, and minerals, including vitamin E, palmitic
acid, lauric acid, monolaurin, plant sterols, and bioactive compounds, including polyphe-
nols, sterols, and tocopherols [171–173]. VCO has been noted for its anti-inflammatory,
analgesic, [174], gut microbiota modulator [175], anti-stress, antioxidant [176], and antimi-
crobial activities [177]. Therefore, VCO is a potent functional food that possesses many
desirable qualities that could aid in the boosting of immune fitness among the elderly,
obese, and immunocompromised and could aid in the protection against viral infection
and the promotion of gut homeostasis.
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Recently, VCO has been highlighted as a potential antiviral functional food with
the ability to lower CRP levels among suspect and probable COVID-19-infected patients,
aiding in faster recovery from viral infection [171]. VCO has the ability to increase the
phagocytotic activity of the innate immune macrophage [178] and has been shown to
suppress and inhibit key inflammatory cytokines TNF-α, IFN-γ, IL-6, IL-8, and IL-5 [179].
Thus, it could be useful for the control of low-grade inflammation seen within the elderly
and obese and immunocompromised individuals, as well as for the control of the cytokine
storm observed in COVID-19 infection. VCO has been observed to have a positive effect
on the adaptive immune response via the increased CD4+ T cell concentration, which is
observed in HIV-positive individuals when supplementation with VCO is prescribed for
3 × 15 mL/day for 6 weeks [180], thus highlighting its importance as a functional food for
the immunocompromised, including HIV-positive individuals. Similarly, VCO has been
shown to increase CD4+ and CD8+ T cells in doxorubicin-induced immunosuppressed
rats [181], showing its potential use for the elderly and immunocompromised and obese
individuals, whose T cell levels are often compromised. Furthermore, more animal studies
have shown the link between VCO consumption and increased adaptive immunity, where
increased VCO consumption led to an increase in IgA in the spleen and Peyer’s patch cells
of the small intestine [182].

Extra virgin olive oil (EVOO) is the least processed variety of olive oil, extracted from
olives of the olive tree (Olea europaea) [183]. EVOO is rich in vitamins and minerals,
including vitamin E, vitamin K, polyunsaturated fatty acids, oleic acid, and phenolic
compounds like that of oleuropein and hydroxytyrosol [184–186]. In the US, a patent has
been created that uses a naturally occurring secoiridoid glucoside oleuropein compound
from Oleaceae plants in the treatment of viral diseases, such as hepatitis, mononucleosis,
shingles, herpes, influenza, the common cold, and viral types causing leukemia [187].
Similarly, daily consumption of 50 g of EVOO in elderly HIV-positive individuals, without
antiretroviral treatment, has been shown to improve lipid profiles and alpha diversity
of intestinal microbiota, largely through the increase in Bifidobacteriaceae and Gardnerella
species, and to decrease proinflammatory genera, such as Dethiosulfovibrionaceae [188]. In
another study, high-sensitivity C reactive protein (CRP) concentrations were lowered in
HIV-positive individuals receiving antiretroviral therapy after daily consumption of 50
mL EVOO [189]. Positive effects are seen on gut microbiota when EVOO is consumed
via the reduction in pathogenic bacteria, the stimulation of beneficial bacteria, and the
increase in the production of microbially produced short-chain fatty acids (SCFAs) to exert
a wide range of anti-inflammatory effects [190]. EVOO influences intestinal mucosa and
supports gut homeostasis by encouraging intestinal IgA production [191]. Polyphenolic
compounds from EVOO have been linked to reduced T cell activation and proliferation
as well as reduced proinflammatory cytokine secretion [192]. Other molecules in EVOO,
such as oleuropein, reach the large intestine as unmodified compounds that the human
colonic microbiota then catabolize to hydroxytyrosol; thus, there is much higher content
of bioactive polyphenols present in the gut [186]. Therefore, EVOO could play a critical
role in the control of viral infection seen in immunocompromised individuals like that
of HIV sufferers, as well as the elderly and obese, where their viral immunity is already
weakened. Table 5 summarises the immune boosting functions and mechanisms of action
of plant-derived VCO, and EVOO.

26



Nutrients 2023, 15, 3371

Table 5. Summary of immune mechanisms enhanced by plant-derived functional foods.

Immune-Active
Components

Immune-Boosting
Functions

Mechanism Reference

Virgin Coconut Oil Antiviral

- Faster recovery from COVID-19
- Disrupts the virus envelope, inhibits pathogen

maturation, prevents assembly and budding of
viral progeny, prevents pathogens from
directly binding to the host cells, and inhibits
production of viral particles

- Antioxidant

[171,173,193]

Immunomodulator

- Increases phagocytosis of innate macrophage
- Anti-ulcerative, reduces gastric juice, reduces

total acid output, reduces ulcer scoring, and
increases gastric wall mucous secretion

- Increases CD4+ T cell concentration in
HIV patients

- Increases CD4+ and CD8+ T cells
- Increases IgA in spleen and Peyer’s patch cells

in small intestine

[178,180–182,193]

Anti-inflammatory
- Lowers CRP levels
- Inhibits TNF-α, IFN-γ, IL-6, IL-8, and IL-5 [171,179]

Extra Virgin Olive Oil Antiviral - Antioxidant [194].

Immunomodulator

- Improves lipid profiles and alpha diversity of
intestinal microbiota

- Reduces pathogenic gut microbiota and
increases beneficial bacteria

- Influences intestinal mucosa, supports gut
homeostasis, and encourages intestinal IgA
production

- Reduces T cell activation and proliferation

[188,190–192]

Anti-inflammatory

- Increases production of SCFA in gut
- Lowers CRP concentrations in HIV patients
- Reduces proinflammatory cytokine secretion
- Reduces IL-6, TNF-α, metalloprotease

secretion, COX-2, and α-smooth-actin levels
- Inhibits IL-8, IL-6, NF-kB activation, and

iNOS induction

[189,190,192,195,196]

4.4. Polyunsaturated Fatty Acids (PUFA)-Rich Foods

PUFAs act as substrates for proinflammatory and anti-inflammatory mediators, in-
cluding prostaglandins, leukotrienes, thromboxanes, protectins, and resolvins [197], as
well as for specialized pro-resolving lipid mediators (SPMs), which are critical chemical
mediators needed for the stimulation of the resolution of inflammatory responses [198].
Omega-3 PUFA eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) act as the
substrate for SPM, while, in contrast, omega-6 PUFA arachidonic acid (AA) is the substrate
for eicosanoids, including leukotrienes and prostaglandins, generated through the lipoxy-
genase and cyclooxygenase pathways [199]. Key sources of these omega-3 fatty acids are
oily fish, such as salmon, mackerel, and trout, while omega-6 is found in meat, poultry,
and eggs. A single lean fish meal, such as one serving of cod, could provide about 0.2 to
0.3 g of these omega-3 fatty acids, while a single oily fish meal, like one serving of salmon
or mackerel, could provide 1.5 to 3.0 [200]. However, regardless of their wide availability,
Western diets are often deficient in omega-3 PUFAs [129]. It is suggested that a dose of
60–90 mg of omega-3 PUFA could aid in the recovery of the gut microbiota and boost
immunity [201].
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Omega-3 PUFA has effects on both the innate and adaptive immune responses to aid
in the tackling of invading viral particles. Omega-3 PUFAs upregulate the activation and
improve the function of immune cells. For example, omega-3 PUFAs can induce cytokine
and chemokine secretion and promote phagocytosis in macrophages [202]. Other effects of
omega-3 PUFAs include increasing neutrophil function by enhancing migration, phagocytic
capacity, and the production of reactive free radicals to kill microbes; promoting antigen
presenting cells (APCs) that, in turn, activate T cells; inducing antibodies production in B
cells; and boosting the first-line defense by activating dendritic cells, natural killer cells,
mast cells, basophils, and eosinophils [197]. Long chain AA, EPA, and DHA have been
shown to enhance epithelial barrier integrity as well as reduce IL-4-mediated permeability
in gut [203]. A diet containing 18 g of fish oil/day for 12 weeks increased colonic concen-
trations of EPA and DHA while decreasing mucosal AA content in IBD [204]. Omega-3
PUFAs have the ability to modulate the gut microbiota [205] and have been shown to
increase the abundance of several genera of gut microbes, including Bifidobacterium and
Roseburia [206], of which a reduction in Bifidobacterium and Lactobacillus is implicated in
many metabolic disorders and preserve a lean phenotype. Thus, omega-3 PUFAs are useful
in the treatment and management of obesity [205,207]. Bifidobacterium and Lactobacillus
have also been shown to improve clinical symptoms in IBDs [193]. These gut microbiota
are critical for the continuous stimulation of resident macrophage within the intestine
to release IL-10 for the promotion of Treg cells and the prevention of excessive Th17 cell
activity [208]. Omega-3 PUFAs have been shown to increase triglyceride levels in patients
with HIV, thus preventing lipid disorders, which could put the already at-risk individual
at increased susceptibility to other diseases, including cardiovascular disease [209]. This
increase in triglycerides through omega-3 supplementation could therefore be applied to
the elderly population, too.

Omega-3-derived pro-resolving mediator protectin D1 has been associated with an-
tiviral effects and inhibiting influenza viral replication in experimental models and thus
warrants further investigation for its additive effect as a potential antiviral treatment for
other lethal infections, such as COVID-19 [199]. Omega-3 PUFAs, including DHA-derived
protectins and EPA-derived RvE1, have antiviral properties, with protectin D1 isomer
(PDX) suppressing influenza virus replication through inhibition of the nuclear export
of viral mRNA [210]. A link has been found between the supportive role of specialized
pro-resolving mediators (SPM) in ARDS and acute lung injury [211]. Omega-3 supplemen-
tation has been shown to significantly improve ARDS patient status, including shorter
duration of mechanical ventilation, shorter ICU stay, and significant decrease in ARDS
mortality, and infectious complications remained unchanged [199]. These studies highlight
the potential of omega-3 PUFAs as natural therapeutics for the treatment and prevention of
viral infection, including influenza and COVID-19, and are thus of critical importance for
the already at-risk elderly, obese, and immunocompromised individuals via their direct
inhibition of viral replication.

It is hypothesised that by increasing omega-3 PUFAs and decreasing omega-6 PUFAs,
one can skew the immune response in favour of the resolution of inflammation by favouring
higher concentrations of resolvin/protectin rather than leukotriene/prostaglandin [199,212].
Omega-3 FAs are known to produce less pro-inflammatory cytokines; thus by increasing
their intake as part of the diet, one could decrease viral entry, boost immune function,
and even decrease the severity of disease in COVID-19 patients by virtue of altering the
overdrive in immune response seen as the resultant cytokine storm [197]. Proinflammatory
mediator gene activation is controlled by NF-kB, a transcription factor expressed in almost
all cell types. Peroxisome proliferator-activated receptor (PPAR)-γ, an anti-inflammatory
transcription factor, is activated by omega-3 PUFAs and leads to the inhibition of NF-kB
activation; thus, the proinflammatory mediators cannot be transcribed [3,213]. NF-κB
transcriptional activity and upstream cytoplasmic signaling events are downregulated
by omega-3 FAs, EPA, and DHA [214]. Omega-3 FAs, EPA, and DHA downregulate the
production of proinflammatory cytokines IL-1β, IL-6, and TNF-α associated with the
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aetiology of metabolic syndrome in THP-1-derived macrophages [214]. In particular, DHA
has been linked to exerting an anti-inflammatory profile better than that observed from
EPA [215]. Omega-3 PUFAs have been shown to reduce the ability of peripheral blood
monocytes to produce TNF-α, IL-2, IL-1α, and IL-1β and to decrease mononuclear cell
proliferation [216–218]. Thus, omega-3 PUFAs have the ability to decrease some of the key
pro-inflammatory cytokines seen in the gut of the elderly, obese, and immunocompromised,
which are exhibited as the chronic low-grade inflammation so detrimental to these at-risk
individuals for increased susceptibility to viral infection. Omega-3 PUFAs are particularly
potent in their ability to increase the IFN-γ /IL-4 ratio [219]. Stress-induced abnormalities
in the intestine can be counteracted by DHA and EPA, reducing proinflammatory IFN-γ,
TNF-α, IL-1β, and IL-6 while also increasing the expression of ZO-1, Z0-3 occluding, and
E-cadherin [201,220]. Therefore, by increasing in particular DHA [221], one can inhibit
the transcription of these proinflammatory genes by targeting their transcription factors
and therefore aid in the modulation of the inflammatory process, thereby blocking the
pathway and decreasing the cytokine storm seen in COVID-19 infection or decreasing
the chronic low-grade inflammation seen in the elderly, obese, and immunocompromised.
Mucous SIgA and serum IL-10 are increased at 60–90 mg doses of omega-3 PUFA [201],
thus further exemplifying their potent anti-inflammatory effect. Further studies of the effect
of omega-3 PUFA on dendritic cell function have demonstrated their role in increasing
IL-10, suppressing IL-12, and enhancing the expression of CD40, CD80, CD86, and MHC
II [215]. This suggests that omega-3 PUFAs could aid in the reduction of proinflammatory
cytokines and the increase in anti-inflammatory IL-10 in the gut of the elderly, obese, and
immunocompromised and potentially aid in the management of the chronic low-grade
inflammation observed within these populations, as well as through inhibition of signaling
pathways to control the hyperactivation of the inflammatory response.

It is thought that it is not only the COVID-19-induced cytokine storm that contributes
to the overactive immune response that is so detrimental to the host individual, but also the
so-called “eicosanoid storm”, which is characterized by increased levels of proinflamma-
tory lipid mediators that are key to the development of severe infection [222]. Eicosanoids
contribute to inflammation in a variety of ways, including the recruitment of inflammatory
cells, vasodilation, and broncho- and vasoconstriction, as well as increased vascular perme-
ability [199]. Studies have suggested that along with the cytokine storm, the eicosanoid
storm of proinflammatory lipid mediators also contributes to the hyperinflammation that
is so prevalent and detrimental to the COVID-19 infection [223]. Therefore, targeting of
proinflammatory eicosanoid lipoxygenase and cyclooxygenase signaling pathways could
provide a means of potential protective intervention against COVID-19 infection. Table 6
summarises the immune boosting functions and mechanisms of action of Omega-3, and
Omega-6 PUFA.

Table 6. Summary of immune mechanisms enhanced by polyunsaturated fatty acids (PUFA)-
rich foods.

Immune-Active
Components

Immune-Boosting
Functions

Mechanism Reference

Omega-3 PUFA
e.g., EPA, DHA
Omega-6 PUFA

e.g., AA

Antiviral

- Pro-resolving mediator protectin D1
inhibits influenza virus replication

- PDX suppresses influenza virus
replication by inhibition of nuclear export
of viral mRNA

[199,210]
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Table 6. Cont.

Immune-Active
Components

Immune-Boosting
Functions

Mechanism Reference

Immunomodulator

- Upregulates the activation and improves
the function of macrophage to promote
cytokine and chemokine secretion and
improve phagocytosis

- Enhances neutrophil migration and
production of free radicals, enhances T cell
production through APCs, improves B cell
function to produce more antibodies

- Enhances CD40, CD80, CD86, and MHCII
- Improves first-line cellular defense,

producing more dendritic cells, NK cells,
mast cells, basophils, and eosinophils

- Enhances epithelial barrier integrity
- Modulates the gut microbiota, increasing

microbes including Bifidobacterium,
Roseburia, and Lactobacillus

- Increases triglyceride levels in patients
with HIV

- Improvements in ARDS patients
through SPM

- Increases mucous SIgA

[197,199,201–
203,205,206,209,211,215]

Anti-inflammatory

- Reduces IL-4-mediated permeability in
the intestine

- Activates PPAR-γ transcription factor,
inhibits NF-kB activation

- Reduces production of TNF-α, IL-2, IL-6,
IL-1α, and IL-1β and decreases
mononuclear cell proliferation

- Suppresses IL-12, increases IL-10
- Increases IFN-γ/IL-4 ratio
- Reduces IFN-γ and increases expression of

ZO-1, Z0–3, and E-cadherin
- Reduces omega-6 eicosanoids and aids in

the resolution of eicosanoid storm

[3,199,201,203,214–
220,224]

4.5. Vitamin-D-Enriched Foods

Vitamin D is a crucial vitamin that helps regulate the amount of calcium and phosphate
in the body in order to keep the bones and teeth strong and healthy, prevent the harmful
effects of excess vitamin A, and prevent diseases like rickets and osteoporosis [225,226].
Furthermore, vitamin D is needed for muscle movement, nerve functioning, and for the
immune system in helping to fight off invading bacteria and viruses [226]. The main source
of vitamin D is from sunlight on our skin; however, it is also found naturally in foods,
such as oily fish like salmon and sardines, as well as being sourced from eggs [225]. The
vitamin D receptor is expressed on immune cells, including B cells, T cells, and APCs, which
can synthesize the active vitamin D metabolite and therefore can potentially modulate
both the innate and adaptive immune response, as deficiency in vitamin D is associated
with increased susceptibility to infection [227]. It has been reported that poor nutrition
and/or lack of sun exposure observed through low vitamin D levels contributes to severe
disease and the progression of ARDS in some patients infected with COVID-19, while,
similarly, low vitamin D levels in the active form of 1,25-dihydroxyvitamin D (1,25OHD)
allow for proinflammatory molecules to trigger the subsequent development of ARDS
in patients with COVID-19-associated pneumonia [228]. McCartney suggests that Irish
adults should have an intake of 20–25 micrograms (800–1000 iu) of vitamin D per day for
the duration of the COVID-19 pandemic [229], taken with food in order to achieve the
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critical 50 nanomoles per litre blood of vitamin D where immunity against COVID-19 can
be enhanced [230]. These studies suggest that vitamin D is of critical importance to the
elderly, obese, and immunocompromised, whose innate and adaptive immune responses
are already weakened.

Vitamin D is predominantly present in the skin and thus functions in its active form,
1,25-dihydroxyvitamin D, along with vitamin D receptor (1,25OHD or VDR) to aid the
immune system by maintaining tight junctions, gap junctions, and adherens junctions in the
innate immune system [231]. Vitamin D supports the integrity of the epithelial barrier via
the increased expression of VDR-associated intracellular junction proteins that constitute
tight junctions between epithelial cells and include occludin, claudin, vinculin, ZO-1, and
ZO-2 [232]. VDR is expressed in various tissues, including the skin, parathyroid gland,
adipocyte, small intestines, and colon [233], and thus is widely expressed within the body,
including within the gut; this means it could act as a therapeutic target where gut immunity
is weakened. Vitamin D and VDR deficiency are associated with the pathogenesis of
IBDs and is linked to elevated claudin-2 junction protein in inflammatory responses and
therefore plays a critical role in intestinal barrier function [234]. VDR influences individual
bacterial taxa, including Parabacteroides, where a much lower abundance of Parabacteroides
are seen in UC and CD patients [235]. The downregulation of VDR or the inability to
produce the active form of vitamin D is associated with a decrease in Lactobacillus in the
gut and an increase in Proteobacteria [233], suggesting the influence of vitamin D on gut
microbiota. Taken together, reductions in the levels of VDR and vitamin D are associated
with dysfunctional intestinal integrity, intestinal barrier function, and gut microbiota
composition; therefore, increased vitamin D consumption as a functional food component
could aid in viral immunity and gut health for at-risk populations like the elderly and
obese and immunocompromised individuals.

Active vitamin D suppresses Th1-mediated immune responses, inhibiting the produc-
tion of inflammatory cytokines including IL-2 and IFN-γ while simultaneously promoting
a Th2 response by producing anti-inflammatory cytokines IL-4 and IL-10 for indirect inhi-
bition of the Th1 cells [231,236]. Furthermore, it induces Treg cells for the inhibition of the
inflammatory process for the overall inhibition of a viral attack [231]. Deficiency in vitamin
D negatively impacts Treg differentiation and weakens its function, thus leading to the
triggering of autoimmune diseases, including IBDs [237]. Correcting vitamin D deficiency
has been associated with suppressed CD26 adhesion molecules used for COVID-19 cell
adhesion and invasion, as well as being linked to the ability to attenuate IFN-γ and IL-6
inflammatory responses, both of which are highly correlated with critically ill, ventilated
COVID-19 patients [229] and within the elderly, obese, and immunocompromised.

Taken together, these mechanisms of antiviral activity via the suppression of proin-
flammatory markers could potentially be applied to the chronic low-grade inflammation
seen in the elderly, obese, and immunocompromised, or for the cytokine storm that oc-
curs during COVID-19 infection. These mechanisms work via the targeting of cell surface
adhesion molecules for the suppression and/or inhibition of the otherwise dangerously
proinflammatory state leading to chronic disease persistence or viral infection. Table 7
summarises the immune boosting functions and mechanisms of action of vitamin-D
enriched foods.
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Table 7. Summary of immune mechanisms enhanced by vitamin-D-enriched foods.

Immune-Active
Components

Immune-Boosting
Functions

Mechanism Reference

1,25-dihydroxyvitamin D
and vitamin D receptor

(1,25OHD or VDR)
Antiviral

- Suppresses CD26 adhesion molecules, inhibits
COVID-19 cell adhesion and invasion [229],

Immunomodulator

- Maintains tight, gap, and adherens junctions
- Supports integrity of epithelial barrier and

increases expression of VDR-associated
intracellular junction proteins, including
occludin, claudin, vinculin, ZO-1, and ZO-2

- Improves gut barrier function
- Influences gut microbiota
- Induces B cell proliferation and the secretion of

IgE and IgM, enables formation of memory B
cells and B cell apoptosis promotion

[231–234,238]

Anti-inflammatory

- Suppresses Th1-mediated immune responses
(inhibits IL-2 and IFN-γ), promotes Th2
response (produces IL-4 and IL-10)

- Induces Treg cells
- Attenuates IL-6

[229,231,236]

4.6. Zinc-Enriched Foods

Zinc is a key micronutrient involved in the maintenance of a healthy immune system,
directly affecting aspects of the innate and adaptive immune responses [239]. Zinc can
be found in food sources including oyster, red meat, and poultry, as well as in smaller
amounts in beans, nuts, and whole grains [240]. Zinc deficiency occurs frequently in the
elderly and the obese, as well as those with chronic diseases, such IBDs [241–243]. Zinc
supplementation has been shown to have protective effects against viruses like the common
cold and to result in fewer infectious incidents, including pneumonia in the elderly [50].
Zinc deficiency is responsible for 16% of all deep respiratory infections worldwide [244],
which suggests a link between deficiency in zinc and the risk of infection and severe
prognosis of COVID-19. This suggests a possible role for supplementation as a treatment
or preventative antiviral measure [245].

Zinc enhances mucociliary clearance of viruses like the coronaviruses, removing the
viral particle and reducing the risk of secondary infections; it is also essential for preserving
tissue barrier integrity and important in protecting against viral entry into a host [245].
Zinc deficiency has been associated with reduced first responder cellular chemotaxis and
phagocytosis, while supplementation has proven to enhance this [239]. Zinc has the po-
tential to increase the cytotoxic activity of natural killer cells (NK), which are capable of
attacking the cells that have abnormal or unusual proteins in the plasma, by infecting the
cells and causing the microorganisms within the cells to be released and destroyed through
phagocytosis by neutrophils and macrophages [246]. Furthermore, zinc deficiency is linked
to altered MHCI recognition by NK cells and thus influences NK lytic abilities [239]. MHCI
recognition is needed to allow NK cells to function to their best ability in order to kill the
invading virus. Macrophage function becomes reduced when an individual is zinc deficient
and when oxidative burst becomes impaired, while, in addition, neutrophil granulocytes
cause reduced chemotactic activity and decreased numbers [247]. Zinc deficiency is associ-
ated with the pathogenesis of CD due to poor zinc absorption in the gastrointestinal lumen
of the small intestine [248]. Zinc deficiency is associated with decreases in transepithelial
resistance and alterations in the tight and adherens junctions, including ZO-1, occluding,
β-catenin, and E-cadherin, leading to the disruption of membrane barrier integrity and the
subsequent infiltration of neutrophils [249]. Furthermore, zinc-dependent alterations in
gene expression by pneumocytes also affect viral entry: whereby zinc binding the ACE2
active centre becomes essential for enzymatic activity, zinc homeostasis might affect ACE2

32



Nutrients 2023, 15, 3371

expression, which is regulated by Sirt-1 and which zinc decreases; thus, this might decrease
ACE2 expression and subsequent viral entry into cells [245].

In addition to this, zinc directly inhibits viral replication for many viral infections,
including influenza, HIV, papillomaviridae, picornaviridae, Herpesviridae, metapneumovirus,
and coronavirus (SARS-CoV); thus, due to their similarity, it is estimated that this is likely
to also be true for SARS-CoV-2 [243,245]. The mechanism by which it is thought to do so
is by preventing fusion with the host membrane, decreasing viral polymerase function,
impairing protein translation and processing, blocking particle release, and destabilising
the viral envelope [243]. Long-term zinc supplementation at nutritional levels delays
immunological failure, decreases diarrhea, and decreases rates of opportunistic infection
over time in HIV-positive patients [250]. It is thought that zinc can inhibit HIV reverse
transcriptase presumably via the competitive displacement of one or more Mg2+ ions bound
to the reverse transcriptase, with zinc promoting the formation of a highly stable, slowly
progressing reverse transcriptase complex [251]. Low-dose supplementation of zinc in
combination with zinc ionophores, such as pyrithione and hionkitol, can decrease RNA
synthesis in influenza, poliovirus, picornavirus, equine arteritis virus, and SARS-CoV by
directly inhibiting RNA-dependant RNA polymerase (rdRp) [245,252].

Zinc deficiency influences the adaptive immune system, causing T cell lymphope-
nia [253]. Too high or too low levels of zinc have been linked to the inhibition of nicoti-
namide adenine dinucleotide phosphate (NADPH) oxidases, which enable the destruction
of invading pathogens [254]. Thus, it is important to strike a balance in the levels of
zinc in the body to reach an optimal zinc homeostasis to avoid immunosuppression via
supplying zinc in either excess or deficient quantities. Zinc deficiency is characterised by
an increase in proinflammatory cytokines like IL-1β, IL-6, and TNF-α, all of which are
elevated during COVID-19 infection [239], and chronic low-grade inflammation within
the gut of the elderly, obese, and immunocompromised. Similarly, zinc deficiency results
in increased IL-8 and thus plays a critical role in gut inflammation [249]. Zinc acts as an
anti-inflammatory to maintain immune tolerance via the induction of Treg cell development
and mitigates the development of proinflammatory Th17 and Th9 cells, thus limiting the
inflammatory response and controlling low-grade inflammation seen in the elderly, obese,
and immunocompromised [246]. Zinc, when supplemented with antiretroviral therapy in
HIV patients, has been shown to increase CD4+ T cell counts as opposed to antiretroviral
treatment alone [243]. Managing proinflammatory cytokines is key to the prevention of
the cytokine storm and chronic low-grade inflammation seen in the elderly, obese, and
immunocompromised. Zinc possesses antiviral and anti-inflammatory activity through its
ability to inhibit NF-κB signaling and the modulation of regulatory T-cell functions and
thus can limit the cytokine storm in COVID-19 and chronic low-grade inflammation [255].

It has been observed that there is a clear link between zinc deficiency and viral infec-
tions, including HIV and COVID-19 [256,257]. Patients in the at-risk group for contracting
COVID-19 and who are at risk of a poorer prognosis of COVID-19 have been highly in-
terlinked to lower zinc levels [256,257]. Such groups include individuals with chronic
obstructive pulmonary disorder (COPD), bronchial asthma cardiovascular diseases, au-
toimmune diseases like UC and CD, and kidney diseases, dialysis patients, as well as those
with comorbidities, such as obesity, diabetes, cancer, atherosclerosis, liver cirrhosis, im-
munosuppression, and known liver damage [256,257]. Thus, it is important to consider the
possible role that zinc homeostasis has in the prevention and protection from contracting
COVID-19 and other viral infections, as it is clear that it plays a critical role in antiviral
immunity, where its deficiency is already seen to be strongly correlated with poorer clinical
outcomes and is therefore of critical importance to the already at-risk elderly, obese, and
immunocompromised populations. Table 8 summarises the immune boosting functions
and mechanisms of action of zinc enriched foods.
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Table 8. Summary of immune mechanisms enhanced by zinc-enriched foods.

Immune-Active
Components

Immune-Boosting
Functions

Mechanism Reference

Zn2+ Antiviral

- Enhances mucociliary clearance of viruses, removes
the viral particle, reduces risk of secondary
infections, preserves tissue barrier integrity to
prevent viral entry

- Inhibits ACE2
- Inhibits viral fusion with host membrane, decreases

viral polymerase function, impairs protein
translation and processing, blocks particle release,
and destabilises the viral envelope

- Inhibits HIV reverse transcriptase
- Decreases RNA synthesis of viruses by direct

inhibition of rdRp

[243,245,251,252]

Immunomodulator

- Increases first responder cellular chemotaxis and
phagocytosis

- Increases cytotoxic activity of NK cells
- Influences NK lytic abilities via MHCI recognition by

NK cells
- Regulates transepithelial resistance and tight and

adherens junctions, including ZO-1, occluding,
β-catenin, and E-cadherin, thus influencing
membrane barrier integrity

- Modulates NADPH oxidases
- Stimulates production of IgG
- Increases premature and immature B cells and affects

antibody production

[239,246,247,249,254,258]

Anti-inflammatory

- Reduces IL-1β, IL-6, and TNF-α
- Decreases IL-8
- Induces Treg cell development, mitigates Th17

and Th9
- Inhibits NF-κB signaling and modulates Treg

cell function
- Increases CD4+ T cell counts in HIV patients

[239,243,246,249,255]

4.7. Selenium-Enriched Foods

Selenium is a ubiquitous element to sulfur that is found in nature and can be sourced
organically from food [259]. Selenium constitutes 25 selenoproteins that play critical roles in
reproduction, thyroid hormone metabolism, DNA synthesis, protein folding, mitochondrial
health, and, most importantly, protection from oxidative damage and defense against
viral infection [260–262]. Selenium deficiency is a risk factor for several chronic diseases
associated with oxidative stress and inflammation, including IBDs [263], as well as being
associated with obesity [264]. Selenium functions by virtue of its selenocysteine-active
centre [261]. Rich sources of selenium include eggs, fish, corns like wheat, maize, and
rice, chicken liver, garlic, onions, broccoli, yeast bran, coconut fruits, Brazil nuts, and
seafood, and it is an essential component of all living organisms [265]. Selenium deficiency
is reported to affect 500 million to 1 billion people worldwide, mainly due to inadequate
dietary intake [261].

Selenium regulates the intestinal microflora, with increased gut microbiota diversity
observed with increased dietary selenium, which in turn affects the gut microflora, in-
fluencing selenium bioavailability and selenoprotein expression [266–268]. Increases in
proinflammatory taxa, including Turicibacter and Dorea, are associated with IBD [269,270].
With moderate selenium consumption, microbiota including Turicibacter and Dorea can be
regulated and intestinal damage can be improved [267,271]. Selenium deficiency affects
the killing ability of NK cells [271].

Deficiency in selenium leads to increased viral pathogenesis via oxidative stress and
redox signaling, which ultimately affects cell proliferation, apoptosis, and cytokine expres-
sion [272,273]. Oxidative stress is a result of viral infections causing a disruption to the
equilibrium between reactive oxygen species (ROS) and their scavenging systems, thus
causing an imbalance between ROS and the cellular antioxidant defense system [274].
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Viral infections result in oxidative stress, enhancing the replication and accumulation of
mutations in the viral RNA genome, which ultimately leads to increased virulence and
damage to the host via this amplification loop [274]. Deficiency in selenium has been
associated with mutations in the viral genome that result in highly virulent forms of the
viral particle, as well as being linked with increased susceptibility and pathogenicity of
viral infections [274]. Selenoproteins are essential for an effective immune response to
infections [261], largely through the critical selenoproteins, glutathione peroxidase and
thioredoxin reductases, that provide antiviral defense by virtue of their redox signaling and
homeostatic activities [262]. Selenium’s antiviral activity is largely controlled by antioxi-
dant factors, including glutathione peroxidase (GPXs) regulation by selenocysteine [272].
Furthermore, selenium has been shown to demonstrate an inhibitory effect on HIV via
the antioxidative effects of GPX and other selenoproteins, with low selenium levels being
correlated to HIV-infected individuals and further disease progression [275]. Similarly,
selenium deficiency is seen in patients with hepatitis B and C viruses, and increases in
selenium would help see better treatment response [276]. Selenite acts as an oxidant, which
has important implications for selenium’s antiviral properties, in that selenite reacts read-
ily with sulfhydryl groups in the active site of viral protein disulphide isomerase (PDI),
converting them to inactive disulphide; thus, the viral hydrophobic spike loses its ability
to undergo the exchange reaction with disulphide groups of the cell membrane proteins
and therefore renders the virus unable to enter the healthy cell cytoplasm, preventing viral
entry into the cell [277,278].

Selenium status has been found to positively correlate with the survival of patients
with COVID-19 compared with non-survivors, while overall selenium levels are lower in
patients with COVID-19 than their healthy control counterparts [261]. This suggests the
importance of adequate selenium levels in the prevention of COVID-19 and could further
suggest its relevance as an antiviral for other viral infections. These viral mechanisms
contribute to the oxidative stress associated with many RNA viral infections, the increased
viral replication and hence increased mutation rate, and the higher pathogenicity or even
higher mortality seen in selenium-deficient patients with COVID-19; thus, there is a clear
association being reported between cure rates for COVID-19 and selenium status, as
observed through the examination of city-based population selenium statuses of different
Chinese cities [279]. Similarly, these findings have been clinically confirmed in Germany,
where serum selenium levels were shown to be highly correlated with COVID-19 outcomes
in hospitalised patients; 65% of those who died had low selenium compared to only 39%
of those who survived, and very low selenium levels were present in 44.4% of patients.
Most importantly, the lowest selenium levels were strongly associated with mortality,
thus highlighting the importance of selenium in the defense and protection against severe
clinical outcomes in COVID-19 patients [280].

Furthermore, selenium is a well-known NF-kB inhibitor and thus plays a critical role
in reducing viral-induced apoptosis; it could also influence the mitigation of the cytokine
storm in COVID-19 infection [281,282] and chronic low-grade inflammation seen in the gut
of the elderly, obese, and immunocompromised by virtue of the interruption of the signaling
pathway responsible for the chronic proinflammatory state. NF-kB is the central mediator
of immune and inflammatory responses critically responsible for the proinflammatory
cytokine production involved in the life-threatening cytokine storm [282] and chronic
low-grade inflammation within the gut. Supplementing at-risk groups, including the
elderly, obese, and immunocompromised, with 200 mcg selenium supplementation daily
for three weeks, followed by a maintenance dose of less than or equal to 200 mcg μg for
the duration of the active circulation of COVID-19, as well as the documentation of serum
selenium levels in COVID-19-hospitalised patients for the systemic addition of selenium
upon hospitalisation at the earliest stage possible, could aid in the management of the
cytokine storm [282].

Selenium deficiency is linked to increases in proinflammatory cytokines IL-6, IL-8,
IFN-γ, and TNF-α, while decreases in anti-inflammatory cytokines IL-2, IL-10, IL-17, IL-

35



Nutrients 2023, 15, 3371

1β, IFN-α, and IFN-β have been observed in many tissues, including the gastrointestinal
tract [283,284]. Selenium supplementation increases the polarization of macrophages from
the M1 to M2 phenotype, favouring inflammatory resolution, playing a critical role in
IBDs [285]. This suggests selenium’s role as an anti-inflammatory capable of managing
the chronic low-grade inflammation seen in the gut of the elderly, obese, and immuno-
compromised through regulation of the proinflammatory immune response via cytokine
production and their signaling pathways.

Selenium plays a key role in the proliferation and differentiation of CD4+ Th cells [271].
Increases in selenium result in increased Treg cell differentiation from naïve CD4+ T cells
through TCR stimulation [271]. Therefore, increased selenium may play a role in managing
the chronic inflammation of IBDs and low-grade inflammation seen in the gut of the elderly,
obese, and immunocompromised by virtue of its regulatory role in T cell differentiation.
Table 9 summarises the immune boosting functions and mechanisms of action of selenium
enriched foods.

Table 9. Summary of immune mechanisms enhanced by selenium-rich foods.

Immune-Active
Components

Immune-Boosting
Functions

Mechanism Reference

Selenite
Selenoproteins Antiviral

- Resists viral genome mutations, prevents
development of highly virulent forms of viral
particles, decreases susceptibility and
pathogenicity of viral infections

- Antiviral defense through redox signaling and
homeostatic activity

- Antioxidant
- Inhibits HIV and slows HIV disease

progression
- Improves treatment response in HBV and

HBC patients
- Prevents viral entry to cell via interaction of

sulfhydryl in active site of viral PDI

[262,272,274–278]

Immunomodulator

- Regulates intestinal microflora, increases gut
microbiota diversity, influences selenium
bioavailability and selenoproteins’ expression

- Modulates microbiota, including Turicibacter
and Dorea, and improves intestinal damage

- Improves NK killing ability

[266–268,271]

Anti-inflammatory

- Inhibits NF-kB
- Decreases IL-6, IL-8, IFN-γ, and TNF-α
- Increases IL-2, IL-10, IL-17, IL-1β, IFN-α,

and IFN-β
- Increases polarisation of M1 to M2 phenotype
- Enhances CD4+ Th proliferation and

differentiation
- Increases Treg cell differentiation

[271,281–285]

5. Conclusions and Outlook

In summary, the COVID-19 pandemic has led to a focus on potential treatment and
prevention methods to control, limit, and halt the spread of the virus, which causes an
array of symptoms and illnesses, including mild to severe symptoms, such as ARDS,
multiple organ failure, and, ultimately, death. An examination of the added risk of other
comorbidities and age is an important challenge in the fight against COVID-19. In this
review, we examined the potential of functional foods as natural sources of immune-
boosting reinforcements at a time when antiviral vaccines are under strain due to rapid
mutation and high turnaround for boosters due to their low 6-month immunity. Various
studies have started to reveal that milk proteins, dairy fermentation products, and food
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products containing PUFAs, vitamin D, selenium, and Zinc may be used in the development
of functional foods with the potential to combat not only COVID-19 but also other viral
infections via their immune-modulating capabilities (Figure 4). This review, therefore,
stresses the importance of supporting immune fitness by means of healthy eating and
increased functional food intake, particularly for at-risk individuals, including the elderly,
the obese, and those who are already immunocompromised.

Figure 4. Summary of functional foods capable of boosting the immune system and inhibiting
COVID-19 infection. Functional foods with properties capable of inhibiting viral infection and their
key food sources. Arrows indicate increasing food component consumption to aid in preventing
COVID-19 infection. Created using BioRender.com.
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Abstract: Allergic diseases are a set of chronic inflammatory disorders of lung, skin, and nose
epithelium characterized by aberrant IgE and Th2 cytokine-mediated immune responses to exposed
allergens. The prevalence of allergic diseases, including asthma, allergic rhinitis, and atopic dermatitis,
has increased dramatically worldwide in the past several decades. Evidence suggests that diet and
nutrition play a key role in the development and severity of allergic diseases. Dietary components
can differentially regulate allergic inflammation pathways through host and gut microbiota-derived
metabolites, therefore influencing allergy outcomes in positive or negative ways. A broad range of
nutrients and dietary components (vitamins A, D, and E, minerals Zn, Iron, and Se, dietary fiber, fatty
acids, and phytochemicals) are found to be effective in the prevention or treatment of allergic diseases
through the suppression of type 2 inflammation. This paper aims to review recent advances in the role
of diet and nutrition in the etiology of allergies, nutritional regulation of allergic inflammation, and
clinical findings about nutrient supplementation in treating allergic diseases. The current literature
suggests the potential efficacy of plant-based diets in reducing allergic symptoms. Further clinical
trials are warranted to examine the potential beneficial effects of plant-based diets and anti-allergic
nutrients in the prevention and management of allergic diseases.

Keywords: allergy; allergic inflammation; asthma; allergic rhinitis; atopic dermatitis; dietary lipids;
dietary fiber; dietary flavonoids; micronutrients

1. Introduction

Allergic diseases are a set of disorders caused by aberrant IgE-mediated immune
responses to exposed allergens, resulting in clinical symptoms such as red itchy eyes, sneez-
ing, nasal congestion, rhinorrhea, coughing, and itchy swollen skin [1]. The prevalence
of allergic diseases, including asthma, allergic rhinitis (AR), and atopic dermatitis (AD),
is high in developed countries [2–4], and the dramatically increased incidence of allergic
diseases in developing countries may be due to a shift in lifestyle towards Western cus-
toms [5,6]. In allergic diseases, a complex interaction between genetic and environmental
factors leads to abnormal immune responses at barrier sites in the body [2–4]. The Western
diet is recognized as an environmental risk factor for developing allergic diseases [4–6],
whereas the Mediterranean diet has been found to be protective [5,7,8]. Therefore, due to
the opposite effects in allergic reactions conferred by different dietary components, diets
with different nutrient compositions and varied amounts of specific nutrients either pro-
mote sensitization and exacerbate disease severity or protect against allergic diseases and
attenuate disease progression. There has been growing interest in dissecting the connection
between nutrients, their metabolites, and immune tolerance in allergic conditions.

Apart from diet and nutrition, gut microbiota has recently been linked with allergic
diseases [9,10]. Diet and food components play critical roles in shaping the gut microbiota,
which is essential in maintaining the integrity of the gut epithelial barrier and gut immune
homeostasis [11,12]. Moreover, nutrients and their endogenous or bacterial metabolites can
regulate allergic inflammation in distant organs beyond the gut, such as the lung and skin
through the gut–lung and gut–skin axes [13,14]. Among bacterial metabolites, short-chain
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fatty acids (SCFAs), bile acid conjugates, and tryptophan metabolites are the most studied
compounds with the ability to modify allergic reactions [8,13,14]. Multiple cells including
epithelial cells, stromal cells, sensory nerve cells, and various immune cells are involved in
a typical allergic reaction with a signature Th2 cytokine profile and allergic inflammatory
mediators including histamines, prostaglandins, and leukotrienes [2–4]. Nutrients and
their metabolites can regulate the metabolism and function of both structural cells and
various immune cells in all stages of allergic inflammation by altering the membrane lipid
composition, key signal transduction pathways related to inflammation and metabolism,
and gene expression at the transcriptional level through epigenetic regulation. The impacts
of dietary components on allergic reactions are illustrated in Figure 1.

 

Figure 1. The impact of diet and nutrition on allergic reactions in the lungs, skin, and nose. The
arrows indicate regulation. Red arrows represent nutrients and endogenous metabolites and blue
arrow represents bacterial metabolites. Food components and endogenous metabolites can affect
all stages of an allergic reaction by influencing the epithelial barrier and the release of alarmins,
by interacting with innate and adaptive immune cells though special receptors to either promote
immune activation or induce tolerance, and by directly acting on tissue epithelium and resident cells
to regulate tissue inflammation and remodeling. Diet plays a critical role in determining the ecology
of the gut microbiota including diversity, composition, and metabolism. Bacterial metabolites can also
reach distant organs and regulate all these processes through multiple mechanisms. DC: dendritic
cells; ILC2, type 2 innate lymphoid cells; TSLP, thymic stromal lymphopoietin; SCFAs: short-chain
fatty acids; LTC4, leukotriene C4; LTD4, leukotriene D4; LTE4, leukotriene E4.; PGD2, prostaglandin
D2; NKT: natural killer T cells; Treg, T regulatory cells; Breg, B regulatory cells.

Accumulating evidence has shown that a broad range of nutrients and dietary compo-
nents (vitamins A, D, and E, minerals Zn and iron, dietary fiber, fatty acids, and phytochem-
icals) play critical roles in the prevention or treatment of allergic disease through host and
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gut microbiota-derived metabolites. The purpose of this paper is to review recent advances
in the understanding of diet and food components as contributing factors in the etiology
of allergies, molecular targets of nutrient regulation of immune cells and structural cells
involved in allergy, and clinical findings about nutrition intervention in treating allergic
diseases.

2. Materials and Methods

A systematic literature search was conducted for reports in English from January 2013
to August 2023 using PubMed and Web of Science databases. The following key words were
used individually or in combination: allergy, asthma, allergic rhinitis, atopic dermatitis,
dietary fiber, dietary lipids, dietary protein, dietary flavonoids, micronutrients, obesity,
and plant-based diet. Relevant articles were reviewed, and the most recent ones were
preferably cited. Additional reports were identified from selected papers in the reference
list. In general, priority was given to original research and review articles based on animal
studies and clinical trials.

3. Pathophysiology of Allergic Diseases

All allergic diseases involve type 2 inflammatory allergic responses to various al-
lergens. The prototypical allergic reaction includes a sensitization and memory phase
and an effector phase [15]. Common environmental allergens include dust mites, fungi,
pets, and pollens [3]. During the sensitization phase, allergens entering through the ep-
ithelial barrier, where damage is caused by viruses or other environmental factors, are
captured by dendritic cells and presented to naïve CD4+ T cells, leading to the generation
of allergen-specific CD4+ Th2 cells which produce IL-4, IL-5, IL-9, and IL-13 [3,15]. Ep-
ithelial cells sense the danger and release three cytokines, TSLP, IL-33, and IL-25, which
create a cytokine milieu to promote the generation of Th2 cells [16]. Besides epithelial
cells, stromal cells can also sense changes in metabolite levels and secrete IL-33 in response
to abnormal metabolite profiles [13,17]. High-level IL-4 and IL-13 induce IgE isotype
class-switching in B cells, which will produce large amounts of IgE when matured into
antigen-specific plasma cells. IgE binds through high-affinity FcεRI receptors on the surface
of specific innate effector cells (mast cells and basophils). At this stage, a memory pool of
antigen-specific Th2 cells and B cells is generated [3,15]. During the acute effector phase, an
encounter with the allergen induces the cross-linking of the IgE on the surface of sensitized
effector cells, triggering activation of effector cells and the release of mediators including
preformed histamine and tryptase, and de novo synthesized prostaglandin D2 (PGD2) and
leukotrienes C4 (LTC4), LTD4, and LTE4 [2,3]. These mediators interact with sensory nerve
cells, glandular cells, and epithelial cells to generate acute symptoms such as itching, sneez-
ing, coughing, and diarrhea in mucosal tissues [3]. In the later effector phase, accumulation
of the above mediators released by innate immune cells, together with cytokines IL-4, IL-5,
IL-9, and IL-13 produced by Th2 cells and type 2 innate lymphoid cells (ILC2s), as well as
epithelial cell-derived cytokines, maintain high antigen-specific IgE levels and recruit more
inflammatory cells including eosinophils and basophils into inflamed tissue, resulting in
tissue damage and chronic inflammation in a type I hypersensitivity reaction.

Epithelial cell-derived TSLP, IL-33, and IL-25 are critical initiators of type 2 immunity;
however, their function is beyond merely sending an alarm signal [16]. They regulate a
broad range of immune cells including the activation of dendritic cells to present antigens
to naïve T cells, promoting Th2 cell development, stimulating neuron cells, activating
ILCs, and enhancing memory Th2 cells [16]. Therefore, targeting these alarmins may be
effective in lowering susceptibility and decreasing exacerbations in all allergic conditions.
In fact, diet can influence the production of alarmins. For example, a high-fat diet promotes
serum TSLP [18] and a high inulin fiber diet upregulates IL-33 from stromal cells through
gut microbiota-derived bile acids [13]. In contrast, dietary fish oil or fermented fish oil
(both are enriched with long-chain unsaturated fatty acids EPA (eicosapentaenoic acid) and
DHA (docosahexaenoic)) lowers TSLP expression in mouse ear tissue with AD [19], and
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a natural flavonoid quercetin lowers TSLP levels in an in vitro AD model using human
keratinocytes [20].

Innate lymphoid cells (ILCs) are tissue-resident innate immune cells that regulate
tissue-specific immunity through interactions with epithelial cells, neurons, stromal cells,
and other tissue-resident cells [21]. ILC2 cells are highly enriched in mucosal sites such
as the lung, skin, and gut and are essential in type 2 inflammation. They are rapidly
activated by TSLP, IL-33, and IL25 and produce high levels of the classical Th2 cytokines
IL-4, IL-5, IL-9, and IL-13, therefore driving the pathogenesis of allergic diseases such
as asthma, AR, and AD. Some dietary metabolites, such as retinoic acid in carrots and
indole-3-carbinol contained in cabbage and broccoli [22,23], can restrain ILC2 responses
through the activation of the aryl hydrocarbon receptor (AhR). The benefits of consuming
these vegetables in the prevention of allergic diseases are likely due to these AhR ligands.
Dietary factors can affect ILC2 cells through other mechanisms besides acting as AhR
ligands. For example, dietary fiber metabolite butyrate can inhibit ILC2 proliferation and
inhibit IL-13 and IL-5 production from ILC2 cells through histone deacetylase (HDAC)
inhibition. Therefore, systemic administration of butyrate through drinking water or
intranasal administration can attenuate ILC2-driven airway inflammation and airway
hypersensitivity [24].

Allergen-specific regulatory T cells (Tregs) and regulatory B cells (Bregs) play essential
roles in the induction of immune tolerance to allergens and restoring immune homeostasis
in allergen-specific immunotherapy [15]. CD4+FOXP3+CD25+ Tregs can suppress ongoing
allergic inflammation by inhibiting DCs, effector Th (Th1, Th2, and Th17) cells, granulo-
cytes (mast cells, basophils, and eosinophils), B cells, as well as tissue-resident cells, either
through secreted inhibitory cytokines (IL-10, TGF-β) or through cell contact-dependent
mechanisms [15]. Bregs also play a key role in maintaining tolerance to allergens through
the production of anti-inflammatory IgG4 antibodies and by secretion of suppressive cy-
tokines IL-10, TGF-β, and IL-35 which promote Treg generation, inhibit T cell activation,
and induce tolerogenic DCs [15]. Nutrient metabolism can influence Treg or Breg gen-
eration and function. For example, indoleamine 2, 3-dioxygenase (IDO), a key enzyme
responsible for catabolizing dietary tryptophan to kynurenines, is highly expressed in
dendritic cells in nose-draining lymph nodes and is essential to immune tolerance of in-
haled allergens. A blockade of IDO impairs Treg differentiation during intranasal allergen
challenge, which leads to the abrogation of allergen-specific immune tolerance [25]. A
lower IDO level is associated with atopy in humans [26]. Moreover, maternal tryptophan
metabolism can influence the development of allergic diseases in offspring [27]. Decreased
numbers of regulatory B cells or functional changes in them are also observed in patients
with allergic disorders including AR, asthma, and AD [28–30]. In patients with AR, de-
creased IL-10-secreting Bregs are linked to altered glutamine metabolism [31]. Both retinoic
acid metabolized from vitamin A [32] and 1, 25-dihyroxyvitamin D3 metabolized from
vitamin D3 [33] promote Foxp3+ Treg differentiation and immune suppression of T helper
cells. Deficiency of dietary vitamin A or vitamin D induces high levels of Th2 cytokines
and IgE responses to allergens [34,35]. Fermented fish oil suppresses allergic inflamma-
tion in the skin, at least partly through enhancing TGF-β and IL-10 expression, which
might lead to tissue-specific Foxp3+ Tregs [19]. The trace mineral Zn also promotes Treg
differentiation [36,37] and therefore is essential to immune tolerance of allergens. AhR is
highly expressed on various antigen-presenting cells [38,39], and activation of AhR has
been shown to promote Treg generation through induction of tolerogenic DC [38,40] or
promote IL-10-producing Breg differentiation and function [41]. Recent studies in mice
showed dietary supplements of whey-protein-derived β-lactoglobulin complexed with
quercetin-iron or catechine-iron to be effective for reducing allergic symptoms [42,43]. Acti-
vation of AhR by quercetin or catechine, along with increased Tregs, are associated with
the observed beneficial effects [42,43].

Allergic rhinitis (AR) is an inflammation of the nasal mucosa associated with an
IgE-mediated response to environmental allergens and characterized by nasal itching,
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sneezing, rhinorrhea, and nasal congestion. AR is often co-morbid with asthma and
conjunctivitis [3]. It is one of the most common chronic inflammatory conditions and a
global health problem affecting over 500 million people worldwide [44]. In Europe, the
prevalence of AR in some European countries can be as high as 50% of the population [3].
In China, the prevalence of AR ranged from 6.2% to 7.2% in adults living in rural and urban
areas, respectively, in 2015 [45]. In Taiwan, the prevalence of AR was much higher, with
28.6% and 19.5% in men and women in 1995 [6]. A higher average income in Taiwan, as
opposed to mainland China, could be a contributing factor. According to a recent survey in
the city of Urugaiana, southern Brazil, the prevalence of AR was 31.7% in adults and 28%
in adolescents [46]. Although not life-threatening, AR impairs the patient’s quality of life,
lowers work performance and sleep quality, and therefore can result in substantial economic
costs [3]. In AR, initial allergen exposure leads to damage in the nasal epithelial cells and
the generation of allergen-specific IgE antibodies and Th2 memory cells. Upon re-exposure
to the allergen, crosslinking of IgE on mast cells and basophils results in degranulation and
the release of mediators of hypersensitivity which produce immediate nasal symptoms
within minutes [47]. The late-phase nasal symptoms, such as nasal blockage and nasal
discharge, happen within hours and are mainly caused by recruited eosinophils [47].
CD4+ Th2 cells, B cells, mast cells, neutrophils, and macrophages are observed in the nasal
lining infiltrate [47]. Many epidemiological and clinical studies supported the role of diet
and nutrition in the etiology, prevention, and treatment of AR [6,46,48–51].

Allergic asthma is the most common inflammatory disease of the lungs, with respi-
ratory symptoms such as wheezing, shortness of breath, chest tightness and coughing,
and airway hyper-responsiveness to inhaled allergens [2]. The prevalence of asthma in
Western countries plateaued at 10% in recent decades. In contrast, the prevalence of asthma
in countries with low and medium gross domestic product (GDP) has had a sharp increase
in recent years [2] in contrast to previously much lower incidence statistics, making asthma
a worldwide inflammatory disease. With eosinophils as the main airway infiltrate cell type,
other cells including mast cells, basophils, neutrophils, monocytes, and macrophages can
also be found [2]. Apart from airway inflammation, airway remodeling is another feature
of asthma that involves structural changes such as subepithelial basement membrane
thickening, subepithelial fibrosis, goblet cell hyperplasia and hypertrophy, and muscle hy-
perplasia [2]. Airway remodeling parallels disease development and leads to lung function
decline. None of the current drug therapies can alter the natural history of asthma [2]. The
impact of diet on asthma has been described [5] and most studies in the past were focused
on the relationship between nutrients and airway inflammation. However, recent studies
show evidence that dietary phytochemicals such as resveratrol [52] and kaempferol [53]
can modify airway inflammation as well as airway remodeling, suggesting potential thera-
peutic value in treating allergic asthma. Some in vitro studies also showed that vitamin D
is likely to play a role in airway remodeling in asthma [54].

Atopic dermatitis (AD) is a chronic inflammatory skin disease characterized by intense
itching and eczematous lesions. Although recognized as an early onset disease as the
first step of the so-called atopic march, it can start later in life and is quite common
in adults [4]. It is one of the most common chronic inflammatory diseases, affecting
10–20% of the population in developed countries and its prevalence in developing countries
continues to rise [4]. Although originally thought to be a typical allergic disorder, skin
barrier dysfunction is discovered to be a key driver of AD [4,55,56]. Current research
emphasis shifts from focusing on immune mechanisms to epidermal barrier dysfunction.
Abnormal skin structure and altered lipid composition, inherited filaggrin deficiency, and
environmental factors such as detergent use and mite allergens all contribute to skin barrier
dysfunction in AD [4,55,56]. Skin infiltration of inflammatory cells mainly consists of Th2,
Th22, and Th17 cells, together with ILC2 cells [4]. Nutrition plays critical roles in the
etiology, prevention, and treatment of AD [57]. For example, a high-fat diet exacerbates
AD through upregulation of TSLP [18]. A sufficient level of Vitamin D is essential for
the maintenance of a normal skin barrier and vitamin D supplements are considered an
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alternative strategy for controlling skin barrier dysfunction in AD and the atopic march [55].
The role of dietary fiber in the prevention of AD recently emerged from a preclinical
study in a mouse model of AD [14]. A high-fiber diet, or a low-fiber diet with orally
administered SCFAs, protected against allergen-induced skin inflammation and allergen
sensitization [14]. The underlying mechanism lies in gut-derived SCFAs, particularly
butyrate, which promote skin barrier integrity by modulating keratinocyte metabolism and
differentiation [14].

4. The Role of Diet and Nutritional Status in Allergy

Dietary factors not only affect the development of allergic diseases [5,6,46,50] but also
influence disease course and severity [50,58]. Different dietary components are related to
differential allergy outcomes. The intake of high energy, high saturated fat, high protein,
and low fiber increases the risks of asthma and AR [6,46]. In contrast, high consumption
of vegetables and fruits, olive oil, and fish, characteristic of a Mediterranean diet, has
been linked with lower risks of asthma and AR [5,7,8,46,59]. Recent evidence suggests
that higher dietary fiber intake is associated with fewer asthma symptoms [58]. Moreover,
adequate intake of micronutrients is associated with a lower risk of atopic diseases and
reduction of symptoms [50]. The identified diet and nutritional risk factors for allergy are
shown in Box 1.

Box 1. Diet and Nutritional Risk Factors for Allergy.

High energy
High protein
High saturated fat, n-6 fatty acids, medium-chain fatty acids, cholesterol
Low total dietary fiber
Low vegetables and fruits
High simple sugar and processed foods
Low level of Zn, Fe, Vitamins A, D, E

There is a close connection between nutrient metabolism and allergic diseases. Broad
changes in energy, amino acids, and lipid metabolism are found in patients with polli-
nosis [60]. Patients with AR are shown to have at least 10 elevated metabolites in serum
which belong to three pathways, namely, porphyrin and chlorophyll, arachidonic acid,
and purine metabolism [61]. More and more cellular and molecular mechanisms are be-
ing elucidated concerning the regulation of allergic inflammation by individual dietary
components or specific nutrients (Figure 2). The pro-allergic nutrients, such as saturated
fatty acids and cholesterol, promote the release of TSLP, IL-25, and IL-33 from epithelial
and stromal cells, and activate ILC2 cells to produce IL-4, IL-5, IL-9, and IL-13, therefore
producing a cytokine milieu for allergic inflammation. By contrast, anti-allergic nutrients,
including phytochemicals, micronutrients, and dietary fiber, can suppress allergic inflam-
mation through inhibition of type 2 cytokine production in ILC2 cells via activation of AhR,
promotion of the generation of tolerogenic dendritic cells, anti-inflammatory macrophages,
and Tregs, and suppression of the release of histamine, prostaglandins, and leukotrienes
from granulocytes.

4.1. Dietary protein, Amino Acids, and Energy

A high-protein diet is associated with an increased risk for type 1 allergy in OVA-
sensitized mice, as indicated by increased B cells, total and antigen-specific IgE, and a
skewed Th1/Th2 balance towards Th2 dominance [62]. In these mice, moderate protein
deficiency without energy restriction results in similar total IgE as a normal protein diet [62],
suggesting that energy is critical in regulating IgE production and limiting energy supply
is important in controlling high IgE response during the exacerbation period in allergic dis-
eases. Indeed, 40% dietary energy restriction delayed the onset of spontaneous dermatitis
in NC/Nga (Nagogy University mice) mice whichs resemble human AD [63]. Moreover,
dietary restriction suppressed the progression of dermatitis in these mice and was asso-
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ciated with reduced serum IgE, with much fewer numbers of infiltrating inflammatory
cells (lymphocytes and eosinophils) in the skin and decreased dermal IL-4 and IL-5 produc-
tion [63]. The effects of energy or protein restriction on other allergic diseases remain to be
investigated.

Figure 2. The roles of nutrients and foods in allergic inflammation. Epidemiological, clinical, and
animal studies have demonstrated that the Western diet promotes allergy and exacerbates symptoms
of allergic diseases, whereas nutritionally balanced plant-based diets protect from allergy and reduce
the severity of allergic diseases. The pro-allergic nutrients associated with a Western diet promote
the production and release of TSLP, IL-25, and IL-33 from epithelial cells and stromal cells and
activate ILC2 cells to produce large amounts of IL-4, IL-5, IL-9, and IL-13, therefore producing a
cytokine milieu for type 2 allergic inflammation reactions characterized by aberrant IgE and type 2
cytokines. By contrast, plant-based diets contain high amounts of anti-allergic nutrients which can
suppress type 2 allergic inflammation through inhibition of type 2 cytokine production in ILC2 cells
via activation of AhR, promotion of the generation of tolerogenic dendritic cells, anti-inflammatory
macrophages, and Tregs, and suppression of the release of histamine, prostaglandins, and leukotrienes
from granulocytes. AhR, aryl hydrocarbon receptor; ILC2, innate lymphoid cells; Treg, T regulatory
cell; TSLP, thymic stromal lymphopoietin; PGD2, prostaglandin D2; LTC4, leukotriene C4; LTD4,
leukotriene D4; LTE4, leukotriene E4. HDAC, histone deacetylase.
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The essential amino acid tryptophan is a key regulator of immune tolerance. Tryp-
tophan is metabolized to kynurenine by IDO (indolamin 2, 3-dioxygenase) in DCs and
binds to AhR on naïve CD4+ T cells to generate FoxP3+ Treg cells [25]. Expression of IDO
is much higher in nose-draining lymph nodes, i.e., cervical lymph nodes, compared with
peripheral lymph nodes [25]. In a mouse model of OVA-induced delayed hypersensitivity,
inhibition of IDO during intranasal OVA administration results in the loss of immune
tolerance as indicated by the increase in ear thickness [25]. IDO blockade was associated
with dysfunctional Tregs which failed to suppress DTH (delayed type hypersensitivity)
responses upon transfer to naïve animals [25]. Therefore, IDO expression in DCs in the
nose-draining lymph nodes is essential for immune tolerance to inhaled antigens.

Tryptophan metabolism is altered in many allergic conditions and the IDO pathway
plays a central role. Higher serum tryptophan concentrations are found in patients with
seasonal AR [64] and asthmatic children [65]. Higher tryptophan and kynurenine levels are
found in children with asthma and AR [26]. Low IDO activity has been found in asthma
and AR patients [26,66]. IDO activity is induced by IFN-γ and is considered a Th1 cell
activation marker [67]. During Th2 allergic inflammation, an elevated level of nitric oxide
inhibits IDO activity by binding to the heme group of the enzyme. Therefore, the rationale
of antioxidants as an anti-allergic therapy lies in their ability to block inducible nitric oxide
synthase [67] and rescue the IDO activity which is essential to generate Tregs.

L-glutamine is another amino acid that plays a critical role in immune cell function.
Although not an essential amino acid, L-glutamine is the primary fuel for immune cells and
is essential for basic immune cell functions such as lymphocyte proliferation and cytokine
production [68]. A recent study showed that abnormal glutamine metabolism is associated
with allergic diseases [31]. IL-10-secreting B cells are a type of B regulatory cell that sup-
presses allergic reactions. Decreased numbers of regulatory B cells or functional changes in
them are observed in patients with allergic disorders including AR, asthma, and AD [28–30].
The underlying mechanism of the defects in Bregs is the altered glutamine metabolism.
In normal cells, glutamine is transported into the cells by a cell surface transporter called
ASCT2 (alanine, serine, cysteine-preferring transporter 2), to be metabolized in a process
called glutaminolysis [69]. B cells from patients with AR express low levels of ASCT2 and
generate less IL-10+ regulatory B cells under IL-10-inducing culture conditions [31].

4.2. Dietary Lipids

The amount of dietary lipids and type of fatty acids influence allergic inflammation.
High total fat, animal fat, saturated fatty acids (SFAs), cholesterol, n-6 polyunsaturated fatty
acids (PUFAs), and medium-chain fatty acids (MCFs) are risk factors, whereas monoun-
saturated fatty acids (MUFAs) and n-3 PUFAs have protective properties. High animal fat
and SFAs are associated with allergic rhinitis in human adults while high MUFA intake is
associated with a lower risk for asthma [46,59]. In humans, high consumption of olive oil, a
rich source of MUFAs, is associated with reduced risk for asthma in Italian adults [59] and
teenagers in Taiwan [70].

A high-fat diet (60% Kcal from saturated fat) has been shown to increase serum TSLP in
C57BL/6 mice and exacerbate dermatitis in mice through upregulation of TSLP in NC/Nga
mice that develop AD spontaneously [18]. The high-fat diet increased TSLP in dorsal skin,
infiltration of inflammatory cells, and epidermal thickening in NC/Nga mice compared
with a low-fat diet. Dermatitis score was much lower in high-fat-fed NC-TSLP-KO mice,
suggesting TSLP mediates a high-fat-diet-induced increase in dorsal skin inflammation [18].
Long-term feeding (10 months since weaning) of a Western diet (21.2% fat, 34% sucrose,
and 0.2% cholesterol) also substantially increased spontaneously developed dermatitis in
aged C57BL/6 mice, as compared with a control diet (5.2% fat, 12% sucrose, and 0.01%
cholesterol) [71]. The Western diet-fed mice had increased epidermal thickness in their
dorsal skin and much more epidermal hyperplasia in the lesion skin, with hypergranulosis
and spongiosis typical of AD [71]. The Western diet leads to increased total bile acids,
altered bile acid profiles, and elevated bile acid signaling through two bile acid receptors
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TGR5 (transmembrane G-protein-coupled receptor-5) and S1PR2 (sphingosine-1-phosphate
receptor-2) in the lesion skin [71]. Lowering serum cholesterol with a bile acid sequestrant
cholestyramine reduced epidermal hyperplasia and decreased Th2 and Th17 cytokines [71].
Therefore, dysregulated bile acid metabolites, induced by the Western diet, are the main
contributors to the dermatitis lesion.

Besides saturated fatty acids and cholesterol, medium-chain fatty acids (MCFs) con-
tained in coconut oil or palm oil also prove to be a dietary risk factor for allergy [5]. In a
mouse model of peanut allergy, compared with n-6 PUFAs from peanut oil, MCFs decreased
dietary peanut or OVA antigen absorption into the circulation and increased antigen in the
Peyer’s patches, which resulted in a significant increase in activated DC cells [72]. Single
feeding of peanut protein with MCFs resulted in increased serum IgE, anti-peanut IgG,
and IL-13 production from splenocytes. MCFs promoted allergic sensitization through the
upregulation of mRNA of TSLP, IL25, and IL-33 from jejunum epithelium and promoted
Th2 cytokines in splenocytes in OVA-challenged mice. Moreover, MCFs also exacerbated
orally challenged antigen-induced anaphylaxis compared with n-6 PUFAs.

The phospholipids isolated from asparagus (Asparagus officinalis L.) are demonstrated
to have anti-allergic properties. Oral administration of these phospholipids suppressed
serum total IgE and OVA-specific IgE in OVA-challenged mice and ameliorated clinical
scores of AD induced by picryl chloride in NC/Nga mice [73]. Phospholipid and glycolipid
fractions from asparagus also potently inhibited β-hexosaminidase release from cultured
RBL-2H3 (rat basophilic leukemia-histamine-releasing cell line) cells, indicating a direct
effect on degranulation in allergic responses [73].

Although conflicting results are generated from human studies about the effects of
long-chain PUFA supplementation on asthma, AR, and AD [74], animal studies provide
clear evidence of the protection of dietary n-3 PUFA in these allergic conditions. Dietary
n-3 fatty acid α-linolenic acid shows beneficial effects in allergic inflammation by improving
skin barrier function in AD mice [75] and attenuating symptoms in OVA-induced AR in
mice, as compared with n-6 fatty acid linoleic acid [76]. Dietary linseed oil (enriched with
α-linolenic acid) increases EPA-derived metabolite 15-HEPE (hydroxyeicosapentaenoic acid
in eosinophils) in eosinophils in the nasal passage, which inhibits mast cell degranulation
by binding to PPAR (peroxisome proliferator-activated receptor) γ [76]. In human mast
cells, both EPA and DHA suppress IL-4 and IL-13 [77], suggesting their possible protective
roles in type 2 inflammation. In contrast, long-chain n-6 fatty acid-derived arachidonic
acid increases TNF-α and PGD2 in human mast cells [77], supporting the concept that an
increased n-6/n-3 fatty acid ratio in the Western diet is pro-inflammatory and likely to
promote type 2 inflammation. In the DNCB-induced AD mouse model, both dietary fish
oil and fermented fish oil significantly alleviated scratching behavior, decreased epidermal
thickness, and infiltration of cell infiltration in skin lesions, suppressed TSLP protein
expression in ear tissue and serum histamine and IgE [19], with fermented fish oil having a
better effect. Compared with natural fish oil, fermented fish oil resulted in higher TGF-β
and IL-10 mRNA expression and a stronger suppressive effect on IL-13 and IFN-γ in the ear
tissue due to higher content of EPA and DHA, known to be incorporated into the skin tissue.
The suppressive effect on Th2 cytokines by fish oil and fermented fish oil may not be a
direct effect on Th2 cells, but rather through the indirect effect of Tregs because fish oil does
not affect Th2 differentiation [19]. Fermented fish oil did not increase Tregs in the spleens of
these mice. However, increased Foxp3 expression in CD4+ T cells from fermented fish-oil-
supplemented mice is observed upon anti-CD3/anti-CD28 activation, suggesting fermented
fish oil alters the cytokine milieu to promote Treg differentiation. Additional research is
needed to investigate the mechanisms of how EPA and DHA affect structural cells and
innate immune cells to reduce type 2 allergic inflammation. Indeed, orally administered
EPA was shown to markedly ameliorate special diet-induced AD-like symptoms in hairless
mice accompanied by attenuated TSLP, IL-4, and IL-5, along with improved skin barrier
function [78]. Analysis of the composition of lipids covalently bound to corneocytes
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revealed that dietary EPA significantly increased covalently bound ceramides in the stratum
corneum [78].

Olive oil, as a major component of the Mediterranean diet, has many health benefits.
Olive oil is enriched with monosaturated n-9 fatty acids. Recently, it was shown that olive
oil confers protection again food allergies by improving gut mucosal barrier integrity [79].
Olive oil also enhances oral tolerance to dietary allergens by decreasing serum antigen-
specific IgE, antigen-specific IgG, and histamine [80]. Increased IL-10 and decreased IL-4
associated with olive oil feeding indicate that Tregs and Bregs are induced. Detailed
mechanisms warrant further investigation. Altered gut microbiota is also associated with
an olive oil diet, and the polyphenols and other phytochemicals in olive oil may be the
contributing factors. For example, uvaol, a triterpene in olive oil, exhibits anti-inflammatory
activity in two murine models of allergic inflammation [81].

4.3. Dietary Fiber

Recent animal studies show that dietary fiber protects against AD or allergic asthma
through its bacterial metabolites short-chain fatty acids, particularly butyrate [14,82,83].
Gut microbiota fermentation of dietary fiber into SCFAs is the key to the gut–skin axis or
gut–lung regulation of allergic reactions in the skin and lungs. Consistent with animal
studies, dysbiosis characterized by the enrichment of Faecalibacterium prausnitzii and a
reduced capacity for butyrate fermentation in the human gut microbiome has been found
in patients with AD [84]. Gut microbiota-derived butyrate has been found to be inversely
associated with mite-specific IgE levels in childhood asthma [85]. Furthermore, infants
who develop allergies in childhood have reduced bacterial enzymes for carbohydrate
breakdown and butyrate production in their gut microbiome [86]. A recent clinical study
in Japan showed that gut microbial factors are associated with AR [48]. The relative
abundance of Prevotella was lower and the relative abundance of Escherichia was higher
in AR patients compared with healthy controls [48]. Prevotella abundance reflects the
intake level of dietary fiber and is linked to a diet based on plant foods. Decreased relative
abundance of Prevotella is associated with the Western diet [87,88]. Increased abundance of
Escherichia is linked to a high-protein diet [89]. A higher abundance of Escherichia is also
found in children with asthma and rhinitis [90]. Despite observed alterations in the gut
microbiota in allergic individuals, the efficacy of probiotic treatment remains unclear [91].
A more comprehensive approach, which restores the overall health of the gut microbiome
through dietary approaches, might have better effects than the use of a single probiotic
species. There is some evidence from human studies that a higher dietary fiber intake has
protective effects on the clinical outcome of asthma [58,92,93].

Short-chain fatty acids, particularly butyrate, regulate type 2 inflammation mainly
through the inhibition of HDAC (histone deacetylase) on various immune cells and struc-
tural cells. Vancomycin treatment in mice results in dramatic alterations in the gut micro-
biome characterized by decreased richness, diversity, and decreased abundance of butyrate-
producing families, leading to increased susceptibility to allergic inflammation [83]. A
supplement of SCFA in drinking water attenuated OVA or papain-induced allergic asthma
by suppression of DC activation and trafficking, therefore restraining Th2 cell develop-
ment in Peyer’s patches [83]. Butyrate also directly regulates ILC2 cells by suppress-
ing IL-33-induced IL-13 and IL-5 production in cultured ILC2 lung cells from Rag2−/−
(recombination-activating gene 2 deficient) mice who lack T cells [24]. When administered
either through drinking water or through an intranasal route, butyrate ameliorated ILC2
cell-driven lung inflammation. The inhibitory effect of butyrate on ILC2 cell proliferation
was due to histone deacetylase (HDAC) inhibition [24]. In a mouse model of AR, intranasal
administration of sodium butyrate improved clinical symptoms and nasal mucosal epithe-
lial morphology, accompanied by decreased serum levels of Th2 cytokines and increased
Th1 cytokines [94]. Butyrate attenuates TSLP protein expression level in stromal cells
in nasal mucosa by working as an inhibitor of HDAC1 and HDAC3 [94]. Dietary fiber
can influence asthma through epigenetic mechanisms by inhibiting HDAC enzymes [10].
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Mouse studies showed that pups from pregnant mothers on a high-fiber diet or acetate are
protected from house dust mite (HDM)-induced asthma [95]. Besides epigenetic regulation
of HDAC, dietary fiber also affects the metabolism and function of structural cells at the
barrier sites, which are critical for the initiation of an allergic reaction. For example, in
a mouse model of HDM-induced AD, high-fiber (inulin, a highly fermentable dietary
fiber) intake or butyrate protects animals from developing skin inflammation [14]. A
lower disease severity is accompanied by an improved skin barrier, decreased epidermal
thickening, less inflammatory cell infiltration, and decreased antigen-specific IgE. Butyrate
feeding results in the enrichment of pathways related to immune and barrier function in
skin transcriptome [14]. Surprisingly, butyrate does not modify skin immune cells before
allergy exposure and does not affect skin Tregs. Butyrate blunts immune responses to HDM
through enhancing mitochondria fatty acid β-oxidation and long chain fatty acid synthesis
and promoting epidermal keratinocyte differentiation, therefore strengthening the skin
barrier at the baseline and following HDM exposure [14].

Both the amount and type of dietary fiber affect susceptibility to allergic airway
inflammation and the severity of the inflammation. A low-fiber diet (<0.3%) increases
susceptibility to HDM-induced allergic airway inflammation in mice compared with the
standard 4% chow diet [14]. Besides increased eosinophils and lymphocytes in the lung,
elevated total IgE and HDM-specific IgG1 were observed in mice on a low-fiber diet
compared with a normal-level fiber diet, suggesting that the low-fiber diet promotes
systematic allergic inflammatory responses. The low-fiber diet also results in a more
activated phenotype of dendritic cells, as indicated by increased surface expression of
CD40, CD80, PD-L1, and PD-L2. A high-pectin (a water-soluble and highly fermentable
dietary fiber) diet decreases susceptibility to allergic airway inflammation, as compared
with a high-cellulose (a water-insoluble dietary fiber which is not fermented by the gut
microbes) diet, indicating the gut fermentation process of pectin to SCFA, particularly
propionate, is the key for this beneficial effect [14]. Nonetheless, even the high-pectin
diet does not increase SCFA levels in the lung. High pectin intake leads to increased
propionate in the circulation which enhances bone marrow hematopoiesis and generation
of DC precursors, which express low levels of MHCII and CD40 and have an impaired
ability to promote Th2 cell responses.

Highly fermentable fibers other than pectin also influence allergic inflammation, an
effect dependent on the gut microbiota fermentation process. Compared with a high-
fiber diet composed of cellulose, a high-inulin or high-psyllium diet induces increased
serum bile acids and triggers eosinophilia in the colon and lungs [13]. Increased bile
acids bind to farnesoid X receptors on stromal cells and epithelial cells and trigger the
release of IL-33, which acts on ILC2 cells to produce IL-5, therefore promoting allergen-
induced type 2 barrier inflammations in the lungs [13]. This effect of inulin is dependent
on intestinal bacterial bile salt hydrolase (BSH) expressed on Bacteroides ovatus which
hydrolases conjugated bile acids into unconjugated bile acids. Inulin promoted the growth
of Bacteroides ovatus, therefore leading to increased serum bile acids.

4.4. Dietary Flavonoids and Other Phytochemicals

Flavonoids are a major type of phytochemicals in the diet and are naturally occurring
phenolic compounds which are commonly found in fruits, vegetables, herbs and spices,
legumes, tea, and vinegar [96,97]. There are six subclasses of dietary flavonoids based on
their chemical structures, namely flavanols, flavones, isoflavones, flavanones, flavonols,
and anthocyanidin [96,97]. Accumulating evidence has shown the anti-allergic effect of
dietary flavonoids. The effects of dietary flavonoids in AR, AD, and asthma are summarized
in Table 1.

As a major dietary flavonol-type flavonoid, quercetin is found in many fruits and
vegetables including onions, shallots, apples, berries, tea, tomatoes, grapes, nuts, and seeds.
The anti-inflammatory effect of quercetin is well documented in various animal models
of allergy [98]. Quercetin is effective in reducing allergic symptoms by decreasing serum
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IgE and Th2-related cytokines, reducing eosinophil, neutrophil, and mast cell infiltration
into local tissue, reducing epithelial thickness in the lung and hyperkeratosis, and sup-
pressing epithelial cell-derived cytokines IL-25, IL-33, and TSLP [98]. However, in most
in vivo animal studies, quercetin is administered through i.p. injection. As quercetin is a
glycone (namely, carbohydrate conjugate), how dietary quercetin is metabolized by the gut
microbiota and the subsequent effects on allergic inflammation remain to be explored. In
a recent study, oral administration of quercetin was shown to attenuate nasal symptoms
of OVA-induced AR in BALB/c (Halsey J Bagg albino mice strain c) mice by suppressing
angiogenic factors and proinflammatory cytokines TNF-α, IL-6, and IL-8 in nasal lavage
fluids [99]. The minimum effective dose for the above in vivo inhibition is similar to the
maximum daily recommended dosage for dietary quercetin supplements. Furthermore,
in IgE-sensitized mouse peritoneal mast cells, quercetin at concentrations comparable to
physiological blood concentrations achieved by recommended dietary quercetin supple-
ment intake dosage completely inhibited VEGF (vascular epithelial growth factor) and
bEGF (basic fibroblast growth factor) at mRNA level and potently suppressed TNF-α, IL-6,
and IL-8 at mRNA level [99]. In human keratinocytes treated with a cytokine cocktail
that induces TSLP production, quercetin suppressed TSLP production and MMP mRNA
expression [20]. Quercetin also increased protein expressions of epithelial junction pro-
tein E-cadherin, Occludin, and two proteins related to tissue repair: Twist and Snail [20],
indicating quercetin’s ability to promote wound repair. Notably, quercetin also highly
upregulated IL-10 mRNA and further increased IL-10 following proinflammatory cytokine
cocktail treatment, indicating that quercetin affects the cytokine milieu in the tissue to
promote IL-10 T or B regulatory cells under inflammatory conditions. Baicalin, a flavone-
type flavonoid present in lettuce and cantaloupe, also regulates IL-10/IL-17 and is able to
attenuate symptoms in a mouse model of AR [100].

Table 1. Beneficial effects of dietary phytochemicals in allergic diseases.

Flavonoids Experimental Models Results Reference

Quercetin OVA-induced AR
in BALB/c mice
25 mg/kg dosage
5 d during challenge

Inhibited sneeze and nasal rubs [99]
Suppressed angiogenic factors
and TNF-α, IL-6, IL-8

Quercetin Human HaCaT keratinocytes Promoted wound repair [20]
↑ E-cadherin, Occludin, Twist, Snail
↑ IL-10 at basal level
↓ MMP1, MMP2, MMP9, ↓ TSLP

Kaempferol DNCB/mite extract induced ↓ ear thickness [101]
dermatitis in BALB/c mice ear ↓ Dermal and epidermal thickness
15, 50 mg/kg 5 d on/2 d off ↓ Mast cell infiltration
for 4 wks following 2nd DNCB ↓ Serum IgE

↓ mRNA of IL-4, IL-13, IFNγ

IL-17a, IL-6, IL-31, TSLP
in ear tissue

Jurkat cells ↓ αCD3/CD28, PMA/A23187
stimulated IL-2 production
↓ AICD
Inhibited MRP-1 activity
Suppressed JNK phosphorylation

Kaempferol OVA-induced allergic asthma ↓ TGF-β production in the lung [53]
in BALB/c mice ↑ E-cadherin and epithelial thickening
10, 20 mg/kg for 3 days ↓ α-SMA,
during challenge ↓ Collagen IV, ↓ MT1-MMP

↓ Lung fibrosis
↓ PAR1 signaling
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Table 1. Cont.

Flavonoids Experimental Models Results Reference

Naringenin OVA-induced AR in Sprague Dawley rats Reduced nasal scratching and number of sneezing [102]
100 mg/kg 7 d during challenge Decreased serum IL-4, IL-5

Diosmetin DNCB-induced AD ↑ Skin barrier function [103]
in SKH-1 hairless mice ↓ Skin swelling, erythema
5 mg/kg for 14 d ↓ Skin erosion and dryness
during challenging period ↓ Epidermal thickness

↓ Mast cell infiltration in skin
↓ Serum IgE and IL-4

Baicalin OVA-induced AR Reduced inflammatory cells [100]
in BALB/c mice in nasal lavage fluid
L-Baicalin 50 mg/kg ↓ Nasal symptoms
H-Baicalin 200 mg/kg ↓ Thickness of nasal epithelium
10 d following sensitization ↓ Nasal mucus production
and 4 d before challenge ↓ IL-17, ↑ IL-10 in nasal discharge

↓ OVA-specific IgE, IgG1 antibodies
Inhibited autophagy in nasal mucosa

Baicalin DNTB-induced AD ↓ Dorsal skin thickness [104]
in BALB/c mice ↓ Trans-dermal water loss
50, 100, 200 mg/kg ↓ Epidermal thickness
14-d following DNTB stimulation ↑ Skin barrier function, ↓ TSLP

↓ NF-κB signaling pathway in skin
↓ JAK, STAT signaling pathway
↑ Actinobacteria

Licoricidin DNCB/mite induced atopic ↓ Epidermal and dermal tissue [105]
dermatitis in ear tissue ↓ Infiltrating mast cells
in BALB/c mice ↓ Serum IgE, IgG1, IgG2a
50 mg/kg 5 d on/2 d off following ↓ mRNA of IL-4, IL-5,
the 2nd DNCB for 4 wks IL-6, IL-13 in ear tissue

↓ Size and weight of draining
lymph nodes
↓ T cells and Th2 cytokines in dLNs
↑ T cell PTPN1 phosphorylation in dLNs
↓ DC activation through
antagonizing PTPN1

Resveratrol 3-month repeated OVA ↓ Airway hyperresponsiveness [52]
exposure induced chronic ↓ Inflammatory cells, IL-4, Il-5, Il-13
asthma in BALB/c mice in BAL fluid

↓ Lung infiltration of inflammatory cells
↓ Goblet cell number
↓ Peribronchial α-SMA
↓ Collagen amount in lung tissue

SDG OVA-induced AR Ameliorated sneezing number [106]
in BALB/c mice Decreased eosinophil and neutrophil
100 mg/kg 3 times a week for infiltration
4 wks before initial sensitization Enhanced β-glucuronidase

activity and increased
ED levels in nasal passage

HACAT—cells-human epidermal keratinocyte cell line; MMP—matrix metalloproteinases;
DNCB—dinitrochlorbenzene; Jurkat cells–T-lymphocyte cell line; CD—cluster of differentiation;
PMA—phorbol-myristate-acetate; AICD—activation-induced cell death; MRP—motility related protein;
JNK—c-Jun-N-terminal kinases; TGF—transforming growth factor; MT1-MMP—membrane type 1-matrix-
metalloproteinase; OVA—ovalbumin; SDG—secoisolariciresinol diglucoside; ED—enterodiol; PTPN1—protein
tyrosine phosphatase-receptor type 1; dLN—draining lymph nodes; alpha SMA—anti-alpha-smooth muscle actin;
PAR—protease-activated receptor. ↑, up-regulation; ↓, down-regualtion.
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Kaempferol, another flavonol-type flavonoid found in many fruits, vegetables, herbs,
teas, and medicinal plants, also exhibits anti-inflammatory, antioxidant, and anti-allergic
properties. In cultured lung epithelial BEAS-2B (human broncho-epithelial-alveolar stem
cell-derived cells) cells, nontoxic kaempferol suppresses LPS (lipopolysaccharide)-induced
TGF-β production, TGF-β-induced myofibroblast formation, LPS-induced collagen, and
MT1-MMP, suggesting its ability to suppress the epithelial-to-mesenchymal transition and
fibrosis. In a mouse model of asthma, orally administered kaempferol not only suppressed
eosinophil infiltration and airway inflammation but also inhibited the airway epithelial-
to-mesenchymal transition (EMT) and fibrosis [53]. As fibrotic airway remodeling is
characteristic of asthma, leading to lung function deterioration, and is not treated by
current drug therapy, kaempferol may be a potential therapy for asthma-related airway
construction and is worthy of further clinical studies. Kaempferol also protects mice against
AD by suppressing T cell activation though interaction with MRP-1 [101].

Oral administration of naringenin, a flavanone mostly found in citrus peel, was shown
to significantly reduce nasal scratching score in rats with OVA-induced AR with improved
histology in the nasal epithelium and decreased serum IgE, IL-4, and IL-5 [103]. In ad-
dition, naringenin inhibited TSLP production in PMA/Ionophore-activated human mast
cells (HMC-1 cells) through inhibition of NF-κB and TSLP-induced mRNA expressions
of IL-13, TNF-α, IL-17 receptors, and TSLP receptors in these cells [102]. Therefore, narin-
genin and many other flavonoids may have a protective role against allergic conditions in
allergen-sensitized individuals by regulating TSLP, the key initiator of Th2-driven aller-
gic inflammation. Future clinical studies of naringenin on human allergic conditions are
warranted.

The gut microbiota-derived metabolites are critical for the anti-allergic function of
some flavonoids. For example, the flavone glycoside diosmin and its aglycone form
diometin were shown to diminish DNCB-induced AD symptoms in SKH-1 hairless mice,
such as increased trans-epidermal water loss and hydration, epidermal thickness, and
infiltration of mast cells [103]. Decreased serum IgE and IL-4 in these mice were observed
for both diosmin and diometin; however, in cultured RBL-2H3 cells, only diosmetin and
not diosmin showed inhibitory effects on IL-4 production. This suggests that the in vivo
anti-allergic effect of diosmin depends on its breakdown into the aglycone form by the gut
microbiota. The anti-AD effect of baicalin also depends on the gut microbiota because fecal
transplantation from baicalin-treated mice to GF (germ-free) mice resulted in significantly
reduced skin thickness and clinical symptoms accompanied by decreased serum IgE and
IL-4 [104].

Some dietary phytochemicals other than flavonoids also exhibit strong anti-allergic
properties. Licoricidin, a component isolated from licorice (Glycyrrhiza uralensis) root which
is a commonly used herb in traditional medicine, shows protection against mouse AD by
suppression of T cell activation through regulating PTPN1 activity [105]. Resveratrol,
the best-studied polyphenol, inhibits mast cell activation and shows potential in treating
allergic conditions [107]. A recent study showed that orally administered resveratrol
inhibits airway inflammation and remodeling in a murine chronic asthma model [52]. In
mice that developed asthma from repeated exposure to OVA over the course of three
months, resveratrol effectively inhibited TGF-β production and signaling in the lung tissue
and epithelial–mesenchymal transition, therefore improving lung function as measured
by airway hyper-responsiveness to methacholine [52]. This suggests the potential of
resveratrol as an effective therapy for treating airway remodeling associated with asthma.
The nasal metabolism of phytoestrogen is important in the observed anti-allergic property
for secoisolariciresinol diglucoside (SDG), a phytoestrogen enriched in flaxseed. Dietary
SDG was shown to ameliorate OVA-induced AR symptoms in mice and was associated
with less infiltration of neutrophils and eosinophils [106]. SDG did not alter antigen-
specific IgE or IgG levels in plasma. Enterodiol (ED), the bacterial metabolite of SDG,
is circulated in the blood in the form of EDGlu, but converted to ED aglycone in the
nasal passage where it inhibits IgE-mediated degranulation of basophil degranulation in a
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GRR (interferon-gamma response region) 30-dependent manner [106]. Host or nasal cavity
microbiota-derived β-glucuronidase activity is responsible for generating active phenolic
metabolites. The metabolites form many phenolic compounds, including resveratrol,
EGCG (epigallocatechin gallate), and curcumin, and are likely able to control the nasal
local tissue environment in a similar manner to reduce effector immune cell activation in
allergic responses. Several plant extracts show good anti-allergic abilities in several animal
studies, although the exact active chemicals in these extracts remain to be determined. For
example, the anti-AD effect of celery extract [108], black soybean extract [109], and the anti-
AR effects of the extracts of Musa paradisiaca L. inflorescence [110], Piper nigrum fruit [111],
and Cuminum cyminum L. seed [112], are recently demonstrated in various animal models.
Exploring dietary phytochemicals and their metabolites for anti-allergic potential represents
a new direction for basic research and more clinical studies are needed to verify their effects
in human patients. The beneficial effects of dietary phytochemicals [51,113] in allergic
diseases are supported by the recent clinical intervention studies listed in Table 2. Daily
intake of 15 g of a novel barley-based formulation for 14 days proved to significantly reduce
all symptoms in patients with AR and, with even better results than fexofenadine in terms
of controlling nasal congestion, postnasal drip, and headache [114]. This beneficial effect
on the control of allergic symptoms could be due to the phytochemicals and soluble fiber
present in the barley drink power.

Table 2. The impact of dietary supplements in allergic diseases.

Year Location Study Design Subjects and Intervention Results

2022 RCT Patients (n = 60) with Improved allergic symptoms [113]
Tokyo eye/nose allergic symptoms including eye itching,
Japan Supplementation of sneezing, nasal discharge,

200 mg quercetin for 4 wks sleep disorder
vs. the placebo food ↓ Nasal discharge ecosipophil

Improved life quality

2022 RCT AR patients (n = 16) ↑ Overall symptoms in [51]
Chiang Mai Treatment with10 mg cetirizine 62.5% in shallot group

Thailand for 4 wks plus oral supplement 37.5% in placebo group
of 3 g shallot capsule vs. ↓ Overall symptom score
the placebo capsule ↓ Total ocular symptom score

2022 RCT AR patients (n = 77) Improved all symptoms [114]
Tehran, Treatment with 60 mg except cough in both groups

Mashhad Fexofenadine (FX) for 14 d. MS better in nasal congestion,
Iran vs. 15 g dried power of, postnasal drip, and headache

Ma-al-Shaeer (MS), ↓ Serum total IgE in both groups
a barley-based hot-water
extracted formulation

2022 RCT Allergic women (n = 51) ↓ Total nasal symptom score [49]
Vienna, Supplement for 6-month of 42% improvement in treated
Austria a lozenge called holoBLG (n = 25) group vs. 13% in placebo group

containing β-lactoglobulin with 45%, 31%, 40% improvement in
iron, polyphenol, retinoic acid, combined symptom score in
zinc vs. placebo (n = 26) holoBLG group in birch peak,

entire birch season, the entire
grass pollen season
↑ Iron levels in circulating
CD14+ monocytes
↑ Hematocrit values
↓ Red cell distribution width
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Table 2. Cont.

Year Location Study Design Subjects and Intervention Results

2018 RCT Patients with AD (n = 65) ↑ Serum vitamin D level [115]
Mexico City Standard treatment with Inverse relationship between

Mexico Vitamin D3 5000 IU/day final serum vitamin D level
for 12 wks vs. no extra vitamin and severity of AD

Serum vitamin D > 20 ng·/mL
with standard therapy is sufficient to
reduce AD severity

2019 RCT Asthma patients (n = 17) Inulin decreased airway [92]
Newcastle Treated with 7 d inulin eosinophils and HDAC9
Australia (6 g powder twice daily), expression in sputum cells

inulin + probiotic, placebo Inulin improved asthma
with a 2 wks run-in and control in poorly controlled
2 wks wash out periods eosinophilic asthmatics

RCT, randomized controlled trial; HDAC, histone deacetylase; ↑, up-regulation; ↓, down-regualtion.

4.5. Vitamins and Minerals

Vitamins and minerals have long been known for their immunomodulatory roles.
Vitamins A, D, and E, and trace elements zinc and iron, are particularly important di-
etary factors, influencing allergic inflammation and the development of allergic diseases.
Sufficient intake of Vitamins A, D, and E is required to control asthma [5]. Supplemen-
tation with vitamins E and D alone or in combination improves symptom management
of AD [116]. Serum vitamin D level is a determining factor in remission with standard
therapy for AD. A serum level of 1, 25(OH)2VD3 higher than 20 ng/mL plus standard
therapy is sufficient to reduce the severity of AD [115]. In a randomized, double-blind,
placebo-controlled clinical study, an oral supplement of 5000 IU/day vitamin D3 in patients
with AD significantly increases the serum level of 1, 25(OH)2VD3 to a much higher level
than the placebo group, and this dosage achieved sufficiency in 100% of the patients [115].
Vitamin D also shows potential in managing airway remodeling in asthma, based on a
number of in vitro studies showing the inhibitory effects of vitamin D on bronchial smooth
muscle cells, human airway smooth muscle cells, human asthmatic bronchial fibroblasts,
and human bronchial fibroblasts [54]. Recent studies suggest that deficiencies in iron, zinc,
and vitamins contribute to the etiology of atopic diseases in children, and supplementation
with micronutrients is considered essential for managing the atopic march [50]. Even in
adults, evidence also accumulates to support the role of micronutrients in the etiology or
treatment of atopic diseases [117]. At cellular and molecular levels, micronutrients are
essential for the proper growth and function of all immune cells. Vitamins A and D are
particularly important in maintaining immune tolerance to allergens by promoting Treg
induction [5]. Deficiencies in micronutrients mimic pathogen infection and lead to the
activation of immune cells, therefore priming the host for a Th2 response when encoun-
tering an allergen [50]. For example, iron depletion is related to elevated IgE levels and
functional iron deficiency is sufficient to evoke mast cell degranulation [50]. Therefore,
adequate intake of micronutrients contributes to immune tolerance by increasing allergic
resilience, promoting Tregs, and maintaining Th1/Th2 balance.

Recent evidence suggests that vitamin E plays a role in AR. In a mouse model of
OVA-induced AR, oral administration of vitamin E (100 mg/kg/day) at the time of OVA
sensitization decreased bronchoalveolar lavage fluid (BALf) IL-33 (more than 50%), IL-25,
and Th2 cytokines IL-4, IL-5, and IL-13 [118]. Interestingly, co-administration of selenium
resulted in a further decrease in IL-13 production, indicating synergistic effects between
vitamin E and selenium on IL-13 production. Vitamin E also decreased serum IgE by
more than 50% and histamine by 78% [118]. In a similar mouse model of AR, nasally
administered α-Tocopherol before nasal challenge in OVA-sensitized mice suppressed
nasal symptoms, with fewer inflammatory lesions and better integrity in nasal tissue [119].
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Reduced nasal eosinophils and mast cells, upregulated Th1 cytokine IFN-γ gene expression
and downregulated Th2 cytokines IL-4, IL-5, and IL-13 gene expression, and reduced total
IgE, specific IgE, IgG, and the PI3K-PKB (phosphatidylinositol 3-kinase-protein kinase)
pathway in mast cells were observed in α-Tocopherol-treated mice. These results suggest
that vitamin E status (systemic or local) affects both arms of the innate and adaptive
immune responses in AR. The molecular mechanisms of how vitamin E affects epithelial
cells and ILC cells warrant further research.

The trace element zinc is essential for immune function. Zinc deficiency is often linked
to allergies. A zinc supplement is shown to be effective in relieving asthma but not benefi-
cial to AD [50,57]. In an animal asthma model, zinc deficiency is related to greater airway
hyper-responsiveness compared with normal zinc intake, whereas zinc supplementation
reduces inflammatory cell infiltration and improves clinical symptoms [120]. At the cellular
level, the beneficial impact of zinc on allergic immune reactions mainly includes T cell
differentiation and antigen-specific T cell proliferation. In cultured human PBMCs (periph-
eral blood mononuclear cells), zinc deficiency increases Th17 differentiation [121]. On the
other hand, the zinc supplement in the cell culture of allergen-stimulated PBMCs alters
the Th1/Th2 ratio and decreases the proportion of Th17 [122]. Zinc supplementation also
enhances Treg differentiation either in allergen-stimulated PBMCs from atopic patients [37]
or in TGF-β treated PBMCs and mixed lymphocyte cultures [36]. Moreover, in vitro, a
supplement of zinc suppresses allergen-stimulated proliferation of atopic PBMCs [37].

Iron is another trace element that has been linked to the etiology of atopic diseases [123].
As the most common nutritional disorder, iron deficiency is associated with half anemia
which affects about a third of the world’s population [124]. Iron deficiency can be present
either as low hemoglobin levels in the blood or with low levels of metabolically active
iron despite normal ferritin iron storage in the body [123]. While the majority of the iron
requirement in the human body is met by recycling from senescent red blood cells by
splenic macrophages and redistribution to other cells, dietary intake of iron provides only
about one-tenth of the daily requirement [123]. Therefore, the macrophage regulation
of the iron pool and metabolism is highly important, which determines the activation
state of the immune system. When iron mobilization is blocked under various conditions,
iron deficiency in immune cells is perceived as a danger signal and leads to abnormal
activation such as mast cell degranulation [123]. Hepcidin, an acute-phase protein in-
duced by inflammation, affects the iron level in the circulation by blocking iron absorption
and iron mobilization from macrophages, thereby leading to functional iron deficiency
in atopic patients [123]. Raw milk whey-protein-derived β-lactoglobumin, as a carrier
of iron flavonoid complexes, has been shown to be effective in delivering iron to human
monocytic cells and impairing antigen presentation of allergens [43]. The so-called holo
β-lactoglobulin complexed with ligands is able to reduce allergic symptoms in mice by
decreasing lymphocytic and B cell proliferation and promoting Treg induction [42]. Consis-
tent with preclinical observations, in a randomized, double-blind, placebo-controlled study
(n = 51), a 6-month course of supplementation with a β-lactoglobulin-based micronutrients
lozenge formula (iron, polyphenol, retinoic acid, and zinc) in grass/birch pollen allergic
women resulted in more improvement in nasal symptoms, as compared with the placebo
group (42% vs. 13%) in an allergen-independent manner [49]. Dietary intervention with
the lozenge significantly improved iron status in myeloid cells, as indicated by increased
hematocrit levels and reduced width of red cell distribution, and increased iron levels in
CD14+ monocytes, but not in T lymphocytes. This study highlights the importance of iron
deficiency in allergy development, and correcting micronutrient deficiency in immune cells
as an effective therapy for allergy treatment.

Copper is closely related to iron metabolism. The copper-containing ferroxidase
ceruloplasmin is involved with iron mobilization during acute inflammation, and its
elevation indicates iron deficiency [117,123]. A recent clinical study in Japan showed that
multiple nutritional and gut microbial factors are associated with AR [48]. Four nutrients
(retinol, vitamin A, cryptoxanthin, and copper) were negatively associated with AR [48]. In
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a cohort study in Poland (n = 80), the plasma level of Cu was found to be associated with
AR in children aged 9–12 [125].

Selenium is an essential trace element that is very important for optimal immune
function. Populations from China, the UK, and Scandinavia generally tend to have reduced
Se levels [126]. While Se deficiency leads to impaired immune responses, Se supplements
boost immune competence. Selenium is an essential component of glutathione peroxidase
(GSH-Px), a key antioxidant enzyme that functions to reduce peroxides, therefore protecting
against inflammation-induced, excessive oxidative stress-related membrane damage [127].
While a lower serum level of selenium is reported to be associated with an increased
risk of asthma in human studies [128,129], an animal study demonstrated that a lower
level of selenium is associated with a lower asthma outcome. Although adequate dietary
intake of selenium does not protect against the development of allergic asthma in mice,
dietary selenium supplements have a synergistic anti-asthma effect with vitamin E in
reducing airway inflammation and Th2-related cytokines [118]. In a mouse model of
OVA-induced AR, co-administration of selenium with vitamin E resulted in a further
decrease in IL-13 levels, as compared with supplementation with selenium or vitamin
E alone [118], indicating that selenium and vitamin E affect different pathways of IL-13
production.

5. Obesity and Allergy

Due to the increasing prevalence of obesity and allergic diseases worldwide in recent
decades, the link between obesity and individual allergic disease is of great interest. Obesity
is a proven risk factor for asthma [130–132] and negatively impacts asthma outcomes [133].
Previously, no clear association was made between obesity and allergic rhinitis [130,131];
however, a recent meta-analysis study showed that obesity is perhaps associated with a
higher risk of allergic rhinitis in children [134]. Moreover, obesity can contribute to the
exacerbation of inflammation in severe persistent allergic rhinitis through increased IL-1β
and leptin levels [135]. A growing body of evidence suggests a link between obesity and
atopic dermatitis [136]. Although the prevalence of atopic dermatitis is higher in obese
children and adults, the association between obesity and the severity of atopic dermatitis
varies with age and gender [136]. The proposed underlying mechanisms for the link
between obesity and allergy include pro-inflammatory adipokines (leptin, IL-6, TNF-α)
released from adipose tissue [133], pro-inflammatory Th1 cells and Th17 cells associated
with adipose tissue from obese individuals [5], and the ILC2–eosinophil–macrophage
axis [5] in adipose tissue.

Dietary interventions producing weight loss in obese patients have been shown to
be effective in improving asthma control [137]. Randomized controlled trials on dietary
intervention showed that weight loss through restrictive diets with low energy is effec-
tive in improving asthma outcomes [138] and reducing airway inflammation in obese
patients [139]. Even a normal caloric diet with a reduced content of fat, particularly satu-
rated fat, was associated with reduced body weight and improvement of asthma-related
quality of life in obese pubertal adolescents [140]. Although there are very limited studies,
weight loss is associated with improved symptoms in atopic dermatitis. In a case report,
weight loss through combined dietary control and exercise treatment improved skin le-
sions and normalized IgE and eosinophil counts in an obese patient who did not respond
to standard cyclosporine treatment [141]. A randomized controlled study showed that
weight reduction in obese patients with atopic dermatitis was associated with significant
improvements in symptoms of atopic dermatitis, measured by eczema area and severity
index score and decreased dosage of cyclosporine [142]. There has been no study on the
effect of dietary intervention-induced weight loss on allergic rhinitis.

Plant-based diets are effective for weight loss [143–145] and can be an effective strategy
for weight control, as well as in the treatment of obesity [145]. A plant-based vegan diet
excludes all animal products, mainly consisting of grains, legumes, and vegetables and
fruits; while in comparison, a vegetarian diet does not eliminate all animal products but
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emphasizes the consumption of fruits, vegetables, and nuts [145]. The weight reduction
effect of such diets may be attributed to reduced calories and low fat intake [145]. Plant
protein, as part of a plant-based diet, has recently been shown to be a contributing factor
for weight control in overweight individuals [143]. An increased intake of protein and a
decreased intake of animal protein are associated with a decrease in body fat mass. Plant-
based diets are nutritionally adequate if planned well [144]. However, nutrient intake
in the long term can be a concern, as revealed in a study of the weight-loss effects of
a vegan diet in overweight postmenopausal women. The adoption of a low-fat vegan
diet for 14 weeks leads to changes in macronutrients such as decreased intake of total fat,
saturated fat and cholesterol, protein, and increased carbohydrate and fiber intake [144]. In
terms of micronutrients, the vegan diet increased intakes of total vitamin A, β-carotene,
thiamine, vitamin B6, folic acid, vitamin C, magnesium, and potassium, but decreased
intakes of vitamin D, vitamin B12, calcium, phosphorous, selenium, and zinc [144]. Fortified
food or supplements may help those following a vegan diet to meet the requirements of
micronutrient intakes.

Despite limited data being available, plant-based diets appear to be remarkably ef-
fective in improving asthma [146] and atopic dermatitis [147]. According to a report from
Sweden, a vegan diet therapy has a pronounced favorable effect on bronchial asthma [146].
After following the diet therapy for one year, patients became more tolerant of various
environmental stimuli, such as dust, smoke, and flowers [146]. A significant decrease in
asthma symptoms and improvement in clinical variables resulted in reduced needs for
medication [146]. Similar striking results show that a two-month course of treatment with
a customized vegetarian diet strongly inhibited the severity of atopic dermatitis [147]. A
sharp reduction in the number of peripheral eosinophils and of PGE2 (prostaglandin E2)
synthesis by monocytes was associated with this treatment [147]. Body weight-independent
mechanisms with these diets may contribute to the observed beneficial effects on allergy
outcomes, in addition to efficacy in body weight loss. In contrast to the Western diet which
contains high amounts of pro-inflammatory nutrients, plant-based diets are enriched with
micronutrients and dietary flavonoids associated with potent anti-inflammatory and anti-
allergy effects (Figure 2). A plant-based diet may be particularly useful for the treatment
of severe allergic diseases associated with obesity. Further clinical studies are required to
validate the speculation.

6. Conclusions

In conclusion, diet and nutrition play a key role in the development and severity of
allergic diseases by regulating tissue and immune homeostasis. Excessive calories, high
intake of protein and saturated fatty acids, or lack of dietary fiber and micronutrients
can trigger the defense mechanism in the immune system and prime the host for allergic
reactions. Therefore, calorie restriction, coupled with sufficient dietary fiber and adequate
macronutrient intake, will be essential for maintaining immune tolerance to allergens. The
plant-based diets, which emphasize the high consumption of fruits and vegetables, grains,
and legumes while avoiding or reducing animal foods, are associated with the reduction
of inflammation and weight loss. Further dietary intervention studies are warranted to
explore the potential beneficial effects of plant-based diets and the specific nutrients related
to such diets on allergic outcomes. As basic research efforts identify more novel dietary
components with anti-allergic properties, randomized placebo-controlled trials are also
needed to verify their efficacy in human patients. Nutritional therapy holds great promise
in reducing allergy symptoms, either as primary therapy and treatment or in support
of drug therapy. Assessment of nutritional status and anthropometric characteristics of
the patients, and analysis of host and gut microbiota by the multi-omics approach, will
be important in future clinical trials to identify novel mechanisms linking nutrition and
allergy.
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Abstract: Breast cancer (BC) is a lethal malignancy with high morbidity and mortality but lacks effec-
tive treatments thus far. Despite the introduction of immune checkpoint inhibitors (ICIs) (including
PD-1/PD-L1 inhibitors), durable and optimal clinical benefits still remain elusive for a considerable
number of BC patients. To break through such a dilemma, novel ICI-based combination therapy
has been explored for enhancing the therapeutic effect. Recent evidence has just pointed out that
the HDAC2 inhibitor (HDAC2i), which has been proven to exhibit an anti-cancer effect, can act as
a sensitizer for ICIs therapy. Simultaneously, dietary intervention, as a crucial supportive therapy,
has been reported to provide ingredients containing HDAC2 inhibitory activity. Thus, the novel
integration of dietary intervention with ICIs therapy may offer promising possibilities for improving
treatment outcomes. In this study, we first conducted the differential expression and prognostic
analyses of HDAC2 and BC patients using the GENT2 and Kaplan–Meier plotter platform. Then, we
summarized the potential diet candidates for such an integrated therapeutic strategy. This article
not only provides a whole new therapeutic strategy for an HDAC2i-containing diet combined with
PD-1/PD-L1 inhibitors for BC treatment, but also aims to ignite enthusiasm for exploring this field.

Keywords: dietotherapy; breast carcinoma; HDAC2 suppression; immune checkpoint inhibitor;
immunotherapy sensitizer

1. Introduction

Breast cancer is one of the most common malignancies in women worldwide, which
can occur in both men and women, and ranks as the second cancer-related cause of death
worldwide [1,2]. Its development has been reported to be significantly associated with di-
etary habits (such as alcohol consumption, high intake of total fat, and low consumption of
dietary fiber, etc.) [3]. Five molecular subtypes are classified based on the expression levels
of the estrogen receptor (ER), progestogen receptor (PR), human epidermal growth factor
receptor 2 (HER2) and Ki-67: Luminal A (ER positive and/or PR positive, HER2 negative,
Ki-67 < 20%); Luminal B (HER2 negative/B1: ER positive and/or PR < 20%, HER2 negative,
Ki-67 ≥ 20%; HER2 positive/B2: ER positive and/or PR positive, HER2 overexpression);
HER2 positive type (HER2 positive, ER negative, PR negative); triple-negative (HER2
negative, ER negative, and PR negative) (TNBC); and other special types [1,2]. The recur-
rence and/or metastasis of breast cancer significantly contributes to breast cancer-specific
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mortality, as recurrent tumors tend to be more aggressive and often show resistance to
currently available treatments [4]. Thus, to improve treatment outcomes, including overall
survival (OS) and disease control, endocrine-, chemo-, targeted- and immuno-therapy
alone or in combination have been studied extensively [5]. Immune checkpoint inhibitors
(ICIs), which reactivate exhausted CD8+ T cells to kill tumor cells [6], have especially made
significant progress in the clinical application of breast cancer treatment [5]. However, the
benefit population of breast cancer from ICI monotherapy is limited, making the combined
regimen a new research hotspot [5].

The usage of ICIs is to harness the body’s immune system to recognize and attack
cancer cells more effectively. For instance, by blocking the interaction between immune
checkpoints, such as programmed cell death protein 1 (PD-1) and its ligand (PD-L1), the
“brakes” on the immune system could be released, allowing immune effector cells to rec-
ognize and attack cancer cells more effectively [5]. Fortunately, ICIs have demonstrated
a certain efficacy in combination with chemotherapy in the treatment of both early- and
late-stage triple-negative breast cancer (TNBC) [7]. The KEYNOTE-355 trial evaluated the
efficacy of PD-1 antibody pembrolizumab in combination with chemotherapy for patients
with metastatic TNBC. In the context of early-stage disease, the KEYNOTE-522 study
demonstrated significant benefits by adding pembrolizumab to chemotherapy, irrespective
of the PD-L1 status [7–9]. Furthermore, ongoing studies are currently exploring the appli-
cation of ICI therapy for hormone receptor-positive and HER2-positive breast cancer [7].
Additionally, novel ICIs are being investigated for their potential across all breast cancer
subtypes [7].

Despite these advancements, there are still important unresolved issues. For instance,
determining the optimal partners for ICIs to mitigate ICI side effects, and predictive
biomarkers to identify who benefit from ICI therapy [7,10]. Another issue that cannot
be ignored is that ICIs caused loss of appetite, consequently reducing the patient’s nutri-
tional intake [11], and aggravating the patient’s already damaged physique and immunity,
forming a vicious circle.

Histone deacetylases 2 (HDAC2), as a member of HDACs, is a special protease in-
volved in the tightening of the chromatin structure and suppression of gene transcription.
Its expression level was significantly in positive correlation with the poor overall survival
of patients with BC or hepatocellular carcinoma (HCC) and with the potential adverse
effect of patients to PD-1 antibody therapy [12–15]. Moreover, breast cancer tissues show
significantly higher HDAC2 expression than normal breast tissue [13–15]. HDAC2 inhi-
bition is a potential anti-cancer agent against breast cancer [16–18]. HDAC2 inhibitors
can exert a synergistic effect with ICIs [18,19]. Given that short-chain fatty acids (SCFA,
e.g., butyric acid) are the fermentation products of dietary fibers, dietary intervention may
provide a superior safety profile improving immunotherapy by functioning as HDAC2i [20].
Furthermore, SCFA-producer Lachnoclostridium in tumors was positively associated with
infiltrating CD8+ T cells and chemokines of CXCL9 and CXCL10, as well as better survival
in melanoma cancer [21].

Healthy eating is recommended for cancer patient survivors according to guidelines.
Besides providing nutrition and energy intake, dietary intervention has been found to
improve the body’s immunity and anti-cancer activity [22]. Therefore, based on our
previous study and the latest findings, this review, for the first time, brings out a novel
dietary intervention with potential synergistic effects for ICIs therapy by adding HDAC2i
containing food, aiming to ignite enthusiasm to explore the potential application of an
HDAC2i-containing diet combined with ICI for BC patients, and to eventually improve the
clinical benefits for patients.

2. Materials and Methods

A comprehensive search of the literature was conducted to identify relevant reports
from 2000 to 2023, using the PubMed and Web of Science databases. The search utilized
various keywords, either individually or in combinations, including PD1, PDL1, breast
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cancer, HDAC2 inhibitor, immune checkpoint inhibitors, dietary intervention, herbal rem-
edy, neoadjuvant, and immunotherapy sensitizer. The identified articles were thoroughly
reviewed, with preference given to the most recent ones. Additional sources were extracted
from the reference lists of selected papers. Priority was primarily assigned to original
research and review articles based on animal studies and clinical trials.

Differential expression and prognostic analysis. The differential expression analysis
of HDAC2 across cancer and normal tissues were obtained from the GENT2 platform
(http://gent2.appex.kr/gent2/, accessed on 11 July 2023). The prognostic analysis was
performed by applying the Kaplan–Meier plotter platform (https://kmplot.com/analysis/
index.php?p=background, accessed on 11 July 2023). BC patients with high or low HDAC2
protein (or gene) expression were divided by median expression level or by best cutoff
value. Cutoff values used in analysis for HDAC2 gene and protein were 1568 and 3,
respectively. The total amount of samples for analyzing the HDAC2 gene figure was 4929
(high 2465 vs. low 2464), its counterpart for HDAC2 protein was 65 (high 47 vs. low 18).

3. Results

The HDAC2 expression profile across cancer and normal tissues was detected by
using the GENT2 platform. Significant difference in HDAC2 expression was displayed
between breast cancer tissue and normal breast tissue (p < 0.001, Log2FC, 0.122) (Figure 1A).
(Significant test results by Two-sample t-test for the HDAC2 expression profile is displayed
in Supplementary Materials). As shown in Kaplan–Meier survival curves (Figure 1B,C), BC
Patients with a high expression of the HDAC2 gene [hazard ratio (HR), 1.65; p < 1 × 10−16;
Figure 1B] or high expression level of the HDAC2 protein (HR, 2; p = 0.059; Figure 1C)
exhibited a less favorable prognosis compared with patients with low expression levels.
However, a significant difference has not been detected in the group of HDAC2 proteins.

Figure 1. Differential expression and prognostic significance of HDAC2 in breast cancer. (A)
Significant difference existed between normal breast tissue and breast cancer tissue (p < 0.001,
Log2FC = 0.122): (B) BC patients with either high HDAC2 level of gene, or (C) high HDAC2 level of
protein exhibited unfavorable overall survival. HR, hazard ratio; BC, breast cancer.

4. Discussion

4.1. HDAC2: A Potential Index of Aggressiveness and a Therapeutic Target against BC

HDAC2 is an enzyme involved in the tightening of the chromatin structure and sup-
pression of gene transcription. Evidence has indicated that HDAC2 is overexpressed in
breast cancer cells compared to normal breast tissue. Higher levels of HDAC2 have also
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been associated with more aggressive tumor characteristics, such as increased cell pro-
liferation, invasion, and metastasis [12–15]. For instance, a clinical study that included
226 BC patients reported that expression of HDAC2 protein is significantly higher in breast
cancer than in benign tumors and indicates that HDAC2 may be involved in invasion,
metastasis, anthracyclines therapy resistance, and poor prognosis of sporadic breast can-
cer (Table 1) [14]. Another study, conducted by Afroditi Nonni’s group, also examined
the expression of HDAC2 in 118 deceased sporadic BC patients and its correlation with
clinicopathological characteristics of the tumor and the prognosis of the patient. It was
found that high expression of the HDAC2 protein is associated with higher histological
grade, stage of disease, and worse prognosis (Table 1) [12]. As for the expression of the
HDAC2 gene, evidence has also reported that HDAC2 is one of the most commonly ampli-
fied genes in aggressive basal-like breast cancer. Additionally, overexpression of HDAC2
was significantly correlated with high tumor grade, positive lymph node status, and poor
prognosis [13]. Those results are also consistent with the outcomes of our analysis. For
instance, our results indicated that expression of HDAC2 in BC tissue was significantly
higher than that in breast normal tissue (p < 0.001) (Figure 1). Moreover, the trend can be
observed that BC patients with high expression of HDAC2 gained worse prognosis than
those without (Figure 1C). However, a significant difference was been detected (p = 0.059)
(Figure 1). We speculated that the reason may be due to an insufficient sample size (n = 75).

Table 1. Correlation between HDAC2 protein expression and breast cancer.

Measurement Sample Size Patient Selection Criteria Outcomes Year Refs

IHC 226

sporadic breast cancer
patients who underwent

surgery; All patients did not
undergo radiation therapy

and chemotherapy
before surgery

High expression of HDAC2 was
associated with:

1. advanced clinical stages (p = 0.016);
2. lymphatic metastasis (p = 0.02);

3. high histological grade (p = 0.001);
4. shorter OS of BC patients

(p = 0.035);
5. shorter OS in multidrug resistance
protein-positive patients (p = 0.034);
6. shorter survival in patients who
received chemotherapy containing

anthracyclines (OS, p = 0.041;
disease-free survival, p = 0.084).

2016 [15]

IHC 118

Tumor size < 20 mm;
Stage I, II and III;

No preoperative anticancer
therapy;

Deceased from BC

High expression of HDAC2 was
associated with:

1. BC in stage III (p < 0.001);
2. BC with histological grade 3

(p = 0.013).

2022 [13]

IHC 300
Invasive ductal carcinoma
patients who underwent

curative surgery

High expression of HDAC2 was
correlated with improved OS in

ER-negative BC patients (p = 0.048).
2014 [23]

IHC 212 patients with primary
invasive breast cancer

High expression of HDAC2 was
associated with:

1.overexpression of HER2 (p = 0.005);
2. lymphatic metastasis (p = 0.04).

2013 [24]

Abbreviations: BC, breast cancer; OS, overall survival; IHC, immunohistochemistry; DFS, disease-free survival.

4.2. HDAC2 Inhibition for Treating Breast Cancer

HDAC2 has been identified as a crucial regulator of epigenetic control in BC and
HDAC2 suppression has been further proved to be an effective approach to treating BC by
numerous studies [24–26]. For instance, HDAC2 inhibition has been observed to inhibit
cellular proliferation in a p53-dependent manner in BC cells [27]. MiR-155 can also decrease
the expression of erythroblastic oncogene B by targeting HDAC2 [28]. Moreover, evidence
has indicated that PELP1 (proline, glutamate, and leucine-rich protein 1) can bind to miR-
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200a and miR-141 promoter sequences and modulate the expression of these miRNAs
by recruiting HDAC2; therefore, regulating tumorigenic and metastatic potential of BC
cells [29]. Thus, a molecular network involving HDAC2 has been considered to serve as a
target for developing anti-cancer drugs [29].

Inhibition of HDAC2 has also been found to exert a synergistic effect in BC treatment.
For instance, evidence indicates that depleting HDAC2 can sensitize breast cancer cells
to apoptosis induced by epirubicin. This finding highlighted the potential of HDAC2
as a therapeutic target and a biomarker in treating breast cancer [30]. Moreover, the
modulation of estrogen receptor (ER) signaling is a promising therapeutic approach in
ER-expressing breast cancers, and the progesterone receptor (PR) also plays a critical role in
this process [31]. Interestingly, selective inhibition of HDAC2, has been found to enhance
the apoptotic effects of tamoxifen (a commonly used drug for ER/PR-positive breast cancer)
and has demonstrated significant antitumor activity [31]. Additionally, HDAC2 inhibition
has also been found to strongly restrain the multidrug-resistance of BC cells induced by the
SRGN (serglycin)–YAP (YES-associated protein) axis, therefore enhancing the therapeutic
effect of chemotherapy [32].

Taken together, these findings suggested that HDAC2-targeting intervention could
represent an effective approach for breast cancer control.

4.3. HDAC2 Inhibition Enhances the Therapeutic Effect of ICIs in BC Treatment

The emergence of immune checkpoint inhibitors (ICI) has revolutionized the treatment
of breast cancer [33–40]. Adjuvant or neoadjuvant immune checkpoint blockades are used
for metastatic breast cancer [34]. Despite ICI therapy being promising, breast cancer cells
often find ways to evade the host’s immune system, necessitating combination therapies
to overcome these limitations. HDAC inhibitors (HDACi) have demonstrated potent
immunomodulatory activity, making them a rational choice for cancer immunotherapies.

4.3.1. HDAC2 Regulates PD-L1 Nuclear Translocation

As a ligand of PD-1, high PD-L1 levels indicate tumor progression and are associ-
ated with poor prognosis in immunotherapy-treated human cancer [35]. PD-L1 nuclear
translocation has been identified as a key mechanism underlying the immune evasion
of BC cells, hindering PD-1 inhibitors [36]. Both cytoplasmic and nuclear PD-L1 can ex-
ert immunosuppressive functions on BC cells [37]. Nuclear PD-L1 has been linked to
various cellular processes, for example, increasing the anti-apoptotic capacity of tumor
cells, promoting mTOR activity, and upregulating glycolytic metabolism [36]. A study
has shown that the level of nuclear PD-L1 expression was positively correlated with im-
mune response-related transcription factors, such as STAT3, RelA (p65), and c-Jun [19].
Nuclear PD-L1 interacts with transcription factors, such as RelA and the IFN regulatory
factor (IRF), influencing antitumor immunity. Inhibition of nuclear PD-L1 expression led to
downregulation of genes involved in evading immune surveillance, such as PDCD1LG2
(encoding PD-L2), VSIR (encoding VISTA), and CD276 (encoding B7-H3), which enhance
cytotoxic T-lymphocyte depletion and promote tumor aggressiveness, distant metastasis,
and resistance to PD-L1/PD-1 blockade therapy [18,19,38] (Figure 2).

Several recent studies have reported that HDAC2-associated deacetylation promotes
the nuclear translocation of PD-L1, leading to tumor immune evasion in BC cells [18,19].
HDAC2 decreases the acetylation level of Lys 263 in the C-tail of PD-L1, resulting in
PD-L1 nuclear translocation. In contrast, depletion of endogenous HDAC2 using siRNA,
shRNA, or CRISPR-Cas9 increases PD-L1 acetylation [19]. Selective HDAC2is, such as
Santacruzamate A (SCA) and ACY957, increase the acetylation of PD-L1, blocking the
PD-L1 nuclear translocation. Clathrin-dependent endocytosis is involved in PD-L1 nuclear
translocation, and HIP1R initiates this process by interacting with PD-L1’s C-tail. Lys 263
acetylation directly blocks the interaction between HIP1R and PD-L1. Overall, HDAC2
inhibition disrupts PD-L1 nuclear translocation, potentially enhancing the therapeutic
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efficacy of immune checkpoint inhibitors and boosting antitumor immune responses for
BC [19].

 

Figure 2. Potential mechanism of HDAC2i enhancing the therapeutic effect of the PD-1/PD-L1
inhibitor. HDAC2i suppresses IFNγ-induced PD-L1 expression regulated by HDAC2, therefore
decreasing the immune escape of BC cells mediated by PD-L1. In addition, HDAC2i inhibits the
process of PD-L1 nuclear translocation regulated by HDAC2/HIP1R axis, hence enhancing the
therapeutic effect of PD-1 blockade treatment. Abbreviations: IFN-γ, interferon-γ; H3K27, histone 3
lysine 2; H3K9, histone 3 lysine 9; JAK2, Janus kinase 2; JAK1, Janus kinase 1; stat1, signal transducer
and activator of transcription 1; BRD4, Bromodomain-containing protein 4; KPNA2, karyopherin α-2;
HIP-1R, Huntingtin-interacting protein 1-related.

4.3.2. HDAC2 Regulates IFN-γ- Induced PD-L1 Expression

a. IFN-γ upregulates the expression of PD-L1

Evidence has revealed that high expression of PD-L1 is correlated with advanced
histology and lymph node metastasis in TNBC and HER2+ subtypes, indicating a poor
prognosis biomarker [39]. Moreover, PD-L1 knockdown has been found to inhibit the pro-
liferation and migration of TNBC cells [40]. To date, the clinical trials of immunotherapies
based on the PD-1/PD-L1 antagonists have shown a notable and durable response in TNBC
patients, indicating PD-L1 as a crucial therapeutic target [41,42].

Interferon-γ (IFN-γ) is a crucial cytokine in both innate and adaptive immunity and
should be considered as an important driving force for PD-L1 expression in tumor microen-
vironment. It is able to induce PD-L1 expression on BC cells and increase the apoptosis of
antigen-specific T cells, such a process is referred to as “adaptive resistance” [43]. Depleting
IFN-γ receptor 1 has been reported to decrease the expression of PD-L1 expression in BC
cells, increase the amount of tumor-infiltrating CD8+ lymphocytes or CTLs, and to inhibit
the development of BC cells [44]. In addition, injection of IFN-γ into subcutaneous BC
cells induced PD-L1 expression and promoted the growth of BC cells. Inversely, PD-L1
depletion completely abrogated the growth of BC cells induced by IFN-γ injection [44]
(Figure 2).

b. HDAC2i affects IFN-γ induced PD-L1

HDAC2 can promote PD-L1 induced via IFN-γ stimulation in BC cells [18,19]. Specifi-
cally, IFN-γ can induce gene transcription involving STAT1 binding to the gamma interferon
activation site (GAS), recruiting HAT and HDAC for chromatin remodeling [45]. Follow-
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ing IFN-γ stimulation, BRD4 is rapidly recruited to the PD-L1 locus, accompanied by
increased H3K27ac and RNA Polymerase II (RNA Pol II) occupancy in cancer cells [45].
A ChIP-qPCR assay confirmed enhanced HDAC2 binding to the PD-L1 promoter after
IFN-γ treatment. HDAC2 knockout led to reduced STAT1 occupancy and bromodomain-
containing 4 (BRD4) recruitment to the PD-L1 promoter, attenuated H3K27ac and H3K9ac
(markers of active transcription in the PD-L1 promoter) upregulation induced by IFN-γ,
highlighting HDAC2’s role in activating PD-L1 expression through IFN-γ induced sig-
naling pathways [18]. Moreover, upon the binding of IFN-γ to interferon receptors, it
transduces signal through Janus kinases (JAKs), signal transducer and activators of tran-
scriptions (STATs) [36]. The JAK/STAT1 pathway activated by IFN-γ positively correlates
with PD-L1 expression and plays a critical role in breast cancer immune escape [46]. IFN-γ
treatment induces phosphorylation of JAK1, JAK2, and STAT1 in TNBC cells, leading to
upregulated STAT1 and PD-L1 expression. However, HDAC2 knockdown inhibits the
phosphorylation of JAK1, JAK2, and STAT1, resulting in decreased IFN-γ-induced PD-L1
expression on the TNBC cell surface. HDAC2 knockout also hinders the translocation
of STAT1 to the nucleus and inhibits intracellular PD-L1 expression stimulated by IFN-γ,
indicating HDAC2’s promotion of IFN-γ induced PD-L1 expression in TNBC cells via
JAK-STAT1 pathway activation [18] (Figure 2).

4.4. Dietary Intervention Is Important for Breast Cancer Patients Receiving Anti-Cancer
Immunotherapy

A healthy diet rich in vitamins, minerals, antioxidants, and phytochemicals, provides
essential ingredients for building and strengthening a healthy immune system. Thus, the
American Cancer Society (ACS) releases the Nutrition and Physical Activity Guideline
for Cancer Survivors, which enhances immune function by supporting essential nutri-
ents [47–50], helping to optimize the effectiveness of immunotherapy and improve treat-
ment outcomes. Moreover, anti-cancer immunotherapy also possesses toxicities and can
lead to various adverse effects on breast cancer patients, such as fatigue, nausea, loss of
appetite, and gastrointestinal issues [51]. However, proper dietary interventions have
been found to help alleviate these side effects by providing proper nutrition, promoting
hydration, and supporting gastrointestinal health [52–54]. In addition (Reducing Inflam-
mation), chronic inflammation has been found to be associated with cancer development
and progression. Certain foods, such as fruits, vegetables, whole grains, and omega-3
fatty acids, possess anti-inflammatory properties [55–57]. Including these foods in the diet
can help reduce inflammation, potentially benefiting breast cancer patients undergoing
immunotherapy.

Furthermore (Maintaining Weight and Nutritional Status), cancer and its treatment
can lead to weight loss, malnutrition, and muscle wasting, which can further weaken
the body and hinder treatment effectiveness [58]. Dietary intervention aims to provide
adequate calories, protein, and other essential nutrients to maintain a healthy weight
and preserve nutritional status during immunotherapy [59,60]. Additionally, (Enhancing
Overall Well-Being), a nutritious diet can contribute to overall well-being by promoting
energy levels, reducing fatigue, improving mood, and supporting mental health [61,62].
Breast cancer patients undergoing immunotherapy may experience physical and emotional
challenges [63,64] and a healthy diet can play a role in supporting their overall quality of
life (Figure 1).

4.5. Dietary HDAC2i

Compared to commonly used anti-cancer therapies, dietary interventions are safer
and more cost-effective [65,66]. Even if dietary interventions cannot be considered a
replacement for conventional cancer treatments, their role in improving the outcomes of
cancer treatment also cannot be ignored [67,68] (Figure 3).
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Figure 3. Potential advantages of applying proper dietary intervention in BC patients who receive
ICIs treatment.

One advantage of dietary intervention is the minimal side effects compared to anti-
cancer therapies [69,70]. Immunotherapy, chemotherapy, and radiation therapy can often
cause adverse reactions such as fatigue, arthralgia, rash, pruritus, pneumonitis, acute
kidney injury, and also a weakened immune system [71–74]. In contrast, dietary changes
usually focus on incorporating natural, nutrient-rich foods, which are less likely to cause
significant side effects [70].

Anti-cancer therapies often involve powerful and aggressive drugs that can be toxic
to healthy and normal cells in the human body [75]. Such toxicity can lead to additional
health complications and adversely affect a patient’s well-being [75]. Dietary interventions,
on the other hand, prioritize whole foods, fruits, vegetables, and other plant-based sources
that provide essential nutrients without the toxic effects associated with some medical
treatments [76].

Cancer patients who undergo multiple treatments or take various medications si-
multaneously will face the increased risk of adverse effects due to drug interactions or
unwanted chiral compounds [77]. Dietary interventions generally use natural foods rather
than pharmacological compounds, which have both left- and right-hand chiral compounds
in balance [78].

Dietary interventions can be customized to suit each individual’s needs and medical
conditions [60]. This adaptability allows dietary plans to be tailored based on any pre-
existing conditions, allergies, or specific dietary restrictions of each patient, ensuring a safer
approach [60].

As a long-term lifestyle change, dietary interventions offer the advantage of being
sustainable even after the initial treatment period. This sustainable approach helps maintain
the patient’s overall health and reduces the risk of developing long-term side effects
associated with certain anti-cancer therapies [79].

Dietary interventions can complement anti-cancer therapies by providing a supportive
role [78]. A healthy diet can help strengthen the immune system, improve overall health,
and enhance the body’s ability to cope with cancer treatments.

Certain dietary strategies, such as adopting a balanced and nutrient-rich diet, regular
physical activity, and weight management, have the potential to reduce the risk of devel-
oping cancer [68,80–84]. Prevention is a crucial aspect of cancer management, and dietary
interventions can also play a significant role in reducing the occurrence of cancer [78].
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4.6. Selected Candidates of HDAC2i

Dietary compounds which possess HDAC2 inhibitory activity offer a new strategy
for BC prevention and treatment. These potential candidates may enhance the anti-cancer
effect of PD-1 inhibitors (Table 2).

Table 2. Examples of dietary compounds identified as inhibiting HDAC2 activity.

Dietary Component Food Source
Potential Benefits in Breast

Cancer
Diseases Refs

Genistein (GE) Soybean products
Anti-cancer effects on breast

cancer, modulation of Dnmt3b,
Tet3 and HDAC

Breast cancer, cervical
cancer, [85]

Sulforaphane (SFN) Broccoli sprouts, kale

Cytotoxic effects in breast, colon,
and prostate cancer cells,

inhibition of HDAC-2 and
HDAC-8

Breast cancer, colon
cancer, prostate cancer,

neurodegenerative
diseases, bladder

carcinoma,

[86]

Chrysin Fruits, vegetables, olive
oil and red wine

Cytotoxic effects in breast, colon,
and prostate cancer cells,

inhibition of HDAC-2 and
HDAC-8

Breast cancer,
melanoma,

fibrosarcoma, leukemia
[87–89]

Resveratrol (RSV)

Grapes, apples,
blueberries, mulberries,

peanuts, pistachios,
plums, and red wine

Induced ATP2A3 upregulation
correlates with reduced HDAC

activity and reduced nuclear
HDAC2 expression and

occupancy on ATP2A3 promoter

Breast cancer, glioma [90–93]

Oleuropein (OLE) Virgin olive oil
Antineoplastic properties,

modulation of HDAC2 and
HDAC3 in breast cancer cells

Breast cancer,
alzheimer, [94,95]

Curcumin Turmeric

Inhibited both HDAC activity
and the expression of HDACs 1

and 2 in a
concentration-dependent

manner in cancer cells

Breast Cancer, lung
cancer, hematological
cancers, inflammation,

arthritis, metabolic
syndrome,

[96,97]

Valeric acid Valerian herb
Anti-cancer effects on liver and

breast cancer, modulation of
HDAC2 and HDAC3

Breast cancer, prostate
cancer, liver cancer [98,99]

Ginsenoside Rh4 Ginseng herb

Inhibition of PD-L1 expression
by regulating HDAC2-mediated

JAK/STAT pathway in breast
cancer cells

Breast cancer, lung
adenocarcinoma,
colorectal cancer,

gastric cancer

[100,101]

Butyrate
Dietary fiber, resistant

starch, undigested
carbohydrates

Anticancer activity, inhibition of
breast cancer cell proliferation,

induction of apoptosis

Multiple cancer,
cardiovascular disease,

and type 2 diabetes
[102–106]

Green tea polyphenols Green tea
Suppressed cancer progression
by regulating circ_MITF/miR-

30e-3p/HDAC2 axis

breast cancer,
malignant melanoma,

prostate cancer,
[107,108]

Rosmarinic acid (RA) Rosemary tea

Potential pan-HDAC inhibitor,
inhibition of nuclear HDAC2

protein levels in breast
cancer cells

Breast cancer, prostate
cancer [109]
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Table 2. Cont.

Dietary Component Food Source
Potential Benefits in Breast

Cancer
Diseases Refs

Ursolic acid (UA) Blueberries, cranberries
and apple peels

Reduced the expression of
epigenetic modifying enzymes,

including the DNMT1 and
DNMT3a and the histone

deacetylases (HDACs) HDAC1,
HDAC2, HDAC3, HDAC6 and

HDAC7 activity

Skin cancer, breast
cancer, colorectal

cancer
[110]

4.6.1. Genistein (GE)

GE is the most predominant bioactive isoflavone found mainly in soybean products
and other food sources such as lupin, fava beans, kudzu, and psoralea [84]. GE has been
reported to act as a potent chemo-preventive and therapeutic agent against various types
of cancers including breast, prostate, and lung cancer [85]. For instance, GE suppresses
the growth of BC cells in patient-derived tumor xenograft (PDX) [85]. Moreover, GE has
been reported to modify the expression levels and activities of key epigenetic-associated
genes, including HDAC2, DNA methyltransferases (DNMT3b) and ten-eleven translocation
(TET3) methylcytosine dioxygenases. These genes are involved in epigenetic modifications,
such as DNA methylation and histone methylation, which can regulate gene expression and
impact cellular behavior [85]. By modulating the activities of these epigenetic regulators,
GE may influence the epigenetic landscape of breast cancer cells, leading to changes in
gene expression patterns that can affect cancer-related pathways.

4.6.2. Sulforaphane (SFN)

SFN is a natural compound and is abundant in cruciferous vegetables such as broccoli
sprouts (BSp) and kale [111]. It has gained attention for its potential health benefits,
including its ability to inhibit HDAC2 activity [112,113]. In the context of breast cancer, a
dietary regimen of genistein and BSp in combination has been shown effective in reducing
mammary tumor incidence and delaying tumor latency in a spontaneous breast cancer
mouse model [86]. The combination of GE and SFN downregulated HDAC2 protein levels
in breast cancer cells. This suggests that the combined action of GE and SFN can influence
gene expression in breast cancer cells by modulating HDAC2 activity, thereby affecting
immune response [86].

4.6.3. Chrysin and Its Analogues

Chrysin and its analogues are a group of polyphenolic compounds found in various
dietary sources such as fruits, vegetables, olive oil, tea, and red wine [114]. The cytotoxic
effects of chrysin have been shown against a wide range of cancer cell lines, including
BC (MCF-7, MDA-MB-231), colon cancer (Lovo, DLD-1), and prostate cancer cells [87,88].
It is able to induce G1 cell cycle arrest and inhibit the activity of HDACs, specifically
HDAC2 [89]. Moreover, polyphenolic compounds could promote the growth of SCFA-
producer Lachnoclostridium [21], consequently modulating immune response.

4.6.4. Resveratrol (RSV)

RSV is also a polyphenol abundant in grape skin and seeds. It also presents in other
food sources such as apples, blueberries, mulberries, peanuts, pistachios, plums, and red
wine [90]. RSV has numerous beneficial properties of anti-glycosylation, anti-inflammation,
anti-neurodegeneration, and antioxidation in various types of cancer [91]. One intriguing
aspect of RSV is its proposed potential as a pan-HDAC inhibitor [92]. Studies have shown
that RSV can inhibit the growth of BC cells (MCF-7 and MDA-MB-231) by inhibiting the
activity of HDAC2 in a dose-dependent manner [93].
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4.6.5. Oleuropein (OLE)

OLE is a polyphenolic compound in virgin olive oil with antineoplastic properties and
it is well tolerated by humans [94]. Studies have shown that OLE can reduce progression,
invasion, and proliferation of breast cancer cells by suppressing the activity of both HDAC2
and HDAC3 [95]. However, OLE exhibits little negative effect on normal breast epithelial
cells, suggesting a potential selectivity towards BC cells and its potential for BC patients
receiving ICIs therapy [95].

4.6.6. Curcumin

Curcumin, a lipophilic polyphenol derived from turmeric (Curcuma longa), has been
extensively studied for its diverse health-promoting properties, including antioxidant, anti-
inflammatory, hepatoprotective, anti-atherosclerotic, and antidiabetic effects [96]. Moreover,
curcumin has been investigated for its potential as an HDAC inhibitor in MCF-7 and MDA-
MB-231 cells [97], showing inhibitive effects on both HDAC activity and the expression of
HDAC 1 and 2 in a dose-dependent manner [97].

4.6.7. Valeric Acid

Valerian (Valeriana officinalis) is a medicated diet that has been commonly used in
cooking soup by some ethnic minorities in China for hundreds of years for restoring
and balancing body energy [98]. Valeric acid, a major active component of valerian, has
been identified as a potential HDAC inhibitor with anti-cancer effects on liver and breast
cancer [98]. A study reported that valeric acid significantly decreases HDAC2 activity in
treated breast cancer cells and may lead to alterations of DNA methylation [99].

4.6.8. Rh4

Ginseng is also a typical medicated diet item and is commonly used for making cuisine
mainly in Asia. It is also a traditional Chinese herb with multiple biological effects. One
of its components, Rh4, has been identified as a rare ginsenoside with potential inhibitive
effects on the development of various cancers [100]. Rh4 can inhibit the expression of
PD-L1 by regulating HDAC2-mediated JAK/STAT in breast cancer cells [101]. In addition,
a study of the binding of Rh4 and HDAC2 suggests a high binding affinity existing between
Rh4 and HDAC2, indicating the potential of ginseng as a dietary intervention for BC
patients [101].

4.6.9. Butyrate (NaB)

NaB, a short-chain fatty acid generated via the fermentation of dietary fiber by the
colonic microbiota, has shown anticancer activities mediated through HDACi [102]. NaB
is primarily derived from undigested dietary carbohydrates, such as resistant starch and
dietary fiber and, to a lesser extent, from dietary and endogenous proteins [103,104]. Studies
have demonstrated that treatment with NaB, when combined with retinoids, enhances the
inhibition of breast cancer cell proliferation [105]. Furthermore, the combination of butyrate
with tumor necrosis factor-α (TNF-α), tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL), and anti-Fas agonist has been found to strongly induce apoptosis, leading
to a significant decrease in the viability of breast cancer cells [106]. The action of NaB is
often mediated through Sp1/Sp3 binding sites (e.g., p21 (Waf1/Cip1)). Both Sp1 and Sp3
were associated with HDAC activity in human breast cancer cells. And Sp1 and Sp3 recruit
HDAC1 and HDAC2, with the latter being phosphorylated by protein kinase CK2 [115].
CK2 is upregulated in several cancers including breast cancer, which may promote breast
cancer by deregulating key transcription processes [115].

4.6.10. Other Potential Candidates

Some other dietary compounds have also been identified as HDAC2i in other cancer
types. For instance, green tea and its bioactive components, especially polyphenols, possess
many health-promoting and disease-preventing benefits with anti-inflammatory, antimuta-
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genic, antioxidant, and anticancer properties, but have no significant toxicity on normal
cells in vivo. It has the potential as an effective chemotherapeutic agent for cancer preven-
tion and treatment through various cellular, molecular, and biochemical mechanisms [116].
The major polyphenol components of green tea are (-)-epigallocatechin-3-gallate (EGCG),
(-)-epigallocatechin (EGC), (-)-epicatechin-3-gallate (ECG) and (-)-epicatechin (EC) [116].
One of the molecular mechanisms underlying the anticancer effects of green tea polyphenols
(GTPs) is HDAC2 inhibition [107]. Another study presented GTPs suppressed melanoma
via regulating the circ_MITF/miR-30e-3p/HDAC2 axis [108]. Rosmarinic acid (RA), a main
phenolic compound in rosemary, presents anti-inflammatory, anti-oxidant, and anti-cancer
effects [109]. RA induced cell cycle arrest and apoptosis through modulation of HDAC2
expression in prostate cancer [109]. In addition, ursolic acid (UA) is a well-known natural
triterpenoid abundant in apple peels, basil (Ocimum basilicum), blueberries (Vaccinium
spp.), cranberries (Vaccinium macrocarpon), heather flowers (Calluna vulgaris), Labrador tea
(Ledum groenlandicum Retzius), olives (Olea europaea), pears (Pyrus pyrifolia), and rosemary
(Rosmarinus officinalis). A study reported that UA reduced the expression of epigenetic
modifying enzymes, including DNA methyltransferases DNMT1 and DNMT3a and histone
deacetylases (HDACs) HDAC1, HDAC2, HDAC3 and HDAC8 (Class I), and HDAC6 and
HDAC7 (Class II), and HDAC activity [110]. Given that fungal Neurospora crassa contains
enriched retinal, and flavin adenine dinucleotide (FAD) or flavin mononucleotide (FMN),
showing tumor growth inhibition of breast cancer [117,118], it will be interesting to explore
whether N. crassa has potential as an adjuvant of ICIs. Overall, these dietary compounds
mentioned above can also be considered as potential candidates. However, their HDAC2
inhibitory effects should be further confirmed and evaluated in breast cancer cells.

4.7. Potential Approaches of Taking Bioactive Compound

For enhancing absorption efficiency and therefore improving the potential health
benefits and biological activities of certain bioactive compounds, many means of application
have been developed [119]. Some of them might provide a better way for BC patients
receiving ICIs to gain HDAC2i efficiently. However, it is important to emphasize that
thorough exploration in this area is still a pressing necessity.

a. Nutraceuticals and Dietary Supplements

Many bioactive compounds with antioxidant or anti-inflammatory properties, found in
certain fruits or vegetables, have been produced as nutraceuticals and dietary supplements
for taking them more conveniently and easily [65]. Moreover, nutraceuticals and dietary
supplements have been found to maintain excellent safety levels [120]. For instance,
anthocyanins from berries, flavonols from dark chocolate, and resveratrol from red grapes
have been widely used as consumed nutraceuticals [121]. Hence, dietary HDAC2i can be
potentially produced as nutraceuticals and dietary supplements for clinical use.

b. Nanotechnology and Drug Delivery

Bioactive compounds can also be incorporated into well-designed nanoparticles for
targeted drug delivery, enhancing drug efficacy and reducing side effects [122]. For instance,
theracurmin, a curcumin formulation consisting of dispersed curcumin with colloidal
nanoparticles, possesses significantly improved bioavailability and therapeutic efficacy
for treating osteoarthritis, compared to turmeric powder monotherapy [123–125]. More
specifically, by adding nanoparticles, theracurmin was shown to have greater bioavailability
than turmeric powder by 40 fold in rats and 27 fold higher in humans [125], and to have
fewer side effects [123]. Moreover, many nanoparticles have already been developed for
specific targeted delivery to breast cancer cells with excellent safety, such as Cur-Dox-NPs
(selective co-delivery of doxorubicin and curcumin), FeAC-DOX@PC-HCQ NPs, DHAPN,
and Opaxio™ [126–128]. Thus, this approach has potential for widespread utilization
among BC patients seeking HDAC2 inhibitors. Nevertheless, it is essential to emphasize
that substantial research is imperative to substantiate its feasibility and efficacy.

c. Pharmaceuticals and Medicinal Products
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Some bioactive compounds can be isolated and developed into pharmaceutical drugs
to efficiently improve their therapeutic effect [129]. For instance, curcumin, a bioactive
compound that has been found to possess multiple biological regulatory functions, has
been successfully isolated from plant curcuma aromatica salisb for treating different types
of cancer, including BC [130,131]. Moreover, paclitaxel, an efficient anti-cancer tricyclic
diterpenoid compound, was also originally isolated from the plant Taxus brevifolia and
subsequently synthesized for cancer treatment [132]. Therefore, plants containing HDAC2i
may also be generated as pharmaceuticals and medicinal products.

d. Phytotherapy and Traditional Medicine

Phytotherapy and traditional medicine have been widely applied in treating various
of diseases [133,134]. They are natural, with relatively low irritation and side effects on
the human body, and can also be utilized in combination with other treatment [135,136].
Moreover, evidence has proven that these therapeutic approaches can help to enhance
the therapeutic effect of anti-cancer treatment, such as chemotherapy [137]. Normally,
patients can achieve certain active ingredients of nutrients by decocting herbal plants. For
instance, valeric acid, the dietary HDAC2i mentioned above can be obtained by a traditional
Chinese medicine decoction containing the valerian herb [98,99]. Thus, phytotherapy (or
traditional medicine) seems to be a reliable way for patients to take HDAC2i. However, the
effectiveness of these methods for absorbing HDAC2i needs more evaluation.

4.8. Nutrients That May Impair the Therapeutic Effect of ICIs

Even some dietary items that contain HDAC2i may improve the efficiency of ICIs,
while other nutrients of diets that can potentially hamper the therapeutic effect of such
therapy should also be noted [138]. Hence, those nutrients have been summarized below
in order to emphasize the potential risks and provoke further exploration on their specific
mechanisms and exact interactions.

a. Omega-3 Fatty Acids

Omega-3 fatty acids, commonly present in fish oil and certain plant sources, possess
anti-inflammatory properties and are essential for synthesizing hormones and endogenous
substances [139]. Natural killer (NK) cells are innate lymphocytes responsible for orches-
trating immune responses against tumors and viruses [140]. Fish oil supplementation was
found to decrease NK cell activity, which rebounded after supplementation ceased [141].
Notably, the age of individuals might influence the impact of omega-3 supplementation on
NK cells [141]. Therefore, excessive consumption of omega-3 fatty acids has been consid-
ered to potentially hamper the normal function of immunity, which might further dampen
the efficacy of ICIs. Thus, an appropriate amount of omega-3 intake is important for BC
patients receiving ICIs. Of course, the exact mechanisms and interactions should be further
explored.

b. Vitamins

Vitamins are a type of trace organic substance obtained from food that can maintain
normal physiological functions in humans [142]. Vitamins participate in the biochemical
reactions of the human body and regulate metabolic functions, including immunity [143].
Deficiency or over intake of certain vitamins has been found to impair anti-cancer immunity,
therefore affecting the efficiency of ICIs [138]. For instance, vitamin D has shown the
ability to elevate the T-regulatory (Treg)/T-helper 17 (Th-17) cell ratio, leading to immune
suppression and contributing to the onset of immune-related adverse events (irAEs),
indicating its potential risk for patients receiving ICI therapy [144,145]. Moreover, vitamin
A has also been reported to suppress the expression of PD-L1 causing cancer resistance to
PD-1/PD-L1 blockade therapy [146,147]. In addition, evidence has shown that vitamin B6
can suppress PD-L1 expression and block the PD-1/PD-L1 signaling pathway [148]. Thus,
extra attention is required when administrating vitamin supplementation for breast cancer
patients receiving ICIs. More research is also indispensable in this field.
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c. Probiotics

Probiotics, including bacteria and yeast, are living microorganisms [149,150]. Some
of them have been commonly utilized to promote gut health, closely intertwined with
immune function [149,150]. Recent evidence has newly pointed out that an excessive
immune response in the gut induced by overconsumption of probiotics might constrain
the systemic immune reaction necessary for the optimal efficacy of ICIs [151,152]. Briefly,
a clinical study involving 46 melanoma patients indicated that taking over-the-counter
probiotic supplements (for unrelated conditions) was linked to a 70% reduction in response
rate to ICI treatment [152]. Therefore, probiotics should be approached cautiously in BC
patients undergoing immunotherapy.

d. High-Fiber Diets

Fiber-rich diets primarily comprise two essential elements: soluble fiber and insolu-
ble fiber. These vital components are found in an array of plant-based foods, including
legumes, whole grains, cereals, vegetables, fruits, nuts, and seeds. Dietary fiber is com-
posed of non-starch polysaccharides and various plant constituents like cellulose, resistant
starch, and resistant dextrins [153]. High-fiber diets have been considered to modulate the
gut microbiota and influence immune responses [154]. While a diverse gut microbiome
is generally associated with better health, certain bacterial metabolites produced from
high-fiber diets could potentially hamper the efficiency of ICIs [155]. More specifically,
evidence has shown that, in non-small cell lung cancer patients, notably increased serum
indoleamine-2,3-dioxygenase (IDO) levels, which were potentially produced by high-fiber
diets, induced primary resistance to ICI treatment [155]. Thus, such bacterial metabo-
lites might play a pivotal role in ICI resistance [155]. Therefore, the overall benefits of a
high-fiber diet should be considered in balance.

e. Ketogenic diet

The ketogenic diet (KD) is characterized by high fat, low to moderate protein, and very
low carbohydrate intake [156]. Evidence has shown that KD can lead to a downregulation
of CTLA-4 and PD-1 expression on tumor-infiltrating lymphocytes (TILs), as well as PD-L1
expression on glioblastoma cells in animal models [157]. Also, it has been observed that the
ketogenic diet KD can lead to the downregulation of cell membrane-associated PD-L1 [158].
Therefore, KD has the potential to reduce the effectiveness of PD-1/PD-L1 blockade therapy
and should be avoided by patients using PD-1/PD-L1 inhibitors.

f. Protein-restricted diet

A low-protein diet serves as a therapeutic approach for managing inherited metabolic
disorders like phenylketonuria and homocystinuria. Additionally, it can be employed in
the treatment of kidney or liver ailments. Furthermore, a reduced intake of protein has
been observed to potentially lower the risk of bone fractures, likely due to alterations in
calcium [159]. Notably, recent studies have found that the deprivation of glutamine, a
building block of proteins, can reduce PD-1 expression, indicating the potential to suppress
the efficiency of PD-1 inhibitors [160].

5. Conclusions

According to recent data, the number of new cases of BC has accounted for about
11.7% of all malignant tumors. It has surpassed lung cancer as the most common malignant
tumor, and its mortality rate has ranked among the top five of all malignant tumors [118].
In an effort to cure BC patients, ICIs (e.g., PD-1/PD-L1 inhibitors) have been introduced.
However, it is still a challenge to provide durable and ideal clinical benefits and cure BC
patients. Thus, novel ICI-based therapeutic strategies in combination have been studied to
further improve the effect of treatment, such as HDAC2i plus a PD-1/PD-L1 inhibitor.

Dietary intervention, as a supportive therapy, is able to function as an HDAC2i through
daily intake for cancer patients. An HDAC2i can suppress IFN-γ-induced PD-L1 expression
and inhibit the process of PD-L1 nuclear translocation. Thus, a diet-derived HDAC2i has
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the potential to improve the clinical outcomes of BC patients, especially for those who are
taking PD-1/PD-L1 inhibitors. Furthermore, to the best of our knowledge, there are still no
relevant clinical guidelines on the application of an HDAC2i-containing diet for patients,
especially for BC patients receiving ICIs. For such a group of patients, this novel dietary
therapy can not only provide new dietary options but also may improve their clinical
outcomes.

To sum up, multiple anti-cancer and immunomodulatory effects of HDAC2i guarantee
future research into investigating such a novel dietary intervention for BC patients receiving
ICIs. The potential of diet to enhance the therapeutic effect of ICIs is still to be fully
evaluated. Certainly, further research is also required to identify more HDAC2i-containing
foods for more dietary choices.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu15183984/s1.

Author Contributions: R.H. independently created the original concept of this paper; R.H. and Y.W.
completed the original draft; R.H. conducted the analysis and created the figures; H.R. and Y.W.
created the tables; R.H. reviewed and edited the manuscript with the help of L.L., C.L. and P.Z.;
visualization, R.H.; supervision, R.H.; project administration, R.H.; funding acquisition, R.H. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the “National Natural Science Foundation of China
(Youth foundation) (No.82204864)” project (to Rui Han), and “Basic and Applied Basic Research on
Municipal School (College) Joint Funding Projects (Guangzhou municipal science and technology
bureau) (No.202201020252)” project (to Rui Han).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tao, X.; Li, T.; Gandomkar, Z.; Brennan, P.C.; Reed, W.M. Incidence, mortality, survival, and disease burden of breast cancer in
China compared to other developed countries. Asia-Pac. J. Clin. Oncol. 2023. [CrossRef] [PubMed]

2. Bazzi, T.; Al-Husseini, M.; Saravolatz, L.; Kafri, Z. Trends in Breast Cancer Incidence and Mortality in the United States From
2004-2018: A Surveillance, Epidemiology, and End Results (SEER)-Based Study. Cureus 2023, 15, e37982. [CrossRef] [PubMed]

3. Pedersini, R.; di Mauro, P.; Bosio, S.; Zanini, B.; Zanini, A.; Amoroso, V.; Turla, A.; Vassalli, L.; Ardine, M.; Monteverdi, S.; et al.
Changes in eating habits and food preferences in breast cancer patients undergoing adjuvant chemotherapy. Sci. Rep. 2021, 11,
12975. [CrossRef] [PubMed]

4. Taylor, C.; McGale, P.; Probert, J.; Broggio, J.; Charman, J.; Darby, S.C.; Kerr, A.J.; Whelan, T.; Cutter, D.J.; Mannu, G.; et al. Breast
cancer mortality in 500 000 women with early invasive breast cancer in England, 1993–2015: Population based observational
cohort study. BMJ 2023, 381, e074684. [CrossRef]

5. Bertucci, F.; Gonçalves, A. Immunotherapy in Breast Cancer: The Emerging Role of PD-1 and PD-L1. Curr. Oncol. Rep. 2017, 19, 64.
[CrossRef]

6. Lu, L.; Bai, Y.; Wang, Z. Elevated T cell activation score is associated with improved survival of breast cancer. Breast Cancer Res.
Treat. 2017, 164, 689–696. [CrossRef] [PubMed]

7. Jacob, S.L.; Huppert, L.A.; Rugo, H.S. Role of Immunotherapy in Breast Cancer. JCO Oncol. Pract. 2023, 19, 167–179. [CrossRef]
8. Hattori, M.; Masuda, N.; Takano, T.; Tsugawa, K.; Inoue, K.; Matsumoto, K.; Ishikawa, T.; Itoh, M.; Yasojima, H.; Tanabe, Y.; et al.

Pembrolizumab plus chemotherapy in Japanese patients with triple-negative breast cancer: Results from KEYNOTE-355. Cancer
Med. 2023, 12, 10280–10293. [CrossRef]

9. Downs-Canner, S.; Mittendorf, E.A. Correction: Preoperative Immunotherapy Combined with Chemotherapy for Triple-Negative
Breast Cancer: Perspective on the KEYNOTE-522 Study. Ann. Surg. Oncol. 2023, 30, 3286. [CrossRef]

10. Khalid, A.B.; Calderon, G.; Jalal, S.I.; Durm, G.A. Physician Awareness of Immune-Related Adverse Events of Immune Checkpoint
Inhibitors. Breast Cancer Res. Treat 2022, 20, 1316–1320. [CrossRef]

11. Gumusay, O.; Callan, J.; Rugo, H.S. Immunotherapy toxicity: Identification and management. Breast Cancer Res. Treat. 2022, 192,
1–17. [CrossRef] [PubMed]

88



Nutrients 2023, 15, 3984

12. Liu, S.; Zhao, S.; Dong, Y.; Wang, T.; Niu, X.; Zhao, L.; Wang, G. Antitumor activity and mechanism of resistance of the novel
HDAC and PI3K dual inhibitor CUDC-907 in pancreatic cancer. Cancer Chemother. Pharmacol. 2021, 87, 415–423. [CrossRef]
[PubMed]

13. Garmpis, N.; Damaskos, C.; Dimitroulis, D.; Kouraklis, G.; Garmpi, A.; Sarantis, P.; Koustas, E.; Patsouras, A.; Psilopatis, I.;
Antoniou, E.A.; et al. Clinical Significance of the Histone Deacetylase 2 (HDAC-2) Expression in Human Breast Cancer. J. Pers.
Med. 2022, 12, 1672. [CrossRef] [PubMed]

14. Shan, W.; Jiang, Y.; Yu, H.; Huang, Q.; Liu, L.; Guo, X.; Li, L.; Mi, Q.; Zhang, K.; Yang, Z. HDAC2 overexpression correlates
with aggressive clinicopathological features and DNA-damage response pathway of breast cancer. Am. J. Cancer Res. 2017, 7,
1213–1226.

15. Zhao, H.; Yu, Z.; Zhao, L.; He, M.; Ren, J.; Wu, H.; Chen, Q.; Yao, W.; Wei, M. HDAC2 overexpression is a poor prognostic factor
of breast cancer patients with increased multidrug resistance-associated protein expression who received anthracyclines therapy.
Jpn. J. Clin. Oncol. 2016, 46, 893–902. [CrossRef]

16. Maccallini, C.; Ammazzalorso, A.; De Filippis, B.; Fantacuzzi, M.; Giampietro, L.; Amoroso, R. HDAC Inhibitors for the Therapy
of Triple Negative Breast Cancer. Pharmaceuticals 2022, 15, 667. [CrossRef]

17. Li, Y.; Seto, E. HDACs and HDAC Inhibitors in Cancer Development and Therapy. Cold Spring Harb. Perspect. Med. 2016, 6,
a026831. [CrossRef]

18. Xu, P.; Xiong, W.; Lin, Y.; Fan, L.; Pan, H.; Li, Y. Histone deacetylase 2 knockout suppresses immune escape of triple-negative
breast cancer cells via downregulating PD-L1 expression. Cell Death Dis. 2021, 12, 779. [CrossRef]

19. Gao, Y.; Nihira, N.T.; Bu, X.; Chu, C.; Zhang, J.; Kolodziejczyk, A.; Fan, Y.; Chan, N.T.; Ma, L.; Liu, J.; et al. Acetylation-dependent
regulation of PD-L1 nuclear translocation dictates the efficacy of anti-PD-1 immunotherapy. Nat. Cell Biol. 2020, 22, 1064–1075.
[CrossRef]

20. Bassett, S.A.; Barnett, M.P.G. The Role of Dietary Histone Deacetylases (HDACs) Inhibitors in Health and Disease. Nutrients 2014,
6, 4273–4301. [CrossRef]

21. Zhu, G.; Su, H.; Johnson, C.H.; Khan, S.A.; Kluger, H.; Lu, L. Intratumour microbiome associated with the infiltration of cytotoxic
CD8+ T cells and patient survival in cutaneous melanoma. Eur. J. Cancer 2021, 151, 25–34. [CrossRef] [PubMed]

22. Limon-Miro, A.T.; Lopez-Teros, V.; Astiazaran-Garcia, H. Dietary Guidelines for Breast Cancer Patients: A Critical Review. Adv.
Nutr. Int. Rev. J. 2017, 8, 613–623. [CrossRef] [PubMed]

23. Seo, J.; Min, S.K.; Park, H.-R.; Kim, D.H.; Kwon, M.J.; Kim, L.S.; Ju, Y.-S. Expression of Histone Deacetylases HDAC1, HDAC2,
HDAC3, and HDAC6 in Invasive Ductal Carcinomas of the Breast. J. Breast Cancer 2014, 17, 323–331. [CrossRef]

24. Muller, B.M.; Jana, L.; Kasajima, A.; Lehmann, A.; Prinzler, J.; Budczies, J.; Winzer, K.-J.; Dietel, M.; Weichert, W.; Denkert, C.
Differential expression of histone deacetylases HDAC1, 2 and 3 in human breast cancer—Overexpression of HDAC2 and HDAC3
is associated with clinicopathological indicators of disease progression. BMC Cancer 2013, 13, 215. [CrossRef]

25. Long, M.; Hou, W.; Liu, Y.; Hu, T. A Histone Acetylation Modulator Gene Signature for Classification and Prognosis of Breast
Cancer. Curr. Oncol. 2021, 28, 928–939. [CrossRef] [PubMed]

26. Choi, S.R.; Hwang, C.Y.; Lee, J.; Cho, K.-H. Network Analysis Identifies Regulators of Basal-Like Breast Cancer Reprogramming
and Endocrine Therapy Vulnerability. Cancer Res. 2022, 82, 320–333. [CrossRef]

27. Harms, K.L.; Chen, X. Histone Deacetylase 2 Modulates p53 Transcriptional Activities through Regulation of p53-DNA Binding
Activity. Cancer Res. 2007, 67, 3145–3152. [CrossRef]

28. He, X.-H.; Zhu, W.; Yuan, P.; Jiang, S.; Li, D.; Zhang, H.-W.; Liu, M.-F. miR-155 downregulates ErbB2 and suppresses ErbB2-
induced malignant transformation of breast epithelial cells. Oncogene 2016, 35, 6015–6025. [CrossRef]

29. Jo, H.; Shim, K.; Kim, H.-U.; Jung, H.S.; Jeoung, D. HDAC2 as a target for developing anti-cancer drugs. Comput. Struct. Biotechnol.
J. 2023, 21, 2048–2057. [CrossRef]

30. Biçaku, E.; Marchion, D.C.; Schmitt, M.L.; Münster, P.N. Selective Inhibition of Histone Deacetylase 2 Silences Progesterone
Receptor–Mediated Signaling. Cancer Res. 2008, 68, 1513–1519. [CrossRef]

31. Marchion, D.C.; Bicaku, E.; Turner, J.G.; Schmitt, M.L.; Morelli, D.R.; Munster, P.N. HDAC2 regulates chromatin plasticity and
enhances DNA vulnerability. Mol. Cancer Ther. 2009, 8, 794–801. [CrossRef] [PubMed]

32. Zhang, Z.; Qiu, N.; Yin, J.; Zhang, J.; Liu, H.; Guo, W.; Liu, M.; Liu, T.; Chen, D.; Luo, K.; et al. SRGN crosstalks with YAP to
maintain chemoresistance and stemness in breast cancer cells by modulating HDAC2 expression. Theranostics 2020, 10, 4290–4307.
[CrossRef] [PubMed]

33. Masoumi, E.; Tahaghoghi-Hajghorbani, S.; Jafarzadeh, L.; Sanaei, M.-J.; Pourbagheri-Sigaroodi, A.; Bashash, D. The application
of immune checkpoint blockade in breast cancer and the emerging role of nanoparticle. J. Control. Release 2021, 340, 168–187.
[CrossRef] [PubMed]

34. Isaacs, J.; Anders, C.; McArthur, H.; Force, J. Biomarkers of Immune Checkpoint Blockade Response in Triple-Negative Breast
Cancer. Curr. Treat. Options Oncol. 2021, 22, 38. [CrossRef] [PubMed]

35. Lu, L.; Risch, E.; Halaban, R.; Zhen, P.; Bacchiocchi, A.; Risch, H.A. Dynamic changes of circulating soluble PD-1/PD-L1 and its
association with patient survival in immune checkpoint blockade-treated melanoma. Int. Immunopharmacol. 2023, 118, 110092.
[CrossRef] [PubMed]

36. Fan, Z.; Wu, C.; Chen, M.; Jiang, Y.; Wu, Y.; Mao, R.; Fan, Y. The generation of PD-L1 and PD-L2 in cancer cells: From nuclear
chromatin reorganization to extracellular presentation. Acta Pharm. Sin. B 2022, 12, 1041–1053. [CrossRef]

89



Nutrients 2023, 15, 3984

37. Xiong, W.; Gao, Y.; Wei, W.; Zhang, J. Extracellular and nuclear PD-L1 in modulating cancer immunotherapy. Trends Cancer 2021,
7, 837–846. [CrossRef]

38. Koh, Y.W.; Han, J.-H.; Haam, S.; Lee, H.W. HIP1R Expression and Its Association with PD-1 Pathway Blockade Response in
Refractory Advanced NonSmall Cell Lung Cancer: A Gene Set Enrichment Analysis. J. Clin. Med. 2020, 9, 1425. [CrossRef]

39. Muenst, S.; Schaerli, A.R.; Gao, F.; Däster, S.; Trella, E.; Droeser, R.A.; Muraro, M.G.; Zajac, P.; Zanetti, R.; Gillanders, W.E.; et al.
Expression of programmed death ligand 1 (PD-L1) is associated with poor prognosis in human breast cancer. Breast Cancer Res.
Treat. 2014, 146, 15–24. [CrossRef]

40. Lotfinejad, P.; Kazemi, T.; Safaei, S.; Amini, M.; Baghbani, E.; Shotorbani, S.S.; Niaragh, F.J.; Derakhshani, A.; Shadbad, M.A.;
Silvestris, N. PD-L1 silencing inhibits triple-negative breast cancer development and upregulates T-cell-induced pro-inflammatory
cytokines. Biomed. Pharmacother. 2021, 138, 111436. [CrossRef]

41. Setordzi, P.; Chang, X.; Liu, Z.; Wu, Y.; Zuo, D. The recent advances of PD-1 and PD-L1 checkpoint signaling inhibition for breast
cancer immunotherapy. Eur. J. Pharmacol. 2021, 895, 173867. [CrossRef] [PubMed]

42. Schmid, P.; Adams, S.; Rugo, H.S.; Schneeweiss, A.; Barrios, C.H.; Iwata, H.; Diéras, V.; Hegg, R.; Im, S.-A.; Shaw Wright, G.; et al.
Atezolizumab and Nab-Paclitaxel in Advanced Triple-Negative Breast Cancer. N. Engl. J. Med. 2018, 379, 2108–2121. [CrossRef]
[PubMed]

43. Minn, A.J.; Wherry, E.J. Combination Cancer Therapies with Immune Checkpoint Blockade: Convergence on Interferon Signaling.
Cell 2016, 165, 272–275. [CrossRef] [PubMed]

44. Abiko, K.; Matsumura, N.; Hamanishi, J.; Horikawa, N.; Murakami, R.; Yamaguchi, K.; Yoshioka, Y.; Baba, T.; Konishi, I.; Mandai,
M. IFN-γ from lymphocytes induces PD-L1 expression and promotes progression of ovarian cancer. Br. J. Cancer 2015, 112,
1501–1509. [CrossRef] [PubMed]

45. Bouhet, S.; Lafont, V.; Billard, E.; Gross, A.; Dornand, J. The IFNgamma-induced STAT1-CBP/P300 association, required for
a normal response to the cytokine, is disrupted in Brucella-infected macrophages. Microb. Pathog. 2009, 46, 88–97. [CrossRef]
[PubMed]

46. Nakayama, Y.; Mimura, K.; Tamaki, T.; Shiraishi, K.; Kua, L.-F.; Koh, V.; Ohmori, M.; Kimura, A.; Inoue, S.; Okayama, H.; et al.
Phospho-STAT1 expression as a potential biomarker for anti-PD-1/anti-PD-L1 immunotherapy for breast cancer. Int. J. Oncol.
2019, 54, 2030–2038. [CrossRef]

47. Calder, P.C. Foods to deliver immune-supporting nutrients. Curr. Opin. Food Sci. 2022, 43, 136–145. [CrossRef]
48. Calder, P.C.; Carr, A.G.; Gombart, A.F.; Eggersdorfer, M. Reply to Comment on: Optimal Nutritional Status for a Well-Functioning

Immune System Is an Important Factor to Protect against Viral Infections. Nutrients 2020, 12, 1181. [CrossRef]
49. Chen, O.; Mah, E.; Dioum, E.; Marwaha, A.; Shanmugam, S.; Malleshi, N.; Sudha, V.; Gayathri, R.; Unnikrishnan, R.; Anjana,

R.M.; et al. The Role of Oat Nutrients in the Immune System: A Narrative Review. Nutrients 2021, 13, 1048. [CrossRef]
50. Noor, S.; Piscopo, S.; Gasmi, A. Nutrients Interaction with the Immune System. Arch. Razi. Inst. 2021, 76, 1579–1588. [CrossRef]
51. Kichloo, A.; Albosta, M.; Dahiya, D.; Guidi, J.C.; Aljadah, M.; Singh, J.; Shaka, H.; Wani, F.; Kumar, A.; Lekkala, M. Systemic

adverse effects and toxicities associated with immunotherapy: A review. World J. Clin. Oncol. 2021, 12, 150–163. [CrossRef]
52. Ticinesi, A.; Nouvenne, A.; Chiussi, G.; Castaldo, G.; Guerra, A.; Meschi, T. Calcium Oxalate Nephrolithiasis and Gut Microbiota:

Not just a Gut-Kidney Axis. A Nutritional Perspective. Nutrients 2020, 12, 548. [CrossRef]
53. Taraszewska, A. Risk factors for gastroesophageal reflux disease symptoms related to lifestyle and diet. Rocz Panstw Zakl Hig

2021, 72, 21–28. [CrossRef] [PubMed]
54. Jadhav, A.; Bajaj, A.; Xiao, Y.; Markandey, M.; Ahuja, V.; Kashyap, P.C. Role of Diet–Microbiome Interaction in Gastrointestinal

Disorders and Strategies to Modulate Them with Microbiome-Targeted Therapies. Annu. Rev. Nutr. 2023, 43, 355–383. [CrossRef]
55. Campmans-Kuijpers, M.J.E.; Dijkstra, G. Food and Food Groups in Inflammatory Bowel Disease (IBD): The Design of the

Groningen Anti-Inflammatory Diet (GrAID). Nutrients 2021, 13, 1067. [CrossRef] [PubMed]
56. Tolkien, K.; Bradburn, S.; Murgatroyd, C. An anti-inflammatory diet as a potential intervention for depressive disorders: A

systematic review and meta-analysis. Clin. Nutr. 2019, 38, 2045–2052. [CrossRef] [PubMed]
57. De Groot, S.; Lugtenberg, R.T.; Cohen, D.; Welters, M.J.P.; Ehsan, I.; Vreeswijk, M.P.G.; Smit, V.T.H.B.M.; de Graaf, H.; Heijns, J.B.;

Portielje, J.E.A.; et al. Fasting mimicking diet as an adjunct to neoadjuvant chemotherapy for breast cancer in the multicentre
randomized phase 2 DIRECT trial. Nat. Commun. 2020, 11, 3083. [CrossRef] [PubMed]

58. Arends, J.; Baracos, V.; Bertz, H.; Bozzetti, F.; Calder, P.C.; Deutz, N.E.P.; Erickson, N.; Laviano, A.; Lisanti, M.P.; Lobo, D.N.; et al.
ESPEN expert group recommendations for action against cancer-related malnutrition. Clin. Nutr. 2017, 36, 1187–1196. [CrossRef]

59. Cheng, Y.; Zhang, J.; Zhang, L.; Wu, J.; Zhan, Z. Enteral immunonutrition versus enteral nutrition for gastric cancer patients
undergoing a total gastrectomy: A systematic review and meta-analysis. BMC Gastroenterol. 2018, 18, 11. [CrossRef]

60. Greathouse, K.L.; Wyatt, M.; Johnson, A.J.; Toy, E.P.; Khan, J.M.; Dunn, K.; Clegg, D.J.; Reddy, S. Diet-microbiome interactions in
cancer treatment: Opportunities and challenges for precision nutrition in cancer. Neoplasia 2022, 29, 100800. [CrossRef]

61. Owen, L.; Corfe, B. The role of diet and nutrition on mental health and wellbeing. Proc. Nutr. Soc. 2017, 76, 425–426. [CrossRef]
[PubMed]

62. Berding, K.; Vlckova, K.; Marx, W.; Schellekens, H.; Stanton, C.; Clarke, G.; Jacka, F.; Dinan, T.G.; Cryan, J.F. Diet and the
Microbiota–Gut–Brain Axis: Sowing the Seeds of Good Mental Health. Adv. Nutr. Int. Rev. J. 2021, 12, 1239–1285. [CrossRef]
[PubMed]

90



Nutrients 2023, 15, 3984

63. Carreira, H.; Williams, R.; Müller, M.; Harewood, R.; Stanway, S.; Bhaskaran, K. Associations Between Breast Cancer Survivorship
and Adverse Mental Health Outcomes: A Systematic Review. J. Natl. Cancer Inst. 2018, 110, 1311–1327. [CrossRef] [PubMed]

64. Fanakidou, I.; Zyga, S.; Alikari, V.; Tsironi, M.; Stathoulis, J.; Theofilou, P. Mental health, loneliness, and illness perception
outcomes in quality of life among young breast cancer patients after mastectomy: The role of breast reconstruction. Qual. Life Res.
2018, 27, 539–543. [CrossRef] [PubMed]

65. Martínez-Garay, C.; Djouder, N. Dietary interventions and precision nutrition in cancer therapy. Trends Mol. Med. 2023, 29,
489–511. [CrossRef]

66. Vernieri, C.; Casola, S.; Foiani, M.; Pietrantonio, F.; De Braud, F.; Longo, V. Targeting Cancer Metabolism: Dietary and Pharmaco-
logic Interventions. Cancer Discov. 2016, 6, 1315–1333. [CrossRef]

67. Bose, S.; Allen, A.E.; Locasale, J.W. The Molecular Link from Diet to Cancer Cell Metabolism. Mol. Cell 2020, 78, 1034–1044.
[CrossRef]

68. Locasale, J.W. Diet and Exercise in Cancer Metabolism. Cancer Discov. 2022, 12, 2249–2257. [CrossRef]
69. Morita, M.; Kudo, K.; Shima, H.; Tanuma, N. Dietary intervention as a therapeutic for cancer. Cancer Sci. 2021, 112, 498–504.

[CrossRef]
70. Patra, S.; Pradhan, B.; Nayak, R.; Behera, C.; Das, S.; Patra, S.K.; Efferth, T.; Jena, M.; Bhutia, S.K. Dietary polyphenols in

chemoprevention and synergistic effect in cancer: Clinical evidences and molecular mechanisms of action. Phytomedicine 2021, 90,
153554. [CrossRef]

71. Zhou, Y.; Li, H. Neurological adverse events associated with PD-1/PD-L1 immune checkpoint inhibitors. Front. Neurosci. 2023,
17, 1227049. [CrossRef] [PubMed]

72. Alturki, N.A. Review of the Immune Checkpoint Inhibitors in the Context of Cancer Treatment. J. Clin. Med. 2023, 12, 4301.
[CrossRef] [PubMed]

73. Zraik, I.M.; Heß-Busch, Y. Management of chemotherapy side effects and their long-term sequelae. Urologe A 2021, 60, 862–871.
[CrossRef]

74. Buchholz, T.A. Radiation Therapy for Early-Stage Breast Cancer after Breast-Conserving Surgery. New Engl. J. Med. 2009, 360,
63–70. [CrossRef] [PubMed]

75. Zhang, C.; Xu, C.; Gao, X.; Yao, Q. Platinum-based drugs for cancer therapy and anti-tumor strategies. Theranostics 2022, 12,
2115–2132. [CrossRef] [PubMed]

76. Wu, Q.; Gao, Z.-J.; Yu, X.; Wang, P. Dietary regulation in health and disease. Signal Transduct. Target. Ther. 2022, 7, 252. [CrossRef]
77. Prado, C.M.; Antoun, S.; Sawyer, M.B.; Baracos, V.E. Two faces of drug therapy in cancer: Drug-related lean tissue loss and its

adverse consequences to survival and toxicity. Curr. Opin. Clin. Nutr. Metab. Care 2011, 14, 250–254. [CrossRef]
78. Soldati, L.; Di Renzo, L.; Jirillo, E.; Ascierto, P.A.; Marincola, F.M.; De Lorenzo, A. The influence of diet on anti-cancer immune

responsiveness. J. Transl. Med. 2018, 16, 75. [CrossRef]
79. Tao, J.; Li, S.; Gan, R.-Y.; Zhao, C.-N.; Meng, X.; Li, H.-B. Targeting gut microbiota with dietary components on cancer: Effects and

potential mechanisms of action. Crit. Rev. Food Sci. Nutr. 2020, 60, 1025–1037. [CrossRef]
80. Dieli-Conwright, C.M.; Harrigan, M.; Cartmel, B.; Chagpar, A.; Bai, Y.; Li, F.-Y.; Rimm, D.L.; Pusztai, L.; Lu, L.; Sanft, T.; et al.

Impact of a randomized weight loss trial on breast tissue markers in breast cancer survivors. npj Breast Cancer 2022, 8, 29.
[CrossRef]

81. Puklin, L.; Cartmel, B.; Harrigan, M.; Lu, L.; Li, F.-Y.; Sanft, T.; Irwin, M.L. Randomized trial of weight loss on circulating ghrelin
levels among breast cancer survivors. npj Breast Cancer 2021, 7, 49. [CrossRef] [PubMed]

82. Thomas, G.A.; Alvarez-Reeves, M.; Lu, L.; Yu, H.; Irwin, M.L. Effect of Exercise on Metabolic Syndrome Variables in Breast Cancer
Survivors. Int. J. Endocrinol. 2013, 2013, 168797. [CrossRef] [PubMed]

83. Zeng, H.; Irwin, M.L.; Lu, L.; Risch, H.; Mayne, S.; Mu, L.; Deng, Q.; Scarampi, L.; Mitidieri, M.; Katsaros, D.; et al. Physical
activity and breast cancer survival: An epigenetic link through reduced methylation of a tumor suppressor gene L3MBTL1. Breast
Cancer Res. Treat. 2012, 133, 127–135. [CrossRef]

84. Garbiec, E.; Cielecka-Piontek, J.; Kowalówka, M.; Hołubiec, M.; Zalewski, P. Genistein—Opportunities Related to an Interesting
Molecule of Natural Origin. Molecules 2022, 27, 815. [CrossRef] [PubMed]

85. Sharma, M.; Arora, I.; Chen, M.; Wu, H.; Crowley, M.R.; Tollefsbol, T.O.; Li, Y. Therapeutic Effects of Dietary Soybean Genistein
on Triple-Negative Breast Cancer via Regulation of Epigenetic Mechanisms. Nutrients 2021, 13, 3944. [CrossRef]

86. Paul, B.; Li, Y.; Tollefsbol, T.O. The Effects of Combinatorial Genistein and Sulforaphane in Breast Tumor Inhibition: Role in
Epigenetic Regulation. Int. J. Mol. Sci. 2018, 19, 1754. [CrossRef]

87. Chang, H.; Mi, M.; Ling, W.; Zhu, J.; Zhang, Q.; Wei, N.; Zhou, Y.; Tang, Y.; Yuan, J. Structurally related cytotoxic effects of
flavonoids on human cancer cells in vitro. Arch. Pharmacal Res. 2008, 31, 1137–1144. [CrossRef]

88. Androutsopoulos, V.; Papakyriakou, A.; Vourloumis, D.; Spandidos, D.A. Comparative CYP1A1 and CYP1B1 substrate and
inhibitor profile of dietary flavonoids. Bioorg. Med. Chem. 2011, 19, 2842–2849. [CrossRef]

89. Pal-Bhadra, M.; Ramaiah, M.J.; Reddy, T.L.; Krishnan, A.; Pushpavalli, S.; Babu, K.S.; Tiwari, A.K.; Rao, J.M.; Yadav, J.S.; Bhadra,
U. Plant HDAC inhibitor chrysin arrest cell growth and induce p21 WAF1 by altering chromatin of STAT response element in
A375 cells. BMC Cancer 2012, 12, 180. [CrossRef]

91



Nutrients 2023, 15, 3984
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Abstract: Chronic inflammation is the result of an acute inflammatory response that fails to eliminate
the pathogenic agent or heal the tissue injury. The consequence of this failure lays the foundations to
the onset of several chronic ailments, including skin disorders, respiratory and neurodegenerative
diseases, metabolic syndrome, and, eventually, cancer. In this context, the long-term use of synthetic
anti-inflammatory drugs to treat chronic illnesses cannot be tolerated by patients owing to the
severe side effects. Based on this, the need for novel agents endowed with anti-inflammatory effects
prompted to search potential candidates also within the plant kingdom, being recognized as a source
of molecules currently employed in several therapeutical areas. Indeed, the ever-growing evidence
on the anti-inflammatory properties of dietary polyphenols traced the route towards the study of
flavonoid-rich sources, such as Citrus bergamia (bergamot) and its derivatives. Interestingly, the recent
paradigm of the circular economy has promoted the valorization of Citrus fruit waste and, in regard to
bergamot, it brought to light new evidence corroborating the anti-inflammatory potential of bergamot
byproducts, thus increasing the scientific knowledge in this field. Therefore, this review aims to
gather the latest literature supporting the beneficial role of both bergamot derivatives and waste
products in different models of inflammatory-based diseases, thus highlighting the great potentiality
of a waste re-evaluation perspective.

Keywords: inflammation; Citrus bergamia; bergamot; polyphenols; byproducts; Citrus fruits; natural
products; flavonoids; waste valorization

1. Introduction

The earliest records about plants having health benefits date back at least 5000 years
ago, to the age of the Sumerians [1]. For thousands of years, plant kingdom represented
the basis of traditional medicine and even today continues to be explored for the numerous
remedies that it provides. The renewed interest of the scientific community towards natural
products dramatically enhanced in the last two decades and resulted in the discovery
of new plant sources and their byproducts for the prevention and treatment of several
diseases, including inflammatory-based ones [2]. This is the case for Citrus bergamia Risso
(bergamot), an endemic plant of the southern coast of the Calabria region (Italy), to which
we have focused our studies for over a decade, thus documenting relevant pharmacological
activities [3–5].

Chronic and age-related diseases, including metabolic, autoimmune, cardiovascular
and neurodegenerative ones, are primarily associated with a status of systemic and low-
grade chronic inflammation, as well as oxidative stress. In particular, a dysregulation
of the cytokine network along with a redox imbalance and DNA damage leads to the
activation of a cytosolic protein complex called inflammasome. This complex is known
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to stimulate nuclear factor kappa B (NF-κB), mitogen-activated protein kinases (MAPKs),
Janus kinase (JAK) signal transducer and the activator of transcription (STAT) signaling
pathways, thus triggering the interleukin (IL)–1β-mediated inflammatory cascade [6].
Therefore, the resolution of this process constitutes a strategy to improve the symptoms
and quality of life of patients with chronic inflammatory diseases. However, the severe side
effects and/or high costs of conventional therapies, consisting of the use of corticosteroids,
nonsteroidal anti-inflammatory drugs (NSAIDs) or biologic drugs, impair their tolerability
and the compliance of patients. Thereby, the route towards natural products has led
to the evaluation of the potential anti-inflammatory effects of bioactive molecules and
phytocomplexes, also obtained from the waste of food processing [7].

In the last years, significant advancements have been reached on the study of the anti-
inflammatory properties of bergamot derivatives and byproducts, observing its beneficial
effects in different models of disease [8]. On this basis, we aimed at gathering the recent
literature on the anti-inflammatory potential of bergamot, with the purpose to shed light
on its role for each inflammatory disease.

2. Inflammatory Process

Inflammation is an immune response to injurious stimuli, including pathogens, dam-
aged cells and toxins, which can cause tissue or organ damage. It is a defense mechanism
triggered with the aim of removing the harmful agent and thus initiating a healing process
leading to restoration of tissue or organ homeostasis. At the local level, inflammation is
characterized by redness, heat, swelling, pain and loss of tissue function, occurring as result
of an increase in vascular permeability, leukocyte recruitment and the accumulation and
release of inflammatory mediators (such as cytokines, chemokines and complement pro-
teins). Although the etiology of inflammation may be infectious (caused by bacteria, viruses
or other microorganisms) or non-infectious (caused by physical, chemical and biological
stimuli), the processing of the inflammatory response involves common events [9].

The first event consists of the recognition by pattern receptors, located on the surface
of immune cells and named pattern-recognition receptors (PRRs), of specific signals, which
are released during tissue cell damage. These signals, known as pathogen-associated
molecular patterns (PAMPs), include microbial structures, which account for the activa-
tion of an infectious inflammatory response; on the contrary, other signals, known as
danger-associated molecular patterns (DAMPs), including endogenous biomolecules, are
responsible for the triggering of non-infectious inflammatory responses. Among PRRs, the
most known class is that of Toll-like receptors (TLRs) [10]. Of note, signal transmission
between PAMPs/DAMPs and TLRs, such as TLR4, is mediated by myeloid differentiation
factor-88 (MyD88) and culminates in the nuclear translocation of downstream transcription
factors, such as NF-κB, the activator protein 1 (AP-1) or the interferon regulatory factor 3
(IRF3) [11,12].

The second event of the inflammatory response reflects the activation of specific path-
ways of inflammation, mainly NF-κB, MAPKs and JAK-STAT pathways. In the presence of
an inflammatory stimulus, the PRRs activate the IκB-kinase (IKK), which in turn promotes
the activation of NF-κB via phosphorylation and degradation of the inhibitor of nuclear
factor kappa B (IκB). The activation of NF-κB implies the release of pro-inflammatory
cytokines (such as IL-1β, IL-6, IL-8, IL-12 or tumor necrosis factor-TNF-α), chemokines
(monocyte chemoattractant protein-MCP-1 or macrophage-inflammatory protein-MIP-2)
and immune cells in the focus of inflammation [13]. A phlogosis state also involves the
activation of extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK) and
p38 MAP kinases [14]. The JAK-STAT signaling pathway converts the inflammatory signal
into a transcriptional response, thus regulating the expression of a variety of inflammatory
genes such as cytokines, chemokines, interferons, colony stimulating factors (CSFs) or
transforming growth factors (TGFs) [15].

The third event characterizing the inflammatory process is the release of specific
markers of inflammation. They mainly include chemokines and inflammatory cytokines,
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subdivided into interleukins (such as IL-1β, IL-6 and IL-10), tumor necrosis factors (TNFs,
such as TNF-α), interferons (IFNs, such as IFN-γ), colony stimulating factors (CSFs, such
as granulocyte macrophage (GM)-CSF), and transforming growth factors (TGFs, such as
TGF-β). The release of these molecules by immune cells is functional at recruiting leuko-
cytes to the site of inflammation, via establishing a complex network of interactions [16]. In
addition, high production of oxidative biomarkers, such as reactive oxygen species (ROS),
8-oxo-2′-deoxyguanosine (8-oxo-dG) as well as high levels of malondialdehyde (MDA)
may represent the prelude to an inflammatory response or oxidative disorders [17]. The
inflammatory process also implies the alteration of C-reactive protein (CRP) levels, the
impaired activity of nuclear factor erythroid-2-related factor 2 (Nrf2) and several enzymes,
such as inducible nitric oxide synthase (iNOS), prostaglandin-endoperoxide synthase
(PTGS)-2, known as cyclooxygenase (COX)-2, NADPH oxidase (NOX), superoxide dismu-
tase (SOD), catalase (CAT), glutathione peroxidase (GPx) and high mobility group box 1
(HMGB1) [18–20].

The fourth event determining phlogosis is the recruitment of specific cells at the site
of inflammation. Based on the stage of the ongoing inflammatory process, neutrophils,
monocytes/macrophages, lymphocytes, mast cells and platelets are involved [21]. All
these cells, in turn, amplify the acute inflammatory response by releasing inflammatory
mediators at local levels.

However, it is essential that inflammation resolves in a timely and controlled way [22].
This is because uncontrolled acute inflammation can evolve into chronic inflammation,
becoming the cause of several chronic inflammatory diseases.

3. Main Pathological Conditions Linked to Inflammation

Inflammation represents the pathogenesis of many chronic diseases by involving
common mediators and pathways. Indeed, specific markers can be predictive of some
pathologies and functional to define their diagnosis, prognosis and treatment. A high
production of inflammatory cytokines, an abnormal activation of inflammatory enzymes
and/or proteins along with immune alterations and severe conditions of oxidative stress
can cause tissue damage and organ failure [9].

Various types of skin disorders can exhibit an inflammatory etiology. This is the case of
acne vulgaris, a dermatological disease caused by altered keratinization, androgen-induced
sebum, inflammation and Propionibacterium acne colonization [23]. Patients with atopic
dermatitis, driven by the JAK pathway, are highly exposed to Staphylococcus aureus that
contributes to the generation of an inflammatory state, where pro-inflammatory cytokines
(IL-13, 31 and 33) are massively released [24]. Clinically, psoriasis can exhibit highly
inflammatory, pustular or erythrodermic forms. In this case timely treatment is necessary
because of the possible increase in inflammation, mediated by TNF-α, IL-17, IL-23 cytokines,
throughout the organism with consequent systemic impairment of other organs [25]. Like
psoriasis, rheumatoid arthritis represents an immune-based inflammatory disease with
high levels for TNF-α and IL-6 cytokines [6].

Chronic respiratory diseases can be caused from unresolved acute inflammation, which
in turn provokes pulmonary fibrosis and impaired gas exchange through the airways. This
occurs in pathologies such as cystic fibrosis, acute respiratory distress syndrome, asthma
and chronic obstructive pulmonary disease (COPD) [26]. In asthma, the activation of the
MAPKs pathway stimulates immune cells to release pro-inflammatory factors as well as
induces goblet cells to produce mucus, causing hyperresponsiveness and obstruction of
airways [27]. The JAK-STAT pathway is also responsible for the activation of inflammatory
processes leading to the impairment of airways [28]. The COX-2 enzyme is implied in
spasms of airways via the production of prostaglandin E2 (PGE2) [29]. In the same context,
the peroxisome proliferator-activated receptors (PPARs) have been shown to influence the
gene expression of lipid mediators of inflammation, such as leukotrienes [30,31].

Inflammation and oxidative stress are pillars of diseases like obesity [32]. In partic-
ular, overnutrition causes saturation of fat deposits and malfunction of tissue adipose,
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which becomes hypertrophied. Here, the fat accumulation triggers a pro-inflammatory
state, promoting the recruitment of inflammatory cells, with release of TNF-α and IL-6
cytokines and MCP-1 chemokines. Both cytokines and chemokines impair the responsive-
ness of adipose tissue to insulin, meaning adipocytes are unable to capture fatty acids in
excess in circulation. As a result, circulating fatty acids are accumulated in the liver, thus
triggering the process of steatosis [33]. Then, the excessive inflammation which affects
hepatic parenchyma increases the risk of development of non-alcoholic fatty liver disease
(NAFLD) [34]. Moreover, the liver also represents a target for infectious inflammatory
diseases like viral hepatitis [35].

Inevitably, the onset of metabolic syndrome, a cluster of obesity, insulin resistance
and cardiovascular disorders, underlies an inflammatory pathogenesis. In particular, the
adipocytes secrete MCP-1, TNF-α and IL-6, which promote the infiltration of macrophages
into adipose tissue [36]. In turn, TNF-α activates the JNK and IKK kinases, which phospho-
rylate the insulin receptor substrate (IRS)-1 and then impair the insulin-induced uptake
of glucose, resulting in insulin resistance [37]. At the same time, high levels of TNF-α
as well as IL-6 amplify the inflammatory response, through the activation of NF-κB [38].
Consequently, NF-κB increases the release of chemokines and cytokines, the recruitment of
inflammatory cells and the expression of adhesion molecules on endothelial cells (such as
vascular cell adhesion molecule-VCAM-1, intracellular adhesion molecule-ICAM-1 and
E-selectin), leading to formation of foam cells and then to atherosclerosis [39].

Several inflammatory mediators come into play during the atherosclerotic process,
where the activation of nucleotide-binding domain leucine-rich repeat protein 3 (NLRP3)
inflammasome by oxidized low-density lipoproteins (LDLs) stimulates the IL-1β signaling
pathway [40]. Moreover, inflammatory biomarkers such as CRP and TNF-α seem to be
predictors for type 2 diabetes and some cardiovascular events [41,42].

Again, the complex of inflammatory bowel diseases, known as IBD, including ul-
cerative colitis (UC) and Crohn disease (CD), is caused by chronic inflammation of the
gastrointestinal tract [43]. The etiology of these conditions is still elusive, though it is
thought that a compromised immune system, due to a hereditary component, can possibly
react improperly to environmental stimuli such as viruses or bacteria, resulting in gastroin-
testinal inflammation [44]. Their development is cytokine-mediated, in particular by IL-17,
IL-12 and IL-23 cytokines [45]. Other cytokines also involved are TNF-α, IL-1β and IL-6,
along with NF-κB factor, which plays a key role in the pathogenesis of these diseases by
stimulating the production of the COX-2 enzyme [46].

Kidneys are organs frequently exposed to damage by toxicants since their function
consists of maintaining cell homeostasis and reaching a balance between the extracellular
and intracellular environment by removing toxic substances from the organism. This
also reflects on the adrenal glands, which respond to stress via altering neuroendocrine
equilibrium [47,48]. In the kidneys, interstitial and tubular inflammation is recurrent in
cases of acute and chronic renal disease, or glomerulonephritis may also occur. Following an
inflammatory stimulus (DAMPS, PAMPS, high levels of glucose, etc.), epithelial renal cells
promote the release of cytokines (TNF-α and IL-1β) and leukocyte infiltration, resulting in
the activation of the NF-κB and MAPKs pathways [49].

Inflammation and oxidative stress have also been established as the major causes of
neurodegeneration in the brain [50]. In Parkinson’s and Alzheimer’s diseases, specific
central events occur, including the activation of the NLRP3 inflammasome and NF-κB
pathway as well as of astrocytes and microglia, the main effectors of neuroinflammation.
These cells release IL-1β, IL-6, TNF-α and IL-18 pro-inflammatory cytokines, accounting
for the neuronal dysfunction and death [51].

Finally, prolonged inflammation can be pathological and lead to a malignant pro-
gression. In particular, bacterial and viral infections evolving chronic inflammation can
represent a contributory factor for oncogenesis [52].

Given the key role of inflammation in several diseases, the unceasing research for
valuable anti-inflammatory agents appears to still be an open challenge.
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4. Bergamot Derivatives and Byproducts

Several studies have shed light on the value of Citrus fruits, encouraging their cul-
tivation and widespread nutraceutical interest [53,54]. This is the case of bergamot, for
which 90% of the global production occurs along the Ionian coast of the province of Reggio
Calabria (Italy), finding a favorable microclimate for cultivation. Here, bergamot fruit is
called “green gold” due to its economic value and its greenish color, which changes to
straw yellow when it ripens. The remaining 5% of bergamot production come from Greece,
Morocco, Turkey, Iran, Ivory Coast, Argentina and Brazil.

Citrus bergamia Risso, bergamot, is considered a cross between Citrus aurantium L.
(sour orange) and Citrus aurantiifolia (Christm.) Swingle (lime) or Citrus limon L. (limon),
although its botanical and geographical origins still remain uncertain [55]. Bergamot fruit,
from the Turkish “beg armūdi” meaning “prince’s pear”, is a pyriform hesperidium with
a weight of between 80 and 200 g. It is characterized by a thin epicarp (flavedo), covered
with waxes, rich in schizolysigenous oil glands, accounting for the distinctive aromatic
oil, colored from light yellow to orange or green, with various shades depending on the
degree of ripeness of the fruit, and consists of small, dense collenchyma cells, which contain
chromoplasts. Internally, it has a white, spongy and dry mesocarp (albedo), consisting of
loosely connected, colorless cells and numerous air spaces in it, hence conferring a white
color to this part of the hesperidium. Below the albedo is the endocarp, divided into septa
resulting from the modification of the carpel leaves arranged with radial symmetry around
the axis. The endocarp is relatively thin and is made up of very elongated, thick-walled
epidermal cells, from which spindle-shaped pedunculated vesicles rich in juice develop;
citric acid, together with a complex mix of other acids and sugars, is present in the juice
vesicles, which gives the characteristic flavor to fruit [56]. The fruit contains white ovoid
seeds. However, the molecular composition of each fruit can be influenced by harvesting
time (from October to March), type of cultivar (Femminello, Castagnaro or Fantastico) and
its degree of ripeness [57].

The fame of bergamot is linked first and foremost to its essential oil (namely BEO),
which is isolated from the peel by cold-pressing or steam distillation procedures. BEO
consists of a volatile fraction (93–96%), constituted by monoterpenes such as limonene,
linalool, linalyl acetate, and a non-volatile fraction (4–7%), including coumarins and pso-
ralens, such as bergamottin, bergapten and citropten [58]. Its use is well-established in the
cosmetic industry as the base of many perfumes and fragrances and in the food industry
where it is employed as a flavoring ingredient in the preparations of teas, liqueurs and
confectionery products. Noteworthy is the role of BEO as an antiseptic due its antimicrobial
activity [59]. Moreover, in vitro experiments documented the potential anticancerogenic
effect of BEO [60,61].

Approximately 50–65% of the waste generated during the BEO extraction process
(peel, albedo and juice) must be properly handled by the manufacturing industry. If this
does not occur, the large quantity of waste created yearly might be a serious environmental
hazard. As a result, recovering phytochemicals endowed with high biological value from
bergamot waste may provide a viable sustainable option [62] (Figure 1).

In this frame, bergamot juice (BJ), obtained by pressing of the remaining fruit pulp,
has long been considered a waste product for the essence industry. Nevertheless, in the last
ten years, BJ has attracted the attention of the scientific community, being recognized as a
source of countless bioactive compounds. The chemical composition of BJ mainly consists
of a high content of flavonoids, including naringin, neohesperidin, neoeriocitrin, melitidin,
brutieridin and in diosmin, and traces of poncirin and rhoifolin [63], whose biological
activity is widely acknowledged [64]. In addition, it is rich in vitamins, minerals, organic
acids, sugars, proteins, dietary fiber, pectin and phosphates.
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Figure 1. Path of bergamot processing from obtaining products with high economic interest to waste
disposal. The waste valorization represents a great strategy both for recovery of compounds endowed
with pharmacological properties and reduction of environmental disposal costs.

Finally, the seeds and leaves of bergamot have been recently revaluated. An ex-
tract obtained from bergamot seeds, including nomilin and limonin as major components,
was shown to possess antiretroviral activity against human T-lymphotropic virus type 1
(HTLV-1) infection [65]. Potentially bioactive compounds such as linalyl acetate, linalool,
and α-terpineol were also identified in bergamot leaf oil [66]. Figure 2 depicts chem-
ical structures of the main bioactive components characterizing bergamot derivatives
and byproducts.

 

Figure 2. Main chemical composition of bergamot derivatives and byproducts. Bergamot juice
is mostly characterized by flavonoids (i.e., naringin, neohesperidin, neoeriocitrin, melitidin and
brutieridin), whereas bergamot seeds are characterized by limonoids (i.e., limonin and nomilin).
Bergamot leaf oil is rich in monoterpenes (i.e., linalool, linalyl acetate and α-terpineol) and bergamot
essential oil obtained from fruit peel is mainly composed of monoterpenes (i.e., limonene, linalool
and linalyl acetate), coumarins (i.e., citropten) and psoralens (i.e., bergamottin and bergapten).
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5. Anti-Inflammatory Activity of Bergamot Derivatives and Byproducts

5.1. Bergamot Derivatives and Byproducts against Acute Inflammation

Bergamot was shown to be able to exert anti-inflammatory effects on experimental
models of acute inflammation. In an in vitro model, a flavonoid-rich extract of bergamot
juice (BJe) attenuated the inflammatory response in the leukemic monocyte THP-1 exposed
to lipopolysaccharide (LPS) via the activation of the adenosine monophosphate-activated
protein kinase (AMPK)/sirtuin (SIRT)1 axis [67]. Consistently, the same extract also un-
veiled its anti-inflammatory potential in an in vivo model by improving LPS-induced
gingival inflammation in rats. Here, BJe reduced the nuclear translocation of NF-κB, the
expression of TNF-α and IL-1β cytokines and ICAM and P-selectin adhesion molecules,
as well as the myeloperoxidase activity at the gingival tissue level [68]. Similar to BJe, a
BEO fraction deprived of furocoumarins (BEO-FF) produced anti-inflammatory effects on
an animal model of acute inflammation. In this latter case, BEO-FF significantly reduced
the carrageenan-induced paw edema in rats, decreasing levels of IL-1β, IL-6 and TNF-α in
the paw homogenates, and those of nitrite/nitrate and PGE2 in exudates [69]. In Table 1,
evidence on the effects of bergamot derivatives and byproducts against acute inflammation
is reported.

Table 1. Effects of bergamot derivatives and byproducts in acute inflammation models.

Derivatives/Byproducts
Inflammation-

Related
Disease

Experimental Model
Inflammatory
Biomarkers

References

A flavonoid-rich extract of
bergamot juice

Acute
inflammation In vitro Leukemic monocytes

THP-1 exposed to LPS AMPK/SIRT1 axis [67]

A flavonoid-rich extract of
bergamot juice Periodontitis

In vivo

LPS-induced gingival
inflammation in rats

NF-κB, TNF-α, IL-1β,
ICAM, P-selectin and

myeloperoxidase
[68]

Bergamot essential oil
fraction deprived of

furocoumarins

Acute
inflammation

Carrageenan-induced
paw edema in rats

IL-1β, IL-6, TNF-α,
nitrite/nitrate and

PGE2
[69]

5.2. Bergamot Derivatives and Byproducts in Inflammatory-Based Respiratory Ailments

Regarding chronic respiratory diseases, BEO exhibited relevant anti-asthmatic effects
both in vitro and in vivo models. In the first case, BEO was able to suppress the release of
inflammatory cytokines (IL-6, IL-1β and TNF-α) and inhibited their gene expression (Il6,
Il1b and Tnf-alpha) in MH-S cells exposed to LPS. Here, it also hampered the activation of
MAPKs and JAK-STAT signaling pathways and lowered the levels for key genes PTGS2
(Ptgs2) and PPARα (Ppara) [70]. Again, recent insights into anti-inflammatory potential
have emerged for bergapten, a psoralen present in BEO. This component exerted a negative
modulation of iNOS, COX-2 and levels of PGE2 and nitric oxide (NO) and increased the
release of IL-10 in RAW264.7 cells exposed to LPS [71]. Of note, both BEO and bergapten
were also shown to be effective on more complex models of respiratory inflammation such
as the animal ones. In this line, the inhaling of BEO by ovalbumin-induced mice improved
lung inflammation and airway narrowing, via the reduction in IL-4, IL-5, IL-13 (both at gene
and protein levels), IL-6, IL-1β and TNF-α levels, and inhibited collagen deposition [70]. On
the other hand, bergapten was able to ameliorate the inflammatory symptoms associated
with combined allergic rhinitis and asthma syndrome (CARAS) in a mouse model. Indeed,
the administration of bergapten limited the release of pro-inflammatory cytokines, the
activation of STAT3 and MAPKs signaling pathways, the infiltration of inflammatory cells
and collagen deposition at the level of nasal mucosa and lung tissue [72]. Table 2 shows the
effects of BEO on inflammatory-based respiratory ailments.
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Table 2. Anti-inflammatory effects of bergamot essential oil on asthma experimental models.

Derivatives/Byproducts
Inflammation-

Related Disease
Experimental Model

Inflammatory
Biomarkers

References

Bergamot essential oil Asthma

In vitro MH-S cells
exposed to LPS

IL-6 (Il6), IL-1β (Il1b),
TNF-α (Tnf-alpha),

MAPKs1,3,8,14, Jak2, Stat3,
Ptgs2 and Ppara [70]

In vivo
Ovalbumin-

induced
mice

IL-4 (Il4), IL-5 (Il5), IL-13
(Il13), IL-6, IL-1β, TNF-α
and collagen deposition

5.3. Bergamot Derivatives and Byproducts against Metabolic Syndrome

Inflammation precedes and aggravates the cluster of metabolic and cardiovascular
disorders known as “metabolic syndrome” [73]. In this context, several studies docu-
mented the protective role of bergamot derivatives and byproducts associated with their
numerous biological effects, including relevant anti-inflammatory activity. In detail, two
polyphenol fractions isolated from the bergamot leaf (BLPF) and fruit (BFPF) were able
to inhibit the translocation and activation of NF-κB in a cellular model of IL-1α-induced
inflammation, although to a different extent. Here, by comparing the analytical profile and
anti-inflammatory activity of both fractions, bergamot leaves were found to be a richer
source of polyphenols with respect to the fruit [74]. The same anti-inflammatory mecha-
nism was observed for a byproduct of the BEO industry obtained by squeezing the solid
residue that remains after fruit pressing, called PBJ, which reduced nuclear translocation
of NF-κB in a cellular model of TNF-α-induced inflammation. PBJ proved to also be ef-
fective in an in vivo model of metabolic syndrome induced by a high-sugar and high-fat
diet (HSF) [75]. Also noteworthy were the protective effects of a bergamot leaf extract
(BLE) against the comorbidities associated with metabolic syndrome, such as the impaired
function of skeletal muscles. In this context, BLE reduced oxidative stress and levels of
TNF-α, IL-6 and IL-10 in the muscles of rats with metabolic syndrome [76]. Again, BJ
was shown to alleviate hepatic steatosis in an animal model of diet-induced metabolic
syndrome and cardiovascular risk via the reduction in IL-6 and TNF-α plasma levels and
ROS generation [77].

It is known that the Mediterranean diet represents the gold standard among dietary
patterns for its ability to counteract inflammation and related pathologies [78]. In this
regard, it has been shown that the supplementation of an extract of bergamot polyphenols
(BPF) in diet-induced hyperlipemic Wistar rats ameliorated several serum parameters. This
has also occurred clinically in patients suffering from hyperlipemia and/or hyperglycemia,
thus suggesting the BPF potential in counteracting metabolic syndrome [79].

A pilot study investigated the effects of a phytocomplex, including BJ, on untreated
subjects with metabolic syndrome who followed the Mediterranean diet. It was shown that
this nutraceutical complex was able to boost the beneficial effects of this type of diet through
controlling metabolic syndrome parameters (total cholesterol, LDLs, high-density lipopro-
teins (HDLs), triglycerides (TGs) and glucose) and inflammation markers, like CRP [80].
Other causes thought to unleash metabolic syndrome are suggested to be gastric infections;
indeed, it was shown that Helicobacter pylori is positively linked to such a condition [81]. In
this field, bergamot juice effectively inhibited the viability of clinical isolates of H. pylori,
while also synergistically boosting the effect of common antibiotics [82]. On this basis,
Carresi and co-workers [83] defined the protective role of bergamot derivatives and their
flavonoids in metabolic syndrome, indicating pleiotropic antioxidant, anti-inflammatory
and lipid-lowering effects. Among these, the anti-inflammatory properties of bergamot
derivatives and by-products have been highlighted in Table 3.

102



Nutrients 2024, 16, 259

Table 3. Anti-inflammatory effects of bergamot derivatives and byproducts on metabolic syndrome.

Derivatives/Byproducts
Inflammation-

Related Disease
Experimental Model

Inflammatory
Biomarkers

References

Enriched polyphenol
fraction from bergamot

fruit and leaves
Metabolic syndrome

In vitro

IL-1α-induced
inflammation in R3/1

NF-κB cell line
NF-κB [74]

Powder from bergamot
juice Metabolic syndrome

TNF-α-induced
inflammation in R3/1

NF-κB cell line
NF-κB [75]

Bergamot leaf extract
Metabolic syndrome

and impaired function
of skeletal muscle In vivo

Rats fed with
high-sugar diet

TNF-α, IL-6 and
IL-10 [76]

Bergamot juice Metabolic syndrome High-fat-diet-induced
steatosis in rats IL-6 and TNF-α [77]

Nutraceutical
multicompound

including bergamot juice
Metabolic syndrome Clinical trial

Untreated subjects
with metabolic

syndrome
CRP [80]

5.4. Bergamot Derivatives and Byproducts in Obesity and Overweight

Obesity and being overweight, which also occur in more complex conditions such
as that of metabolic syndrome, are triggers for the inflammatory process. Thereby, anti-
inflammatory approaches are suggested in the management of these pathologies [84].
Regarding the role of bergamot derivatives and byproducts on metabolic disorders, it was
seen that a bergamot leaf extract (BLE) is able to decrease inflammation (TNF-α and IL-6
levels) and oxidative stress, acting on the adipose tissue–liver axis of obese rats, with an
effect which might improve both insulin resistance and dyslipidemia conditions [85]. In the
same experimental model, BLE was also studied at the hypothalamic level, where it reduced
the inflammation (decreasing the production of cytokine signaling (SOCS) 3, IL-6 and TNF-
α and activating the JAK2/STAT3 pathway) and oxidative stress, thus counteracting the
resistance to leptin (known as the “satiety hormone”) of obese rats [86]. Clinically, a
nutraceutical containing bergamot extract was shown to improve systemic inflammation,
significantly reducing high-sensitivity C-reactive protein (hs-CRP) and TNF-α levels in
dyslipidemic overweight subjects [87]. The beneficial role of bergamot derivatives and
byproducts in counteracting obesity/overweight is collected in Table 4.

Table 4. Anti-inflammatory effects of bergamot derivatives and byproducts against obesity and
overweight.

Derivatives/Byproducts
Inflammation-

Related Disease
Experimental Model

Inflammatory
Biomarkers

References

Bergamot leaf extract Obesity

In vivo

Diet-induced obese
rats TNF-α, IL-6 [85]

Bergamot leaf extract Obesity
Obese rats fed with

high-sugar and
high-fat diet

TNF-α, IL-6,
JAK2/STAT3

pathway and SOCS3
[86]

Nutraceutical containing
a bergamot standardized

flavonoid extract
Overweight Clinical trial Dyslipidemic

overweight patients hs-CRP and TNF-α [87]

5.5. Bergamot Derivatives and Byproducts in Liver Diseases

It is known that the accumulation of triglycerides in hepatocytes accompanied by
inflammation or cell injury is the leading cause of non-alcoholic fatty liver disease (NAFLD),
which may progress into the more aggressive form of non-alcoholic steatohepatitis (NASH).
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In this context, BPF has been shown to decrease hepatic inflammation in rats with cafete-
ria diet-induced NAFLD. In detail, BPF lowered Il-6 gene expression and increased Il-10
mRNA levels, which were related to a reduced number of Kupffer cells and inflamma-
tory foci in the liver [88]. Again, bergamot polyphenolic formulation (BPF99) reduced
inflammation in a mouse model of NAFLD by inhibiting the activation of the JNK and
p38 MAPKs pathways responsible for an overproduction of pro-inflammatory cytokines
and collagen deposition, which may precede liver fibrosis [89]. Interestingly, a synergistic
combination between BPF and Cynara cardunculus extract (CyC), namely Bergacyn, coun-
teracted NAFLD-related symptoms in a clinical setting, inducing anti-inflammatory effects.
In particular, oral administration of Bergacyn® reduced oxidative stress (GPx, SOD and
MDA) and inflammatory biomarkers (TNF-α), contributing to a significant improvement
of vascular inflammation and NO-mediated vasodilation in patients with NAFLD and
type 2 diabetes [90]. The anti-inflammatory effects described for bergamot derivatives and
byproducts in the context of liver diseases are gathered in Table 5.

Table 5. Anti-inflammatory effects of bergamot derivatives and byproducts in liver diseases.

Derivatives/Byproducts
Inflammation-

Related Disease
Experimental Model

Inflammatory
Biomarkers

References

Bergamot polyphenol
fraction

Non-alcoholic
steatohepatitis

(NASH)
In vivo

Rats exposed to a
cafeteria diet Il-6 and Il-10 [88]

Bergamot polyphenolic
formulation

Non-alcoholic fatty
liver disease

(NAFLD)

Mice fed with a
Western diet

JNK, p38,
procollagen I and III [89]

Bergacyn (combination
between bergamot

polyphenolic fraction and
Cynara cardunculus extract)

NAFLD Clinical trial Patients with NAFLD
and type 2 diabetes TNF-α [90]

5.6. Bergamot Derivatives and Byproducts in Dyslipidemic Disorders

Of note, systemic inflammation and elevated serum cholesterol concentrations are
predisposing factors for the development and progression of cardiovascular diseases, such
as atherosclerosis. Interestingly, bergamot juice flavanones were shown to play a key role
in restoring the endothelial functionality impaired by lipotoxic effects, a common cause
of atherosclerosis. In detail, Spigoni and co-workers [91] indicated that some flavanone
metabolites (i.e., hesperetin-7-O-glucuronide, hesperetin-3′-O-glucuronide, naringenin-7-O-
glucuronide and naringenin-4′-O-glucuronide) were able to mitigate the stearate-induced
inflammation (reducing the Il-1b, Il-6, Il-8 and Tnf-alpha mRNA levels) in human pro-
angiogenic cells. From a clinical point of view, a polyphenolic fraction of bergamot juice
was previously shown to reduce plasma lipids and improve the lipoprotein profile in
patients with moderate hyperlipidemia [4]. In this frame, Fogacci and collaborators [92]
recently proved significant improvements in subjects with moderate hypercholesterolemia
after dietary supplementation with a nutraceutical containing a standardized bergamot
polyphenolic fraction (Eufortyn® Colesterolo Plus, Scharper, Milano, Italia). This mixture
reduced the levels of hs-CRP as well as the indexes of endothelial reactivity (ER) and
NAFLD. Inflammation-lowering effects were also observed for another dietary supple-
ment (BruMeChol™, Mivell, Jesi, Italia), composed of a mixture of flavonoids extracted
from bergamot, olive polyphenols, plant sterols and vitamin K2, in patients with mild
hypercholesterolemia. In this case, the nutraceutical combination significantly lowered
circulating levels of inflammatory mediators, such as IL-6, IL-32, IL-37 and IL-38, hs-CRP,
and inflamma-microRNA miR-21 and miR-146a [93]. The effects of bergamot derivatives
and byproducts on dyslipidemias are described in Table 6.
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Table 6. Effects of bergamot derivatives and byproducts against dyslipidemias.

Derivatives/Byproducts
Inflammation-

Related
Disease

Experimental Model
Inflammatory
Biomarkers

References

Bergamot juice flavanones
(i.e., hesperetin-7-O-

glucuronide,
hesperetin-3′-O-

glucuronide,
naringenin-7-O-
glucuronide and
naringenin-4′-O-

glucuronide)

Endothelial
dysfunction In vitro

Stearate-induced
inflammation in

myeloid
angiogenic cells.

Il-1b, Il-6, Il-8 and
Tnf-alpha [91]

Eufortyn® Colesterolo Plus
(a nutraceutical containing a

standardized bergamot
polyphenolic fraction)

Hypercholesterolemia

Clinical trial

Patients with
moderate hyperc-

holesterolemia
hs-CRP and ER [92]

BruMeChol™ (supplement
composed by a mixture of
flavonoids extracted from

bergamot, olive
polyphenols, plant sterols

and vitamin K2)

Hypercholesterolemia
Patients with mild

hypercholes-
terolemia

IL-6, IL-32, IL-37,
IL-38, hs-CRP,
miR-21 and
miR-146a

[93]

5.7. Bergamot Derivatives and Byproducts in Renal, Gynecological and Rectal Dysfynctions

The frequent exposure of kidneys to drugs and toxic agents is the major cause of
renal injury. In this regard, a bergamot extract exerted preventive effects against amikacin-
induced nephrotoxicity in rats, restoring the kidney function and IL-6 serum levels that
were raised by the drug [94]. Similarly, a flavonoid-rich extract of bergamot juice (BJe),
alone or in association with curcumin (Cur) and resveratrol (Re), counteracted the cadmium-
induced kidney damage in a murine model, restoring the antioxidant defense systems and
reducing the expression of Nos2, Il1b, Nrf2 and heme oxygenase (Hmox)1 pro-inflammatory
genes [95]. In addition, BEO, and to a minor extent BJ and an ethanol bergamot extract,
was shown to be effective in gynecological disorders such as primary dysmenorrhea
induced by estradiol benzoate and oxytocin in rats. These bergamot derivatives alleviated
dysmenorrhea, regulating the levels of PGF2α and PGE2 prostaglandins and the release
of inflammatory mediators such as iNOS as well as activating the antioxidant defense
mechanisms in the uterine tissue of rats [96]. Clinically, innovative results came from
the treatment of patients affected by anitis/proctitis after treatment with a bergamot oil
(known as Benebeo® gel, Wellvit, Cosenza, Italia). The local administration of bergamot gel,
containing hesperidin, naringenin, apigenin and eriocitrin as major components, produced
anti-inflammatory effects (improvement in local bleeding and hyperemia), promoting a
fast-healing process in situ [97]. The evidence of bergamot derivatives and byproducts
against the abovementioned disorders is reported in Table 7.

5.8. Bergamot Derivatives and Byproducts in Neurological Disorders

Neuronal disorders in most cases recognize an inflammatory component at the basis
of their etiology. In this regard, neuroprotective effects of Citrus bergamia juice extract were
documented in an in vitro model of Alzheimer’s disease (AD), where BJe decreased the
pro-inflammatory stimulus induced by β-amyloid on THP-1 cells [98].

In vivo, BEO attenuated anxiety in rats, counteracting the oxidative stress, the neu-
roinflammation and GABA changes induced after exposure to aluminum. As an anti-
inflammatory agent, BEO significantly reduced the content of IL-6, IL-1β and TNF-α both
at the hippocampal and frontal cortex levels of rats [99]. In a clinical trial, the oral ad-
ministration of a bergamot polyphenolic fraction (BPF) was associated with a significant
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improvement in cognitive functioning, which had been impaired by ongoing inflammatory
processes in schizophrenic patients [100]. The effects on neurological disorders of bergamot
derivatives and byproducts are reported in Table 8.

Table 7. Anti-inflammatory effects of bergamot derivatives on inflammation-related diseases affecting
renal, gynecological and rectal districts.

Derivatives/Byproducts
Inflammation-

Related Disease
Experimental Model

Inflammatory
Biomarkers

References

Bergamot extract Nephrotoxicity

In vivo

Amikacin-induced
nephrotoxicity in rats IL-6 [94]

A flavonoid-rich extract of
bergamot juice, alone or in
association with curcumin

and resveratrol

Nephrotoxicity
Cadmium-induced
kidney damage in a

murine model

Nos2, Il1b, Nrf2
and Nqo1 [95]

Bergamot essential oil,
bergamot juice and ethanol

extract of bergamot

Primary
dysmenorrhea

Dysmenorrhea
induced by estradiol

benzoate and oxytocin
in rats

PGF2α, PGE2
and iNOS [96]

Benebeo® gel (Bergamot oil) Anitis/proctitis Clinical trial Patients with
anitis/proctitis

Local bleeding
and hyperemia [97]

Table 8. Effects of bergamot derivatives and byproducts on inflammatory-based neurological disor-
ders.

Derivatives/Byproducts
Inflammation-

Related Disease
Experimental Model

Inflammatory
Biomarkers

References

Bergamot juice extract Alzheimer’s disease In vitro THP-1 cells exposed to
β-amyloid

IL-6 (Il-6), IL-1β
(Il1b), NF-κB, AP-1

and MAPKs
pathway

[98]

Bergamot essential oil Anxiety In vivo Rats exposed to
aluminum

IL-6, IL-1β and
TNF-α [99]

5.9. Bergamot Derivatives and Byproducts in Cancer

The weak balance between the inflammatory status and unsuccessful anti-inflammatory
response is at the basis of cellular degeneration, an event that may lead to serious outcomes
such as cancer [53]. Within this frame, bergamot byproducts were shown to play a relevant
role against several types of cancer. In vitro, BJ was able to counteract the malignant prolif-
eration of neuroblastoma SH-SY5Y cells [101] as well as that one of human hepatocellular
carcinoma HepG2 cells via targeting NF-κB, a central factor in both inflammation and
cancer [102]. This is in line with the evidence of the anti-proliferative effects observed
for a flavonoid-rich extract of BJ in human colon cancer HT-29 cells [103]. However, in a
complex context like the tumor microenvironment, other factors come into play including
the family of sirtuins. Interestingly, the antileukemic effects observed for BJe and some
flavanones it contains on leukemic THP-1 cells were mediated by the inhibition of the SIRT2
enzyme [104,105]. Anticancer effects induced by bergamot derivatives were also observed
in murine models [106]. In particular, anti-inflammatory mechanisms were related to the
potentiality of BJe to prevent colorectal carcinogenesis in Pirc rats (F344/NTac-Apcam1137).
Here, a significant reduction in colon tumors and mucin-depleted foci was recorded in
BJe-treated groups. This effect was ascribed to the extract’s capacity to inhibit apoptosis and
decrease the expression of Ptgs2, iNos, Il-1b, Il-6, Il-10 and Arginase (Arg)1 pro-inflammatory
biomarkers [107]. The beneficial role of bergamot derivatives and byproducts against can-
cerous pathways are presented in Table 9.
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Table 9. Anti-inflammatory effects of bergamot derivatives on inflammation markers related to cancer.

Derivatives/Byproducts
Inflammation-

Related Disease
Experimental Model

Inflammatory
Biomarkers

References

Bergamot juice Hepatocellular
carcinoma In vitro HepG2 cells NF-κB [102]

Bergamot juice extract Colorectal cancer In vivo Pirc rat (F344/NTac-
Apcam1137)

Ptgs2, iNos, Il-1b,
Il-6, Il-10 and Arg1 [107]

5.10. Bergamot Derivatives and Byproducts in Skin Disorders

In the field of skin diseases, BEO with its major components, namely limonene, linalyl
acetate and linalool, showed significant antiproliferative activity on a pre-inflamed hu-
man dermal system, consisting of primary fibroblasts stimulated with a mixture of IL-1β,
TNF-α, IFN-γ, basic fibroblast growth factor (bFGF), epidermal growth factor (EGF) and
platelet-derived growth factor (PDGF) to simulate chronic inflammation. In the same model,
BEO significantly inhibited the expression of proteins related to inflammation (MCP-1,
VCAM-1, ICAM-1, interferon gamma-induced protein (IP-10), interferon-inducible T cell
alpha chemoattractant (I-TAC) and monokine induced by gamma interferon (MIG)) and
tissue remodeling processes (collagen I, collagen III, plasminogen activator inhibitor (PAI) 1,
tissue inhibitor of metalloproteinase (TIMP) 1 and 2), thus exhibiting anti-inflammatory and
wound healing properties [108]. The anti-inflammatory role of bergamot derivatives was
also documented in vivo, considering that BJ improved the acne vulgaris lesions caused
by an excessive secretion of androgen via reducing the release of inflammatory IL-1α,
IL-6, TNF-α cytokines and the levels of matrix metalloprotease (MMP)-2 and -9 in the
sebaceous gland of golden hamsters, though to a lesser extent than BEO [109]. This study
is resulted in line with a previous clinical application in which a nano-phytosome (NP) for-
mulation was developed to optimize the BEO topical delivery, experiencing synergic effects
between BEO-NPs and spironolactone in acne patients [110]. Interestingly, ultradeformable
nanocarriers were designed for a transdermal delivery of naturally derived compounds
such as BEO and ammonium glycyrrhizinate (AG) since the proper deformability of these
nanosystems facilitates movement through the skin barrier, ensuring a topical application.
In particular, the co-encapsulation of BEO into AG-loaded nanoparticles preserved their
degree of deformability, thus efficiently counteracting the skin inflammatory states on
human volunteers [111]. In Table 10, the effects of bergamot derivatives and byproducts
against skin disorders are listed.
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Table 10. Anti-inflammatory effects of bergamot derivatives and byproducts on skin disorders.

Derivatives/Byproducts
Inflammation-

Related
Disease

Experimental Model
Inflammatory
Biomarkers

References

Bergamot essential oil Chronic skin
inflammation In vitro

Primary fibroblasts
stimulated with a mixture

of IL-1β, TNF-α, IFNγ,
bFGF, EGF and PDGF

MCP-1, VCAM-1,
ICAM-1, IP-10,

I-TAC, MIG,
collagen I and III,
PAI-1 and TIMP-1

and -2

[108]

Bergamot essential oil
and juice Acne vulgaris In vivo

Administration of
compound pearl acne

capsules on golden
hamsters

IL-1α, IL-6, TNF-α,
MMP-2 and

MMP-9
[109]

Encapsulation of
bergamot essential oil into

ammonium
glycyrrhizinate-loaded

nanoparticles

Skin inflammation Clinical
trial

Human volunteers
subjected to

methylnicotinate solution
on specific skin sites

Erythema index [111]

6. Conclusions

Inflammation is a complex process, which affects organs and tissue with high costs for
human health. Many disorders arise from an unresolved inflammatory response, evolving
into chronic inflammatory pathologies. Thereby, the resolution of the phlogistic process
represents the goal strategy to prevent or limit the progression of inflammatory illnesses by
exerting control on the production of mediators such as the release of pro-inflammatory
cytokines, the activation of specific pathways or the recruitment of infiltrating cells at the
site of inflammation.

The waste from bergamot processing has long been considered byproducts, leading
not solely to a loss of valuable molecules but also increasing the environmental cost of its
appropriate disposal. For over a decade, bergamot derivatives and byproducts have been
demonstrated to be a relevant source of bioactive molecules, which can play a significant
role in several diseases thanks to their considerable pharmacological properties, including
anti-inflammatory ones (Figure 3).
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Figure 3. Radial map of the chemokines, enzymes and nuclear factors influenced by bergamot
derivatives and byproducts.

Recently, new outcomes in both preclinical studies and human trials have been reached
on the beneficial properties of bergamot that we summarized here, thus deciding to update
our previous review on this topic. The reinforced data on the effectiveness of bergamot
derivatives and byproducts on modulating the expression and release of chemokines, as
well as the activity of nuclear factors and enzymes linked to the onset and progression of
inflammation, contribute to the amelioration of current therapeutical strategies. Therefore,
bergamot can represent a sustainable and powerful resource in the management of several
inflammatory-based ailments given the robust and deep evidence in this regard.

Author Contributions: C.R. performed the literature review and drafted this paper; G.E.L. assisted
in preparing this review; G.B. assisted in the literature search; A.M. and A.R. critically revised this
paper; M.N. conceived and designed this study and critically revised this paper. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The A PON Industrial PhD fellowship from the Italian Minister of Instruction,
University and Research (MIUR) to Caterina Russo (CUP: J11B21008430007) is gratefully acknowledged.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Langgut, D. The citrus route revealed: From Southeast Asia into the Mediterranean. HortScience 2017, 52, 814–822. [CrossRef]
2. Wang, R.X.; Zhou, M.; Ma, H.L.; Qiao, Y.B.; Li, Q.S. The Role of Chronic Inflammation in Various Diseases and Anti-inflammatory

Therapies Containing Natural Products. ChemMedChem 2021, 16, 1576–1592. [CrossRef] [PubMed]

109



Nutrients 2024, 16, 259

3. Cirmi, S.; Navarra, M.; Woodside, J.V.; Cantwell, M.M. Citrus fruits intake and oral cancer risk: A systematic review and
meta-analysis. Pharmacol. Res. 2018, 133, 187–194. [CrossRef] [PubMed]

4. Mannucci, C.; Navarra, M.; Calapai, F.; Squeri, R.; Gangemi, S.; Calapai, G. Clinical Pharmacology of Citrus bergamia: A Systematic
Review. Phytother. Res. 2017, 31, 27–39. [CrossRef]

5. Marino, A.; Paterniti, I.; Cordaro, M.; Morabito, R.; Campolo, M.; Navarra, M.; Esposito, E.; Cuzzocrea, S. Role of natural
antioxidants and potential use of bergamot in treating rheumatoid arthritis. PharmaNutrition 2015, 3, 53–59. [CrossRef]

6. Rea, I.M.; Gibson, D.S.; McGilligan, V.; McNerlan, S.E.; Alexander, H.D.; Ross, O.A. Age and Age-Related Diseases: Role of
Inflammation Triggers and Cytokines. Front. Immunol. 2018, 9, 586. [CrossRef]

7. Russo, C.; Maugeri, A.; Lombardo, G.E.; Musumeci, L.; Barreca, D.; Rapisarda, A.; Cirmi, S.; Navarra, M. The Second Life of
Citrus Fruit Waste: A Valuable Source of Bioactive Compounds. Molecules 2021, 26, 5991. [CrossRef]

8. Ferlazzo, N.; Cirmi, S.; Calapai, G.; Ventura-Spagnolo, E.; Gangemi, S.; Navarra, M. Anti-Inflammatory Activity of Citrus bergamia
Derivatives: Where Do We Stand? Molecules 2016, 21, 1273. [CrossRef]

9. Chen, L.; Deng, H.; Cui, H.; Fang, J.; Zuo, Z.; Deng, J.; Li, Y.; Wang, X.; Zhao, L. Inflammatory responses and inflammation-
associated diseases in organs. Oncotarget 2018, 9, 7204–7218. [CrossRef]

10. Li, D.; Wu, M. Pattern recognition receptors in health and diseases. Signal Transduct. Target. Ther. 2021, 6, 291. [CrossRef]
11. Kawasaki, T.; Kawai, T. Toll-like receptor signaling pathways. Front. Immunol. 2014, 5, 461. [CrossRef] [PubMed]
12. Cirmi, S.; Maugeri, A.; Russo, C.; Musumeci, L.; Navarra, M.; Lombardo, G.E. Oleacein Attenuates Lipopolysaccharide-Induced

Inflammation in THP-1-Derived Macrophages by the Inhibition of TLR4/MyD88/NF-kappaB Pathway. Int. J. Mol. Sci. 2022,
23, 1206. [CrossRef] [PubMed]

13. Liu, T.; Zhang, L.; Joo, D.; Sun, S.C. NF-kappaB signaling in inflammation. Signal Transduct. Target. Ther. 2017, 2, 17023. [CrossRef]
[PubMed]

14. Kaminska, B. MAPK signalling pathways as molecular targets for anti-inflammatory therapy—From molecular mechanisms to
therapeutic benefits. Biochim. Biophys. Acta 2005, 1754, 253–262. [CrossRef] [PubMed]

15. Morris, R.; Kershaw, N.J.; Babon, J.J. The molecular details of cytokine signaling via the JAK/STAT pathway. Protein Sci. 2018,
27, 1984–2009. [CrossRef] [PubMed]

16. Turner, M.D.; Nedjai, B.; Hurst, T.; Pennington, D.J. Cytokines and chemokines: At the crossroads of cell signalling and
inflammatory disease. Biochim. Biophys. Acta 2014, 1843, 2563–2582. [CrossRef] [PubMed]

17. Abbate, F.; Maugeri, A.; Laura, R.; Levanti, M.; Navarra, M.; Cirmi, S.; Germana, A. Zebrafish as a Useful Model to Study
Oxidative Stress-Linked Disorders: Focus on Flavonoids. Antioxidants 2021, 10, 668. [CrossRef] [PubMed]

18. Cheng, Y.; Wang, D.; Wang, B.; Li, H.; Xiong, J.; Xu, S.; Chen, Q.; Tao, K.; Yang, X.; Zhu, Y.; et al. HMGB1 translocation and release
mediate cigarette smoke-induced pulmonary inflammation in mice through a TLR4/MyD88-dependent signaling pathway. Mol.
Biol. Cell 2017, 28, 201–209. [CrossRef]

19. Murakami, A.; Ohigashi, H. Targeting NOX, INOS and COX-2 in inflammatory cells: Chemoprevention using food phytochemi-
cals. Int. J. Cancer 2007, 121, 2357–2363. [CrossRef]

20. Sproston, N.R.; Ashworth, J.J. Role of C-Reactive Protein at Sites of Inflammation and Infection. Front. Immunol. 2018, 9, 754.
[CrossRef]

21. Rossaint, J.; Margraf, A.; Zarbock, A. Role of Platelets in Leukocyte Recruitment and Resolution of Inflammation. Front. Immunol.
2018, 9, 2712. [CrossRef] [PubMed]

22. Sugimoto, M.A.; Sousa, L.P.; Pinho, V.; Perretti, M.; Teixeira, M.M. Resolution of Inflammation: What Controls Its Onset? Front.
Immunol. 2016, 7, 160. [CrossRef]

23. Williams, H.C.; Dellavalle, R.P.; Garner, S. Acne vulgaris. Lancet 2012, 379, 361–372. [CrossRef] [PubMed]
24. Misery, L.; Pierre, O.; Le Gall-Ianotto, C.; Lebonvallet, N.; Chernyshov, P.V.; Le Garrec, R.; Talagas, M. Basic mechanisms of itch.

J. Allergy Clin. Immunol. 2023, 152, 11–23. [CrossRef] [PubMed]
25. Ujiie, H.; Rosmarin, D.; Schon, M.P.; Stander, S.; Boch, K.; Metz, M.; Maurer, M.; Thaci, D.; Schmidt, E.; Cole, C.; et al. Unmet

Medical Needs in Chronic, Non-communicable Inflammatory Skin Diseases. Front. Med. 2022, 9, 875492. [CrossRef]
26. Barnes, P.J. Cellular and molecular mechanisms of asthma and COPD. Clin. Sci. 2017, 131, 1541–1558. [CrossRef]
27. Chung, K.F. p38 mitogen-activated protein kinase pathways in asthma and COPD. Chest 2011, 139, 1470–1479. [CrossRef]
28. Calbet, M.; Ramis, I.; Calama, E.; Carreno, C.; Paris, S.; Maldonado, M.; Orellana, A.; Calaf, E.; Pauta, M.; De Alba, J.; et al. Novel

Inhaled Pan-JAK Inhibitor, LAS194046, Reduces Allergen-Induced Airway Inflammation, Late Asthmatic Response, and pSTAT
Activation in Brown Norway Rats. J. Pharmacol. Exp. Ther. 2019, 370, 137–147. [CrossRef]

29. Gao, Y.; Zhao, C.; Wang, W.; Jin, R.; Li, Q.; Ge, Q.; Guan, Y.; Zhang, Y. Prostaglandins E2 signal mediated by receptor subtype EP2
promotes IgE production in vivo and contributes to asthma development. Sci. Rep. 2016, 6, 20505. [CrossRef]

30. Luczak, E.; Wieczfinska, J.; Sokolowska, M.; Pniewska, E.; Luczynska, D.; Pawliczak, R. Troglitazone, a PPAR-gamma agonist,
decreases LTC(4) concentration in mononuclear cells in patients with asthma. Pharmacol. Rep. 2017, 69, 1315–1321. [CrossRef]

31. Devchand, P.R.; Keller, H.; Peters, J.M.; Vazquez, M.; Gonzalez, F.J.; Wahli, W. The PPARalpha-leukotriene B4 pathway to
inflammation control. Nature 1996, 384, 39–43. [CrossRef]

32. Russo, C.; Maugeri, A.; Musumeci, L.; De Sarro, G.; Cirmi, S.; Navarra, M. Inflammation and Obesity: The Pharmacological Role
of Flavonoids in the Zebrafish Model. Int. J. Mol. Sci. 2023, 24, 2899. [CrossRef]

110



Nutrients 2024, 16, 259

33. Kanda, H.; Tateya, S.; Tamori, Y.; Kotani, K.; Hiasa, K.; Kitazawa, R.; Kitazawa, S.; Miyachi, H.; Maeda, S.; Egashira, K.; et al.
MCP-1 contributes to macrophage infiltration into adipose tissue, insulin resistance, and hepatic steatosis in obesity. J. Clin.
Investig. 2006, 116, 1494–1505. [CrossRef]

34. Jorge, A.S.B.; Andrade, J.M.O.; Paraiso, A.F.; Jorge, G.C.B.; Silveira, C.M.; de Souza, L.R.; Santos, E.P.; Guimaraes, A.L.S.; Santos,
S.H.S.; De-Paula, A.M.B. Body mass index and the visceral adipose tissue expression of IL-6 and TNF-alpha are associated with
the morphological severity of non-alcoholic fatty liver disease in individuals with class III obesity. Obes. Res. Clin. Pract. 2018,
12, 1–8. [CrossRef] [PubMed]

35. Montanari, N.R.; Ramirez, R.; Aggarwal, A.; van Buuren, N.; Doukas, M.; Moon, C.; Turner, S.; Diehl, L.; Li, L.; Debes, J.D.; et al.
Multi-parametric analysis of human livers reveals variation in intrahepatic inflammation across phases of chronic hepatitis B
infection. J. Hepatol. 2022, 77, 332–343. [CrossRef] [PubMed]

36. Panahi, Y.; Hosseini, M.S.; Khalili, N.; Naimi, E.; Simental-Mendia, L.E.; Majeed, M.; Sahebkar, A. Effects of curcumin on serum
cytokine concentrations in subjects with metabolic syndrome: A post-hoc analysis of a randomized controlled trial. Biomed.
Pharmacother. 2016, 82, 578–582. [CrossRef] [PubMed]

37. Park, J.E.; Kang, E.; Han, J.S. HM-chromanone attenuates TNF-alpha-mediated inflammation and insulin resistance by controlling
JNK activation and NF-kappaB pathway in 3T3-L1 adipocytes. Eur. J. Pharmacol. 2022, 921, 174884. [CrossRef] [PubMed]

38. Fusco, R.; Cirmi, S.; Gugliandolo, E.; Di Paola, R.; Cuzzocrea, S.; Navarra, M. A flavonoid-rich extract of orange juice reduced
oxidative stress in an experimental model of inflammatory bowel disease. J. Funct. Foods 2017, 30, 168–178. [CrossRef]

39. Plotkin, J.D.; Elias, M.G.; Dellinger, A.L.; Kepley, C.L. NF-kappaB inhibitors that prevent foam cell formation and atherosclerotic
plaque accumulation. Nanomedicine 2017, 13, 2037–2048. [CrossRef]

40. Lu, N.; Cheng, W.; Liu, D.; Liu, G.; Cui, C.; Feng, C.; Wang, X. NLRP3-Mediated Inflammation in Atherosclerosis and Associated
Therapeutics. Front. Cell Dev. Biol. 2022, 10, 823387. [CrossRef]

41. Lainampetch, J.; Panprathip, P.; Phosat, C.; Chumpathat, N.; Prangthip, P.; Soonthornworasiri, N.; Puduang, S.; Wechjakwen, N.;
Kwanbunjan, K. Association of Tumor Necrosis Factor Alpha, Interleukin 6, and C-Reactive Protein with the Risk of Developing
Type 2 Diabetes: A Retrospective Cohort Study of Rural Thais. J. Diabetes Res. 2019, 2019, 9051929. [CrossRef] [PubMed]

42. Singh, T.P.; Morris, D.R.; Smith, S.; Moxon, J.V.; Golledge, J. Systematic Review and Meta-Analysis of the Association Between
C-Reactive Protein and Major Cardiovascular Events in Patients with Peripheral Artery Disease. Eur. J. Vasc. Endovasc. Surg. 2017,
54, 220–233. [CrossRef]

43. Adolph, T.E.; Meyer, M.; Schwarzler, J.; Mayr, L.; Grabherr, F.; Tilg, H. The metabolic nature of inflammatory bowel diseases. Nat.
Rev. Gastroenterol. Hepatol. 2022, 19, 753–767. [CrossRef] [PubMed]

44. Cirmi, S.; Randazzo, B.; Russo, C.; Musumeci, L.; Maugeri, A.; Montalbano, G.; Guerrera, M.C.; Lombardo, G.E.; Levanti, M.
Anti-inflammatory effect of a flavonoid-rich extract of orange juice in adult zebrafish subjected to Vibrio anguillarum-induced
enteritis. Nat. Prod. Res. 2021, 35, 5350–5353. [CrossRef]

45. Moschen, A.R.; Tilg, H.; Raine, T. IL-12, IL-23 and IL-17 in IBD: Immunobiology and therapeutic targeting. Nat. Rev. Gastroenterol.
Hepatol. 2019, 16, 185–196. [CrossRef] [PubMed]

46. Cianciulli, A.; Calvello, R.; Cavallo, P.; Dragone, T.; Carofiglio, V.; Panaro, M.A. Modulation of NF-kappaB activation by resveratrol
in LPS treated human intestinal cells results in downregulation of PGE2 production and COX-2 expression. Toxicol. Vitro 2012,
26, 1122–1128. [CrossRef]

47. Bruschetta, G.; Fazio, E.; Cravana, C.; Ferlazzo, A.M. Effects of partial versus complete separation after weaning on plasma
serotonin, tryptophan and pituitary-adrenal pattern of Anglo-Arabian foals. Livest. Sci. 2017, 198, 157–161. [CrossRef]

48. Bruschetta, G.; Medica, P.; Fazio, E.; Cravana, C.; Ferlazzo, A.M. The effect of training sessions and feeding regimes on
neuromodulator role of serotonin, tryptophan, and β-endorphin of horses. J. Vet. Behav. 2018, 23, 82–86. [CrossRef]

49. Wang, M.; Xu, H.; Chong Lee Shin, O.L.; Li, L.; Gao, H.; Zhao, Z.; Zhu, F.; Zhu, H.; Liang, W.; Qian, K.; et al. Compound
alpha-keto acid tablet supplementation alleviates chronic kidney disease progression via inhibition of the NF-kB and MAPK
pathways. J. Transl. Med. 2019, 17, 122. [CrossRef]

50. Milo, R.; Korczyn, A.D.; Manouchehri, N.; Stuve, O. The temporal and causal relationship between inflammation and neurode-
generation in multiple sclerosis. Mult. Scler. 2020, 26, 876–886. [CrossRef]

51. Song, L.; Pei, L.; Yao, S.; Wu, Y.; Shang, Y. NLRP3 Inflammasome in Neurological Diseases, from Functions to Therapies. Front.
Cell Neurosci. 2017, 11, 63. [CrossRef] [PubMed]

52. Filaly, H.E.; Outlioua, A.; Medyouf, H.; Guessous, F.; Akarid, K. Targeting IL-1beta in patients with advanced Helicobacter pylori
infection: A potential therapy for gastric cancer. Future Microbiol. 2022, 17, 633–641. [CrossRef] [PubMed]

53. Maugeri, A.; Cirmi, S.; Minciullo, P.L.; Gangemi, S.; Calapai, G.; Mollace, V.; Navarra, M. Citrus fruits and inflammaging: A
systematic review. Phytochem. Rev. 2019, 18, 1025–1049. [CrossRef]

54. Mannucci, C.; Calapai, F.; Cardia, L.; Inferrera, G.; D’Arena, G.; Di Pietro, M.; Navarra, M.; Gangemi, S.; Ventura Spagnolo, E.;
Calapai, G. Clinical Pharmacology of Citrus aurantium and Citrus sinensis for the Treatment of Anxiety. Evid. Based Complement.
Altern. Med. 2018, 2018, 3624094. [CrossRef] [PubMed]

55. Rapisarda, A.; Germanò, M.P. Citrus × bergamia Risso & Poiteau Botanical classification, Morphology and Anatomy. In Citrus
bergamia: Bergamot and Its Derivatives; CRC Press: Boca Raton, FL, USA, 2014; pp. 9–11.

56. Liu, Y.; Heying, E.; Tanumihardjo, S.A. History, global distribution, and nutritional importance of citrus fruits. Compr. Rev. Food
Sci. Food Saf. 2012, 11, 530–545. [CrossRef]

111



Nutrients 2024, 16, 259

57. Giuffre, A.M. Bergamot (Citrus bergamia, Risso): The Effects of Cultivar and Harvest Date on Functional Properties of Juice and
Cloudy Juice. Antioxidants 2019, 8, 221. [CrossRef]

58. Gonzalez-Mas, M.C.; Rambla, J.L.; Lopez-Gresa, M.P.; Blazquez, M.A.; Granell, A. Volatile Compounds in Citrus Essential Oils: A
Comprehensive Review. Front. Plant Sci. 2019, 10, 12. [CrossRef]

59. Cirmi, S.; Bisignano, C.; Mandalari, G.; Navarra, M. Anti-infective potential of Citrus bergamia Risso et Poiteau (bergamot)
derivatives: A systematic review. Phytother. Res. 2016, 30, 1404–1411. [CrossRef]

60. Navarra, M.; Ferlazzo, N.; Cirmi, S.; Trapasso, E.; Bramanti, P.; Lombardo, G.E.; Minciullo, P.L.; Calapai, G.; Gangemi, S. Effects
of bergamot essential oil and its extractive fractions on SH-SY5Y human neuroblastoma cell growth. J. Pharm. Pharmacol. 2015,
67, 1042–1053. [CrossRef]

61. Maugeri, A.; Lombardo, G.E.; Musumeci, L.; Russo, C.; Gangemi, S.; Calapai, G.; Cirmi, S.; Navarra, M. Bergamottin and
5-Geranyloxy-7-methoxycoumarin Cooperate in the Cytotoxic Effect of Citrus bergamia (Bergamot) Essential Oil in Human
Neuroblastoma SH-SY5Y Cell Line. Toxins 2021, 13, 275. [CrossRef]

62. Gattuso, A.; Piscopo, A.; Romeo, R.; De Bruno, A.; Poiana, M. Recovery of Bioactive Compounds from Calabrian Bergamot Citrus
Waste: Selection of Best Green Extraction. Agriculture 2023, 13, 1095. [CrossRef]

63. Salerno, R.; Casale, F.; Calandruccio, C.; Procopio, A. Characterization of flavonoids in Citrus bergamia (Bergamot) polyphenolic
fraction by liquid chromatography–high resolution mass spectrometry (LC/HRMS). PharmaNutrition 2016, 4, S1–S7.

64. Musumeci, L.; Maugeri, A.; Russo, C.; Lombardo, G.E.; Cirmi, S.; Navarra, M. Citrus Flavonoids and Autoimmune Diseases: A
Systematic Review of Clinical Studies. Curr. Med. Chem. 2023, 30, 2191–2204. [CrossRef] [PubMed]

65. Balestrieri, E.; Pizzimenti, F.; Ferlazzo, A.; Giofre, S.V.; Iannazzo, D.; Piperno, A.; Romeo, R.; Chiacchio, M.A.; Mastino, A.; Macchi,
B. Antiviral activity of seed extract from Citrus bergamia towards human retroviruses. Bioorg Med. Chem. 2011, 19, 2084–2089.
[CrossRef]
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Abstract: Pseudomonas aeruginosa (P. aeruginosa) causes harmful lung infections, especially in immuno-
compromised patients. The immune system and Interleukin (IL)-17-producing γδ T cells (γδ T)
are critical in controlling these infections in mice. The gut microbiota modulates host immunity
in both cancer and infection contexts. Nutritional intervention is a powerful means of modulating
both microbiota composition and functions, and subsequently the host’s immune status. We have
recently shown that inulin prebiotic supplementation triggers systemic γδ T activation in a cancer
context. We hypothesized that prophylactic supplementation with inulin might protect mice from
lethal P. aeruginosa acute lung infection in a γδ T-dependent manner. C57Bl/6 mice were supplemented
with inulin for 15 days before the lethal P. aeruginosa lung infection, administered intranasally. We
demonstrate that prophylactic inulin supplementation triggers a higher proportion of γδ T in the
blood, accompanied by a higher infiltration of IL-17-producing γδ T within the lungs, and protects
33% of infected mice from death. This observation relies on γδ T, as in vivo γδ TcR blocking using a
monoclonal antibody completely abrogates inulin-mediated protection. Overall, our data indicate that
inulin supplementation triggers systemic γδ T activation, and could help resolve lung P. aeruginosa
infections. Moreover, our data suggest that nutritional intervention might be a powerful way to
prevent/reduce infection-related mortality, by reinforcing the microbiota-dependent immune system.

Keywords: prebiotic; inulin; γδ T cells; Pseudomonas aeruginosa; immunity; gut–lung axis

1. Introduction

Pseudomonas aeruginosa (P. aeruginosa) is a common gram-negative environmental
bacterium. This opportunistic bacterium causes nosocomial infections and is highly virulent
in immunodeficient patients. Indeed, pulmonary infection with P. aeruginosa is one of the
leading causes of death in ventilator-associated pneumonia (VAP), cystic fibrosis, and
chronic obstructive pulmonary disease (COPD) patients [1–3]. Due to its adaptability,
P. aeruginosa strains have become increasingly more resistant to antibiotics [4,5]. As a result,
in 2017, the World Health Organization classified P. aeruginosa as an antibiotic-resistant
“critical priority pathogen” among the bacteria species causing the greatest menace to the
global population [6].

In an acute P. aeruginosa infection mouse model, several studies support the idea that
the immune system, especially pulmonary γδ T lymphocytes, plays a key role in fighting
such infection [7–9]. γδ T cells are unconventional innate T cells, primarily activated during
P. aeruginosa infection [10]. This early activation makes them the first pulmonary producers
of interleukin 17 (IL-17), and highly protective cells, during P. aeruginosa infection. In
addition, lung γδ T cell infiltration is a good prognostic marker in the lethal P. aeruginosa
acute infection mouse model and might, therefore, be an attractive therapeutic target [7–10].
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Indeed, an active immune system is crucial for eliminating this opportunistic pathogen that
has many virulence factors and easily acquires many antibiotic resistance determinants [5].
In immunodeficient patients, therapies and interventions reinforcing host immunity are
therefore urgently required.

The modulation of the immune system can be achieved in several ways, including
the use of recombinant cytokines or monoclonal antibodies. Monoclonal antibodies can
either act as agonists, activating receptors, or antagonists, inhibiting receptors or cytokines.
These therapeutic strategies are currently being investigated in bacterial lung infections
caused by Mycobacterium tuberculosis or P. aeruginosa, for example [11–13]. While vaccine
approaches for P. aeruginosa infections have been ineffective so far, some immunotherapies,
particularly monoclonal antibodies, are currently under investigation [14]. For over a
decade, the gut microbiota has been shown to play a fundamental role in the induction,
education, and function of the mammalian immune system [15]. The gut microbiota is
composed of bacteria, fungi, archaea, and viruses that are in constant interaction with their
host. Among these, bacteria have been the most extensively studied and have been shown
to interact with host gut immunity [16,17]. Immune system modulation is balanced be-
tween pro- and anti-inflammatory signals produced by bacteria [17]. These signals include
microorganisms-associated molecular patterns (MAMPs) and metabolites. Some metabo-
lites derived from the gut microbiota can act as potent immune modulators [18]. These
metabolites not only act on local (gut) immunity but also have an impact on distal, systemic
immunity [15]. For instance, gut microbiota-derived aryl hydrocarbon receptor (AhR)
ligands can influence the function of dendritic epidermal T cells, a type of T cell residing in
the skin epidermis [19]. Additionally, short-chain fatty acids (SCFAs), which are metabolites
produced through fiber fermentation by commensal bacteria, can directly modulate the
function of various immune cells [20]. SCFAs can also enhance host hematopoiesis, pro-
moting the generation of macrophage and dendritic cell (DC) precursors in the blood [21].
Consequently, they facilitate the migration of DCs with high phagocytic capacity to the
lung [21]. These findings illustrate the gut–lung axis, where the gut microbiota and its
derived metabolites potently regulate lung immunity under homeostatic conditions [22].
Since some studies have implicated the gut microbiome in certain bacterial pulmonary
infection-associated diseases, targeting it could represent a promising therapeutic approach,
particularly through nutritional interventions [23]. For example, COPD patients have an
altered gut microbiome that correlates with disease features [24]. In the nontuberculous
mycobacterial pulmonary disease (NTM-PDs) mouse model, modulation of the gut mi-
crobiome through L-arginine administration has shown a protective effect, even against
multi-drug resistant Mycobacterium abscessus [25].

Based on these studies, the development of optimal strategies for modulating the com-
position and function of the gut microbiota for therapeutic purposes is highly appealing.
As diet is one of the most potent modulators of the microbiota, nutritional intervention
could significantly improve host anti-bacterial immunity [26]. A promising nutritional
intervention approach involves diet supplementation with dietary fibers that exhibit pre-
biotic activity. Prebiotics are indigestible compounds found in vegetables, fermented by
commensal bacteria of the gut microbiota [27]. A diet rich in prebiotics promotes the growth
and metabolic activity of beneficial bacteria in the colon, thus favorizing gut-associated
benefits [28,29]. Among prebiotics, inulin is a fructooligosaccharide (FOS) primarily found
in chicory roots, composed of a fructosyl chain ending with a glucosyl moiety. Dietary
supplementation with inulin has shown beneficial effect in several pathologies. In Type
2 diabetes patients, inulin consumption helps to regulate the glycemia [30]. In addition,
dietary supplementation with inulin showed anti-tumor effect in several tumor-bearing
mouse models [31]. Inulin is known to enhance the colonization of the gut by profitable
bacteria, including Bifidobacterium, which has been described as an immuno-stimulatory
species [32,33]. However, its biological mode of action still remains unknown.

We previously demonstrated that a 15-day diet supplementation with inulin efficiently
modulates the gut microbiota and promotes the growth of Bifidobacterium in mice [34].
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This modulation of the microbiota led to the activation of colonic γδ T intraepithelial
lymphocytes (IELs), notably enhancing their capacity to produce pro-inflammatory cy-
tokines. Local γδ T cell activation was accompanied by systemic γδ T cell activation, as
evidenced by enhanced cancer immunosurveillance. In contrast to mice on a control diet,
mice supplemented with inulin exhibited a significant reduction in the size of subcuta-
neously transplanted melanoma tumors. This effect was dependent on the microbiota and
γδ T cells, as simultaneous treatment with broad-spectrum antibiotics or administration
of an anti-γδ TcR blocking antibody completely abolished the efficacy of inulin-mediated
protection. Collectively, our findings demonstrate that this prebiotic strategy holds great
potential for activating systemic host immunity, particularly γδ T cells, in a cancer con-
text [34]. Considering the protective role of γδ T cells in P. aeruginosa infections [7–9], we
hypothesized that prophylactic nutritional intervention with inulin supplementation could
trigger a protective systemic activation of γδ T cell, potentially safeguarding against lethal
P. aeruginosa infection. To evaluate this scenario, we conducted the present study.

2. Materials and Methods

2.1. Animals

Female C57Bl/6 mice (aged 5 weeks) were provided by Janvier SA Laboratory (Le
Genest-Saint-Isle, France) and housed at “Plateforme de Haute Technologie Animale
(PHTA)” UGA core facility (Grenoble, France), EU0197, Agreement C38-51610006, un-
der specific pathogen-free conditions, in a temperature-controlled environment with a 12 h
light/dark cycle and ad libitum access to water and diet. Animal housing and procedures
were conducted in accordance with the recommendations from the Direction des Ser-
vices Vétérinaires, Ministry of Agriculture of France, according to European Communities
Council Directive 2010/63/EU, and according to recommendations for health monitoring
from the Federation of European Laboratory Animal Science Associations. Protocols in-
volving animals were reviewed by the local ethics committee, “Comité d’Ethique pour
l’Expérimentation Animale no.#12, Cometh-Grenoble”, and approved by the Ministry of
Research (APAFIS#21249-2019062715154462.v4, on 19 July 2019). Only female mice were
used in this project, to avoid housing issues after group randomization. After a 1-week
adaptation, the mice were randomly assigned to 2 groups, according to their diet.

(1) Healthy control group (Control), n = 16

n = 10: P. aeruginosa infected (n = 6 were used for survival assessment, and n = 4 were
used for lung and blood-immunity analysis).

n = 6: Non-infected mice, used for lung and blood-immunity analysis.

(2) Inulin-supplemented group (Inulin) n = 24

n = 12: P. aeruginosa infected (n = 6 were used for survival assessment, and n = 6 were
used for lung and blood-immunity analysis).

n = 6: P. aeruginosa infected + anti-γδ TcR, used for survival assessment.
n = 6: Non-infected mice, used for lung and blood-immunity analysis.
For inulin treatment, mice received a standard diet and drinking water supplemented

with 7.2% inulin, starting 15 days before P. aeruginosa intranasal infection. Drinking bottles
supplemented with inulin were renewed 3 times a week. All experiments were conducted
with 6 mice per group, except when indicated in the figure legend.

2.2. Bacterial Culture

A clinical strain of P. aeruginosa, named CHA, was used for intrapulmonary infec-
tions [35]. Bacteria were cultured in Lysogeny Broth (LB) medium, under agitation at 37 ◦C.
Bacterial growth, followed by optical density (OD) at 600 nm, was stopped at the exponen-
tial phase, corresponding to OD = 1. After centrifugation, bacteria were resuspended at
a concentration of 1.25 × 108 CFU/mL in Phosphate Buffer Saline 1X (PBS) (Gibco). The
number of bacteria administered was confirmed by colony-forming unit (CFU) count after
24 h of culture at 37 ◦C on LB agar.
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2.3. Intranasal Inoculation of P. aeruginosa

Mice were anesthetized with 4% isoflurane and infected intranasally with 3 × 106

CFU P. aeruginosa, in 40 μL PBS. After 14 h, half of the mice were euthanized for pulmonary
immunity analysis. The other half were under acute surveillance for 96 h. The severity of
the symptoms was evaluated regularly by calculating a clinical score, as follows:

Score 1: normal clinical condition, may have slight piloerection, normal activity and no
weight loss.
Score 2: slight piloerection, slight prostration, weight loss < 20%.
Score 3: piloerection, moderate prostration, weight loss < 20%, slightly closed eyes, irregular
breathing, slightly reduced mobility, slightly reduced activity.
Score 4: piloerection, prostration, weight loss > 20%, closed eyes, reduced breathing rate,
increased breathing depth, reduced activity: animal has reached moderate endpoint and
should be euthanized.

When a score reached 3, animals were monitored every hour. Animals reaching a
score of 4 were euthanized, to avoid any unnecessary suffering, and reported as dead from
the infection.

2.4. In Vivo Blocking of γδ-TcR

Mice received 100 μg of the anti-γδTcR monoclonal antibody (clone UC7-13D5, Eu-
romedex, Souffekweyersheim, France) intraperitoneally, in 100 μL PBS 1X. Anti-γδTcR
antibodies were injected the day before and after the bacterial challenge.

2.5. Lung Harvest

Lung lobes were collected in Roswell Park Memorial Institute (RPMI) complete
medium (supplemented with 1% non-essential amino acids, 1 mM sodium pyruvate,
50 U/mL penicillin and 50 μg/mL streptomycin (all from Life technologies, Courtaboeuf,
France)). Each lobe was lacerated into small pieces using scalpels, and digested with
LiberaseTM (25 μg/mL, Roche, Meylan, France) for 30 min at 37 ◦C. Finally, the digested
lungs were passed through a 70 μm cell strainer, washed, and cells were resuspended in 10%
Fetal Bovine Serum (FBS) (Life technologies, Courtaboeuf, France) RPMI complete medium.

2.6. Blood Sample Preparation

Blood was collected via retro-orbital sampling in K2E tubes (BD Medical, Le Pont-de-
Claix, France). After centrifugation, blood pellets were resuspended in 1 mL Red Blood
Cell Lysis buffer 1X (Sigma, Saint-Quentin Fallavier, France) and washed with 10% FBS
complete RPMI.

2.7. Flow Cytometry

To allow intracellular cytokine detection, cell suspensions were stimulated for 4 h
at 37 ◦C with 50 ng/mL phorbol 12-myristate 13-acetate (PMA) (Sigma, Saint-Quentin
Fallavier, France), 1 μg/mL ionomycin (Sigma, Saint-Quentin Fallavier, France), in the
presence of Golgi StopTM (BD Biosciences, Le Pont-de-Claix, France). Following activation,
cells were stained for extracellular markers and incubated with 200 ng of each antibody
for 15 min in the dark at RT. The antibodies targeting extracellular proteins were CD45
(30-F11), CD3 (17A2), CD4 (GK1.5) (Biolegend, Amsterdam, The Netherlands), γδ-TcR
(eBioGL3 (GL-3, GL3)) (BD Biosciences, Le Pont-de-Claix, France). To allow intracellular
labeling, cells were first permeabilized using a FoxP3 staining buffer kit (Life technologies,
Courtaboeuf, France) before being incubated with intracellular antibodies for 1 h in the
dark at RT. Antibodies targeting intracellular cytokines were IFNγ (XMG1.2) (Biolegend,
Amsterdam, The Netherlands), IL-10 (JES5-16E3) (Life technologies, Courtaboeuf, France),
and IL-17A (TC11-18H10) (BD Biosciences, Le Pont-de-Claix, France). After intracellular
labeling, cells were fixed with FACS (fluorescence-activated cell sorting) Lysing Solution 1X
(BD Biosciences, Le Pont-de-Claix, France) and stored at +4 ◦C until acquisition. All data

118



Nutrients 2023, 15, 3037

were acquired on a BD Biosciences FACS Canto II and analyzed using FlowJo Software
V10.4.2. The gating strategy is shown in Figure S1.

2.8. Statistical Analysis

Statistical analyses were performed on GraphPad PRISM software. Mann–Whitney
tests were used to compare 2 groups; ns corresponds to non-significant and * corresponds
to p-value < 0.05.

3. Results

3.1. An Inulin-Enriched Diet Protects Mice against Lethal P. aeruginosa Infection and Enhances
Pulmonary IL-17-Producing γδ T Cells

We have recently described how an inulin-enriched diet promotes systemic γδ T cell
activation through microbiota modulation [19]. Since γδ T cells are critical players in
controlling acute P. aeruginosa infections, we assessed the potential anti-bacterial effect of
such an inulin-mediated immune boost. To do so, mice were fed either a standard diet or
an inulin-enriched diet for 2 weeks before being intranasally challenged with a lethal dose
of P. aeruginosa (Figure 1A). Only the two-week inulin-enriched diet efficiently protected
33% of infected mice from death (two out of six mice) (Figure 1B).

Figure 1. The inulin-enriched diet protects against lethal P. aeruginosa infection by reinforcing γδ

T cells. (A) Experimental schedule. C57BL/6 mice were fed a control or an inulin-enriched diet
(7.2% in drinking water) (n = 4–6 mice per group) starting 15 days before intranasal infection with
3 × 106 CFU of P. aeruginosa. (B) Survival curves of mice treated and infected as described in (A).
(C–E) Frequency of pulmonary IL-17-producing cells gated on CD45+ CD3+ γδ TcR +, defined as
γδ T cells (C), CD45+ CD3+ γδ TcR− CD4−, defined as CD8+ T cells (D) or CD45+ CD3+ γδ TcR−,
CD4+, defined as CD4+ T cells (E) from mice treated as in (A) 12 h post-infection. Graphs show the
mean ± SEM. Statistically significant results are indicated by: ns = non-significant, * p < 0.05, by
Mann–Whitney tests.
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To better understand the mechanisms behind this observation, we analyzed lung
immunity by flow cytometry 12 h post-infection. While the inulin-enriched diet did not
affect the infiltration of CD45+ and CD3+ in the lung (Figure S2), it significantly increased
the proportion of pulmonary IL-17-producing γδ T lymphocytes (Figure 1C) and CD8+ T
lymphocytes (Figure 1D), from 3% to 8%, and 0.5% to 1%, respectively. The frequency of
IL-17-producing CD4+ T cells also tended to increase, although non significantly (Figure 1E).
The proportions of Interferon γ (IFNγ)-producing T lymphocytes in the lungs were not
affected by the inulin-enriched diet (Figure S3A), but the proportion of IL-10-producing
CD8+ T cells was increased in the lungs of infected mice (Figure S3B).

IL-17-producing γδ T lymphocytes have already been described as potent protective
immune cells against P. aeruginosa infection. To confirm that the inulin-mediated protection
was immune-dependent, and particularly dependent on γδ T cell-dependent, the same
experiment was repeated, with one group receiving a blocking γδ TcR antibody the day
before and the day after intranasal infection (Figure 2A). While 33% of inulin-treated mice
were protected against P. aeruginosa infection (two out of six mice), the administration of
the γδ TcR-blocking antibody completely abrogated this protective effect (Figure 2B), and
none of the mice from either the control or the inulin + blocking γδ TcR group survived.
These results collectively indicate that inulin triggered a Th17-polarized antibacterial lung
immunity strongly supported by γδ T lymphocytes. Indeed, γδ T lymphocytes, and more
likely their γδ TcR engagement, are mandatory for inulin’s protection against P. aeruginosa.

Figure 2. The inulin-mediated protective effect against P. aeruginosa depends on γδ T cells. (A) Experi-
mental schedule. C57BL/6 mice were fed a control or an inulin-enriched diet (7.2% in drinking water)
(n = 6 mice per group) starting 15 days before intranasal infection with 3 × 106 CFU P. aeruginosa.
Anti-γδ TcR antibodies were injected intraperitoneally (i.p.) into 6 mice from the inulin group the
days before and after bacterial infection. (B) Survival curves of mice treated and infected as described
in (A).

3.2. The Inulin Diet Reinforces Blood Circulating Immunity

We have previously shown that a 15-day inulin-enriched diet triggers γδ T cell acti-
vation in the gut [34], specifically within colon IntraEpithelial Lymphocytes (IELs) γδ T
cells. The gut microbiota can induce immune modulation in distal sites, including the lungs
(known as gut-lung axis) [22]. Therfore, we investigated whether an inulin-enriched diet
modulates lung γδ T cell infiltration under steady-state conditions or if these cells are only
recruited from the periphery upon infection. To adress this, we analyzed both the immune
cells infiltrating the lungs and the immune cells circulating in the blood following a 15-day
inulin-enriched diet (Figure 3A), corresponding to the day of infection (Figure 1A).

The inulin-enriched diet did not trigger higher lung leukocyte (CD45+) or T cell
infiltration compared to mice on the control diet (Figure S4). Among the T cells, we did not
observe any differences in the proportions of γδ, CD4+, and CD8+ T cells (Figure 3B–D).
The cytokine patterns of lung-infiltrating T cells, particularly IFNγ, IL-17, and IL-10, were
comparable in both groups (Figure S5A,B), except for the proportion of the IL-10-producing
CD8+ T cells, which was found to be higher under the inulin diet (Figure S5C). While
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the inulin diet did not affect the proportions of pulmonary T lymphocytes, it significantly
increased the proportion of γδ T and CD4+ T cells in the blood, from 0.08% to 0.14%, and
from 3.9% to 8.3%, respectively (Figure 3E,G). The proportion of CD8+ T cells also showed
a tendency to increase, but did not reach statistical significance (Figure 3F). Regarding the
cytokine patterns of circulating T cells in the blood, the proportion of IL-17- and IL-10-
producing T lymphocytes were comparable between both groups (Figure S5D,F), while the
proportions of IFNγ-producing γδ and CD8+ T cells were reduced (Figure S5E).

Altogether, these observations suggest that the inulin diet promotes the circulation of
γδ T cells and conventional T cells within the blood, but does not enhance their infiltration
into the lung under steady-state conditions. However, upon acute infection, these cells are
recruited to the lungs.

Figure 3. Pulmonary-activated T cells probably originate from the blood. (A) Experimental schedule.
C57BL/6 mice were fed a control or an inulin-enriched diet (7.2% in drinking water) (n = 6 mice per
group) starting 15 days before the analysis of the lung-infiltrated and blood-circulating immune cells.
(B–D) Frequency of lung-infiltrated immune cells gated on CD45+ CD3+ γδ TcR+, defined as γδ T
cells (B), CD45+ CD3+ γδ TcR− CD4−, defined as CD8+ T cells (C) or CD45+ CD3+ γδ TcR−, CD4+,
defined as CD4+ T cells (D) from mice treated as in (A). (E–G) Frequency of blood-circulating cells
gated on CD45+ CD3+ γδ TcR+, defined as γδ T cells (E), CD45+ CD3+ γδ TcR− CD4−, defined as CD8+

T cells (F) or CD45+ CD3+ γδ TcR−, CD4+, defined as CD4+ T cells (G) from mice treated as in (A).
Graphs show the mean ± SEM. Statistically significant results are indicated by: ns = non-significant,
* p < 0.05, by Mann–Whitney tests.

4. Discussion

P. aeruginosa is widely recognized as a priority pathogen with respect to its high
pathogenicity and the development of antibiotic resistance. There is an urgent need for
emerging strategies that target the immune system, particularly those focusing on γδ T
cells, which have been shown to play a critical role in combatting such infections [7–9].
In this study, we propose to harness the prebiotic and immune-stimulatory properties of
inulin. It has been demonstrated, by ourselves and others, that this dietary fiber promotes
the growth of immune-stimulatory bacteria such as Bifidobacterium [34,36], consequently
leading to γδ T cell activation. Additionally, inulin promotes gut health by facilitating the
production of SCFAs by the gut microbiota, which possess anti-inflammatory properties
and support gut barrier integrity [37–39]. Strategies that reinforce the immune system
through modulations of the gut microbiota are being increasingly investigated. Among the
various gut microbiota modulators, inulin holds the advantage of being a widely consumed
prebiotic, available either through diet source or as a supplement.
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In the present study, we report that an inulin-enriched diet has the capacity to protect 33%
of mice against lethal infection with P. aeruginosa. This protective effect was accompanied by
an increased proportion of IL-17-producing γδ T lymphocytes infiltrating the lungs, which
play a critical role in this process, as blocking the γδ TcR in vivo abolished the protective
effect mediated by inulin. Previous studies have also highlighted the importance of these
cells in immune defense against P. aeruginosa infections [7–9], which our results confirm. Prior
to infection, at a steady state, the proportion of immune cells in the lungs did not appear
to be affected by inulin consumption. However, there was an increase in the proportion of
patrolling T lymphocytes in the bloodstream. It is possible that the production of SCFAs or
other metabolites induced by the inulin modulate γδ T cell proportion through the stimulation
of lymphoid hematopoiesis, as has been described for the myeloid compartment [20,21]. As
a result, an inulin-enriched diet enhances systemic immunosurveillance, making it more
responsive to lung infiltration upon infection and thereby protecting the host from death.

The molecular mechanisms underlying the activation of systemic γδ T lymphocyte are
still unclear. In addition to establishing the essential role of γδ T lymphocytes as mediators,
our data indicate that their activation is TcR-mediated rather than mediated through NKR
(natural killer receptor) or TLR molecules. Since γδ T cells detect metabolites such as (E)-4-
Hydroxy-3-methyl-but-2-enyl pyrophosphate (HMB-PP) derived from bacteria or isopentenyl-
pyrophosphate (IPP) derived from tumors via their TcR [40], our findings strongly suggest
that their activation may be mediated by microbiota-derived metabolites. Further research is
needed to unravel the exact mechanisms and identify the specific metabolites that activate γδ

T cells. The identification of these metabolites would be highly valuable for developing future
post-biotic therapeutic strategies based on metabolites, particularly for immunocompromised
or dysbiotic patients who are already infected, as nutritional interventions would require
significant time to achieve the optimal modulation of the microbiota.

In addition to immune-stimulatory metabolites, we also hypothesized that anti-inflamm-
atory and tissue repair signals (metabolites/mediators) could play a role. These signals
would have a protective effect by preventing a harmful immune response from the host,
which could lead to the destruction of lung tissue and, ultimately, death. Among the metabo-
lites derived from inulin that have been described, SCFAs are known to promote the integrity
of the gut epithelial barrier through IL-22 production, and possess anti-inflammatory prop-
erties [41]. In the protective effect observed in the acute P. aeruginosa infection mouse model
due to inulin consumption, SCFAs could also regulate immunity, preventing mice from
succumbing to excessive inflammation. Consistent with this, we observed a slight increase
in the proportion of IL-10-producing CD8+ T cells in the lungs when the mice were on an
inulin diet, supporting this hypothesis. We previously demonstrated that an inulin diet
promotes IL-22, a cytokine involved in tissue repair, in the lamina propria of the gut [34]. It
is conceivable that such modulation occurs at distant sites such as the lungs.

Beyond P. aeruginosa infection-related issues, the immune state of patients prior to any
infection is a determining factor in clinical outcome. This has been exemplified by the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic, where individuals with
microbiota-related disorders (such as obesity and diabetes) were more prone to developing
severe disease [42]. This can be attributed to pre-existing immune dysregulation (chronic
systemic inflammatory state) and a compromised gut barrier, which facilitates the spread of
the virus and subsequent multi-organ failure [43]. Both of these factors are associated with a
dysbiotic state of the gut microbiota [44]. In a state of eubiosis, beneficial bacteria that are part
of the microbiota produce key metabolites, notably SCFAs, which are crucial for gut health.
SCFAs promote mucus production by goblet cells, preventing excessive inflammation [45].
The mucus acts as a barrier, shielding epithelial cells from bacteria and thus preventing tissue
inflammation through Toll-like receptors (TLRs) and/or tissue damage caused by bacterial
toxins [46]. SCFAs also possess anti-inflammatory properties [41], which help prevent au-
toimmunity and subsequent tissue damage. Additionally, SCFAs promote the expression of
the tight junction protein by epithelial cells, maintaining the integrity of the intestinal barrier
and preventing the translocation of bacteria or bacterial products from the gut lumen into the
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bloodstream [45]. On the other hand, dysbiosis, characterized by a loss or reduction of beneficial
bacteria and decreased or absent SFCA production, leads to a thinner mucus layer, a decrease
in anti-inflammatory signals, and compromised barrier integrity, due to the downregulation of
tight junctions. Dysbiosis promotes local and systemic inflammation, particularly through bac-
terial product translocation. This systemic inflammation can trigger metabolic syndromes such
as insulin resistance, diabetes, and obesity. It has been demonstrated that the initial response to
SARS-CoV-2 infection is crucial in rapidly reducing viral load and preventing a later exacer-
bated immune response that could be detrimental and even fatal for patients [43]. However,
individuals with metabolic syndromes may already have a pre-existing chronic inflammation
that impairs the initial anti-SARS-CoV-2 response. Importantly, since the virus has a tropism for
the gut due to the expression of the angiotensin-converting enzyme 2 (ACE2) in gut cells [47], a
compromised gut epithelial barrier due to dysbiosis can facilitate viral propagation in the body.
The virus can then reach vital organs, multiply, and cause death through immune exacerbation
and multiple organ failure [43]. Similar scenarios could arise in future pandemics, especially
if caused by an enterotropic pathogen (virus or bacteria) capable of eliciting exacerbated and
harmful immune responses. Based on this knowledge and lessons learned, one can envision
strategies to attenuate the severity and clinical outcome of viral and bacterial infections, as well
as future pandemics, by promoting the optimization of the gut microbiota, particularly through
nutritional intervention, within the general population. We believe that this should be given
priority as a preventive strategy for various health issues, including infections. Inulin is a very
interesting prebiotic for prevention, because it has been shown that this fiber could ameliorate
mucus production, decrease gut permeability and reduce inflammation in obese patients [48].
Additionally, in line with our preclinical data, inulin profoundly modifies the composition of
the gut microbiota in humans, in a bifidogenic manner [49]. Since inulin is a natural fiber, it is
possible to enrich people’s daily diet in a simple way by increasing the intake of inulin-rich
vegetables and fruits, and/or through supplementation.

To conclude, our study has identified inulin as a promising fiber capable of triggering
host immune reinforcement, which can protect certain individuals from lethal infections, in
a microbiota- and γδ T cell-dependent manner. This research provides the groundwork
for promoting a fiber-rich diet among the general population as a significant preventive
strategy against current and future infection-related issues. In order to exploit these findings
for severe acute infections, it is imperative that we urgently identify the microbiota-derived
metabolites involved to develop post-biotic metabolite-based immunotherapy.
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Abstract: Dairy products are a good source of essential nutrients and past reviews have shown
associations of dairy consumption with decreased systemic inflammation. Links between dairy intake
and gastrointestinal (GI) inflammation are under-investigated. Therefore, we examined associations
between reported dairy intake and markers of GI inflammation in healthy adults in a cross-sectional
observational study, hypothesizing a negative association with yogurt intake, suggesting a protective
effect, and no associations with total dairy, fluid milk, and cheese intake. Participants completed 24-h
dietary recalls and a food frequency questionnaire (FFQ) to assess recent and habitual intake, respec-
tively. Those who also provided a stool sample (n = 295), and plasma sample (n = 348) were included
in analysis. Inflammation markers from stool, including calprotectin, neopterin, and myeloperoxi-
dase, were measured along with LPS-binding protein (LBP) from plasma. Regression models tested
associations between dairy intake variables and inflammation markers with covariates: age, sex, and
body mass index (BMI). As yogurt is episodically consumed, we examined differences in inflam-
mation levels between consumers (>0 cup equivalents/day reported in recalls) and non-consumers.
We found no significant associations between dairy intake and markers of GI inflammation. In this
cohort of healthy adults, dairy intake was not associated with GI inflammation.

Keywords: dairy intake; gastrointestinal inflammation

1. Introduction

The Dietary Guidelines for Americans recommend three servings of dairy each day as
a source of essential nutrients, especially for under-consumed nutrients of concern such as
calcium, potassium, and vitamin D [1]. Dairy consumption is known to be beneficial for
bone health, to reduce the risk of cardiovascular disease and diabetes, and is associated with
lower mortality [2–5]. Systematic reviews of randomized controlled trials report a neutral
to positive, anti-inflammatory effect of dairy intake on biomarkers of inflammation [6–11].
Individuals with commonly experienced gastrointestinal symptoms such as abdominal
pain, bloating, or diarrhea often avoid dairy on their own or are advised to do so by their
health practitioners [12]. However, the effect of dairy products on gastrointestinal health in
adults is largely understudied.

Very few studies of fecal markers of gastrointestinal inflammation in response to dairy
products have been conducted with healthy adults. Fecal calprotectin, a clinical diagnostic
for gastrointestinal inflammation, was measured in three studies: an intervention with
whipping cream [13], a comparison of A1 and A2 milk [14], and a tolerance study for
casein glycomacropeptide [15]. None of these studies have relevance for the Dietary
Guidelines which recommend low-fat milk, cheese, and yogurt (but not whipping cream,
ice cream, etc.). The association between short- or long-term recommended dairy intake
and fecal calprotectin levels in healthy people remains unknown.

The healthy gastrointestinal tract absorbs nutrients while maintaining a protective
barrier between gut bacteria and the bloodstream. Even fewer studies have investigated
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the effects of dairy intake with respect to gastrointestinal barrier function in healthy indi-
viduals. In an intervention study with healthy men, whipping cream intake resulted in
no significant change in gut permeability as directly measured with non-metabolizable
sugars [13]. Gastrointestinal barrier function is often indirectly measured by quantitating
the abundance in plasma of lipopolysaccharide-binding protein (LBP), which increases
when lipopolysaccharide, a component of gram-negative bacteria, bypasses the GI tract
and enters the blood stream. A study of yogurt consumption compared with a soy control
had ambiguous findings: individual markers of endotoxin exposure, such as LBP, did not
change, but the ratio of the markers improved [16]. In vitro experiments suggest that dairy
and dairy-derived products can improve intestinal barrier function [17,18].

A systematic review of yogurt and/or fermented dairy consumption and health iden-
tified associations of fermented dairy intake with improvements in GI symptoms, diarrhea,
and constipation, as well as a causal relationship with lactose digestion [19]. Studies of
yogurt intervention in patients with irritable bowel syndrome show mixed results with
some improving symptoms relative to placebo [20,21], but no worsening symptoms [22–24].
We, therefore, hypothesized that yogurt consumption would be negatively associated with
markers of GI inflammation and intestinal permeability in healthy adults.

Given the paucity of studies of dairy and gastrointestinal status in healthy adults, the
objective of the current study was to examine the relationship of dairy intake with fecal
markers of gastrointestinal inflammation and with plasma LBP in a multi-ethnic cohort of
normal to moderately obese men and women, ages 18 to 65 years, for whom both recent and
habitual dietary intake was assessed. Gastrointestinal inflammation was measured using
fecal calprotectin, fecal myeloperoxidase, and fecal neopterin. While fecal calprotectin is
a generic and commonly used clinical measure, fecal myeloperoxidase specifically increases
with the involvement of neutrophils while fecal neopterin increases with the involvement
of macrophages.

2. Materials and Methods

2.1. Participants

Study participants were healthy adults aged 18–65 years, with a BMI (kg/m2) of
18.5–45.0 (normal to obese), living near Davis, California. Participants were recruited in
the cross-sectional USDA Nutritional Phenotyping Study as stratified by 18 categories
defined by age, sex, and BMI to obtain a diverse sample population (NCT02367287) [25].
The purpose of the study was to characterize immunologic and physiologic phenotypes of
healthy adults to identify factors that may be intervention targets to improve metabolic
flexibility. Primary hypotheses included that higher diet quality would be associated
with lower GI inflammation. Volunteers were excluded if they had been diagnosed with
a chronic disease or if their blood pressure readings indicated hypertension at either of the
two visits. A total of 393 participants were enrolled in the study, and 348 with complete
dietary data, fasting plasma, and stool samples were included in the analyses.

2.2. Dietary Intake Assessment

Recent dietary intake in the form of three 24-h recalls was collected and analyzed
using the Automated Self-Administered 24-h (ASA24) Dietary Assessment Tool, ver-
sion (2016), developed by the National Cancer Institute, Bethesda, MD, USA (https:
//epi.grants.cancer.gov/asa24, accessed on 4 December 2020). Manual data cleaning
was previously described [26]. The 24-h recalls were conducted in the 10-day period prior
to the stool collection. There was a training recall (with staff present to assist the partic-
ipant) followed by three prompts for at-home recalls, two weekdays and one weekend
day. Total Energy Expenditure (TEE) was independently calculated using resting metabolic
rate (measured using a metabolic cart) and physical activity levels (measured over the
10-days with an accelerometer). Calories reported via the training recall were lower, on
average, than reported in the at-home recalls. Calories reported in the at-home recalls
were more highly correlated with calculated TEE. We, therefore, used only the at-home
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recalls for the assessment of dairy intake. Habitual dietary intake was completed using
the 2014 Block food frequency questionnaire (FFQ) with which participants were asked to
report consumption of foods over the previous 12 months.

2.3. Stool Collection

Stool collection and processing procedures were described previously [27,28]. Briefly,
volunteers collected a single stool sample at home, which was stored on ice immediately
and brought to the Western Human Nutrition Research Center (WHNRC) as soon as
possible. Fecal samples were homogenized, flash frozen and aliquoted by a technician, and
stored at −70 ◦C until analyses.

2.4. Plasma Collection

Plasma was processed from fasting blood collected in either EDTA or heparin tubes
immediately after the blood draw [28]. Plasma aliquots were stored at −80 ◦C until use.

2.5. Quantification of Gut Inflammation Markers

We measured the abundance of fecal calprotectin, myeloperoxidase, and neopterin
via ELISA. We also used ELISA to measure the abundance of LPS-binding protein (LBP) in
plasma collected at fasting.

2.6. Fecal Calprotectin and MPO

Calprotectin (Immundiagnostik, Bensheim, Germany; catalog [cat] number K6927)
and MPO (Immundiagnostik; cat number KR6630) enzyme-linked immunosorbent assays
(ELISAs) were used per kit instructions to analyze frozen homogenized stool samples,
which were thawed slowly prior to extraction with the IDK Extract Stool Sample Prepara-
tion System (Immundiagnostik) as described in detail before [28].

2.7. Fecal Neopterin

Stool aliquots were extracted into a saline solution as published previously [29] and
fecal neopterin was quantified from the extracts with ELISAs (B·R·A·H·M·S/ThermoFisher,
Hennigsdorf, Germany; cat number 14-HD-99.1).

2.8. Plasma Lipopolysaccharide-Binding Protein (LBP)

LBP was quantified from clarified and 800-fold diluted fasting heparin plasma with
ELISAs (Abnova, Taipei City, Taiwan; cat number KA0448) as described elsewhere [28].

2.9. Statistical Methods

R was used for statistical analysis and visualizations. Linear regression was used
to examine associations between total dairy, fluid milk, cheese, and yogurt intake and
stool calprotectin, myeloperoxidase, neopterin, and plasma LBP. Distributions for fecal
calprotectin, and fecal myeloperoxidase were transformed with ln(x + 3) and ln(x + 1)
transformations, respectively. Fecal neopterin was transformed using the Box Cox trans-
formation. Plasma LBP distribution was transformed with an ln(x + 1) transformation.
Age, sex, and BMI were included in the models to account for covariates when examining
associations between dairy intake variables and markers of GI inflammation. Since yogurt
is episodically consumed, the distributions for recent intake were zero-inflated. Therefore,
we characterized yogurt consumers as those with any amount reported in averages of their
24-h recalls and ran similar regression models. Distributions for markers of GI inflamma-
tion were transformed using suggestions from the BestNormalize package when assessing
associations with yogurt consumption: calprotectin (orderNorm), myeloperoxidase (Box
Cox), neopterin (orderNorm), and LBP remained with the original ln(x + 1) transforma-
tion as residuals were normal when checked by Shapiro test. Student’s t-tests were also
used to test differences in mean levels of GI inflammation markers between recent yogurt
consumers and non-consumers.
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3. Results

3.1. Participant Characteristics

Of the 348 participants included in this study, 164 were male and 184 were fe-
male. Mean age was 40.51 ± 13.7 years with a range of 18 to 66 years. Mean BMI was
27.28 ± 4.9 kg/m2 with a range of 18.04 to 43.87 kg/m2.

Participants reported recent total dairy intake, as an average across 24 h recalls as
1.60 ± 1.05 cup equivalents per day, range 0 to 6.71. They reported habitual consumption
of 1.48 ± 1.09 cup equivalents of total dairy per day with a range of 0.21 to 8.06 (per the
FFQ). As some dairy intake is aggregated from mixed dishes (e.g., scrambled eggs) in
which a consumer may not have consumed dairy (e.g., scrambled eggs made without milk),
some amount of dairy consumption may be incidental; if one conservatively (to minimize
false positives at the expense of false negatives) defines those who consume more than
0.25 cups/day as a dairy consumer, then at least 92% of participants in this cohort would be
defined as dairy consumers. Recent fluid milk consumption was 0.56 ± 0.65 cup equivalents
per day, range 0 to 5.73. Habitual fluid milk consumption was 0.64 ± 0.72 cup equivalents
per day, range 0.05 to 5.20. Recent cheese intake was 0.84 ± 0.79 cup equivalents per day,
range 0 to 4.60. Habitual cheese intake was 0.84 ± 0.58 cup equivalents per day, range 0.09 to
4.00. Recent yogurt intake was 0.13 ± 0.25 cup equivalents per day, range 0 to 1.84. 57% of
participants reported no recent yogurt intake. Habitual yogurt intake was 0.19 ± 0.25 cup
equivalents per day, range 0 to 2.01. As yogurt is an episodically consumed food, yogurt
consumers were defined as those who consumed more than 0 cup equivalents per day.

Mean calprotectin was 65.09 ± 136.43 μg/g with a range from 0 to 1878.79. Mean
myeloperoxidase was 606.48 ± 1619.45 ng/g with a range from 13.75 to 21,668.50. Mean
neopterin was 20.19 ± 27.98 ng/g with a range from 4.33 to 228.71. Mean LBP was
10.65 ± 6.00 μg/mL with range 1.00 to 38.27.

3.2. Association of Dairy Intake with Fecal Markers of GI Inflammation

Given that age, sex, or BMI may influence inflammation, we adjusted all analy-
ses for these three covariates. We found no associations between recent intake of total
dairy, fluid milk, or cheese, as measured via ASA24 recalls, with any fecal markers of
inflammation (Tables 1–3, Figures 1–3). There was also no association between habitual
intake, as measured with an FFQ, of total dairy, fluid milk, or cheese with any fecal markers
(Supplementary Tables S1–S3, Supplementary Figures S1–S3).

Table 1. Results from linear regression between total dairy intake from 24-h recall (ASA24) and
markers of GI inflammation adjusted for age, sex, and BMI. Results from linear regression between
age, sex, or BMI vs. GI inflammation markers are also shown.

Transformed Calprotectin Transformed Myeloperoxidase Transformed Neopterin Transformed LPS-Binding Protein

Predictors
Estimates
(95% CI)

p-Value
Estimates
(95% CI)

p-Value
Estimates
(95% CI)

p-Value
Estimates
(95% CI)

p-Value

Total Dairy 0.02
(−0.08–0.13) 0.678 −0.06

(−0.18–0.07) 0.374 −0.05
(−0.16–0.06) 0.380 −0.02

(−0.07–0.02) 0.358

Age −0.01
(−0.01–0.00) 0.215 0.00

(−0.01–0.01) 0.860 −0.00
(−0.01–0.00) 0.353 0.00

(−0.00–0.01) 0.195

Sex 0.15
(−0.07–0.38) 0.175 0.11

(−0.15–0.37) 0.414 0.34
(0.10–0.57) 0.005

0.13
(0.04–0.23) 0.005

BMI 0.00
(−0.02–0.02) 0.846 0.00

(−0.03–0.03) 0.993 0.02
(−0.01–0.04) 0.166 0.04

(0.03–0.05) <0.001

R2/R2

adjusted
0.011/−0.002 0.007/−0.007 0.044/0.030 0.226/0.217

Bold indicates statistically significant p-values (alpha = 0.05).
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Figure 1. Association of recent total dairy intake (cup equivalent per day) with markers of GI
inflammation adjusted for sex, age, and BMI.

Table 2. Results from linear regression between fluid milk from 24-h recall (ASA24) and markers of
GI inflammation adjusted for age, sex, and BMI. Results from linear regression between age, sex, or
BMI vs. GI inflammation markers are also shown.

Transformed Calprotectin Transformed Myeloperoxidase Transformed Neopterin Transformed LPS-Binding Protein

Predictors
Estimates
(95% CI)

p-Value
Estimates
(95% CI)

p-Value
Estimates
(95% CI)

p-Value
Estimates
(95% CI)

p-Value

Fluid Milk −0.00
(−0.17–0.16) 0.961 −0.06

(−0.26–0.13) 0.515 −0.04
(−0.21–0.14) 0.692 −0.05

(−0.12–0.02) 0.129

Age −0.00
(−0.01–0.00) 0.226 0.00

(−0.01–0.01) 0.860 −0.00
(−0.01–0.00) 0.338 0.00

(−0.00–0.01) 0.169

Sex 0.14
(−0.08–0.36) 0.199 0.13

(−0.13–0.38) 0.332 0.35
(0.12–0.58) 0.003

0.13
(0.04–0.23) 0.004

BMI 0.00
(−0.02–0.02) 0.799 −0.00

(−0.03–0.02) 0.914 0.02
(−0.01–0.04) 0.202 0.04

(0.03–0.05) <0.001

R2/R2

adjusted
0.011/−0.003 0.005/−0.008 0.042/0.028 0.229/0.220

Bold indicates statistically significant p-values (alpha = 0.05).

Figure 2. Cont.
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Figure 2. Association of recent fluid milk intake (cup equivalents per day) with markers of GI
Inflammation adjusted for sex, age, and BMI.

Table 3. Results from linear regression between cheese intake from ASA24 and markers of
GI inflammation adjusted for age, sex, and BMI. Results from linear regression between age, sex, or
BMI vs. GI inflammation markers are also shown.

Transformed Calprotectin Transformed Myeloperoxidase Transformed Neopterin Transformed LPS-Binding Protein

Predictors
Estimates
(95% CI)

p-Value
Estimates
(95% CI)

p-Value
Estimates
(95% CI)

p-Value
Estimates
(95% CI)

p-Value

Cheese 0.03
(−0.11–0.17) 0.686 −0.03

(−0.19–0.13) 0.711 −0.07
(−0.22–0.08) 0.366 −0.00

(−0.06–0.06) 0.952

Age −0.00
(−0.01–0.00) 0.227 0.00

(−0.01–0.01) 0.908 −0.00
(−0.01–0.00) 0.312 0.00

(−0.00–0.01) 0.216

Sex 0.15
(−0.07–0.37) 0.178 0.13

(−0.13–0.39) 0.333 0.34
(0.11–0.57) 0.004

0.14
(0.05–0.23) 0.003

BMI 0.00
(−0.02–0.02) 0.869 −0.00

(−0.03–0.03) 0.972 0.02
(−0.01–0.04) 0.151 0.04 (0.03–0.05) <0.001

R2/R2

adjusted
0.011/−0.002 0.004/−0.009 0.044/0.031 0.224/0.215

Bold indicates statistically significant p-values (alpha = 0.05).

Figure 3. Association of recent cheese intake (cup equivalents per day) with markers of GI inflamma-
tion after adjustment for sex, age, and BMI.
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Table 4. Results from linear regression between yogurt from ASA24 (consumers only) and markers
of GI inflammation adjusted for age, sex, and BMI. Results from linear regression between age, sex,
or BMI vs. GI inflammation markers are also shown.

Transformed Calprotectin Transformed Myeloperoxidase Transformed Neopterin Transformed LPS-Binding Protein

Predictors
Estimates
(95% CI)

p-Value
Estimates
(95% CI)

p-Value
Estimates
(95% CI)

p-Value
Estimates
(95% CI)

p-Value

Yogurt 0.32
(−0.34–0.97) 0.339 0.42

(−0.27–1.11) 0.235 −0.06
(−0.71–0.59) 0.856 0.05

(−0.18–0.29) 0.659

Age −0.01
(−0.03–−0.00) 0.026

0.00
(−0.01–0.02) 0.711 0.01

(−0.00–0.02) 0.155 0.00
(−0.00–0.01) 0.120

Sex 0.10
(−0.24–0.43) 0.570 0.19

(−0.16–0.55) 0.283 0.46
(0.12–0.79) 0.008

0.18
(0.04–0.31) 0.011

BMI −0.01
(−0.05–0.03) 0.622 −0.04

(−0.08–0.00) 0.061 0.02
−0.02–0.06) 0.278 0.04

(0.03–0.06) <0.001

R2/R2

adjusted
0.049/0.015 0.058/0.025 0.093/0.060 0.240/0.218

Bold indicates statistically significant p-values (alpha = 0.05).

 

Figure 4. Association of recent yogurt intake (consumers only, >0 cup eq.) with markers of GI
inflammation after adjustment for sex, age, and BMI.

Yogurt intake was a zero-inflated variable, particularly for ASA24 recalls. Therefore,
we stratified subjects as non-consumers and consumers (>0 cup equivalents yogurt re-
ported in their averaged recalls). We found no significant differences in fecal markers of
inflammation between non-consumers and consumers of yogurt. When analyzing rela-
tionships only among consumers of yogurt, we found no association between the amount
of yogurt recently consumed and markers of GI inflammation (Table 4, Figure 4). Using
the FFQs, there was also no relationship between habitual consumption of yogurt and GI
inflammation (Supplementary Table S4, Figure S4).
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3.3. Association of Dairy Intake with Plasma LBP, a Marker of Endotoxin Exposure

The distribution for plasma LPS-binding protein (LBP), an indirect marker of endotoxin
exposure, was transformed with an ln(x + 1) transformation. We found no associations
between total dairy, fluid milk, cheese, and yogurt intake from ASA24 recalls (a measure
of recent dietary intake) with plasma LBP (Tables 1–4, Figures 1–4). Using FFQ data (as
a measure of habitual intake), we also found no significant association of dairy consumption
with LBP levels (Supplementary Tables S1–S4, Supplementary Figures S1–S4). We also
found no significant differences in plasma LBP between non-consumers and consumers of
yogurt. There were no significant differences between mean GI inflammation markers by
t-test (Figure 5).

Figure 5. Points show adjusted marginal means from ANCOVA analysis for calprotectin (A),
neopterin (B), myeloperoxidase (C), and LBP (D) based on consumer status. Error bars represent 95%
confidence intervals. NS indicates p-values not significant.

4. Discussion

Previous studies have examined the association of dairy intake with systemic inflamma-
tion and found no or beneficial effects of dairy consumption (reviewed in [10]). An analysis
of data from 35,352 postmenopausal women in the Women’s Health Initiative demonstrated
that higher total dairy intake, cheese, and yogurt were associated with lower concentrations
of C-reactive protein [30]. However, as large national surveys do not measure gastrointestinal
inflammation, this has been a gap in the scientific literature. In our cohort of 348 multi-ethnic
U.S. adults, we found no significant associations between dairy intake, fluid milk intake,
cheese intake, or yogurt intake with fecal markers of gastrointestinal inflammation. We also
found no association between dairy intake, fluid milk intake, cheese intake, or yogurt intake
with plasma LBP, an indirect measure of gastrointestinal permeability.
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Some adults avoid dairy consumption due to real or perceived lactose intolerance. We
previously showed that the multi-ethnic participants in our cohort included more than 40%
of participants with lactase non-persistent genotypes [31]. Despite the high incidence of
genetic lactose intolerance in this cohort, we found no association of total dairy, fluid milk,
or cheese intake with gastrointestinal inflammation.

Beta-casein, an abundant protein in milk, appears in different forms, such as A1 and A2,
depending on the genetic variants present in the cow’s genome [32]. A randomized crossover
double-blinded trial found that A2 milk reduced digestive symptoms in 600 Chinese
adults [33]. However, a randomized crossover blinded clinical trial of 40 women in New
Zealand showed that while lactose-intolerant participants experienced reduced symptoms
with A2 milk, dairy tolerant participants had increased diarrhea [34]. The impact of A2 milk,
relative to regular milk, which contains both A1 and A2 protein, remains controversial with
more studies needed. In the current study, as A2 milk was not generally available in the
U.S. during most of the years that participants were enrolled (2015–2019), it is a reasonable
assumption that all or most of the fluid milk consumed by participants was not A2 milk.
Nevertheless, we saw no association of fluid milk intake with GI inflammation.

Fermented dairy products have been shown to improve stool frequency or con-
sistency in patients with constipation in small clinical trials [35,36]. In the EPIC-Italy
cohort (n > 45,000) adults, yogurt consumption was association with reduced colon cancer
risk [37] and it is known that chronic GI inflammation increases the risk of developing
colon cancer [38]. Interventions with fermented milk products, which contain lactic acid
bacteria (LAB), have been shown to attenuate GI inflammation in a mouse model of colitis
though various mechanisms such as altering the gut microbiome to reduce colitogenic
microbes [39], reducing production of Th1-type cytokines [40], reducing IL-6 by a polysac-
charide peptidoglycan component of LAB [41], reducing IL-6 and TNF-α expression by
fatty acids produced during LAB fermentation of milk [42], and activation of epidermal
growth factor receptor on intestinal epithelial cells [43]. Therefore, we had hypothesized
that increased yogurt consumption would be associated with a decrease in GI inflammation.
However, we found no association between yogurt consumption and GI inflammation in
healthy adults. It is possible that participants in our study may not have consumed enough
yogurt with 57% of the cohort reporting no yogurt consumption in their 24 h recalls and
with a median of 0.25 cups/day even among consumers.

The effect of yogurt consumption on intestinal permeability is not well-studied in
humans, likely due to the invasiveness of such study. In a double-blind controlled trial,
participants who were to undergo endoscopy and treated with low-dose aspirin for one
month were randomized to consume either yogurt (220 mL/day) or placebo daily [44]. The
patients consuming yogurt had fewer mucosal breaks and improvement in GI symptoms.
In our study, we found no association between yogurt intake and plasma LBP, an indirect
measure of gastrointestinal permeability, but our participants did not undergo a challenge
such as low-dose aspirin.

A major limitation of our study is its observational nature. However, observational
analyses are low-cost first steps prior to designing an intervention study and no previous
observational study with GI endpoints had been conducted for dairy consumption. Another
limitation is the exclusion of participants with GI disease. We, therefore, cannot infer an
association beyond healthy people. However, as we did find associations of our GI endpoints
with age, sex, and BMI in this cohort, the negative findings are not due to all participants
having unremarkable GI outcomes. LBP was elevated in obese individuals (Tables 1–4) and
both age and sex were significant in some models of fecal GI markers (Table 4) with older
individuals and females associated with higher inflammation, compared with those younger
than 50 years and males, respectively. Another limitation is generalizability around the world
as recommendations for dairy intake vary internationally with some countries grouping
dairy under protein foods instead of a separate food group [45].

In summary, we found no association of dairy intake of any type with GI inflammation
or with GI permeability in a multi-ethnic healthy U.S. cohort of adults who were heteroge-
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nous for lactose intolerance. Future studies are warranted, particularly for interventions
with daily doses of yogurt to define effects on GI inflammation and/or GI permeability,
perhaps with older (>50 y), obese females, and incorporating a gastrointestinal challenge.
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with markers of GI inflammation adjusted for sex, age, BMI; Table S2: Results from linear regression
between fluid milk intake (cup equivalents per day) from FFQ and markers of GI inflammation
adjusted for age, sex, and BMI; Figure S2: Association of habitual fluid milk intake with markers of
GI inflammation after adjustment for sex, age, BMI; Table S3: Results from linear regression between
cheese intake (cup equivalents per day) from FFQ and markers of GI inflammation adjusted for age,
sex, and BMI; Figure S3: Association of habitual cheese intake with markers of GI inflammation
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Abstract: The prior observational research on the impact of polyunsaturated fatty acid (PUFA)
supplementation on osteoarthritis (OA) patients had yielded inclusive outcomes. This study utilized
the Mendelian randomization (MR) approach to explore potential causal relationships between PUFAs
and OA. The MR study was performed using GWAS summary statistics for PUFAs, encompassing
omega-3 and omega-6 fatty acids, and for knee OA (KOA) and hip OA (HOA). The primary inverse-
variance-weighted (IVW) method and two supplementary MR approaches were used to establish
robust causality. Heterogeneity and horizontal pleiotropy were assessed using Cochrane’s Q and
MR-Egger intercept tests. Additionally, a range of sensitivity analyses were conducted to strengthen
the precision and reliability of the results. The IVW method indicated a potential genetic association
between omega-3 fatty acids and KOA risk (odd ratio (OR) = 0.94, 95% confidence interval (CI):
0.89–1.00, p = 0.048). No significant correlation was found between omega-3 levels and HOA.
Moreover, genetically predicted higher levels of omega-6 fatty acids were associated with a decreased
risk of KOA (OR = 0. 93, 95% CI: 0.86–1.00, p = 0.041) and HOA (OR = 0.89, 95% CI: 0.82–0.96; p = 0.003).
The MR-Egger intercept evaluation showed no horizontal pleiotropy affecting the MR analysis (all
p > 0.05). Our findings supported the causal relationship between PUFAs and OA susceptibility and
offered a novel insight that high omega-6 fatty acids may reduce the risk of KOA and HOA. These
results underscore the importance of maintaining optimal levels of PUFAs, particularly omega-6 fatty
acids, in individuals with a genetic predisposition to OA. Future research is necessary to validate
these findings and elucidate the underlying mechanisms involved.

Keywords: polyunsaturated fatty acids; omega-3 fatty acids; omega-6 fatty acids; osteoarthritis;
Mendelian randomization

1. Introduction

Osteoarthritis (OA), a chronic degenerative joint disease, primarily targets the knee
and hip joints. The global prevalence of this condition is estimated to exceed 500 million
individuals, accounting for approximately 7% of the world’s population [1]. Projections
by the United Nations suggest that this percentage is expected to rise to 15–20% by the
year 2050 [2]. In light of the high occurrence of OA, the search for effective treatments
beyond end-stage surgeries such as total joint arthroplasty continues. Additionally, the
increasing expenses related to surgical interventions [3] and the significant impact of OA on
individuals, economies, and societies mean that it is imperative to investigate alternative
and complementary strategies that can alleviate symptoms and improve functional out-
comes. While various medications have been employed in OA patients with an improved
understanding of its pathogenesis, none have demonstrated significant efficacy in symptom
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relief [4,5]. Given these medications’ potential long-term adverse effects in OA patients,
there is a pressing need to identify alternative therapeutic agents.

Nutritional interventions targeting osteoarthritis (OA) have gained attention, as in-
cluding anti-inflammatory nutrients holds potential benefits [6]. Polyunsaturated fatty
acids (PUFAs), including omega-3 and omega-6 fatty acids, are obtained from various
sources and can be incorporated into routine diet to maintain health. Omega-3 fatty acids,
abundant in fatty fish, seafood, cereals, seeds, nuts, and vegetables, are widely consumed;
however, Western diets are rich in omega-6 fatty acids [7]. Omega-3 fatty acids have
demonstrated efficacy in benefiting OA patients [8]. Conversely, omega-6 fatty acids were
previously believed to stimulate the secretion of pro-inflammatory cytokines [9]. These
two pivotal nutritional bioactive compounds are often regarded as having divergent phys-
iological functions [10]. However, the results of previous randomized controlled trials
(RCTs) assessing the efficacy of omega-3 fatty acid supplementation in individuals with
OA have shown inconsistent findings. While certain studies have indicated that additional
supplementation of omega-3 fatty acids may alleviate arthritis pain in individuals with
OA [11–13], others have not corroborated these findings [14,15]. Notably, no RCTs to date
have examined the impact of omega-6 fatty acids on OA.

As an alternative research method, Mendelian randomization (MR) has emerged as a
valuable analytical approach that utilizes genetic variants, specifically single-nucleotide
polymorphisms (SNPs), as instrumental variables to emulate the random allocation com-
monly seen in randomized controlled trials (RCTs) [16,17]. In situations where reliable
RCTs are lacking, or initiating new RCTs may be impractical, MR serves as an ideal strategy
to elucidate causal relationships between exposures and outcomes [18]. Moreover, MR
effectively avoids reverse causality, as the formation of genotypes precedes disease onset
and remains unaffected by disease progression [19,20]. Notably, to our knowledge, no MR
studies have been conducted to explore the relationship between PUFAs and OA. Therefore,
this study employed the MR method to investigate potential causal associations between
PUFAs and the risk of developing OA. We aimed for the outcomes of this investigation to
enhance our comprehension of the underlying pathophysiology of OA and offer substantial
evidence for establishing effective treatment and prevention strategies in clinical practice.

2. Materials and Methods

2.1. Study Design

In this study, we employed an MR approach utilizing summary statistics derived
from genome-wide association studies (GWASs) to examine the associations between
polyunsaturated fatty acids (PUFAs), specifically omega-3 fatty acids and omega-6 fatty
acids, and osteoarthritis (OA), including knee OA (KOA) and hip OA (HOA). To ensure
the robustness of our MR analysis, we adhered to three fundamental assumptions: (i) the
selected genetic variants should exhibit significant associations with the exposure of interest;
(ii) the genetic variants employed should not exert any influence on the outcome, except
through the chosen exposure; and (iii) the genetic variants should not be correlated with
any confounding factors that may impact the relationship between the exposure and the
outcome. The detailed study design is illustrated in Figure 1.
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Figure 1. Study flame chart of the MR study evaluating the causality between PUFAs and osteoarthri-
tis. SNPs, single-nucleotide polymorphisms; PUFAs, polyunsaturated fatty acids; IVs, instrumental
variables; LD, linkage disequilibrium; OA, osteoarthritis; IVW, inverse-variance-weighted; GWAS,
genome-wide association study; MR, Mendelian randomization.

2.2. Data Sources

The SNP summary data associated with polyunsaturated fatty acids (PUFAs) were
obtained from the Nightingale Health UK Biobank Initiative, which provided access to
information on both omega-3 and omega-6 fatty acids for our investigation [20]. The
genetic instrumental variables for omega-3 and omega-6 were sourced from the Metabolic
Biomarkers in the UK Biobank study—the GWAS associated with omega-3 and omega-6
fatty acids involved 114,999 European individuals [20]. The UK Biobank initiative aims to
explore the genetic and environmental factors contributing to disease, with a participant
pool of over 500,000 individuals of European descent. For this project, the circulating con-
centrations of omega-3 and omega-6 fatty acids were assessed in randomly selected EDTA
plasma samples using a targeted high-throughput nuclear magnetic resonance (NMR)
metabolomics platform provided by Nightingale Health Ltd. The initial sample collection
comprised 121,577 samples, with duplicates and observations not meeting the quality
control criteria in the non-fasting plasma samples collected at baseline being excluded. This
platform’s measurement technology and applications for epidemiological studies have
been previously evaluated [21,22].

Summary-level data for the SNP associated with KOA and HOA were obtained from
the UK Biobank study [23]. The datasets of KOA and HOA comprised many individuals of
European ancestry, respectively, including 403,124 individuals and 393,873 individuals. The
OA cases were sourced from the Arthritis Research UK Osteoarthritis Genetics (arcOGEN)
project, which comprises unrelated individuals of European descent with knee or hip
osteoarthritis from the arcOGEN Consortium. These cases were identified based on either
clinical evidence of disease necessitating joint replacement or radiographic evidence of
disease with a Kellgren–Lawrence grade of 2 or higher. The controls were obtained from
the United Kingdom Household Longitudinal Study (UKHLS), a longitudinal panel survey
representing 40,000 households across England, Scotland, Wales, and Northern Ireland and
representative of the UK population. The genetic associations between polyunsaturated
fatty acids (PUFAs) and OA are presented in Table 1.
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Table 1. Details of the GWAS summary-level data.

Trait Dataset Sample Size GWAS ID Population

Omega-3 UK Biobank 114,999 met-d-Omega_3 European
Omega-6 UK Biobank 114,999 met-d-Omega_6 European

KOA UK Biobank 403,124 ebi-a-GCST007090 European
HOA UK Biobank 393,873 ebi-a-GCST007091 European

GWAS, genome-wide association study; KOA, knee osteoarthritis; HOA, hip osteoarthritis.

2.3. Selection of Instrumental Variables (IVs)

When selecting IVs for our MR analysis, we strictly followed three well-established
assumptions: (i) IVs should exhibit strong associations with the exposure of interest; (ii) IVs
should be independent of any confounding factors; and (iii) IVs should solely influence
the outcomes through the chosen exposure, without having any direct associations with
the outcomes themselves [24]. We first applied a genome-wide significance threshold
(p < 5 × 10−8) to initiate the IV screening process for our MR study. Subsequently, we
implemented SNP pruning within a window size of 10,000 kb, ensuring that the linkage
disequilibrium (LD) between SNPs remained below the threshold of r2 < 0.001. Furthermore,
the selected SNPs related to Omega-3 and Omega-6 fatty acids were retrieved from the
GWAS data of the outcomes (KOA and HOA), and any SNPs significantly associated with
the outcomes (p < 5 × 10−8) were excluded. In addition, we carefully assessed the IVs
selected through the above process for any indications of weak instrument bias by using the
F-statistic [25,26]. To mitigate bias stemming from weak IVs, we exclusively retained IVs
with an F value surpassing 10, while those with an F value of less than 10 were discarded
due to weak instrument bias [27].

2.4. MR Analysis

The causal effects of PUFAs (omega-3 and omega-6 fatty acids) on knee and hip OA
were systematically examined using the R package TwoSample MR (version 0.5.7), adhering
to established methodologies [28]. The primary technique for estimating causal effects
was the random-effects inverse-variance weighted (IVW) method [29]. Alongside the IVW
method, we utilized two additional MR methods (MR-Egger and weighted median) to
evaluate causal associations. The IVW method operates under the assumption that all
SNPs included in the analysis are valid instrumental variables [30]. The weighted median
approach presupposes that a minimum of 50% of genetic variants are valid, satisfying
the three fundamental assumptions. It is applicable in situations where the majority of
IVs do not demonstrate horizontal pleiotropy [31]. In contrast, the MR-Egger regression
method assumes that more than 50% of genetic variants are invalid (do not adhere to the
three fundamental assumptions), which may result in a slightly lower estimation accuracy
being achieved with this approach [32,33]. The MR estimates were presented as beta or
odds ratios (ORs) with 95% confidence intervals (CIs). The Bonferroni correction is a
method for selecting a threshold p-value due to the assumption that every variant tested is
independent of the rest. The statistical calculation via the Bonferroni correction method
is p = 0.05/(number of exposures × number of outcomes), widely used to evaluate the
significance of causal relationship between exposures and outcomes in MR studies [34–36].
To account for multiple tests in our MR study, we applied a Bonferroni correction with
4 tests, setting a significance threshold of p < 0.0125 (0.05/2 × 2).

Significant associations (p < 0.05) before but not after Bonferroni correction (p < 0.005)
were considered as suggestive association results [24]. If the IVW method result is signifi-
cant and no pleiotropy is detected, despite the insignificant results of other methods, it can
be considered a positive result, provided that the beta values of the other methods are in
the same direction [37].

We conducted a series of sensitivity analyses in our study, including Cochran’s Q test,
MR-Egger intercept, funnel plots, and leave-one-out analyses, so as to explore potential
heterogeneity and pleiotropy and ensure the robustness of the results. Heterogeneity was

141



Nutrients 2023, 15, 4787

assessed via implementing IVW and MR-Egger regressions, with Cochran’s Q statistic
utilized for evaluation [38]. If the p values of Cochran’s Q test for IVW and MR-Egger are
greater than 0.05, it does not indicate significant heterogeneity. To ascertain the absence of
pleiotropy in our MR results, we examined the intercept in the MR-Egger regression, with
a p value exceeding 0.05, indicating no presence of pleiotropy [39]. To evaluate directional
pleiotropy, we visually analyzed MR-Egger intercepts and funnel plots. A leave-one-SNP-
out analysis was conducted to further investigate causal relationships, to prevent the MR
analysis results from being driven by a single SNP [40].

3. Results

3.1. Causal Effects of Omega-3 Fatty Acids on KOA and HOA

Figure 2 depicts the MR methods to ascertain the causal relationships between omega-3
fatty acids and OA. A total of 49 LD-independent and suitable IVs were chosen from GWASs
for KOA and HOA (Supplementary Table S1). The primary IVW analysis suggested a
potential association between omega-3 fatty acids and a reduced risk of KOA (p = 0.048).
A 1 SD increase in omega-3 fatty acids corresponded to an OR and 95% (CI) for KOA of
OR = 0.94 (95% CI: 0.89–1.00). However, other MR methods, including MR-Egger (OR = 0.99,
95% CI: 0.91–1.09; p = 0.887) and weighted median (OR = 0.94, 95% CI: 0.87–1.01; p = 0.092),
indicated a consistent but non-significant direction (Figure 2). Given the significant results
of the IVW and the consistent direction of beta values from other methods, this can be
interpreted as a positive result [22,37]. Consequently, omega-3 fatty acids were deemed to
have a causal association with a decreased risk of KOA. However, no significant associations
were observed between omega-3 fatty acids and HOA risk (p = 0.051).

Figure 2. Estimation of the causal relationship between PUFAs and OA using different MR methods.
SNPs, single-nucleotide polymorphisms; KOA, knee osteoarthritis; HOA, hip osteoarthritis; IVW,
inverse-variance-weighted; PUFAs, polyunsaturated fatty acids; MR, Mendelian randomization.

MR-Egger regression and IVW analyses were conducted to assess heterogeneity. Het-
erogeneity was observed in the MR analyses of omega-3 fatty acids for KOA (MR-Egger:
p = 0.009; IVW: p = 0.005) and HOA (MR-Egger: p = 1.498 × 10−6; IVW: p = 2.304 × 10−6)
(Table 2). Given the heterogeneity, using random-effects IVW estimation was appropriate
in evaluating causality under these circumstances [41]. Nevertheless, the IVW results
consistently supported the causal relationship between omega-3 fatty acids and KOA risk
(Figure 2). Additionally, the MR-Egger intercept tests indicated no horizontal pleiotropy
in any of the analyses, as all p values exceeded 0.05 (Table 2). The scatter plot illustrated
the estimated impact of SNPs on omega-3 fatty acids and KOA/HOA (Figure 3A,B). Fur-
thermore, the leave-one-out analysis demonstrated that no outlier instrumental variables
significantly influenced the overall results (Figure 4A,B). The funnel plot of the omega-3
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fatty acids and KOA/HOA analysis indicated no apparent horizontal pleiotropy, as the
variation in effect size around the point estimate was symmetrical (Figure 5A,B).

Table 2. Heterogeneity and pleiotropy test of MR studies.

Exposure Outcome
MR-Egger
(p Value)

IVW
(p Value)

MR-Egger Intercept
(p Value)

Omega-3 KOA 0.009 0.005 0.131
Omega-3 HOA 1.498 × 10−6 2.304 × 10−6 0.979
Omega-6 KOA 5.993 × 10−5 6.037 × 10−5 0.404
Omega-6 HOA 0.052 0.035 0.110

MR, Mendelian randomization; KOA, knee osteoarthritis; HOA, hip osteoarthritis; IVW, inverse-variance-
weighted.

Figure 3. Scatter plots of genetic correlations of omega-3/omega-6 fatty acids and KOA/HOA using
different MR methods. (A) Scatter plot of genetic correlations of omega-3 fatty acids with KOA.
(B) Scatter plot of genetic correlations of omega-3 fatty acids with HOA. (C) Scatter plot of genetic
correlations of omega-6 fatty acids with KOA. (D) Scatter plot of genetic correlations of omega-6
fatty acids with HOA. SNPs, single-nucleotide polymorphisms; KOA, knee osteoarthritis; HOA, hip
osteoarthritis; MR, Mendelian randomization.
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Figure 4. Funnel plots of SNPs associated with omega-3/omega-6 fatty acids and KOA/HOA.
(A) Funnel plot for omega-3 fatty acids with KOA. (B) Funnel plot for omega-3 fatty acids with HOA.
(C) Funnel plot for omega-6 fatty acids with KOA. (D) Funnel plot for omega-6 fatty acids with HOA.
SNPs, single-nucleotide polymorphisms; KOA, knee osteoarthritis; HOA, hip osteoarthritis.
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Figure 5. Leave-one-out plots to visualize the causal effects of omega-3/omega-6 fatty acids on
KOA/HOA. (A) Leave-one-out analysis for omega-3 fatty acids with KOA. (B) Leave-one-out analysis
for omega-3 fatty acids with HOA. (C) Leave-one-out analysis for omega-6 fatty acids with KOA.
(D) Leave-one-out analysis for omega-6 fatty acids with HOA. KOA, knee osteoarthritis; HOA, hip
osteoarthritis.
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3.2. Causal Effects of Omega-6 on KOA and HOA

Figure 2 depicts the MR analyses examining the causal relationships between omega-6
fatty acids and OA risk. In total, 61 and 59 LD-independent and suitable IVs were chosen
from GWASs for KOA and HOA (Supplementary Tables S2 and S3). The IVW method
suggested that genetically predicted omega-6 fatty acids might be associated with a reduced
risk of KOA (OR = 0.93, 95% CI: 0.86–1.00; p = 0.041). The weighted median analysis
yielded similar significant results (OR = 0.89, 95% CI: 0.82–0.97; p = 0.011), while the MR-
Egger analysis showed consistent but non-significant results (OR = 0.88, 95% CI: 0.77–1.01;
p = 0.077). Given the significant results of the IVW and the consistent direction of beta
values from the other two methods [22,37], these findings suggest that omega-3 fatty acids
may have a causal association with a decreased risk of KOA. Simultaneously, our IVW
method provided evidence of genetically predicted omega-6 fatty acids being associated
with a reduced risk of HOA (OR = 0.89, 95% CI: 0.82–0.96; p = 0.003). Significant results
were observed using both the MR-Egger (OR = 0.80, 95% CI: 0.69–0.93; p = 0.005) and
weighted median (OR = 0.85, 95% CI: 0.76–0.94; p = 0.003) methods, aligning with the
findings obtained through the IVW approach.

Considering the potential heterogeneity observed in the MR analyses of omega-6
for KOA (MR-Egger: p = 5.993 × 10−5; IVW: p = 6.037 × 10−5) and HOA (MR-Egger:
p = 0.052; IVW: p = 0.035) (Table 2), we employed the random-effects IVW method to
further support the causal relationship between omega-6 and KOA/HOA (Figure 2). No
evidence of horizontal pleiotropy was found in this analysis, as indicated by both intercepts
having p values greater than 0.05 (Table 2). The scatter plots displaying the individual
causal estimates were presented (Figure 3C,D). The results remained consistent even after
removing one SNP, as shown by the leave-one-out test (Figure 4C,D). The funnel plots
illustrated the analyses of omega-6 and KOA/HOA (Figure 5C,D).

4. Discussion

In this MR study, we employed extensive GWAS summary data to examine the
potential causal association between PUFAs and the risk of OA in individuals of Eu-
ropean ancestry. Our analysis involved a sizable cohort of individuals with European
heritage, comprising 114,999 individuals for PUFAs and OA, 450,243 individuals for KOA,
and 256,523 individuals for HOA. The findings demonstrated that genetically predicted
omega-3 fatty acids were linked to a decreased risk of KOA, while no significant associa-
tion was observed with HOA. Furthermore, our results revealed an innovative association
between genetically predicted omega-6 fatty acids and a decreased risk of both KOA and
HOA. Significantly, this study endeavours to investigate the causal association between
PUFAs and OA risk using an MR method. By elucidating the impact of PUFAs on OA risk,
our findings effectively bridge a critical research gap and present promising prospects for
personalized treatment strategies.

Omega-3 fatty acids encompass alpha linolenic acid (ALA), eicosapentaenoic acid
(EPA), and docosahexaenoic acid (DHA). ALA is primarily sourced from flaxseed oil, tahini,
certain nuts, and seeds, while EPA and DHA are predominantly present in oily marine fish
and certain seaweed. Unlike plant cells, the human body lacks the necessary enzymes to
synthesize ALA, making dietary intake the sole means of obtaining this fatty acid. However,
the accumulation of ALA at significant levels is uncommon, even when consumed in
relatively high dietary quantities. This limited accumulation is primarily attributed to the
β-oxidation of dietary ALA within the mitochondria hampering its conversion to EPA and
DHA, which occurs at a minimal rate of less than 1% [42,43]. The level of EPA and DHA in
the tissues and cells can be increased through their direct dietary consumption. Therefore,
omega-3 fatty acids, mainly referring to EPA and DHA, should be consumed in the diet from
fish oil or functional foods fortified with them [44]. Omega-3 fatty acids have been proposed
as potential therapeutic agents for individuals with OA due to their ability to mitigate
the systemic inflammatory response and create an environment that counteracts cartilage
degradation [8]. However, previous observational studies investigating the efficacy of
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omega-3 fatty acids in OA patients have produced inconsistent outcomes. In one study,
86 participants diagnosed with OA were randomly allocated to receive either a cod liver
oil supplement (786 mg EPA) or a placebo (olive oil) in conjunction with their existing
non-steroidal anti-inflammatory drug regimen for 24 weeks. The utilization of cod liver oil
did not yield significant differences in reported pain or disability compared to the placebo
group [45]. Similarly, another study revealed that omega-3 fatty acids did not substantially
improve functional scores [14]. Additionally, an early meta-analysis suggested that marine
oil supplementation with a high content of EPA and DHA could potentially alleviate
arthritis-related pain. However, it is worth noting that most of the studies included in
the analysis focused on patients with rheumatoid arthritis. When subgroup analysis was
conducted on five studies involving individuals with OA, the potential effectiveness of
marine oil in managing arthritis pain was not substantiated [46].

Nevertheless, there is also substantiated evidence supporting the utilization of omega-3
fatty acids in the management of OA. One RCT trial that enrolled 202 patients indicated
that low-dose fish oil containing EPA and DHA led to greater improvement in pain and
function scores in KOA at 2 years [47]. Recently, Stonehouse et al. reported that krill
oil containing EPA and DHA could improve pain, stiffness, and physical function for
individuals with mild-to-moderate KOA [12]. Moreover, a recent systematic review and
meta-analysis, encompassing data from nine RCTs involving 2070 individuals with OA,
demonstrated that supplementation with omega-3 fatty acids resulted in a significant
reduction in arthritis pain and improvement in joint function [48]. Our study outcomes
establish a causal association between omega-3 fatty acids and the risk of KOA, consistent
with recent meta-analysis findings [48]. The potential mechanisms underlying the bene-
ficial effects of omega-3 fatty acids on KOA are multifactorial, which might include the
inhibition of inflammatory markers such as interleukin-1 beta (IL-1β) and inducible nitric
oxide synthase (iNOS), the suppression of metalloproteinase 13 expression and chondro-
cyte apoptosis, and the restraining of bone remodelling and vessel formation within the
osteochondral unit [46,49,50]. It is imperative to acknowledge that EPA and DHA exhibit
distinct effects. EPA can convert into DHA within the liver and primarily functions to
reduce cellular inflammation. It exerts anti-inflammatory actions by inhibiting the enzyme
delta-5-desaturase (D5D), responsible for synthesizing arachidonic acid (AA), an omega-6
fatty acid known to mediate cellular inflammation. Moreover, EPA competes with AA
for the enzyme phospholipase A2, essential for liberating AA from membrane phospho-
lipids. This synergetic interaction aids in diminishing the generation of inflammatory
eicosanoids [44]. Nevertheless, the literature on the optimal concentration ratio of EPA and
DHA for individuals with OA is still limited. Further research in this domain is warranted.

Omega-6 fatty acids mainly comprise AA and linoleic acid (LA). AA is a precursor
to various potent pro-inflammatory mediators, such as prostaglandins and leukotrienes,
which have been extensively studied. Biochemically, AA derived from LA leads to the
production of pro-inflammatory molecules. Consequently, an increased intake of omega-6
fatty acids, either AA or its precursor LA, is widely believed to promote inflammation [51].
However, the human studies available to date do not support this assumption. This dis-
crepancy may be attributed to the previously mentioned low in vivo conversion rate of
dietary LA to AA [52]. Moreover, the available data essentially refute the idea that high
intakes of omega-6 fatty acids result in systemic inflammation. A notable example is a
cross-sectional study that scrutinized the dietary levels of PUFAs in 364 individuals with
confirmed cardiovascular disease. The findings revealed that omega-6 fatty acids had an
inverse association with c-reactive protein (CRP) levels and IL-1β [53]. Another epidemi-
ological study reported that individuals in the highest quintiles of omega-6 fatty acids
exhibited lower concentrations of CRP and reduced incidences of cardiovascular disease,
cancer, and all-cause mortality [54]. Several additional studies have consistently showcased
an inverse correlation between circulating levels of omega-6 fatty acids and inflammatory
biomarkers [55–57]. A comprehensive meta-analysis concluded that randomized controlled
intervention studies fail to furnish evidence supporting a causal link between heightened
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consumption of LA and elevated concentrations of inflammatory markers [58]. Up to date,
no RCTs or MR studies have been undertaken to elucidate the impact of omega-6 fatty acids
on susceptibility to OA. Our study effectively addressed this research void by presenting
compelling evidence of the advantageous effects of omega-6 fatty acids on KOA and HOA.
It has been reported that some oxylipins produced by AA exhibit pro-inflammatory prop-
erties, while other eicosanoids derived from AA show anti-inflammatory activities [51].
However, the administration of AA (which is challenging due to its limited availability) at
relatively high doses has not altered circulating inflammation biomarkers, at least in healthy
volunteers [59,60]. Hence, these beneficial effects of omega-6 fatty acids might be attributed
to the inherent anti-inflammatory properties associated with LA [52]. One intervention
trial showed that an increased intake of LA does not increase circulating concentrations of
AA and AA-derived lipid mediators [61]. Therefore, the supplementation of LA may be a
more practical and promising strategy in the future.

The implications of these findings are of significant clinical importance. Our results
unequivocally demonstrate that maintaining optimal levels of PUFAs, specifically omega-6
fatty acids, may effectively mitigate the risk of both KOA and HOA. These findings align
with the outcomes of a prospective study, wherein 2029 participants diagnosed with KOA
exhibited less joint space loss over 4 years when they consumed higher quantities of
PUFAs [62]. Consequently, healthcare professionals may consider an augmented intake of
PUFA-rich foods or supplements for individuals afflicted with OA, particularly those with
a genetic predisposition. However, it is essential to note that a global study has reported
suboptimal omega-6 fatty acids intake worldwide [63]. According to the Global Burden of
Disease 2017 group, a lack of adequate dietary intake of omega-6 fatty acids is considered
one of the critical factors associated with diet-related cardiovascular disease [64]. Given
that nutritional recommendations and guidelines play a crucial role in shaping health
policies, it is essential to carefully analyze and evaluate the quantity and quality of dietary
fats within the context of a healthy diet. Seed oils, mainly vegetable oils, are rich sources
of omega-6 fatty acids, with LA comprising more than 50% of their lipid content. Other
significant sources of LA include nuts, while lower levels can be found in whole grains,
legumes, non-ruminant meats, eggs, and dairy products [52]. The recommended limits
for total and saturated fat intake, as established by authoritative societies, typically fall
below 30–35% and 10% of the total energy, respectively. The recommended intake for total
PUFAs, including omega-3 and omega-6 fatty acids, typically falls within 5% to 10% of
energy intake. However, recommendations for omega-6 fatty acids, especially LA, are less
consistent across societies, with most suggesting intakes between 2.5% and 5% of total
energy [52]. Nonetheless, it is vital to conduct further research to substantiate the clinical
viability of these recommendations.

This MR research features four major noteworthy strengths. Firstly, this study em-
ployed genetic variants as IVs to evaluate the causal impacts of PUFAs (omega-3 and
omega-6 fatty acids) on the risk of knee and hip OA. Through the utilization of the MR
approach, concerns regarding confounding factors and reverse causation, commonly en-
countered in conventional observational investigations, were mitigated to the greatest
extent. Secondly, the study made use of large-scale genomic data obtained from the UK
Biobank, thereby bolstering the universality and robustness of our innovative discoveries.
Thirdly, the utilization of publicly accessible datasets and open-source software in this
study contributes to the transparency and repeatability of our MR research. Lastly, the
MR analysis strategy facilitates the estimation of causal effect sizes, which carries both
theoretical and practical implications for sensible clinical or public health decision making.

Several considerations should be acknowledged regarding our study. Firstly, it is
worth noting that the dataset utilized in our GWAS analysis solely consisted of individuals
of European descent. Consequently, the generalizability of our findings to other ethnic
groups is limited, hindering the exploration of cultural diversity. Secondly, heterogeneity
was observed in our results. However, we effectively addressed this issue by employing the
random-effect IVW method as our primary analytical approach, successfully controlling for
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pooled heterogeneity. Thirdly, it is essential to highlight that, due to the constraints imposed
by GWAS summary data, a stratified analysis based on crucial factors such as age and
gender could not be conducted. Therefore, future studies should encompass more extensive
and diverse populations, incorporating individuals with varied ancestries and cultural
backgrounds. Additionally, these studies should adopt a combination of observational
and genetic approaches to further investigate the causal effects of PUFAs on OA, while
concurrently considering stratified factors, such as age and gender.

5. Conclusions

To sum up, our study has provided compelling evidence of a genetic causal relation-
ship between PUFAs and OA risk, as demonstrated through the two-sample MR analysis.
Specifically, our findings indicate that increased levels of omega-3 fatty acids were asso-
ciated with a decreased risk of KOA. Intriguingly, our results challenged the traditional
belief regarding the detrimental impact of omega-6 fatty acids on OA, as higher levels of
omega-6 fatty acids decreased the risk of both KOA and HOA. These findings suggest
that targeted dietary interventions aimed at modulating omega-6 fatty acid levels might
serve as an effective preventive strategy for mitigating the burden of OA. However, it is
essential to note that further research is indispensable to validate these findings, preferably
through large-scale longitudinal studies or RCTs. Additionally, exploring the underlying
mechanisms behind these observed associations could provide valuable insights into the
pathogenesis of OA.
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Abstract: Elephantopus scaber L. (ESL) is a Chinese herb that is used both as a food and medicine, often
being added to soups in summer in south China to relieve heat stress (HS), but its exact mechanism of
action is unknown. In this study, heat-stressed mice were gavaged with ESL polysaccharides (ESLP)
at 0, 150, 300, and 450 mg/kg/d−1 (n = 5) for seven days. The gut microbiota composition, short-chain
fatty acids (SCFAs), seven neurotransmitters in faeces, expression of intestinal epithelial tight junction
(TJ) proteins (Claudin-1, Occludin), and serum inflammatory cytokines were measured. The low dose
of ESLP (ESLL) improved the adverse physiological conditions; significantly reduced the cytokines
(TNF-α, IL-1β, IL-6) and lipopolysaccharide (LPS) levels (p < 0.05); upregulated the expression of
Claudin-1; restored the gut microbiota composition including Achromobacter and Oscillospira, which
were at similar levels to those in the normal control group; significantly increased beneficial SCFAs
like butyric acid and 5-HT levels in the faeces of heat-stressed mice; and significantly decreased
the valeric acid and glutamic acid level. The level of inflammatory markers significantly correlated
with the above-mentioned indicators (p < 0.05). Thus, ESLL reduced the HS-induced systemic
inflammation by optimizing gut microbiota (Achromobacter, Oscillospira) abundance, increasing gut
beneficial SCFAs like butyric acid and 5-HT levels, and reducing gut valeric and glutamic acid levels.

Keywords: Elephantopus scaber L. polysaccharides; heat stress; systemic inflammation; gut microbiota;
short chain fatty acids; neurotransmitters

1. Introduction

Excessive exposure to high temperatures causes heat stress (HS) [1]. HS can result in
restlessness, poor concentration and anorexia [2]. In severe cases, it can lead to heat stroke,
heat exhaustion and intestinal diseases [3]. A series of adverse reactions during HS are
closely related to systemic inflammation [1,4]. Therefore, systemic inflammation is often
used as a key indicator to evaluate the effectiveness of measures to protect against HS. The
current mainstay treatment approaches for HS (such as physical cooling and antibiotics) [5]
have various adverse side effects and cannot fundamentally relieve the HS response.
Therefore, there is an urgent need to explore safer and more effective intervention methods.

In the subtropical and tropical areas of Southern China and Southeast Asia, Elephanto-
pus scaber L. (ESL), a perennial herb [6], is often added to soup and consumed in summer to
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relieve the physical discomfort caused by high temperatures [7]. Therefore, ESL may have a
good intervention effect on systemic inflammation caused by high temperatures. However,
there are no scientific studies on the effective components and mechanism of action of
ESL in alleviating HS-induced systemic inflammation, limiting its further development
and application.

Research has demonstrated that plant polysaccharides can reduce the negative effects
of HS on the body. Liu et al. [8] reported that alfalfa polysaccharides improve the growth
performance of heat-stressed rabbits. Sohail et al. [9] showed that mannan oligosaccha-
rides improve the relative weight of immune organs in heat-stressed broilers. Similarly,
atractylodes polysaccharides are reported to alleviate the splenic inflammatory response
induced by HS in broiler chickens [10,11]. These findings suggest that plant polysaccharides
may effectively reduce systemic inflammation to protect against HS. Our previous study
revealed that ESL extract contains many polysaccharides. Thus, the polysaccharides in ESL
may be the effective components underlying the HS-reducing effects of ESL. However, at
present, there is a lack of direct evidence, and the mechanism of action requires exploration.

Plant polysaccharides, especially heteropolysaccharides, are generally difficult for the
human body to digest and absorb [12]. They can be fermented by the gut microbiota in
the large intestine and thus exert their nutritional or pharmacological effects [13]. Plant
polysaccharides can improve the health of the body by regulating the composition of the
gut microbiota [14]. Research has indicated that fructan (inulin) can improve the diabetic
phenotype by enriching Lactobacillus and/or Bifidobacterium spp. [15]. In another study,
fucoidan selectively increased the proportion of Bacteroides spp., Akkermansia muciniphila,
Blautia spp. and Alloprevotella spp. to ameliorate metabolic syndrome and intestinal malnu-
trition in mice [16]. However, it is unclear whether Elephantopus scaber L. polysaccharides
(ESLP) can protect against HS-induced systemic inflammation by regulating the abundance
of the particular target gut microbes.

Recent research has demonstrated that polysaccharides can be degraded into short-
chain fatty acids (SCFAs) by the intestinal microbiota and that SCFAs play a crucial role in
maintaining the health of the body [17]. One study found that Zizyphus Jujuba cv. Muzao
polysaccharides can significantly increase butyrate and acetate, reducing the risk of colitis-
related colon cancer [18]. In another study, Cyclocarya paliurus polysaccharides alleviated
type 2 diabetes mellitus (T2DM) by increasing the levels of SCFAs (acetic acid, propionic
acid, butyric acid, isobutyric acid, valeric acid and isovaleric acid) [19]. It is clear that
different polysaccharides can increase the total amount of SCFAs; however, the levels of
the increases in specific SCFAs are different, and different SCFAs play different roles. Thus,
the effects of ESLP on SCFA production require further clarification.

In addition, it appears that neurotransmitters produced by the gut microbiota also
play a role in inflammation. Feng et al. [20] reported that Atractylodes macrocephala Koidz.
polysaccharides alleviate dextran sulphate sodium salt-induced ulcerative colitis inflamma-
tion by changing the gut microbiota and reversing the reduction in tryptophan. Polysaccha-
rides from the leaves of Ginkgo biloba have been found to upregulate the abundance of Lacto-
bacillus species and increase the levels of 5-HT in the gut, thus producing anti-inflammatory
and antidepressant effects [21]. This suggests that neurotransmitters produced by the
intestinal flora are very important in the development of inflammation. However, it is not
clear if ESLP can reduce HS-induced systemic inflammation by controlling the neurotrans-
mitters produced by the gut microbiota.

In this study, ESLP was orally administered to heat-stressed mice to investigate the
(a) relationships between exposure to HS, systemic inflammation, the gut microbiome, and
related SCFAs and neurotransmitters, and (b) the potential mechanism of action underlying
the effect of ESLP on systemic inflammation caused by HS.
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2. Materials and Methods

2.1. Extraction of Crude Polysaccharides

Polysaccharides were isolated from Elephantopus scaber L. (Product No. PB20200505,
a dry powder) purchased from Shaanxi Pioneer Biotech Co., Ltd., Tongchuan, China,
according to Zhou’s method with some modifications [22]. Briefly, the crude polysaccharide
was extracted via water extraction and ethanol precipitation. The crude polysaccharide
solution underwent treatment with a 5% trichloroacetic acid solution to eliminate any
remaining protein residues. The supernatant was followed by dialysis using a dialysis bag,
then concentrated using a rotary evaporator. After that, lyophilization was used on the
concentrated solution, which made Elephantopus scaber L. polysaccharides (ESLP).

2.2. Composition Analysis

Total carbohydrates were quantified via the phenol-sulfuric acid method, using glucose
as the standard [23]. The reducing sugar content was evaluated via the dinitro salicylic
acid (DNS) method [24]. The meta-hydroxy diphenyl technique was used to determine the
concentration of uronic acid [25].

2.3. Animal Ethics Statement

The Animal Ethics Committee of Guangdong Ocean University approved all animal
tests and methods conducted in this study (file number: GDOU-LAE-2020-015, 18 October
2020). All procedures and experiments were carried out at the laboratory animal centre at
Guangdong Ocean University (License No. SYXK 2019-0204) in strict accordance with the
university’s laws on animal experimentation.

2.4. Animals and Study Design

The experimental conditions for feeding mice were the same as previously described [26],
with some modifications. In total, 25 6-week-old male C57BL/6J mice of average weight
(18 ± 2 g) were purchased from Beijing Huafukang Biotechnology Co., Ltd., (Beijing,
China). All mice had unlimited access to distilled water and feed pellets sterilised with
Co60. High-pressure steam was used to sanitise the materials used for the water bottles,
cage, and pads. Three times every week, the water bottles and pad fillings were changed.
After a week of acclimatisation, all mice were randomly divided into five groups [Normal
Control (NC), HS model (HSS), HS + Low-dose ESLP gavage (150 mg/kg/d−1; ESLL),
HS + Medium dose ESLP gavage (300 mg/kg/d−1; ESLM), HS + High-dose ESLP gavage
(450 mg/kg/d−1; ESLH)] and housed in different cages (n = 5). The NC and HSS group
mice were given a normal saline gavage. The NC group was kept in a normal rearing
environment (temperature: 22 ± 3 ◦C, humidity: 60 ± 10%) without HS treatment. The rest
of the groups were subjected to HS in an artificial environment simulation cabin to maintain
a core temperature of 38 ± 0.5 ◦C and a humidity of 90–95% [27,28]. The experimental
period was 7 days, and the mice were subjected to HS once a day for 4 h. The three ESLP
group mice received normal diet plus the ESLP after each HS exposure.

2.5. Temperature-Humidity Index (THI) Measurements

The experimental conditions for constructing the HS model mice were the same as
previously described [29], with some modifications. The experimental room ambient
temperature (Td, ◦C) and relative humidity (RH, %) were measured three times each day
at 07:00, 13:00, and 20:00. The THI was calculated using the formula below: THI = (1.8 ×
Td + 32) – (0.55 – 0.55 × RH × 0.01) × (1.8 × Td – 26).

2.6. Physiological Variables and Sample Collection

During the experiment, the physiological parameters (body weight, feed intake, body
surface temperature, physiological behaviours) of the mice were recorded daily. At the
end of the experiment, before dissecting, the mice were massaged on the belly to collect
faecal particles, which were placed in sterile centrifuge tubes in an ice bath. The samples
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were stored at −80 ◦C. The mice were dissected immediately after 1 mL of eyeball blood
was taken. The blood was centrifuged at 1200× g and 4 ◦C for 5 min. The serum samples
were separated from the supernatant and kept at −80 ◦C until required. The organs were
collected and weighed. The ileum was immediately collected, and some were washed with
precooled phosphate-buffered saline (PBS), frozen in liquid nitrogen, and then stored at
−80 ◦C; others were immediately stored in 10% formalin until analysis.

2.7. Measurement of Inflammatory Markers and Lipopolysaccharide (LPS)

A few modifications were made to previous work [26] regarding the measurement of
serum inflammatory cytokines and LPS levels. The following mouse ELISA kits, TNF-α
(Cat no. M190408-102a), IL-10 (M190408-005a), IL-1β (M190408-001a) and IL-6 (M190408-
004a), were purchased from Neobioscience Technology Co., Ltd., Shenzhen, China. The
microplate quantitative chromogenic matrix Limulus kit (Cat no. 18030067) was purchased
from Xiamen Limulus Reagent Biotechnology Co., Ltd., Xiamen, Fujian Province, China.
They were used according to the manufacturer’s instructions.

2.8. Haematoxylin and Eosin (H&E) Staining of Intestinal Tissue

Tissues were processed and stained as reported in [26]. Then, 5 μm sections (n = 3/animal)
were light-microscopically examined for histological damage. The numbers of goblet cells,
the villi length and the crypt depth were measured. A total of 5 areas were selected for
each sample and an average for each sample and each group was calculated.

2.9. Western Blot (WB) Analysis

The experimental conditions for WB were the same as previously described [30], with
some modifications. The separated proteins were transferred onto PVDF membranes
(Cat no. G6015-0.45, Servicebio, Wuhan, China) using protein extracts (50 μg) from each
sample in 10% SDS-PAGE gels. After washing with Tris-Buffered Saline with Tween 20
(TBS-T), the protein bands were detected by chemiluminescence using ECL Western Blot
Substrate (Cat no. G2019, Servicebio). β-actin was used as the internal standard. The signals
were recorded with a chemiluminescence imager (Cat no. 6300, CLINX, Shanghai, China)
and analysed using Alpha Innotech (AlphaEaseFC 4.1.0) and Adobe (Adobe PhotoShop
20.0) software.

2.10. Gut Microbiota Analysis
2.10.1. DNA Extraction

Following the manufacturer’s instructions, total gut bacterial genomic DNA samples
were obtained using the Metagenomic DNA isolation kit GHFDE100 (Zhejiang Hangzhou
Equipment Preparation 20190952) from GUHE Laboratories in Hangzhou, China.

2.10.2. 16S rRNA Amplicon Pyrosequencing and Sequence Analysis

We used 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) as the forward primer and 806R
5′-GGACTACHVGGGTWTCTAAT-3′ as the reverse primer. Details are in a previous
publication [26].

2.10.3. Bioinformatics and Statistical Analysis

The experimental bioinformatics and statistical analysis were as described previ-
ously [26]. Using the default parameters, linear discriminant analysis effect size (LEfSe)
was performed to identify differentially abundant species across groups.

2.11. SCFA Analysis

SCFAs in mouse faeces were measured as described previously using GC-MS [26].
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2.12. Neurotransmitter Analysis

Seven neurotransmitter standards were used. Acetylcholine and Adrenaline were
purchased from Sigma, St. Louis, MO, USA. The 5-Hydroxytryptamine (5-HT), Dopamine,
γ-aminobutyric acid (GABA), Noradrenaline and Glutamic acid used were from Beijing
Suolaibao Technology Co., Ltd. (Beijing, China). The standards were weighed, dissolved
in methanol containing 0.2% formic acid and dissolved in acetonitrile/water (2:8) to nine
standard concentration gradient mixtures. Faecal samples were thawed on ice prior to
extracting polar metabolites for LC-MS analysis. Then, 50 mg of each faecal sample was
added into cold water containing 0.2% formic acid. The homogenate was sonicated in an
ice bath for 15 min. Next, 1 mL of the homogenate was added to 1 mL of ice-cold 0.2%
formic acid in acetonitrile and centrifuged at 4 ◦C, 12,000× g for 3 min. The solution was
filtered using an organic microporous membrane of 0.22 μm pore size, and the supernatant
was collected and examined using an LC-MS1000 device. The quantitative measurement
of faecal neurotransmitters was carried out using a calibration curve. The peak-area
integration was assessed based on the retention time.

The neurotransmitters in the faeces of mice were determined via LC-MS. The LC con-
ditions were as follows: Column (TSK-GEL amide-80 column; 4.5 × 150 mm, 5 μm; Tosoh,
Tokyo, Japan). The column temperature was 40 ◦C. Mobile phase A: 100% acetonitrile,
Mobile phase B: 0.1% formic acid-water solution (20%:80%). Flow rate: 0.3 mL/min. The
MS conditions were as follows: the EI ion source was heated to 450 ◦C and an ion spray
voltage of 4500 V was applied. Data were collected using the ion MRM method.

2.13. Pro-Inflammatory Experiment of Valeric and Glutamic Acid In Vitro
2.13.1. Cytotoxicity Test of Valeric and Glutamic Acid

The experimental conditions for the RAW264.7 cells were the same as previously
described [31], with some modifications. The DMEM medium was changed to DMEM
medium supplemented with 0, 10, 25, 50, 100, and 200 μg/mL valeric and glutamic
acid, respectively.

2.13.2. Pro-Inflammatory Test of Valeric and Glutamic Acid

The experimental conditions for the RAW264.7 cells were the same as previously
described [31] with some modifications. The culture medium was changed into DMEM
culture medium containing 0, 10, 25, 50, 100, 200 μg/mL valeric and glutamic acid, re-
spectively. After 24 h of cultivation, the concentrations of IL-1β and IL-6 were measured
using ELISA kits (Neobioscience Technology Co., Ltd., Shenzhen, China), according to the
manufacturer’s instructions.

2.14. Statistical Analysis

The mean and standard error of the mean (SEM) were used to represent the results.
SPSS 21.0 (SPSS, Chicago, IL, USA) was used for statistical analysis. One-way analysis of
variance (ANOVA) and the LSD test were used to compare the differences between groups,
with p < 0.05 regarded as statistically significant.

3. Results

3.1. Basic Physicochemical Properties of ESLP

The crude polysaccharides of ESL were obtained via hot water extraction and ethanol
precipitation. The content (%) of total carbohydrates was 84.69% (including 9.82% reducing
sugars), while the uronic acid content was 31.39%.

3.2. Effect of ESLP on the Body Weight, Food Intake, Viscera Coefficients, Body Surface
Temperature and Physiological Behaviour of Mice

The body weight (BW), food intake and viscera coefficients of the mice are shown in
Figure 1. Compared with the NC group, the mice in the HSS group exhibited a slower rate
of weight gain and decreased food intake. ESLP increased the rate of weight gain and food
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intake (vs. HSS group). The effect was particularly evident in the ESLL group (Figure 1A,B).
Mice in the HSS group had higher spleen and intestine viscera coefficients compared to
the NC group. ESLP significantly decreased the viscera indices of the spleen, stomach and
intestine of the heat-stressed mice (p < 0.05) (Figure 1C). As shown in Table 1, the mice in
the HSS group had considerably higher rectal temperatures (p < 0.05) than those in the
NC group. The ESLL significantly reduced the rectal temperature compared to the HS
mice (p < 0.05), somewhat similar to the NC group. Although the ESLM and ESLH groups
tended to have lower rectal temperatures than the HSS group, these differences were not
statistically significant. The HSS group showed increased neck and ear base temperatures
compared to the mice in the NC group. Mice in the three ESLP groups exhibited slightly
lower neck and ear base temperatures compared to the HS mice. ESLP induced some
positive effects with regard to the regulation of the surface body temperature of HS mice,
and these effects were particularly visible in the ESLL group.

Figure 1. Effects of ESLP on the body weight, food intake and viscera coefficient in heat-stressed
mice ((A): body weight, (B): food intake, (C): viscera coefficient). Data are shown as mean ± SE
(n = 5). Based on the ANOVA statistical analysis, the different letters (a, b, and c) above the bars of
each group are statistically different (p < 0.05). [Normal control (NC), Heat stress (HS) model (HSS),
HS + Low-dose ESLP gavage (ESLL), HS + Medium dose ESLP gavage (ESLM), HS + High-dose
ESLP gavage (ESLH)].
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Table 1. Effect of ESLP on the body surface temperature in heat-stressed mice (Mean ± SE).

Temperature NC HSS ESLL ESLM ESLH

ear base/◦C 36.07 ± 0.29 a 36.20 ± 0.08 a 36.12 ± 0.25 a 36.02 ± 0.20 a 35.96 ± 0.23 a

neck/◦C 36.40 ± 0.11 a 36.46 ± 0.19 a 36.44 ± 0.17 a 36.46 ± 0.11 a 36.42 ± 0.19 a

rectal/◦C 35.62 ± 0.10 b 35.94 ± 0.13 a 35.57 ± 0.06 b 35.87 ± 0.05 a 35.70 ± 0.25 a

Data are shown as mean ± SE (n = 5). In the same row, data with different small letter (a, b) superscripts are
significantly different (p < 0.05) based on the ANOVA statistical analysis. [Normal control (NC), Heat stress (HS)
model (HSS), HS + Low-dose ESLP gavage (ESLL), HS + Medium dose ESLP gavage (ESLM), HS + High-dose
ESLP gavage (ESLH)].

During the experimental period, the NC group mice were alert, active and healthy, and
exhibited dense shiny hair. However, the mice in the HSS group developed the following
symptoms from day two onwards: reduced activity, sleepiness, fear, anxiety, irritability, a
rapid and irregular breathing rhythm, the visible trembling of legs, coarse hair and severe
hair loss. There were significant improvements in these physiological parameters in the
groups that received ESLP, indicating that ESLP can ameliorate adverse physiological
reactions in HSS group mice.

3.3. Effects of ESLP on Inflammatory Markers and LPS on Heat-Stressed Mice

The serum concentrations of the pro-inflammatory factors (TNF-α, IL-1β, IL-6) are
shown in Figure 2A–C. When compared to the NC group, the HSS group pro-inflammatory
factors concentrations were significantly higher (p < 0.05); the TNF-α concentration was
>two times the NC group. The concentrations of pro-inflammatory factors in the ESLL
group were significantly lower than in the HSS group mice (p < 0.05), similar to the
concentrations in the NC group. The serum concentration of anti-inflammatory factor IL-10
is shown in Figure 2D. The HSS group IL-10 concentration was significantly lower (p < 0.05
vs. NC group), whereas in the ESLH group, the IL-10 concentration was significantly higher
(p < 0.05) than that of the HSS group. The serum LPS concentration in the HSS group was
>three times higher than that of the NC group (p < 0.01) (Figure 2E). The ESLP treatment
significantly reduced the serum LPS concentration in HS mice (p < 0.01). This effect was
particularly noticeable in the ESLL and ESLH groups. These results indicate that ESLP
inhibited inflammation in HS mice, especially in the ESLL. The key indicators that ESLL
reduced the systemic inflammation caused by HS were TNF-α, IL-1β, IL-6, and LPS.

3.4. Effect of ESLP Treatment on Intestinal Tissue

In Figure 3A, the NC group displayed an ileum mucosa with regularly aligned villi, a
typical crypt architecture, a large number of goblet cells, and a condensed configuration of
the lamina propria. The ileum mucosa tissue in the HSS group suffered severe damage,
including goblet cell depletion, crypt hyperplasia, exposed lamina propria, disrupted
intestinal epithelial cell organisation, and the partial loss of villi. The HSS group exhibited a
lower ratio of intestinal villi length to crypt depth (p < 0.05) (Figure 3B,C). The morphology
of the intestinal mucosal in the ESLL and ESLH groups was improved in the HSS group
mice. In the ESLL and ESLH groups, the intestinal mucosa was relatively intact, with
the crypt morphology, goblet cell numbers and the arrangement of villi and intestinal
epithelial cells substantially recovered from HS. In the ESLL and ESLH groups, both the
mean number of goblet cells and the ratio of intestinal villi length to crypt depth increased
to levels, which were nearly identical to those in the NC group. ESLP treatment affected
the intestinal tissue after HS. These effects were particularly evident in the ESLL group.

The impact of ESLP on the tight junction (TJ) proteins occludin and claudin-1 ex-
pression in the intestinal tissues of HS mice was assessed via WB. The relative protein
expressions of ileum claudin-1 and occludin were significantly lower in the HSS group
compared to the NC group (Figure 3D,E; p < 0.05). ESLP treatment significantly (p < 0.05)
increased the expression of TJ proteins to levels comparable to those observed in the
NC group.
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Figure 2. Changes in four serum inflammatory markers and LPS concentrations in mice. (A) TNF-α,
(B) IL-1β, (C) IL-6, (D) IL-10 (E) LPS. Data are shown as mean ± SE (n = 5). Based on the ANOVA
statistical analysis, the different letters (a, b) above the bars of each group are statistically different
(p < 0.05). [Normal Control (NC), Heat stress (HS) model (HSS), HS + Low-dose ESLP gavage (ESLL),
HS + Medium dose ESLP gavage (ESLM), HS + High-dose ESLP gavage (ESLH)].

3.5. Effect of ESLP Treatment on the Structure and Function of the Gut Microbiota in
Heat-Stressed Mice
3.5.1. ESLP Maintained the Diversity of the Gut Microbiota in Heat-Stressed Mice

ESLL significantly counteracted the HS-induced decline in the species richness and
α-diversity of the gut microbiota (Table 2). Unweighted UniFrac distances were used to
estimate the beta diversity of the gut flora in the different mouse groups, and PCoA was
used to visualise the results (Figure 4D–G). The NC group’s and the HSS group’s confidence
ellipses differed significantly from one another (Figure 4D). After the ESLL intervention,
the confidence ellipse of this group overlapped with that of the NC group (Figure 4E).
However, as the ESLP dose increased, the confidence ellipse gradually deviated from that
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of the NC group until there was complete separation (Figure 4F,G). The intestinal flora
abundance and composition of the ESLL and NC groups were similar.

Figure 3. Effect of ESLP on intestinal tissue in HS mice. (A): Histological changes observed in the
intestinal tissue in different groups; (B): Ratio of intestinal villi length to crypt depth; (C): mean
number of goblet cells in the visual field; (D): Western blot of TJ protein; (E): Relative expression level
of TJ protein. The data are shown as mean ± SE (n = 5). The ANOVA statistical analysis shows that
the data with distinct letters (a, b, and c) are statistically different in each group (p < 0.05). [Normal
control (NC), Heat stress (HS) model (HSS), HS + Low-dose ESLP gavage (ESLL), HS + Medium dose
ESLP gavage (ESLM), HS + High-dose ESLP gavage (ESLH)].
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Table 2. Effect of ESLP on the gut microbiota α-diversity index of the heat-stressed mice (Mean ± SE).

Groups Shannon Simpson Chao1 ACE Goods Coverage

NC 1.960 ± 0.911 a 0.662 ± 0.219 a 263.414 ± 86.015 a 265.013 ± 81.011 a 1.000 ± 0.000 a

HSS 1.457 ± 0.411 ab 0.465 ± 0.045 a 172.756 ± 25.611 ab 163.025 ± 30.418 b 1.000 ± 0.000 a

ESLL 1.847 ± 1.220 a 0.647 ± 0.111 a 212.085 ± 100.941 ab 203.030 ± 89.117 a 1.000 ± 0.000 a

ESLM 0.557 ± 0.139 b 0.126 ± 0.037 b 161.470 ± 42.782 b 168.618 ± 37.352 b 1.000 ± 0.000 a

ESLH 1.526 ± 0.323 ab 0.565 ± 0.028 a 202.863 ± 25.556 ab 191.318 ± 24.231 ab 1.000 ± 0.000 a

Data are shown as mean ± SE (n = 5). In the same column, data with different small letter (a, b) superscripts are
significantly different in different groups (p < 0.05) based on the ANOVA statistical analysis. [Normal control
(NC), Heat stress (HS) model (HSS), HS + Low-dose ESLP gavage (ESLL), HS + Medium dose ESLP gavage
(ESLM), HS + High-dose ESLP gavage (ESLH)].

3.5.2. ESLP Maintained the Composition of the Gut Microbiota in Heat-Stressed Mice

The intestinal microflora was examined at two different classification levels. At the
phylum level, Proteobacteria, Firmicutes, and Bacteroidetes in the HSS group differed
significantly from the NC group (p < 0.05). Mice given ESLL showed a significant increase
in the abundance of Firmicutes and a similar significant inhibitory effect on the relative
abundance of Proteobacteria (p < 0.05 vs. HSS group) (Figure 5A). Proteobacteria and
firmicutes made up >90% of the total flora. Firmicutes and Bacteroidetes were significantly
less prevalent in the HSS group than in the NC group, but proteobacteria were 145% more
abundant (p < 0.05). In contrast, mice given ESLP showed a significant increase in the
abundance of Firmicutes and an equally significant inhibitory effect on the relative abun-
dance of Proteobacteria (p < 0.05 vs. HSS group), with the abundances being comparable
to those seen in the NC group. The recovery effect on Firmicutes and Proteobacteria did,
however, eventually decline when the ESLP dose was increased. The relative abundances
of Firmicutes and Proteobacteria in the ESLH group were comparable to those in the
HSS group.

Stenotrophomonas, Lactobacillus and Achromobacter were the dominant bacteria of the
gut microbiota of each group at the genus level (Figure 5B). Compared with the NC
group, the abundances of Lactobacillus, Allobaculum, Akkermansia, Bacteroides, Ruminococcus,
Faecalibacterium, Clostridium, Oscillospira, Staphylococcus, Odoribacter and Prevotella were
significantly decreased (p < 0.05), while the abundances of Stenotrophomonas, Achromobacter
and Acinetobacter were significantly increased (p < 0.05) in the HSS group. This imbalance
was restored by the ESLP intervention, where a clear dose–response relationship was
observed for Lactobacillus, Akkermansia and Allobaculum, and Achromobacter, Oscillospira.
The abundance of Clostridium was restored only by the ESLL intervention. The ESLL
group exhibited a similar ratio regarding the relative abundance of gut microbiota to the
NC group.

In order to find species with statistically significant differences between the groups,
LEfSe analysis was carried out (Figure 5C). At the genus level, Achromobacter, Acinetobacter,
Lactobacillus, Akkermansia, Allobaculum, Verrucomjcrobia and Oscillospira in the ESLL
treatment groups were quite distinct from the HSS group. In the HSS group compared to
the NC group, the abundances of gram-negative, potentially pathogenic, and stress-tolerant
bacteria were considerably higher (p < 0.05) (Figure 5E). When the ESLL group was com-
pared with the HSS group, the abundances of gram-negative, potentially pathogenic, and
stress-tolerant bacteria were reduced by 58%, 49% and 40%, respectively, and were compa-
rable to those seen in the NC group. Of note, ESLM did not affect gram-negative bacteria.

These findings show that the HS-induced gut flora imbalance in mice could be con-
trolled by the ESLP. The effect of ESLL was the most significant (p < 0.01), but at higher
doses, the effect was lower. The key gut bacteria that ESLL regulated during HS were
Achromobacter, Acinetobacter, Lactobacillus, Akkermansia, Allobaculum and Oscillospira.
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Figure 4. Effects of HS modelling and ESLP treatment on the diversity of gut microbiota in mice.
(A) Rarefaction Curve; (B) Venn diagram based on OTU; (C) Rank Abundance curve; (D–G) PCoA
analysis of the gut microbiota of mice. Data are expressed as the mean ± SE (n = 5).
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Figure 5. Modelling of the experimental data of the mice gut microbiota. Gut microbiota changes at
the phylum (A) and genus (B) levels. The numerous classification units across groups based on the
classification hierarchy tree based on the LEfSe and LDA histograms for taxa showed a significant
difference between groups (p < 0.05) (C). Horizontal clustering heat map of gut microbiota (D).
Comparison of the relative abundance of gram-negative, potential pathogenic, and stress-tolerant
bacteria in each group (E). Data are shown as mean ± SE (n = 5). Based on the ANOVA statistical
analysis, the different letters (a, b) above the bars of each group are statistically different (p <
0.05). [Normal control (NC), Heat stress (HS) model (HSS), HS + Low-dose ESLP gavage (ESLL),
HS + Medium dose ESLP gavage (ESLM), HS + High-dose ESLP gavage (ESLH)].
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3.6. Effects of ESLP on SCFAs in Heat-Stressed Mice

The concentrations of acetic, propionic, n-butyric, and isobutyric acids were signifi-
cantly lower (p < 0.05) in the HSS group compared to the NC group (Figure 6). In contrast,
the n-valeric acid concentration was significantly higher (p < 0.05). A lower isovaleric acid
concentration was also observed (p > 0.05). The acetic, propionic, butyric, and isobutyric
acid concentrations in the ESLL, ESLM, and ESLH groups were significantly higher than
those in the HSS group (p < 0.05), except for isovaleric acid (p > 0.05). When compared
with the HSS group, the n-valeric acid concentration in the ESLL group was significantly
lower (p < 0.05), similar to the NC group. As ESLL had a superior inflammation-lowering
effect than that shown in the ESLM and ESLH groups, n-valeric acid could be considered
an indicator of inflammation caused by HS in ESLL.

Figure 6. Mice faecal SCFA concentrations. ((A): Acetic acid, (B): Propionic acid, (C): N-Butyric
acid, (D): Isobutyric acid, (E): Isovaleric acid, (F): N-Valeric acid). The data are shown as mean ± SE
(n = 5). The ANOVA statistical analysis shows that the data with different letters a, b shown on top of
each column are statistically different from each other (p < 0.05). [Normal control (NC), Heat stress
(HS) model (HSS), HS + Low-dose ESLP gavage (ESLL), HS + Medium dose ESLP gavage (ESLM),
HS + High-dose ESLP gavage (ESLH)].

3.7. Effects of ESLP on Neurotransmitters in Heat-Stressed Mice

The GABA, 5-HT, and adrenaline concentrations were significantly lower (p < 0.05)
in the HSS group compared to the NC group, while the glutamic acid and dopamine
concentrations were significantly higher (p < 0.05) (Figure 7). Compared with the HSS
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group, the concentrations of 5-HT were significantly increased (p < 0.05) but the glutamic
acid concentration was significantly lower (p < 0.05) in the ESLL group. These results
suggest that ESLL plays a role in regulating the concentration of neurotransmitters in
HS mice.

Figure 7. Faecal neurotransmitter concentrations in mice. ((A): γ-aminobutyric acid, (B): 5-HT,
(C): Adrenaline, (D): Glutamic acid, (E): Dopamine, (F): Noradrenaline, (G): Acetylcholine). Data
are shown as mean ± SE (n = 5). Based on the ANOVA statistical analysis, the different letters (a, b)
above the bars of each group are statistically different (p < 0.05). [Normal control (NC), Heat stress
(HS) model (HSS), HS + Low-dose ESLP gavage (ESLL), HS + Medium dose ESLP gavage (ESLM),
HS + High-dose ESLP gavage (ESLH)].

3.8. Correlation Analysis of Inflammation Markers, SCFAs, Neurotransmitters and Gut Microbiota

To determine possible intrinsic associations between the serum inflammatory marker
levels, faecal SCFAs levels, faecal neurotransmitters levels, and the abundance of the
faecal gut microbiota, a correlation analysis between these indicators was conducted using
Pearson’s correlation analysis (Figure 8). The correlation between the key indicators
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showing that ESLL reduces systemic inflammation caused by HS was particularly analysed.
Oscillospira positively correlated with butyric acid and negatively correlated with IL-6
and IL-1β; Achromobacter positively correlated with LPS, TNF-α, IL-6 and IL-1β; Acetic,
propionic, butyric and isobutyric acid negatively correlated with TNF-α; Valeric acid
positively correlated with IL-1β; 5-HT negatively correlated with LPS and TNF-α; and
Glutamic acid positively correlated with IL-6.

Figure 8. Correlation analysis of inflammatory markers, short-chain fatty acids (SCFAs), neurotrans-
mitters and gut microbiota. (A): Relationship between the gut microbiota and inflammation, neuro-
transmitters, and SCFAs. (B): Correlation between SCFAs and inflammatory markers. (C): Correlation
between neurotransmitters and inflammatory indicators. * p < 0.05, ** p < 0.01. AA: Acetic acid,
PPA: Propionic acid, NBA: N-Butyric acid, IBA: Isobutyric acid, IVA: Isovaleric acid, NVA: N-Valeric
acid. [Normal control (NC), Heat stress (HS) model (HSS), HS + Low-dose ESLP gavage (ESLL),
HS + Medium dose ESLP gavage (ESLM), HS + High-dose ESLP gavage (ESLH)].
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3.9. Pro-Inflammatory Activity of Valeric and Glutamic Acid In Vitro

Valeric and glutamic acid were selected for pro-inflammatory experiments in vitro. In
Figure 9A,B, it can be seen that valeric and glutamic acid had no obvious cytotoxicity to
RAW264.7 cells at a concentration of 10–200 μg/mL. Valeric acid significantly increased
the level of IL-1β produced by RAW264.7 cells when the concentration was 50 μg/mL
(Figure 9C). Glutamic acid significantly increased the level of IL-6 produced by RAW264.7
cells when the concentration was 100 μg/mL (Figure 9D). This indicates that valeric and
glutamic acid have pro-inflammatory activity in vitro.

Figure 9. (A,B): The effects of different concentrations of valeric and glutamic acid on the survival
rate of RAW264.7 macrophages. (C) The effect of different concentrations of valeric acid on IL-1β
production in RAW264.7 macrophages. (D) The effect of different concentrations of glutamic acid on
IL-6 production in RAW264.7 macrophages. The ANOVA statistical analysis shows that the data with
different letters a, b shown on top of each column are statistically different from each other (p < 0.05).

4. Discussion

ESL is commonly added to the diet to regulate physical health [7], and has been
widely studied in the scientific community [32,33]. It is known that ESL has many bioactive
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components, including polyphenols, flavonoids and sesquiterpene lactones [6,34]; however,
the function of the polysaccharides in ESL has not yet been elucidated. In this study,
the effect of ESLP on HS was investigated in heat-stressed model mice. The apparent
indicators, including systemic inflammation, the gut microbiota, and related metabolites,
were investigated, with the findings offering evidence of the beneficial effects of ESLP in
the alleviation of systemic inflammation induced by HS and the possible targets underlying
its effects.

The results of this study demonstrated that both low, medium and high doses of ESLP
improved the HS-induced inflammatory response to different degrees, and that there were
no significant toxic side effects on the body. A comprehensive analysis of body weight,
feed intake, the serum inflammation level, intestinal tissue integrity, the gut microbiota
and related metabolites, and other indicators revealed that ESLL was significantly more
effective than ESLM and ESLH in improving HS. This suggests that the effect of ESLP on HS
does not increase with increases in the dosage; an appropriate dosage can have a good anti-
inflammatory effect. This may be because different doses of ESLP may have different effects
on the gut microbiota and its metabolites; this, in turn, affects the body’s immune system
and leads to different levels of inflammation [35]. Other plant polysaccharides should have
similar physiological effects [36]. The current findings offer a reference for future studies to
investigate suitable doses of plant polysaccharide-based dietary supplements.

To date, various polysaccharides have been reported to alleviate HS. For example,
alfalfa polysaccharides improve the growth performance of heat-stressed rabbits [8], atracty-
lodes polysaccharides alleviate the splenic inflammatory response induced by HS in broiler
chickens [10,11], and mannan oligosaccharides have a protective effect on HS-induced
liver injury in broilers [37]. However, the above studies only focused on the local damage
induced by HS and did not elucidate the mechanism by which polysaccharides alleviate
HS responses in terms of key targets, such as systemic inflammation, the gut microbiota
and related metabolites. Therefore, there is great potential to develop ESLP into products
that resist HS responses.

Studies have shown that there are significant differences in the regulatory effects
of different plant polysaccharides on the gut microbiota [15,38]. However, the role of
polysaccharides in the regulation of key gut microflora during HS has rarely been reported.
This study found that ESLL, like many polysaccharides, up-regulated the abundance of
Lactobacillus, Allobaculum and Akkermansia to play a beneficial regulatory role [20]. However,
inconsistent with previous findings, ESLL also significantly increased the abundance of
Oscillospira, which was decreased due to HS, and significantly decreased the abundance
of Achromobacter, which was increased due to HS. This suggests that Achromobacter and
Oscillospira may be key target gut microbes that play a role in the regulatory effect of ESLL
on HS.

Moreover, this study found, for the first time, that HS induced the massive prolif-
eration of Achromobacter. However, following the ESLL intervention, the abundance of
Achromobacter was significantly reduced. It has been reported that Achromobacter is an
opportunistic pathogen [39], and its proliferation can induce damage to the intestinal
barrier [40], leading to the entry of LPS from the gut into the bloodstream, which can
trigger systemic inflammation [41]. This is consistent with the results of this study, which
showed significant positive correlations between serum LPS, TNF-α, IL-6, and IL-1β levels
and the abundance of Achromobacter. This suggests that Achromobacter is likely to be a key
bacterium in HS-induced systemic inflammation. However, the reasons why HS triggers
the proliferation of Achromobacter are unknown and need to be further investigated. In this
study, based on the effects of the low, medium and high-dose ESLP interventions on the
changes in the gut microbiota associated with HS, it is speculated that ESLL can reverse the
increase in Achromobacter, probably because gut microbes such as Lactobacillus, Akkermansia
and Allobaculum, which are the nutritional sources of ESLP, have the opportunity to occupy
the ecological niche, resulting in a reduction in Achromobacter.
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It is also possible that metabolites produced by the fermentative metabolism of ESLL
induced by the gut flora may alter the environmental conditions in the gut, including the
pH, oxygen level or other environmental parameters, to the detriment of Achromobacter,
thus reducing systemic inflammation [42].

Oscillospira is an intestinal bacterium that can ferment complex carbohydrates and
produce beneficial SCFAs such as butyric acid [43,44], which play an important role in
the health of organisms. Feng et al. reported that pueraria lobata polysaccharides, like
ESLL, can also significantly increase Oscillospira abundance, thereby attenuating antibiotic-
associated diarrhoea (AAD)-induced colonic pathology and the ecological dysbiosis of mice
intestinal flora [45]. However, the exact mechanism is unclear. In the current study, the
correlation results revealed that the abundance of Oscillospira was significantly positively
correlated with the butyric acid level and significantly negatively correlated with the serum
inflammatory cytokine levels (IL-6 and IL-1β levels). These findings provide insight into
the possible mechanism by which ESLP can alleviate HS-induced systemic inflammation.
Specifically, Oscillospira will proliferate using ESLP as a nutrient source and will metabolise
butyric acid, which is involved in the regulation of intestinal barrier integrity [46], thereby
reducing the inflammatory response. Due to the relative complexity of the mechanisms by
which plant polysaccharides affect the gut microbiota and the multifaceted effects of ESLP
on the gut microbiota, the mechanisms of action of ESLP require further study.

SCFAs are important intestinal microbial metabolites that play a crucial role in the
regulation of intestinal barrier integrity and immune factors [47]. Increases in propionate
and butyrate can regulate immune homeostasis and fight against inflammation [17,19].
Increases in butyrate and acetate can reduce damage to colonic tissue and the risk of
colitis [18]. This suggests that increased levels of acetic, propionic and butyric acid play
a key role in reducing inflammation. This is consistent with the correlation results of
this study: the serum TNF-α level was significantly negatively correlated with the acetic,
propionic, butyric and isobutyric acid levels. However, in contrast to existing studies, in
the current study, HS significantly increased the faecal valeric acid level and, following
the ESLL intervention, this increase in the level of valeric acid was reversed. It is widely
believed that valeric acid has positive effects on the body [48]. However, the results of
the current study indicated that the level of the serum pro-inflammatory factor IL-1β was
significantly positively correlated with the faecal valeric acid level. Further, our in vitro
analysis demonstrated that valeric acid had pro-inflammatory effects on RAW264.7 cells.
This suggests that valeric acid may sometimes cause inflammation. This effect may be
closely linked to the amount of valeric acid present and the activation pathway of certain
inflammatory cells. More research is needed to fully understand this mechanism.

Another interesting finding in this study was that ESLL restored gut barrier integrity
in heat-stressed mice without maximising TJ protein expression. It is widely accepted that
TJ protein expression promotes gut barrier integrity and that the two should be positively
correlated. However, one study reported that valeric acid produced the biggest increase in
transepithelial electrical resistance (TEER) and reduced paracellular permeability [49]. This
activity was not linked to the reinforced expression of TJ-related proteins [49]. This finding
also suggests that the ability of ESLL to restore gut barrier integrity in HS model mice is
not only related to SCFAs such as butyric acid, which can provide energy to the gut barrier;
valeric acid also appears to play an important role in this effect. Therefore, we speculate
that valeric acid could be a potential indicator of HS.

Compared with the number of studies that have investigated the effects of polysaccha-
rides on SCFAs, a smaller number of studies have investigated the effects of polysaccharides
on other gut microbiota metabolites, such as neurotransmitters. Gut bacteria can produce
a variety of neurotransmitters identical to those produced by the host. They can be ab-
sorbed by the gut to perform corresponding regulatory functions [50]. In this study, HS
significantly reduced the faecal 5-HT concentration and, following the ESLL intervention,
this effect was significantly reversed. Moreover, the faecal 5-HT level was significantly
negatively correlated with the serum LPS and TNF-α levels. The available studies generally
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indicate that increased levels of 5-HT will affect the immune system by stimulating T-cell
proliferation [51] and activating dendritic cells [52]. However, Koopman and Katsavelis [53]
reported that 5-HT contributes to the strengthening of the gut barrier, which is essential
for maintaining intestinal homeostasis and reducing inflammation. Thus, the role of 5-HT
in inflammation is not entirely clear, as it can be either pro- or anti-inflammatory. Accord-
ingly, the relationship between gut flora-induced changes in 5-HT levels and HS-induced
systemic inflammation requires further exploration.

This study also found that the glutamic acid concentration was significantly higher
in the HSS group compared to the NC group. It is widely believed that glutamic acid
is a metabolite of many desirable gut bacteria, such as Lactobacillus and Bifidobacterium.
Glutamic acid can assist in detoxification by removing toxic metabolic waste products [54],
thus aiding in nutrient absorption and the maintenance of a healthy gut lining [55]. How-
ever, the results of this study indicated that the faecal glutamic acid level was significantly
positively correlated with the serum pro-inflammatory factor IL-6 level. Further, the in vitro
analysis demonstrated that glutamic acid had a pro-inflammatory effect on RAW264.7 cells.
Therefore, it can be speculated that, during HS, the gut flora metabolise high levels of gluta-
mate which, in turn, stimulates IL-6 production, thereby triggering inflammation. However,
another study reported that glutamic acid decreases IL-6 production in vitro [56]. Thus, the
relationship between glutamic acid and IL-6 production is complex. Further research is
needed to fully understand the mechanisms and effects of glutamic acid on IL-6 production.
The findings of this study also indicated that the ESLL intervention significantly reduced
the glutamic acid levels. These findings imply that ESLL can alleviate HS-induced systemic
inflammation by regulating the glutamic acid concentration. Thus, it can be speculated
that ESLL may directly inhibit the abundance of specific gut flora involved in amino acid
metabolism or that substances produced by ESLL via the metabolism of intestinal flora may
inhibit glutamate synthase or glutamate metabolism for reasons that need to be further
explored. Taken together, the current findings suggest that glutamic acid may also be a
potential marker of HS systemic inflammation.

In summary, this study investigated the possible mechanisms by which ESLL alleviates
HS-induced systemic inflammation. These findings offer a novel perspective and a viable
plan for identifying potential indicators of HS inflammation and developing strategies
to prevent and manage this condition. These findings also offer a theoretical basis for
the ongoing development of ESLP into effective functional products that prevent and
control HS, and for the safe and effective utilisation of related plant polysaccharides. This
study will be followed up with a comprehensive study of ESLP, including its chemical
components, molecular mass and structure, in order to fully understand the relationship
between the structure and efficacy of ESLP. The ultimate goal is to develop ESLP and its
structurally similar polysaccharides into functional ingredients or foods to promote health.

5. Conclusions

This study revealed that ESLL alleviates HS-induced systemic inflammation in mice
by reducing serum TNF-α, IL-6 and IL-1β levels according to three main mechanisms:
(a) ESLL supplementation regulates the gut microbiota, promotes the proliferation of
beneficial bacteria (Lactobacillus, Akkermansia and Allobaculum), and inhibits the proliferation
of harmful bacteria (Achromobacter), thus reducing the LPS level. (b) ESLL promotes the
gut microbiota (Oscillospira), which produces beneficial SCFAs like butyric acid, provides
sufficient energy for gut epithelial cells, and strengthens the intestinal barrier, making
it harder for harmful substances to move into the bloodstream. (c) ESLL regulates gut
microbiota metabolites, thus increasing 5-HT levels and decreasing valeric and glutamic
acid levels.
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Abstract: Dietary polyphenols are reported to alleviate colitis by interacting with gut microbiota
which plays an important role in maintaining the integrity of the intestinal barrier. As a type of
dietary polyphenol, whether ligustroside (Lig) could alleviate colitis has not been explored yet. Here,
we aimed to determine if supplementation of ligustroside could improve colitis. We explored the
influence of ligustroside intake with different dosages on colitis induced with dextran sulfate sodium
(DSS). Compared to the DSS group, supplementation of ligustroside could reduce body weight (BW)
loss, decrease disease activity indices (DAI), and relieve colon damage in colitis mice. Furthermore,
ligustroside intake with 2 mg/kg could decrease proinflammatory cytokine concentrations in serum
and increase immunoglobulin content and antioxidant enzymes in colon tissue. In addition, sup-
plementation of ligustroside (2 mg/kg) could reduce mucus secretion and prevent cell apoptosis.
Also, changes were revealed in the bacterial community composition, microbiota functional profiles,
and intestinal metabolite composition following ligustroside supplementation with 2 mg/kg using
16S rRNA sequencing and non-targeted lipidomics analysis. In conclusion, the results showed that
ligustroside was very effective in preventing colitis through reduction in inflammation and the
enhancement of the intestinal barrier. Furthermore, supplementation with ligustroside altered the
gut microbiota and lipid composition of colitis mice.

Keywords: inflammatory bowel disease (IBD); ligustroside; colitis

1. Introduction

Inflammatory bowel disease (IBD) is a chronic non-specific intestinal inflammatory
disease. It mainly involves colonic mucosa and submucosa and presents as recurrent
chronic intestinal inflammation. There are two subtypes of IBD, including ulcerative colitis
(UC) and Crohn’s disease (CD) [1,2]. The latest data show that IBD is still on the rise
worldwide, with about 0.2% of the European population suffering from IBD, which has
become a serious global health burden [3]. The pathogenesis of IBD is unknown at present,
involving a variety of causes such as being heredity, the environmental diet, intestinal
barrier, immunity, and microorganisms [4–6]. IBD is prone to recurrence and various
systemic complications after treatment, which seriously affect patient’s quality of life and
survival rate. How to effectively solve the treatment difficulties of IBD has become a major
research focus at present.

Several factors contribute to IBD pathogenesis, including genetic susceptibility and
environmental factors, which can weaken the intestinal barrier and lead to inappropri-
ate intestinal immune activation by affecting the microflora. An imbalance of intestinal
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microflora has been observed in patients with IBD [7]. The most common changes were
that Firmicutes decreased and Enterobacteriaceae increased in IBD [8,9]. Compared with
healthy individuals, Faecalibacterium prausnitzii, Roseburia intestinalis, Lachnospiraceae, and
Ruminococcaceae decreased, while B.fragilis, Escherichia coli, and Enterobacteriaceae in-
creased in CD. Bifidobacterium, Roseburia hominis, and Faecalibacterium prausnitzii decreased
while Lachnospiraceae increased in UC [10,11]. In addition, an imbalance between intesti-
nal mucosa and intestinal contents is also a cause of pathological changes in IBD. Intestinal
mucosa consists of epithelial cells, goblet and Paneth cells, stroma, and immune cells.
Goblet cells can produce a mucous matrix that covers epithelial cells and thus plays a
role in mucosal defense and repair [12]. Innate immune cells, such as neutrophils and
macrophages, can strengthen the physical and functional barriers of the intestinal barrier as
the first line of defense of the well-developed mucosal innate immune system. Neutrophils
can directly cause tissue damage by releasing neutrophil elastase, matrix metalloproteinases
(MMPs), pro-inflammatory cytokines including tumor necrosis factor (TNF)-α and inter-
leukin (IL)-1β, and superoxide dismutase (SOD) in IBD. Furthermore, these factors lead
to damage to the epithelial barrier as well as recruiting neutrophils and other immune
cells to the inflamed area [13,14]. In addition, macrophages were expressed at high levels
of pro-inflammatory molecules including TNF-α, IL-1β, IL-6, and inducible nitric oxide
synthase (iNOS) during IBD [15].

Polyphenols are organic compounds containing oxygen heterocycles. Researchers have
found that polyphenols and their derivatives can play antioxidant and anti-inflammatory
roles by regulating intestinal barrier function, changing the composition of intestinal
flora, or activating congenital and adaptive immune responses [16–18]. On the one hand,
colonic microbes extensively metabolize polyphenols [19]. Polyphenols can shape the
composition of the intestinal bacteria, such as through increasing probiotics Bifidobacterium
and inhibiting the growth of several pathogenic bacteria [20]. On the other hand, it has been
demonstrated that polyphenols have protective effects on intestinal barrier functions by
modulating mucus production and antimicrobial peptide secretion [21,22]. As a functional
food, ligustroside is one of the common polyphenolic compounds which can be extracted
from extra virgin olive oil (EVOO) [17,23]. Diets including EVOO in mice colitis have been
extensively studied [24,25]. The prospect of ligustroside being a complementary therapy
for IBD has attracted more attention in recent years. Therefore, considering that the effects
of ligustroside on colitis are unclear, we investigated the potential effects of ligustroside on
DSS-induced colitis in mice.

2. Materials and Methods

2.1. Animal Experimental Design

Male C57BL/6 mice (aged 7–8 weeks, weighing about 20 ± 2 g) were purchased
from Gempharmatech Co., Ltd. (Nanjing, China) The drug ligustroside (CAS35897-92-8,
purity ≥ 98%, store at 2–8 ◦C) and 5-aminosalicylic acid (5-ASA, CAS89-57-6, purity ≥ 99%,
store at RT) were purchased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai,
China), and dextran sulfate sodium (DSS, CAS9011-18-1, store at 2–8 ◦C, M.W 40,000) was
purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). As shown in
Figure 1A, a total of 30 C57BL/6 male mice were randomly divided into six groups (n = 5
per group).

After 7 days of adaption, mice in the Control and DSS groups received phosphate-
buffered saline (PBS) solution while mice in the DSS + 5-ASA group received oral adminis-
tration of 5-ASA dissolved in distilled water (150 mg/kg BW) and mice in the DSS + Lig
groups received different dosages of ligustroside dissolved in distilled water daily for
14 days. On Day 8, 2.5% DSS (w/v) was added to the water for mice except for the Control
group for an additional 7 days. All mice were raised in the Experimental Animal Centre
of the Medical College of Jiangnan University. Mice were fed a rodent chow diet, and the
daily food intake of the mice was about 5–10 g/mouse. The mice ate and drank freely every
day. The feeding conditions were as follows: 12 h light/dark cycle, temperature 22 ± 2 ◦C,
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humidity 55 ± 5%, and noise level ≤ 60 dB. All mice were anesthetized through inhalation of
3% isoflurane and then euthanatized using cervical dislocation on the 15th day of the exper-
iment. A review and approval of the animal study was conducted by Jiangnan University’s
Institutional Animal Care and Use Committee [Approval No. 20220330c1440615 (114)].

Figure 1. Supplementation of ligustroside alleviated colitis symptoms in DSS-treated mice. (A) Treatment
timeline for the experiment, (B) chemical structure of ligustroside, (C) body weight change (%),
(D) disease activity index scores, (E,F) colon lengths of the mice. * p < 0.05 and ** p < 0.01 vs. DSS
group, ns means p > 0.05 vs. DSS group, n = 5.

2.2. Disease Activity Index (DAI)

The disease changes in mice were observed by evaluating their DAI, including weight
loss, occult blood or blood stool and shape of feces, as described in previous research
article [26].

2.3. Analysis of Colon Histology in Mice

After the experiment, mice’s colons were dissected. The lengths of the colons were
measured. Ice-cold phosphate-buffered saline was used to wash the lumen of the colons.
A neutral tissue fixation solution was then applied to the tissues. After dehydration with
ethanol, paraffin was used to embed the sample. After preparing 4 mm thick paraffin
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sections, hematoxylin and eosin staining, and Alcian blue/periodic acid-Schiff (AB/PAS)
staining were conducted. Under the microscope, colon morphology was observed. As
previously described, the degree of tissue injury was based on the degree of inflammatory
cell infiltration (0–3) and tissue injury (0–3) [27]. A TUNEL assay was used to determine
the apoptosis level in colonic cells. The nuclei of the cells were stained with DAPI and
observed using a fluorescence microscope.

2.4. Enzyme-Linked Immunosorbent Assay (ELISA)

We separated mouse serum from blood with centrifugation at 1500× g for 15 min
and stored at −20 ◦C. The contents of proinflammatory cytokines IL-6, IL-1β, TNF-α, and
immunoglobulin IgA, IgG, and IgM in serum were detected using an ELISA kit (Thermo
Scientific, Shanghai, China). The colonic tissue of mice was homogenized in ice-cold
phosphate-buffered saline and centrifuged at 13,000× g for 20 min at 4 ◦C. The supernatant
of colonic tissue was collected, and the content of the secretory immunoglobulin (SIgA)
and superoxide dismutase (SOD) in the colonic tissue supernatant was detected using an
ELISA kit.

2.5. Gut Microbiota Analysis

DNA from the stool microbial community was extracted using MagPure Stool DNA
KF kit B (Magen, Foshan, China), and then it was quantified with a Qubit Fluorometer
using the Qubit dsDNA BR Assay kit (Invitrogen, Waltham, MA, USA). The PCR products
were sequenced on the Illumina MiSeq platform (BGI, Shenzhen, China). Tags with 100%
similarity were clustered to the same ASV. The Ribosomal Database Project Bayesian clas-
sifier algorithm was used to analyze the ASV representative sequences. Alpha and beta
diversity analyses were assessed using MOTHUR and QIIME (v2022.2). Linear Discrimi-
nant Analysis Effect Size (LEfSe) was used to analyze the biomarkers of different groups.
Microbial functions were also predicted using Phylogenetic Investigation of Communities
through Reconstruction of Unobserved States (PICRUSt).

2.6. Non-Targeted Lipidomic Analysis

To extract metabolites from the contents of the mouse colons, 300 μL methanol, 1000 μL
methyl tert-butyl ether, and 250 μL ultra-pure water extraction solvent was added to the
sample and thoroughly vortexed. Then, the samples were incubated for 10 min, followed
by centrifugation at 1000× g for 5 min at 10 ◦C. We collected the supernatant, and a vacuum
centrifuge was used to collect and dry the elution. For a liquid chromatography mass spec-
trometer (LC-MS) analysis, the samples were redissolved in 50 μL chloroform/methanol
(v:v = 2:1) solvent and transferred to vials.

An ultra-high-performance liquid chromatography (UHPLC) system (ThermoFisherQ
Exactive™ Plus, Waltham, MA, USA) was used to analyze the samples. The sample was
separated using a UPLC BEH C18 column (100 mm × 2.1 mm, 1.7 μm). Separation was
initiated at a flow rate of 250 μL/min. During the whole analysis process, the sample was
kept at 4 ◦C. Detection of metabolites was performed using ThermoFisherQ Exactive™
Plus with an ESI ion source. Raw data were processed using LipidSearch v.4.1 (Thermo
Fisher Scientific, Waltham, MA, USA). The data were imported into MetaboAnalysit 5.0 for
sparse PLS-DA (sPLSDA), volcano map, and hierarchical clustering heatmap analysis.

2.7. Statistical Analyses

The data are shown as means ± standard error of the mean (SEM). The statistical differ-
ence between two groups was assessed using unpaired two-tailed Student’s t-tests, and the
differences of more than two groups were assessed using ordinary one-way analysis of vari-
ance, using GraphPad Prism 8.4 (Graphpad Software, Inc., La Jolla, CA, USA). A difference
of p < 0.05 was considered statistically significant. * p < 0.05 and ** p < 0.01 vs. DSS group,
ns means p > 0.05 vs. DSS group, n = 5.
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3. Results

3.1. Ligustroside Can Relieve DSS-Induced Colitis in Mice

The chemical structure of ligustroside is shown in Figure 1B. The timeline of the
experiment is shown in Figure 1A. After drinking 2.5% DSS solution for one week, mice
developed severe acute colitis, including loss of weight (Figure 1C), an increase in the DAI
(Figure 1D), diarrhea, and bleeding in feces. DSS stimulation significantly shortened the
length of the colon in mice (Figure 1E,F). After the administration of DSS solution for one
week, the weight of the mice significantly dropped, which was alleviated through the oral
administration of ligustroside (Figure 1C). In colitis mice induced with DSS, ligustroside
also significantly decreased the DAI scores (Figure 1D). Ligustroside increased the length of
the colon (Figure 1E,F). To summarize, DSS-induced colitis could be significantly improved
with oral ligustroside supplementation.

3.2. Ligustroside Can Ameliorate Colonic Injury Induced with DSS

A histopathological analysis showed that mucosal injury, inflammatory cell infiltration,
and crypt loss were significantly alleviated in the mice treated with ligustroside (Figure 2A),
while the histopathological scores of colons from the DSS group were significantly higher
than the Control group. A significant decrease in the histopathological scores of the colon
tissue was observed in mice after supplementation with ligustroside (Figure 2B).

 

Figure 2. Supplementation of ligustroside alleviated histological changes in colitis mice. (A) Mouse
colon morphology stained with hematoxylin and eosin. (B) The histological scores of mouse colon
tissue. (C) The number of TUNEL-positive nuclei per field in mouse colon. (D) AB/PAS stain-
ing. (E) The TUNEL staining of colon cells. * p < 0.05 and ** p < 0.01 vs. DSS group, ns means
p > 0.05 vs. DSS group, n = 5.

Based on the results of the above data, we found that the DSS + Lig (2 mg/kg) group
had the best effect on alleviating colitis induced with DSS. Therefore, we conducted further
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analysis on the mice in the DSS + Lig (2 mg/kg) group. AB-PAS staining analysis showed
that the protective substances secreted by the mucus layer in the colon of mice decreased in
the DSS group (Figure 2D), and the intestinal barrier was damaged. Furthermore, a large
number of apoptotic cells were seen in the DSS group using TUNEL staining (Figure 2C,F),
which could be reversed through the supplementation of ligustroside.

3.3. Effects of Ligustroside on the Secretion of Cytokines, Immunoglobulins, and the Oxidation Index

The concentrations of proinflammatory cytokines IL-6, IL-1β, and TNF-α significantly
increased in the serum of mice with colitis induced with DSS (Figure 3A–C), while the
concentration of immunoglobulin IgA in serum was decreased in the DSS group (Figure 3D).
Furthermore, the concentration of SIgA (Figure 3E) and the activity of the antioxidant SOD
(Figure 3F) in the mouse colon were decreased in the DSS-induced colitis mice. However,
after supplementing with ligustroside, the changes in these indicators can be reversed and
were similar to the Control group.

Figure 3. (A–D) Concentrations of IL-6, IL-1β, TNF-α, and IgA in the serum of colitis mice. (E,F) Concen-
trations of SIgA and SOD in colon tissue of colitis mice. * p < 0.05 and ** p < 0.01 vs. DSS group, ns
means p > 0.05 vs. DSS group, n = 5.

3.4. Gut Microbiota Profiling

In total, 16s rRNA was sequenced from the feces of mice. Alpha diversity was shown
using the Shannon and Simpson indices. We found that the Shannon index decreased
significantly (Figure 4A), while the Simpson index increased (Figure 4B) after treatment
with DSS. Principal co-ordinate analysis showed that the intestinal microflora of mice
changed significantly after treatment with DSS. The intestinal microbial composition of the
mice treated with ligustroside was more similar to that of the 5-ASA group (Figure 4C).
At the same time, an unweighted_UniFrac cluster tree analysis showed that the microbial
composition of the Control group, DSS + 5-ASA group, and DSS + Lig (2 mg/kg) group
were more similar (Figure 4D). Using functional difference analysis, it was found that
there were significant differences in glycerophospholipid metabolism and linoleic acid
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metabolism pathways between the Control and DSS groups (Figure 4E). In view of this
change, we decided to explore the effect of ligustroside intervention on lipid metabolism in
colitis mice.

 

Figure 4. The microbiota of mice suffering from colitis were altered by supplementation with
ligustroside. (A,B) Shannon and Simpson indices showed alpha diversity, (C) principal co-ordinate
analysis of gut microbiota, (D) unweighted_UniFrac cluster tree, (E) functional difference analysis
between Control and DSS groups. * p < 0.05 and ** p < 0.01 vs. DSS group, ns means p > 0.05 vs. DSS
group, n = 5.

Then, LEfSe analysis was used to analyze the differences between groups. It was found
that Actinobacteriota, Actinobacteria, Bifidobacteriales, Bifidobacteriaceae, and Bifidobac-
terium were the key differential species in the Control group, but Proteobacteria, Gammapro-
teobacteria, Enterobacterales, Enterobacteriaceae, Bacteriodaceae, and Bacteroides are the
key differential species in the DSS group (Figure 5A, Supplementary Figure S2A). The
LEfSe analysis of the DSS + Lig (2 mg/kg) group and DSS group showed that the key
differential species in the DSS + Lig (2 mg/kg) group were similar to those in the Control
group, in which the main differential bacteria were Bifidobacterium, while Bacteroides was
still the key differential species in the DSS group (Figure 5B, Supplementary Figure S2B).
In addition, these key different species also had significant differences among the four
groups, and they were statistically significant (Figure 5C,D, Supplementary Figure S3A–I).
Then, by analyzing the correlation between different key bacteria and inflammation-related
indexes (Figure 5E), it was found that Bifidobacterium had a positive correlation with index
SIgA and SOD after the intervention of ligustroside, and had a significant positive corre-
lation with SIgA. In addition, it was negatively correlated with IL-6, IL-1β, and TNF-α
and significantly negatively correlated with IL-6. On the contrary, Bacteroides showed the
opposite trend. Based on the above results, we speculated that ligustroside could reshape
the gut microbiota and restore a damaged intestinal barrier. Furthermore, ligustroside
can increase the proportion of beneficial bacteria Bifidobacterium in the intestine that have
anti-inflammatory effects. In addition, the improvement of the intestinal microenvironment
can also reduce abnormal activation of innate immunity, prevent abnormal activation and
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aggregation of neutrophils, and thus reduce the production of pro-inflammatory cytokines
such as IL-6 to alleviate damage to the intestinal barrier.

Figure 5. (A) Taxonomic cladogram of LEfSe analysis between Control and DSS groups. Biomarker
taxa are shown in different colors, where Linear discriminant analysis (LDA) score > 2 and p < 0.05,
(B) taxonomic cladogram of LEfSe analysis between the DSS + Lig (2 mg/kg) and DSS groups.
Biomarker taxa are shown in different colors, where LDA score > 2 and p < 0.05. Relative abundance
of Bifidobacterium (C) and Bacteroides (D) are shown. (E) Correlation between different key bacteria
and inflammation-related indices. * p < 0.05 and ** p < 0.01 vs. DSS group, ns means p > 0.05 vs. DSS
group, n = 5.

3.5. Non-Targeted Lipidomic Analysis

Using UHPLC-QE-MS to analyze the colonic contents of mice, a total of 914 peaks
were obtained in positive and negative ion mode. sPLSDA found a significant difference be-
tween the composition of metabolites in the DSS + Lig (2 mg/kg) group and the DSS group
(Figure 6A). Furthermore, the lipidomic metabolites in the DSS + Lig (2 mg/kg) group were
nearer to the Control group than the DSS group. Then, we detected the differential metabo-
lites between the Control and DSS groups using a volcano map. We found that there were
130 key different metabolites between the Control and DSS groups. Among these metabo-
lites, 57 metabolites were significantly decreased and 73 metabolites were significantly
up-regulated (Figure 6B). In addition, among the top 10 metabolites with the most obvi-
ous changes in Hierarchical Clustering Heatmaps (Figure 6C), Lyso-phosphatidylglycerol
(LPG) (18:0), Lyso-phosphatidylcholine (LPC) (18:0p), and LPC (20:0p) decreased signifi-
cantly in the DSS group. The other seven substances, Digalactosyldiacylglycerol (DGDG)
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(36:0), Phosphatidylinositol (PI) (18:2/18:2), Phosphatidylcholine (PC) (16:0/15:2), Phos-
phatidylethanolamine (PE) (34:3), Cholesteryl Ester (ChE) (18:2), Phosphatidylglycerol (PG)
(16:0/12:0), and PG (12:0/14:0) significantly increased in the DSS group.

 

Figure 6. (A) Score plots for the sPLSDA model of metabolites in the intestinal content of mice,
(B) volcano plot of significantly different metabolites between the Control and DSS groups (fold
change > 1.5 and p < 0.05), (C) hierarchical clustering heatmaps of differential metabolites in intestinal
luminal contents of mice between different groups. The red color indicates a metabolite concentra-
tion higher than the mean concentration of all samples, and the blue color indicates a metabolite
concentration lower than the mean concentration of all samples, n = 5.

4. Discussion

In this study, the polyphenolic compound ligustroside was used as an intervention for
the first time, to the best of our knowledge, to explore its supplementary therapeutic effects
on DSS-induced colitis in mice.

IBD, as chronic intestinal inflammation, has become an important worldwide public
health problem [28]. At present, IBD sufferers are still prone to relapse after treatment,
and the course of the disease is protracted, seriously affecting the quality of life of patients.
Therefore, we have attempted to find new compounds, derived from food or other sub-
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stances, that can be used as supplementary treatment to improve the treatment of IBD.
Several studies have shown that among people who suffer from certain chronic diseases
associated with oxidative stress, inflammation, and the immune system, the Mediterranean
diet, which contains ligustroside, may have protective effects [23].

DSS has been widely used to induce colitis and IBD in mice [29]. The mice utilized
in this study developed acute colitis after drinking a solution of 2.5% DSS, resulting in
diarrhea, hematochezia, weight loss, and colon shortening. 5-ASA is a classic drug used for
the treatment of IBD, and it has been used in many studies to treat acute colitis induced with
DSS [30,31]. In this study, it was found that supplementation of 5-ASA and ligustroside
could significantly improve intestinal inflammation in mice with colitis, increase BW and
colon length along with a reduction in DAI scores.

Many studies have shown that cytokines IL-6, IL-1β, and TNF-α play an important
role in colitis [28]. Their increased expression can lead to intestinal dysfunction [32].
Oxidative stress is also involved in the pathogenesis and aggravation of IBD [33]. In
this study, mice with colitis had more serious colonic mucosal damage than mice in the
Control group, as well as an increased number of inflammatory cells. Significantly higher
concentrations of proinflammatory cytokines were found in the serum of colitis mice than in
the serum from Control group mice, and these inflammatory symptoms could be alleviated
after intervention with ligustroside. The change of SOD content is an important index
of oxidative stress in vivo, and DSS treatment can reduce the activity of SOD [34]. The
intestine is rich in a large amount of SIgA, which is very important for mucosal immunity.
It protects the mesentery and has therapeutic effects against IBD [20]. The content of SIgA
in the intestinal tissue and immunoglobulin IgA in the serum of colitis mice decreased, but
recovered after the intervention with ligustroside.

In DSS-induced colitis mice, DSS can directly target intestinal mucosa, destroy in-
testinal epithelial cells of the basal recess, damage the integrity of the mucosal barrier,
and significantly change the composition of intestinal microorganisms [35]. Therefore, we
studied the effect of ligustroside on the histopathological changes in the colon and on in-
testinal microfloral imbalance after DSS intervention. Our results showed that the intestinal
integrity and intestinal microfloral composition in the DSS-treated mice were improved
with supplementation of ligustroside. Compared with the Control group, supplementation
of ligustroside changed the composition of lipid metabolites in the intestinal contents of
the mice. In this study, we also found that the total number of microbial species in colitis
mice decreased compared with the Control group. In the LEfSe analysis between Control
and DSS groups, we found that Bifidobacterium, one of the bacteria beneficial to colitis [36],
became the key differential microorganism in the Control group, and the proportion of
Bifidobacterium was different between the Control and DSS groups. In contrast, in the DSS
group, Bacteroides became the key differential genus, and the genus level was higher than
that of the Control group, a finding which is similar to the previous research [37]. According
to our findings, supplementation of ligustroside can improve species composition and
species diversity in the gut of DSS-induced colitis mice.

As previous studies have shown, the lipid metabolism profiles of patients with IBD
change [38]. Chronic inflammation on the surface of the intestinal epithelium has been
found to be regulated by lipids in IBD [39]. Compared with healthy mice, the lipid
metabolism spectrum of colitis mice induced with DSS also changed significantly. In
addition, as important structural components of cell membranes, lipids have significant
effects on different metabolic pathways and cell functions, which are important components
of the intestinal barrier. In our results, a significant difference was found in the composition
of colonic contents between the Lig and DSS groups. The composition of colonic contents
in the Lig group was more similar to that of the Control group than the DSS group. Based
on these findings, it is clear that DSS treatment can cause disruption of the lipid metabolism
by altering the colonic lipid profile, and ligustroside protected it by reversing this process.
Furthermore, endogenous bioactive lipids are widely recognized as pro-inflammatory
mediators and triggers of inflammatory bowel disease [40,41]. These results revealed a
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close relationship between lipid metabolism and inflammation, suggesting that exploring
lipid metabolism further may provide a way to regulate IBD’s inflammatory response.

5. Conclusions

Under the existing treatment methods for IBD, ligustroside may be useful as a sup-
plementary treatment to improve the treatment effect and long-term quality of life for IBD
patients. In conclusion, supplementation of ligustroside could improve the occurrence
of colitis in mice by reducing inflammation, enhancing the intestinal barrier, improving
intestinal microbial composition, and altering lipid metabolism composition. However,
it is not without its limitations: results from animals need to be extrapolated to humans,
potential gaps need to be filled, other IBD models need to be validated, and so forth. These
issues deserve further study and in-depth analyses from researchers.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu16040522/s1, Figure S1. The concentrations of IgG (A) and
IgM (B) in serum. Data were presented as means ± SEM. * p < 0.05 and ** p < 0.01 vs. DSS
group, ns means p > 0.05 vs. DSS group, n = 5. Figure S2. Top ten Linear discriminant analysis
(LDA) score for different taxa abundances (A) between control and DSS groups and (B) between
DSS + Lig (2 mg/kg) and DSS groups, n = 5. Figure S3. Relative abundance of predominant bacteria
is shown for the phylum (A,B), class (C,D), order (E,F) and family (G–I) levels. Data are presented
as means ± SEM. * p < 0.05 and ** p < 0.01 vs. DSS group, ns means p > 0.05 vs. DSS group, n = 5.
Figure S4. (A) The quantification of AB/PAS Positive cells/crypt in colon tissue. (B) Mucus thickness
of colon tissue. Data are presented as means ± SEM. * p < 0.05 and ** p < 0.01 vs. DSS group, ns
means p > 0.05 vs. DSS group, n = 5. Table S1. The composition of diet for mice.
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Abstract: Sweet potato is a crop that is widely consumed all over the world and is thought to
contribute to health maintenance due to its abundant nutrients and phytochemicals. Previous studies
on the functionality of sweet potatoes have focused on varieties that have colored pulp, such as
purple and orange, which contain high levels of specific phytochemicals. Therefore, in the present
study, we evaluated the anti-inflammatory effects of light-yellow-fleshed sweet potatoes, which
have received little attention. After freeze-drying sweet potatoes harvested in 2020, extracts were
prepared from the leaves, stems, roots, and tubers in 100% ethanol. Mouse macrophage-like cell
line RAW264.7 cells were cultured with 10 μg/mL of the extracts and induced lipopolysaccharide
(LPS)-stimulated inflammation. Of the extracts, the tuber extracts showed the highest suppression of
LPS-induced interleukin-6 (IL-6) gene expression and production in RAW264.7, which was attributed
to the activation of the nuclear factor erythroid 2-related factor 2 (Nrf2) oxidative stress response
pathway. In addition, preparative high-performance liquid chromatography (HPLC) experiments
suggested that hydrophobic components specific to the tuber were the main body of activity. In
previous studies, it has been shown that the tubers and leaves of sweet potatoes with colored pulp
exhibit anti-inflammatory effects due to their rich phytochemicals, and our results show that the
tubers with light-yellow pulp also exhibit the effects. Furthermore, we were able to show a part
of the mechanism, which may contribute to the fundamental understanding of the treatment and
prevention of inflammation by food-derived components.

Keywords: anti-inflammation; sweet potato (Ipomoea batatas (L.); Nrf2; RAW264.7

1. Introduction

Inflammation is a defense response in the body, and macrophages play a role in this
response by phagocytosing targets and secreting molecules such as nitric oxide, cytokines,
and chemokines, thereby activating the immune response. Although inflammation is, in
essence, a response to protect the organism, various studies in recent years have shown
that chronic inflammation causes various problems in the tissues of the body and is closely
related to the onset and worsening of age-related diseases, such as diabetes and cancer [1–3].
Although the most effective treatment for such chronic inflammation is probably the
suppression of inflammation with drugs, from the perspective of social problems, such
as increased medical costs, we should also pay attention to improvements in symptoms
due to food-derived ingredients. It is believed that food-derived ingredients with anti-
inflammatory effects can prevent or treat diseases, and there have been many reports
on their effects, including one that examined the relationship between dietary flavonoid
intake and the risk of developing chronic diseases [4,5]. In that report, it was mentioned
that quercetin and other flavonoids may reduce the risk of heart disease and type II
diabetes mellitus.
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The anti-inflammatory effects of food-derived ingredients are often related to their
antioxidant properties [5,6]. When inflammatory signals are activated in macrophages,
reactive oxygen species (ROS) are generated, which are involved in signal transduction as
secondary messengers, and play important roles in metabolism and proliferation; however,
they can also cause oxidative stress and damage DNA and cells [7]. Some food-derived
components are reported to have antioxidant effects by scavenging ROS and activating
oxidative stress response pathways [8–10].

NF-E2-related factor 2 (Nrf2) is a key transcription factor that plays a central role in
the oxidative stress response pathway. Its function is inhibited under normal conditions,
as it binds to Kelch-like ECH-associated protein 1 (Keap1). It is released and translocated
into the nucleus upon activation, and it recognizes antioxidant response element (ARE)
sequences that activate the transcription of antioxidant factors such as Heme Oxygenase 1
(HO-1) and NAD(P)H quinone oxidoreductase 1 (NQO-1) [11]. In addition to suppressing
inflammatory responses by reducing ROS through HO-1 and other functions, it has also
been reported to inhibit NF-κB, which transduces inflammatory signals [12–14].

Sweet potato is a perennial herbaceous plant found in the Ipomoea genus of the Hiru-
doaceae family; it is drought tolerant and produces high yields, even on barren land.
Globally, it is mostly produced in China and African regions, but its tuberous roots are
eaten in many parts of the world and are expected to have a positive effect on health due
to their high dietary fiber, vitamin, and mineral content [15]. There is diversity in pulp
color among cultivars, which are mainly light yellow, orange, and purple. The colored
cultivars are rich in phytochemicals, with the orange ones containing more carotenoids and
the purple ones containing more anthocyanin [16,17]. These colored sweet potatoes have
various functional properties, and there have been many reports dedicated to their relation-
ship with the immune system, which has attracted much attention in recent years [18–20].
Sugata et al. reported that anthocyanin in purple sweet potatoes reduced the production of
lipopolysaccharide (LPS)-induced inflammatory cytokines (tumor necrosis factor α(TNFα),
interleukin-6 (IL-6), and nitric oxide (NO)) in RAW264.7 cells and inhibited the growth
of several cancer cell lines. Similarly, Bae et al. reported that β-carotene in orange sweet
potatoes also inhibited LPS-induced production of IL-6, NO, and prostaglandin E2 (PGE2)
in RAW 264.7. However, these colored sweet potatoes are still not commonly eaten, at least
in Japan, and reports on the functional properties of light-yellow-fleshed cultivars, which
are mainly consumed, are still poor. In order to benefit from functional food components,
it is important that they be found in commonly consumed foods. Therefore, the present
study focused on the light-yellow cultivar Beniharuka, whose tubers are widely consumed
in Japan, and verified whether it also has the anti-inflammatory effects that have been
confirmed with colored sweet potatoes. In the results, we found that extracts from tuberous
roots of light-yellow pulp sweet potato suppressed the expression of pro-inflammatory
genes via the Nrf2 oxidative stress response pathway.

2. Materials and Methods

2.1. Preparation of Sweet Potato Samples and Extracts

The sweet potatoes used in this study were sampled from Ibaraki, Japan, in July 2020.
Samples were collected from 10 plants, washed immediately in water, and the leaves,
stems, roots, and tuberous roots were separated and freeze-dried. The samples were then
pulverized and extracted using 100% ethanol (Kanto Chemical, Tokyo, Japan); the solvent
was evaporated in an evaporator and suspended in dimethyl sulfoxide (DMSO; Fujifilm
Wako Pure Chemicals, Osaka, Japan) to create a 10 mg/mL extract.

2.2. Reagents and Antibodies

LPS (Escherichia. coli O127) was purchased from Fujifilm Wako Pure Chemicals (Osaka,
Japan). Anti-Lamin B1 (ab16048), anti-Nrf2 (ab2352), and anti-HO-1 (ab68477) were from
Abcam (Cambridge, UK), and anti-NF-κB (#8242), anti-β-Actin (#4967) and anti-rabbit
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IgG-HRP (#7074) were purchased from Cell Signaling Technology (Danvers, MA). Nrf2
inhibitor ML385 was purchased from Selleck (Houston, TX, USA).

2.3. Cell Culture and Stimulation Conditions

RAW264.7 murine macrophage cells were obtained from KAC (Kyoto, Japan). Cells
were cultured in Dulbecco’s Modified Eagle Medium (DMEM; Sigma-Aldrich, St. Louis,
MO, USA) plus 10% deactivated fetal bovine serum (FBS; Biowest, Nuaillé, France) and 1%
penicillin–streptomycin (Gibco, Grand Island, NY, USA) at 37 ◦C in 5% CO2. Extracts were
added to the medium at a final concentration of 10 μg/mL (1000×) and incubated for 1 h,
after which LPS (final concentration 50 ng/mL) was added. Unless otherwise mentioned,
these conditions were standardized for all cell cultures and stimulation.

2.4. Cell Viability Assay

RAW264.7 cells were cultured in 96-well plates (AGC Technoglass, Shizuoka, Japan) at
a density of 1.0 × 104 cells/well for 24 h and each extract was added at final concentrations
of 1, 10, and 100 μg/mL. After 1 h of incubation, LPS stimulation was performed, and the
cells were incubated for 24 h. Then, the WST-1 reagent (Cayman Chemical, Ann Arbor,
MI, USA) was added, and the cells were incubated for another 2 h. Finally, the absorbance
of the culture supernatant at 450 nm was measured by a microplate reader (model 680,
Bio-rad, Hercules, CA, USA) to determine the cell survival rate.

2.5. Enzyme-Linked Immunosorben Assay (ELISA)

RAW264.7 cells were cultured in 96-well plates at a density of 1.0 × 104 cells/well.
After 24 h of incubation, each extract and LPS were added. After incubation for another
24 h, the supernatant was collected and used for the assay. An ELISA MAX™ Deluxe Set
Mouse IL-6 (BioLegend, San Diego, CA, USA) was used for the experiments, following the
described protocol.

2.6. Intracellular ROS Observation

RAW264.7 cells were cultured in 96-well plates at a density of 1.0 × 104 cells/well
for 24 h, and then each extract and LPS were added. After incubation for another 20 h,
intracellular ROS was stained using an ROS Assay Kit-Highly Sensitive DCFH-DA (Dojindo
Laboratories, Kumamoto, Japan) and observed using a fluorescence microscope (BZ-X810,
Keyence, Osaka, Japan).

2.7. RT-qPCR

RAW264.7 cells were cultured in 96-well plates at a density of 1.0 × 104 cells/well,
and each extract and LPS were added after 24 h of culture. After another 24 h of culture,
cells were collected, and cDNA was prepared using the SuperPrep® Cell Lysis & RT Kit for
qPCR (TOYOBO, Osaka, Japan). RT-qPCR was performed using THUNDERBIRD® Next
SYBR® qPCR Mix (TOYOBO) and QuantStudio 5 real-time PCR system (Thermo Fisher
Scientific, Waltham, MA, USA), and the relative expression levels between samples were
evaluated using the ΔΔCt method. Primer information is shown in Table 1.

Table 1. Primer information.

Gene Primer Sequence

IL-6
Forward: AGAGGATACCACTCCCAACAGA
Reverse: CTGCAAGTGCATCATCGTTGTTC

Tnf Forward: ATTCGAGTGACAAGCCTGTAG
Reverse: TGAAGAGAACCTGGGAGTAGAC
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Table 1. Cont.

Gene Primer Sequence

iNOS (Nos2)
Forward: AGGCTGGAAGCTGTAACAAAGG
Reverse: GCTGAAACATTTCCTGTGCTGTG

Actb
Forward: ACTATTGGCAACGAGCGGTTC
Reverse: TCAGCAATGCCTGGGTACATG

2.8. Western Blotting

RAW264.7 cells were cultured in 60 mm tissue culture dishes (AGC Technoglass,
Shizuoka, Japan) at a density of 2.0 × 105 cells/dish, and extracts and LPS were added
after 24 h. After LPS stimulation, the cells were sampled at predetermined time points.

For whole-cell sampling, cells were lysed in 250 μL lysis buffer (50 mM Tris-HCl
(pH 7.5), 150 mM NaCl, 0.5% sodium dodecyl sulfate (SDS), protease inhibitor cock-
tail (cOmplete™ Mini, Roche, Basel, Switzerland), and phosphatase inhibitor cocktail
(PhosSTOP™, Roche, Basel, Switzerland), and the suspension was incubated on ice for
at least 1 h. The supernatant obtained from centrifugation (20,000× g, 15 min, 4 ◦C) was
mixed with 4× Laemmli’s sample buffer (Bio-rad, Hercules, CA, USA) to make samples.

For separation of the nuclear and cytoplasmic fractions, cells were lysed in 200 μL
cytoplasmic lysis buffer (10 mM HEPES (pH 7.9), 10 mM KCl, 1.5 mM MgCl2, 1 mM
dithiothreitol (DTT), 0.5% NP-40, protease inhibitors, and phosphatase inhibitors). The
suspension was incubated on ice for at least 15 min, and the supernatant was centrifuged
(800× g, 10 min, 4 ◦C) to obtain the cytoplasmic fraction. The precipitated pellet was dis-
solved in 100 μL nucleolytic buffer (20 mM HEPES (pH 7.9), 400 mM NaCl, 1.5 mM MgCl2,
0.2 mM EDTA, 1 mM DTT, 10% Glycerol, protease inhibitors, phosphatase inhibitors).
The supernatant was then sonicated on ice and centrifuged (14,000× g, 30 min, 4 ◦C) to
obtain the nuclear fraction. Each was mixed with 4× Laemmli’s sample buffer to form the
separated samples.

SDS-PAGE was performed on the prepared samples, which were transferred to
Immobilon-P PVDF membranes (Merck, Darmstadt, Germany). The target proteins on the
PVDF membrane were then labeled with antibodies, detected with SuperSignal™ West
Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific), and analyzed using a
Lumino Image Analyzer (ImageQuant LAS 800, Cytiva, Marlborough, MA, USA). The
intensity of each band was analyzed using ImageJ software (Ver. 1.53).

2.9. High-Performance Liquid Chromatography (HPLC)

Analysis of the properties of the components contained in the extract was performed
with an Agilent 1260 Infinity (Agilent Technologies, Santa Clara, CA, USA) ODS column
(Cadenza CD-C18 column, 250 × 4.6 mm, particle size 3 μm, Imtakt Corporation, Kyoto,
Japan) at a constant temperature of 40 ◦C. In the mobile phase, a 5-fold-diluted extract in
ethanol of 30 μL was applied to the column, and elution was performed at a flow rate of
1 mL/min with a mixture of solvents A (0.4% formic acid (Fujifilm Wako Pure Chemicals,
Osaka, Japan)) and B (100% acetonitrile (Kanto Chemical, Tokyo, Japan)). Elution was
performed under the following conditions: gradient from initial conditions to 40 min (0 min
(A:B = 93:7), 33 min (A:B = 60:40), 40 min (A:B = 0:100)), from 40 to 70 min (A:B = 0:100).
Spectra were detected with a diode array detector (DAD) at 280 and 326 nm. In parallel
with the analysis, fraction collection was also performed. The preparative schedule was as
follows: Fr.1: 8–15 min, Fr.2: 19–25 min, Fr.3: 42–51 min, Fr.4: 51–60 min, Fr.5: 60–69 min.

2.10. DPPH Radical Scavenging Activity Assay

To a 96-well plate, 50 μL of Trolox standard solution, a sweet potato extract sample
(5 mg/mL in 50% ethanol) and a blank (50% ethanol) were added. Then, 150 μL of 200 μM
1,1-diphenyl-2-picrylhydrazyl (DPPH) solution was added to each well and agitated for
15 min. The absorbance at 540 nm was then measured using a microplate reader, and

191



Nutrients 2024, 16, 563

the DPPH radical scavenging activity per 100 g of sample was calculated as μmol Trolox
equivalent.

2.11. Total Polyphenol Content Assay

As standard solutions, gallic acid was adjusted to 500, 250, 100, 50, and 25 μg/mL. To
a test tube, 100 μL of each concentration of gallic acid standard or each sweet potato extract
(10 mg/mL in 100% ethanol) was added, followed by 2 mL of distilled water. After adding
500 μL of Folin and Ciocalteu’s phenol reagent (MP Biomedicals, Santa Ana, CA, USA),
500 μL of a 10% sodium carbonate solution was quickly added, mixed, and placed in the
dark for 1 h at room temperature. The absorbance at 760 nm was measured, and the total
polyphenol content per 100 g of sample was calculated.

2.12. Total Flavonoid Content Assay

As standard solutions, catechin hydrate was prepared at concentrations of 500, 250,
100, 50, and 25 μg/mL. To the test tubes, 250 μL of each concentration of catechin standard
solution or sweet potato extract (10 mg/mL in 100% ethanol) was added. They were mixed
with 1250 μL of distilled water and 75 μL of 5% sodium nitrite solution. After 5 min of
incubation, 150 μL of 10% aluminum chloride solution was added and mixed. After another
6 min of incubation, 500 μL of 1 M sodium hydroxide solution and 275 μL of distilled
water were added and mixed. The absorbance at 510 nm was then measured, and the total
flavonoid content per 100 g of sample was calculated.

2.13. Statistical Analysis

Statistical analysis was performed with GraphPad Prism 9 (MDF, Tokyo, Japan). A
Student’s t-test was performed to compare the two groups, and one-way analysis of
variance (ANOVA) was performed to test three or more groups, followed by Dunnett’s or
Tukey’s post-hoc test. The significance level was set at 5%.

3. Results

3.1. Sweet Potato Tuber Extracts Suppressed the Production of Inflammatory Cytokines and
Gene Expression

The effects of extracts of sweet potato leaf, stem, root, and tuber on the viability of
RAW264.7 cells under LPS-stimulated conditions were determined. Up to a concentration
of 10 μg/mL, no extract showed any change in viability, but at 100 μg/mL, the tuber
extract showed a significant decrease in viability (Figure 1A). Therefore, we set 10 μg/mL
as the prescribed concentration of the extracts in subsequent experiments. IL-6 is one
of the main inflammatory markers whose expression is increased by LPS stimulation in
macrophages, and we selected it as an indicator of inflammatory intensity in this study.
Cells were stimulated in the presence of sweet potato extract, and the IL-6 concentration in
the medium at 24 h after stimulation was significantly reduced by about 50% in the presence
of the tuber extract (Figure 1B). The expression of the IL-6 gene was also suppressed, as well
as that of other proinflammatory genes such as Tnf and iNOS (Figure 1C). These results
indicate that only the tuber extract suppressed LPS-induced inflammatory responses.
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Figure 1. Cell viability and expression of LPS-induced pro-inflammatory cytokines under conditions
with sweet potato extracts: (A) Cell viability at 24 h of incubation after the addition of the sweet potato
extracts at concentrations of 1 μg/mL, 10 μg/mL, and 100 μg/mL; (B) Relative production level of
IL-6 at 24 h after LPS stimulation with/without each sweet potato extracts; (C) Relative expression of
pro-inflammatory genes (IL-6, Tnf, iNOS(Nos2)) at 24 h after LPS stimulation with/without sweet
potato tuber extracts: (A,B) mean ± SEM, one-way ANOVA with Dunnett’s post-hoc test (vs +LPS),
**: p < 0.01, ****: p < 0.0001; (C) mean ± SEM, Student’s t-test, *: p < 0.05, ****: p < 0.0001: LPS,
lipopolysaccharide; Ext, extract.

3.2. Tuber Extracts Induce Activation of the Nrf2 Oxidative Stress Response Pathway and Inhibit
the Function of NF-κB

We observed intracellular ROS using fluorescence microscopy and quantified the
fluorescence intensity of each cell after 20 h of LPS stimulation in the presence of extracts of
sweet potato tubers and found that the addition of the tuber extracts tended to decrease
ROS (Figure 2A,B). Among the four extracts used in this study, the highest values for total
polyphenols, total flavonoids, and DPPH radical scavenging activity were found in the leaf
extracts, and the other three extracts had significantly lower values (Figure S1). Thus, in the
present study, the high antioxidant capacity of the extracts did not simply act to suppress
inflammation. These results suggest that the tuber extract induced the activation of an
intracellular antioxidant function. Therefore, we focused on Nrf2, which is known to be an
oxidative stress response factor. We used Western blotting to examine nuclear Nrf2 180 min
after LPS stimulation and found that nuclear Nrf2 increased with tuber extract addition
(Figure 2C,D). At the same time, nuclear NF-κB was reduced (Figure 2E). We also found an
increase in downstream-regulated HO-1 in the cytoplasmic fraction (Figure 2F), suggesting
that the tuber extract somehow activates the Nrf2 pathway and suppresses the expression
of pro-inflammatory genes through NF-κB.
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Figure 2. Analysis of intracellular ROS, NF-κB, and Nrf2 oxidative stress response pathway under
tuber extract conditions: (A,B) Fluorescence microscopy images of intracellular ROS at 20 h after
LPS stimulation with/without tuber extracts and comparison of its fluorescence intensity per cell;
(C) Western blot of nuclear and cytoplasmic fractions at 180 min after LPS stimulation in the presence
of tuber extracts; (D–F) Relative quantification of nuclear NF-κB, Nrf2, and cytoplasmic HO-1:
mean ± SEM, one-way ANOVA with Tukey’s post-hoc test, #: p < 0.1, *: p < 0.05, **: p < 0.01,
***: p < 0.001, ****: p < 0.0001, ns: not significant : LPS, lipopolysaccharide; Ext, extract; ROS, reactive
oxygen species.

3.3. Nrf2 Inhibition Cancels the Anti-Inflammatory Effect of the Tuber Extracts

To verify the involvement of Nrf2 in the suppression of inflammation-related gene
expression by tuber extracts, we conducted experiments using ML385, a small molecule
compound known as an Nrf2 inhibitor. ML385 binds to the CNC-bZIP domain of Nrf2,
Neh1, thereby blocking its ability to bind to the small molecule protein Maf and inhibiting
the activity of Nrf2 as a transcription factor [21]. We conducted an experiment in which
the inhibitor ML385 was added to the medium 1 h before the addition of tuber extract and
evaluated LPS-induced IL-6 production, the expression of inflammation-related genes, and
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the nuclear translocation of Nrf2 and NF-κB. As a result, the concentration of IL-6 in the
medium after 24 h of LPS stimulation with ML385 was almost the same as that without
the extract (Figure 3A). Furthermore, we confirmed that ML385 canceled out the extract-
induced decrease in IL-6 gene expression (Figure 3B). However, no significant changes were
observed in the expression of other inflammation-related genes (Tnf and iNOS), suggesting
that the decreased expression of these genes was regulated by a different pathway. Under
the conditions with added ML385, nuclear Nrf2, NF-κB, and cytoplasmic HO-1 levels were
similar to those without the extract, suggesting that NF-κB’s function was inhibited by
the activation of the Nrf2 pathway (Figure 3C–F). These results for the addition of ML385
suggest that the components in the sweet potato tuber inhibited the function of NF-κB
via the activation of the Nrf2 pathway, leading to the suppression of LPS-induced IL-6
expression.

Figure 3. Analysis of the effects of Nrf2 inhibition on the suppression of LPS-induced inflammation
by tuber extracts: (A) Relative production level of IL-6 at 24 h after LPS stimulation with/without
tuber extracts and ML385; (B) Relative expression of pro-inflammatory genes (IL-6, Tnf, iNOS(Nos2))
at 24 h after LPS stimulation with/without tuber extracts and ML385; (C) Western blot of nuclear and
cytoplasmic fractions at 180 min after LPS stimulation in the presence of tuber extracts and ML385;
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(D–F) Relative quantification of nuclear NF-κB, Nrf2 and cytoplasmic HO-1 under each condition:
(A,B,D–F) mean ± SEM, one-way ANOVA with Tukey’s post-hoc test, *: p < 0.05, ****: p < 0.0001, Dis-
tinct symbols (a, b, c, d) are used to denote significant differences between groups: LPS, lipopolysac-
charide; Ext, extract.

3.4. Hydrophobic Components in the Tuber Contribute to Its Anti-Inflammatory Properties

To characterize the active components in the extract, we fractionated the extract
based on high-performance liquid chromatography (HPLC) analysis. HPLC analysis
revealed multiple peaks, both under elution with 0.4% formic acid and with acetonitrile
alone (Figure 4A). Based on the data we obtained, the extracts were collected in five
fractions (Fr.1–Fr.5), as shown in Figure 4A. After drying and solidifying, each fraction was
resuspended to a concentration equivalent to that of the original extract. In the IL-6 ELISA
assay, a similar level of reduction was observed under conditions with added Fr.4 as in
the original tuber extract (Figure 4B). In addition, among the five fractions, the addition of
Fr.4 resulted in the greatest reduction in IL-6 and iNOS expression (Figure 4C). The HPLC
conditions for eluting Fr.4 were “0.4% formic acid:acetonitrile = 0:100”, suggesting that
the main component in Fraction 4 is a hydrophobic component. Moreover, when extracts
of leaves, stems, and roots were analyzed by HPLC under the same conditions, most of
the peaks in these fractions were undetectable (Figure S2). Therefore, the hydrophobic
component that is only contained within the tuber may contribute to the anti-inflammatory
effect confirmed in this study.

Figure 4. Characterization of the components responsible for anti-inflammatory activity in tuber
extracts: (A) Peaks observed in HPLC analysis of tuber extracts and fraction settings; (B) Relative
production level of IL-6 at 24 h after LPS stimulation with/without tuber extracts or each fraction;
(C) Relative expression of pro-inflammatory genes (IL-6, Tnf, iNOS(Nos2)) at 24 h after LPS stimulation
with/without tuber extracts or each fraction: (B,C) mean ± SEM, one-way ANOVA with Tukey’s
post-hoc test, Distinct symbols (a, b, c) are used to denote significant differences between groups:
LPS, lipopolysaccharide; Ext, extract; Fr., fraction.

4. Discussion

In this study, we evaluated the anti-inflammatory activity of different parts of light-
yellow pulp sweet potato, which have received little attention thus far. Among the leaves,
stems, roots, and tubers, only extracts from tubers, the edible part of the plant, showed
significant anti-inflammatory activity. Furthermore, the suppression of IL-6 production
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and expression was shown to be mediated by the activation of the Nrf2 pathway. It was
also suggested that the hydrophobic component of the tuber extract contributed to its
anti-inflammatory effects.

Previous studies have shown that many of the anti-inflammatory effects of foods
or plants are associated with components with high antioxidant capacity [5,6]. It has
been reported that anthocyanins in purple sweet potatoes and β-carotene in orange sweet
potatoes inhibit LPS-induced inflammatory cytokine production in RAW264.7 cells [18,19].
Thus, phytochemicals with high antioxidant capacities are known to be involved in anti-
inflammation in vitro. It should be noted, however, that high antioxidant capacity does not
mean high anti-inflammatory activity. In the present study, the leaf extract had the highest
values of total polyphenols, total flavonoids, and DPPH radical scavenging activity among
the four extracts (Figure S1). Makori et al. also reported that among the parts of several
cultivars of sweet potatoes, the leaves contain the highest amount of polyphenols and
flavonoids, and exhibit high antioxidant activity [22]. In their report, they also showed that
the same tendency was observed in purple and orange sweet potatoes. Nevertheless, in the
present study, we found that the expression of inflammatory cytokines is more suppressed
with tuber extracts. In addition, as shown in Figure 4, most of the peaks in the hydrophobic
fraction, which is thought to play a central role in the anti-inflammatory activity, were
detected in the tuber but not in the other three extracts (Figure S2). Therefore, these suggest
that the key to anti-inflammation is not the antioxidant capacity of the extract, but the
components it contains and that the component contributing to the anti-inflammatory
activity is likely to be present only in the tubers in sweet potatoes. Although we were
unable to identify the components responsible for this activity in this study, previous
studies have reported that some carotenoids, flavonoids, and lipid-soluble polyphenols
are contained in sweet potato tuber [23–25], which may be related to our findings. For
instance, caffeic acid ethyl ester, one of the lipid-soluble polyphenols, has been reported
to exhibit anticancer effects [25], and a number of other components are expected to have
such activity via biochemical mechanisms. Identifying the components is an important
issue to be addressed in future research, as it is a key factor in applying our findings to the
prevention and improvement of chronic inflammation.

The present study also indicated that the activation of the Nrf2 pathway is, at least,
involved in the suppression of IL-6 gene expression. We hypothesize that the increased
nuclear translocation of Nrf2 and the function of downstream factors contribute to this.
First, the promoter region upstream of the IL-6 gene contains a common binding site for
Nrf2 and NF-κB, and Nrf2 binding in this site inhibits the function of Pol II [14], suggesting
that the increased nuclear translocation of activated Nrf2 simply reduced IL-6 expression.
We also observed increased expression of the downstream factor (Figure 2C,F). As HO-1 and
NQO-1, which are downstream factors, have been reported to inhibit the NF-κB signaling
pathway [12,26], we believe that this indirectly led to the suppression of inflammation-
related gene expression. There are many reports of anti-inflammatory effects mediated
by Nrf2 activation. Some of them have been linked to medicinal plants or herbs, such
as Chinese sweet plum (Sageretia thea (Osbek.)), Ginseng (Penax ginseng (C. A. Mey.)),
Elecampane (Inula helenium (L.)) [27–29], and other components in commonly consumed
foods, such as pyrocatechol in roasted coffee [10], indicating that effects on daily food
intake may also be expected.

In this study, we showed that components in light-yellow pulp sweet potato tuber
extract suppressed LPS-induced inflammation in RAW264.7 cells via the Nrf2 pathway,
but the specific components responsible for the activity, upstream of Nrf2 activation, and
in vivo effects remain unclear. However, sweet potato is a daily consumed crop in many
regions, and these results may help to encourage consumption as a dietary approach
against inflammation. In the future, we plan to examine the effects of heat processing on
the activity.
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5. Conclusions

While it has been known that sweet potatoes with purple or orange pulp have anti-
inflammatory effects due to the plant metabolites contained abundantly in them, we
described the anti-inflammatory effects of light-yellow pulp sweet potatoes in this study.
We found that only extracts from the tuber, among the four parts of the plant (leaf, stem,
root, and tuber), suppressed LPS-induced inflammation in RAW264.7 cells, and this effect
may be attributed to the inhibition of NF-κB associated with the activation of the Nrf2
pathway. It was also shown that the hydrophobic components of the tuber are responsible
for the activity, but the specific components remained unknown within this study and
remain an issue to be addressed in the future. However, we believe that these results
expand the potential of sweet potato as a food-derived approach to inflammation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu16040563/s1, Figure S1: Total polyphenols, total flavonoids,
and DPPH radical scavenging activity of sweet potato extracts; Figure S2: Comparison of peaks
observed in HPLC analysis of sweet potato extracts.
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Abstract: Fermented foods have long been known to have immunomodulatory capabilities, and
fermentates derived from the lactic acid bacteria of dairy products can modulate the immune system.
We have used skimmed milk powder to generate novel fermentates using Lb. helveticus strains SC234
and SC232 and we demonstrate here that these fermentates can enhance key immune mechanisms
that are critical to the immune response to viruses. We show that our novel fermentates, SC234 and
SC232, can positively impact on cytokine and chemokine secretion, nitric oxide (NO) production,
cell surface marker expression, and phagocytosis in macrophage models. We demonstrate that the
fermentates SC234 and SC232 increase the secretion of cytokines IL-1β, IL-6, TNF-α, IL-27, and
IL-10; promote an M1 pro-inflammatory phenotype for viral immunity via NO induction; decrease
chemokine expression of Monocyte Chemoattractant Protein (MCP); increase cell surface marker
expression; and enhance phagocytosis in comparison to their starting material. These data suggest
that these novel fermentates have potential as novel functional food ingredients for the treatment,
management, and control of viral infection.

Keywords: fermentates; functional food; immune boosting; immunomodulation; macrophage; vi-
ral immunity

1. Introduction

The term “fermentates” generally refers to “a powdered preparation, derived from a
fermented [food] product and which can contain the fermenting microorganisms, compo-
nents of these microorganisms, culture supernatants, fermented substrates, and a range
of metabolites and bioactive components” [1]. In recent years, such fermented food prod-
ucts have been of ever-increasing interest, as they can exhibit health benefits including
protection against infectious agents, immunomodulatory effects, anti-allergenic effects,
anti-obesity effects, anti-oxidant effects and anti-anxiety effects [1]. Lactic acid bacteria
(LAB), including Lactobacilli and Bifidobacteria, are responsible for the fermentation process
within fermented foods, are generally regarded as safe (GRAS), and thus can be used
in the production of functional foods [2]. Different strains of LAB can produce different
fermentation products that can interact with microorganisms during intestinal transit and
have the ability to therefore interact with the cells of the intestinal wall [3]. In the genera-
tion of these fermentates, the LAB undergo a heat killing phase, creating a fermentate or
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postbiotic ingredient that has bioactivity associated with the secondary metabolites present,
as opposed to a viable LAB strain. Postbiotics are ideal components for the development
of a large range of novel health-promoting consumable products, as functional foods and
potential nutraceuticals [4].

With recent viral outbreaks like that of the SARS-CoV-2 virus, Monkeypox virus, and
most recently the Langya virus, as well as the yearly outbreaks of seasonal influenza,
there is a need to explore new ways of enhancing viral immunity [5]. This study is one
of the first to explore the effects of novel milk fermentates, derived from Lb. helveticus,
to impact on immune mechanisms that are critical to viral immunity. The objective of
this study was to examine the effects of two milk fermentates made using Lb. helveticus
SC234 or SC232 (sourced from Lallemand, Quebec, CA) on murine macrophage cells chal-
lenged with the viral immune stimulus Loxoribine (LOX), or an inflammatory immune
stimulus lipopolysaccharide (LPS; Escherichia coli 055:B5). The effects of these novel fer-
mentates on cell viability, cytokine secretion interleukin-1β (IL-1β), IL-6, IL-10, tumour
necrosis factor (TNF)-α, IL-12p40, IL-27, nitric oxide production (NO) and arginase activity
in M1- and M2-polarised macrophages, chemokine secretion (MIP)-1, MIP-2, Monocyte
Chemoattractant Protein (MCP), cell surface marker expression (major histocompatibility
complex (MHC) II, CD86, Toll-like receptor ligand (TLR) 4, cluster-differentiated (CD)
80, CD14, TLR2, CD40, and MHCI), and phagocytosis were investigated in LOX- and
LPS-activated murine-derived macrophage. We demonstrate that fermentates SC234 and
SC232 increase the secretion of cytokines IL-1β, IL-6, TNF-α, IL-27, and IL-10; promote an
M1 pro-inflammatory phenotype for viral immunity via NO induction; decrease chemokine
expression of MCP; increase cell surface marker expression; and enhance phagocytosis in
comparison to their starting material.

2. Materials and Methods

2.1. Generation of Dairy-Based Fermentates

Skim Milk Powder (SMP) was used as a substrate for the generation of the fermentates
used in this study. SMP was reconstituted at 10% w/v in distilled water to generate
Reconstituted Skim Milk (RSM), autoclaved, cooled, and stored at 4 ◦C for a maximum of
7 days. An inoculum of frozen mother culture stocks of the individual strains Lb. helveticus
SC232 and Lb. helveticus Lafti L10 SC234 (which were previously prepared in 10% w/v RSM)
was added to 10% RSM and incubated for 24 h at 37 ◦C under aerobic conditions without
agitation, to generate these individual fermentates derived from the above-mentioned
individual strains. From these cultures, a further inoculum was added to 10% w/v RSM
and incubated for 24 h at 37 ◦C under aerobic conditions again without agitation. These
fermentates were subjected to a heat treatment step to generate the fermentates which
contained one of the heat-killed LAB strains mentioned above. After cooling to room
temperature, the pH of the fermentates was neutralized. These fermentates were aliquoted
and immediately frozen at −80 ◦C until further analysis. Non-fermented RSM samples
subjected to the same heat-treatment mentioned above were used as negative controls for
all experiments described herein.

2.2. Cell Culture

J774.A.1 Murine Macrophage, purchased from the European Collection of Animal Cell
Cultures (Salisbury, UK), were maintained in Dulbecco Modified Eagle Medium (DMEM)
supplemented with 10% heat-inactivated foetal bovine serum (FBS), and 1% Penicillin–
Streptomycin Antibiotic obtained from Bioscienes (Dublin, Ireland), and incubated at 37 ◦C,
with 5% CO2 and 95% humidified air. Cells were passaged every three to four days at a
confluence of 80–90%. Cells were sub-cultured at a ratio of 1:10. Bone Marrow-Derived
Macrophage cells (BMDMs), harvested from the bone marrow of 6–8-week-old female
BALB/c mice obtained from Charles River (Margate, UK), were cultured in complete
Roswell Park Memorial Institute (RPMI) 1640 medium, containing 25 ng/mL rM-CSF
(Merck, Haverhill, UK).

201



Nutrients 2024, 16, 1212

2.3. Cell Viability

Cell viability was determined using the CellTiter 96® AQueous One Solution Cell
Proliferation Assay and conducted as per the manufacturer’s instructions (MyBio, Kilkenny,
Ireland). Macrophages were seeded at a concentration of 1 × 106 cells/mL in a flat-
bottom 96-well plate, and incubated for 24 h at 37 ◦C in a 95% humidified air and 5%
CO2 atmosphere. Cells were treated with 25 mg/mL of the fermentate sample for 1 h
and incubated under the same conditions, before stimulation with LOX 0.5 mM and LPS
100 ng/mL for 24 h. DMSO was included as a positive control to induce cell death. After
24 h, 20 μL of the thawed CellTiter96® Aqueous One Solution was added to each well
of the 96-well plate, and incubated at 37 ◦C for 3 h in a humidified 5% CO2 atmosphere.
Absorbance was read at 490 nm using VersamaxTM 96-well plate reader (VWR, Dublin,
Ireland). Cell viability was expressed as the percentage viability of the treatment group
relative to the control group.

2.4. Enzyme-Linked ImmunoSorbent Assay (ELISA)

Determination of the effects of the fermentate samples on cytokine and chemokine
production in the activated macrophages required harvesting of the cell supernatants,
and subsequent analysis using commercial DuoSet ELISA kits (R&D Systems Europe,
Abdingdon, Oxon, UK), according to the manufacturer’s instructions. This allowed for the
quantification of the cytokines IL-1β, IL-6, IL-10, TNF-α, IL-12p40, and IL-27, as well as the
chemokines MCP, MIP-1, and MIP-2.

2.5. Nitric Oxide (NO) and Arginase Assay

NO production was determined by measuring the NO2
− in the cell supernatants of

the cultured macrophage via a Griess assay, carried out as per manufacturer’s instructions
(MyBio, Kilkenny, Ireland). Cell lysates were prepared and analysed for arginase activity
via the proportional detection of urea, a direct result of arginase catalysing the conversion
of arginine to urea and ornithine, using a commercial kit and following the manufac-
turer’s instructions (Merck, Haverhill, UK). BMDM cells were seeded at a concentration
of 5× 105 cells per well in 24-well plates and incubated for 30 min at 37 ◦C. BMDMs were
stimulated with 25 mg/mL fermentates for 3 h and incubated under the same conditions.
BMDM cells were polarised towards M1 macrophages by adding LPS (100 ng/mL) in the
presence of 20 ng/mL rIFN-γ or towards M2 cells by adding 20 ng/mL rIL-4, 20 ng/mL
IL-13, and 20 ng/mL rTGF-B and incubated for 24 h at 37 ◦C. After 24 h, supernatant was
harvested and Griess assay was carried out to quantify the NO2

− present, while an arginase
assay was carried out to determine the arginase activity within the cell.

2.6. Cell Surface Marker Expression Analysis

The determination of cell surface markers present on the J774.A.1 macrophage was
carried out via cell surface marker staining using the fluorescently labelled antibodies FITC,
APC, and PE. J774.A.1 macrophages were seeded at a concentration of 1 × 106 cells/mL
in a 6-well plate, stimulated with appropriate treatments and incubated at 37 ◦C, with
5% CO2 and 95% humidified air. Cells were blocked with FBS for 15 min, before being
harvested via centrifugation at 2000 rpm for 5 min at 4 ◦C. Cells were resuspended in
FACS buffer. Cell suspension was plated in a 96-well round-bottom plate and centrifuged.
Supernatant was aspirated, and cells resuspended in 1:1000 dilutions of antibodies (FITC,
APC, PE) and incubated for 30 min at 4 ◦C. Cells were centrifuged and washed 3 times
in FACS buffer. Cells were resuspended in FACS buffer and transferred to FACS loading
tubes. Cells were analysed using a BD FACSAria 1 system flow cytometer. Raw FCS files
were analysed, and data were graphed using V10.0 FlowJo software. Cell surface marker
expression was determined for cell surface markers MHCI, MHCII, TLR2, TLR4, CD40,
CD14, CD80, and CD86.
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2.7. Phagocytosis Assay

J774A.1 macrophages were seeded at 1 × 106 cells/mL in 6-well plates and incubated
overnight at 37 ◦C in a humidified, 5% CO2 atmosphere. Cells were stimulated with
sample for 1 h, incubated under the same conditions. Subsequently, cells were stimulated
with 100 ng/mL LPS and LOX for 4 h. Cells were incubated with 1 μm fluorescent latex
beads (Merck, Haverhill, UK) at a concentration of 20 beads per cell for 1 h at 37 ◦C in a
humidified 5% CO2 atmosphere. Cells were scraped from the cell culture plate and pelleted
via centrifugation at 4 ◦C at 2000 rpm for 5 min. Cells were resuspended and washed twice
in 1 mL FACs buffer via centrifugation. Cells were resuspended in FACs buffer and added
to FACs tubes. The uptake of beads was measured by flow cytometry on a FACSAria™
flow cytometer. Data were analysed using FlowJo software (Treestar, Woodburn, OR, USA).
MFI and percentage of phagocytosing cells were the two outputs measured.

Data were represented as the MPI. This is a representation to incorporate the MFI
from the phagocytosed beads as well as the percentage of phagocytosing cells in the viable
population of cells and compare them to the control, which represents baseline phagocytosis.
The MPI is calculated as follows:

MPI =
% phagocytes × MFI

control phagocytes × control MFI

2.8. Statistical Analysis

Statistical analysis was carried out using a one-way ANOVA to compare variance
among the means of different sample groups. A Newman–Keuls post-test was used to
determine significance among the samples. The level of statistical significance was indicated
by * (p < 0.05), ** (p < 0.01), and *** (p < 0.001).

2.9. Ethical Statement

The care, treatment, and experiments involved in this study were approved by the Re-
search Ethics Committee (REC) of Dublin City University (Approval ID: DCUREC/2011/008).

3. Results

3.1. Immune-Boosting Effects of Fermentates on Cytokine Secretion

Initially, in the preliminary experiments carried out by the laboratory, an MTS assay
confirmed that the fermentates SC232 and SC234 in the presence/absence of LOX or LPS
had no effect on the viability of either J774.A.1 cells and BMDMs.

Additionally, an ELISA was performed on the cell line J774.A.1 macrophage to assess
the bioactivity of fermentates SC232 and SC234 in the presence/absence of LOX or LPS.
The novel fermentates altered the secretion of cytokines in response to LOX and LPS when
compared to the respective controls in J774.A.1s. With this knowledge, we were then able
to carry out the study in question.

In order to confirm the effects of our fermentates in macrophages, we assessed their
effects in primary cells. SC234 and SC232 significantly affected the secretion of cytokines in
response to LOX and LPS when compared to the respective controls in BMDMs (Figure 1).
IL-1β (p < 0.001), IL-6 (p < 0.001), IL-12p40 (p < 0.033), IL-10 (p < 0.033), and TNF-α
(p < 0.001) were increased in the presence of LOX with only low levels of IL-27 detected.
IL-6 (p < 0.001), TNF-α (p < 0.001), and IL-27 (p < 0.001) were increased in the presence of
LPS with only low levels of IL-1β, IL-10, and IL-12p40.
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Figure 1. Exposure of LOX- and LPS-activated BMDM to 25 mg/mL fermentates results in the

secretion of cytokines. BMDM cells were seeded at 1 × 106 cells/mL and incubated overnight at
37 ◦C in 5% CO2. The following day, cells were stimulated with 25 mg/mL fermentate, incubated for
1 h at 37 ◦C in 5% CO2 and subsequently exposed to LOX 0.5 mM; LPS 100 ng/mL before incubating
overnight under the same conditions. Non-fermented RSM was the fermentate control. Supernatants
were removed after 24 h and ELISA was performed for cytokines IL-1β, IL-6, IL-10, TNF-α, IL-12p40,
and IL-27. Data are presented as mean ± SEM of three replicates. Significance determined using
one-way ANOVA with a Newman–Keuls post-test. Output p value style APA: 0.12 nonsignificant
(unlabelled), 0.033 somewhat significant (*), 0.002 significant (**), and <0.001 highly significant (***);
where the following symbols represent; (1) comparing control cells to LOX and LPS and unstimulated
samples “*”, (2) comparing TLR to sample + TLR “+”, and (3) comparing RSM +/− TLR to sample
+/− TLR “x”.

In the presence of LOX, SC234 significantly enhanced IL-6, and IL-10 secretion
(p < 0.002; p < 0.001), but decreased IL-1β secretion (p < 0.001), with no significant ef-
fects on the other cytokines measured when compared to control cells. In contrast, SC232
significantly increased IL-6 (p < 0.001), IL-12p40 (p < 0.001), and IL-10 (p < 0.001), with no
significant effect on the other cytokines. The exposure of cells to SC234 in the presence
of LPS resulted in an increase in IL-10 (p < 0.001), but a decrease in IL-12p40 (p < 0.002),
with no significant effect on the other cytokines. SC232 in the presence of LPS resulted in
an increase in IL-1β (p < 0.002), IL-6 (p < 0.002), IL-10 (p < 0.001), and TNF-α (p < 0.001)
but no change in IL-12p40 or IL-27. Interestingly, the exposure of cells to SC234 alone,
in the absence of either LOX or LPS stimulation, resulted in enhanced secretion of IL-10
(p < 0.001), but decreased IL-12p40 (p < 0.033) and TNF-α secretion (p < 0.002), and the
exposure of cells to SC232 alone resulted in decreased secretion of IL-1β (p < 0.002).

The non-fermented RSM, used as a negative control, did affect cytokine secretion in
the presence of LOX with an increase in IL-6 (p < 0.001), IL-12p40 (p < 0.001), and IL-27
(p < 0.001), but a decrease in IL-1β (p < 0.001). Furthermore, RSM enhanced IL-6 (p < 0.001),
but decreased IL-12p40 (p < 0.033) in the presence of LPS. RSM, in the absence of TLR
stimulation, increased TNF-α (p < 0.033).
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Given that RSM itself had some effects, we also compared the fermentates to the RSM.
In the absence of TLR stimulation, SC232 increased IL-10 (p < 0.002). In the presence of LOX,
SC234 increased IL-10 (p < 0.001) but decreased IL-12p40 (p < 0.001) and IL-27 (p < 0.001)
relative to the RSM. In the presence of LOX, SC232 increased IL-1β (p < 0.001) and IL-10
(p < 0.033), but decreased IL-12p40 (p < 0.033) and IL-27 (p < 0.001). In the presence of LPS,
SC234 increased IL-10 (p < 0.001), but decreased IL-6 (p < 0.002), and SC232 increased IL-1β
(p < 0.033) and IL-10 (p < 0.001), relative to the RSM.

Given that the fermentates had clear effects on macrophages, we sought to determine
if they could exert specific effects on M1- and M2-polarised macrophages. In Figure 2,
A shows the cytokine secretion profiles of M0-, M1-, and M2-polarised macrophages.
M1 macrophages secrete high levels of IL-6 and TNF-α (p < 0.001; p < 0.001), while M2
macrophages secrete only small concentrations of IL-6 and TNF-α but secrete higher
concentrations of IL-10 compared with the M0-unpolarised macrophages and the M1-
polarised macrophages which secrete undetectable levels. The M0 macrophages secrete
undetectable levels of IL-6, TNF-α, or IL-10.

Figure 2. Exposure of M1/M2-polarised BMDMs to 25 mg/mL fermentates results in the secretion
of cytokines IL-6, TNF-α, and IL-10. BMDM cells were seeded at 5 × 105 cells/mL and incubated
for 1 h at 37 ◦C in 5% CO2. Cells were stimulated with 25 mg/mL fermentates, incubated for 3 h
at 37 ◦C in 5% CO2. The cells were either polarised to the M1 phenotype by stimulating with LPS
(100 ng/mL) in the presence of 20 ng/mL rIFN-γ or towards M2 cells by adding 20 ng/mL rIL-4,
20 ng/mL IL-13, and 20 ng/mL rTGF-B and incubating for 24 h at 37 ◦C. Supernatants were removed
after 24 h and ELISA was performed for IL-6, IL-10, and TNF-α. Data are presented as mean ± SEM
of three replicates. (A) represent the M0, M1, and M2 profiles for each cytokine. (B–D) represent
cytokine output in response to sample presence. Significance determined using one-way ANOVA
with a Newman–Keuls post-test. Output p value style APA: 0.12 nonsignificant (unlabelled), 0.033
somewhat significant (*), 0.002 significant (**), and <0.001 highly significant (***); where the following
symbols represent; (1) comparing fermentates to polarised control cells “*”, and (2) comparing M0 to
M1 and M2 controls “x”.

SC234 increased IL-6 (p < 0.001), IL-10 (p < 0.001), and TNF-α (p < 0.001) in M0 BMDMs
(Figure 2A–D). M0 BMDMs in the presence of SC232 showed increased IL-6 (p < 0.002) and
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IL-10 (p < 0.001) relative to the M0 control. In M1-polarised BMDMs, SC234 increased IL-6
(p < 0.001), IL-10 (p < 0.001), and TNF-α (p < 0.001), and SC232 increased IL-6 (p < 0.001),
IL-10 (p < 0.001), and TNF-α (p < 0.002), relative to the M1 control. In M2-polarised
BMDMs, SC234 increased IL-10 (p < 0.001) and TNF-α (p < 0.002), and SC232 increased
IL-10 (p < 0.001), relative to the M2 control.

3.2. Immune-Boosting Effects of Fermentates on Nitric Oxide Production and Arginase Activity

Nitric oxide production and arginase activity are classical markers of M1 and M2
macrophages.

Figure 3A exhibits that M1 macrophages secreted high levels of NO (p < 0.001), while
M0 and M2 macrophages secreted only small concentrations of NO.

Figure 3. Exposure of M0, M1, and M2 BMDMs to 25 mg/mL fermentates affects production of

NO production and arginase activity. BMDM cells were seeded at 5 × 105 cells/mL and incubated
for 1 h at 37 ◦C in 5% CO2. Cells were stimulated with 25 mg/mL fermentates and incubated for 3
h at 37 ◦C in 5% CO2. The cells were either polarised to the M1 phenotype by stimulating with LPS
(100 ng/mL) in the presence of 20 ng/mL rIFN-γ or towards M2 cells by adding 20 ng/mL rIL-4,
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20 ng/mL IL-13, and 20 ng/mL rTGF-B and incubating for 24 h at 37 ◦C. Supernatants were removed
after 24 h and Griess assay was performed as per manufacturer’s instructions for determination
of NO production (A,C). Cell lysates were prepared, and arginase assay carried out to determine
arginase activity (B,D). Data are presented as mean ± SEM of three replicates. (A,B) represent the
NO and arginase activity profiles for M0-, M1-, and M2-polarised cells, respectively. Significance
determined using one-way ANOVA with a Newman–Keuls post-test. Output p value style APA: 0.12
nonsignificant (unlabelled), 0.033 somewhat significant (*), 0.002 significant (**), and <0.001 highly
significant (***); where the following symbols represent; (1) comparing fermentates to polarised
control cells “*” and (2) comparing M0 to M1 and M2 controls “x”.

Figure 3B shows that M2 macrophages have high levels of arginase activity (p < 0.033),
while M0 and M1 macrophages have much lower levels of arginase activity.

Figure 3C demonstrates that SC234 and SC232 significantly increased NO production
in M0 (p < 0.001; p < 0.001), M1 (p < 0.001; p < 0.001), and M2 macrophages (p < 0.001;
p < 0.001). However, it was the M1 BMDMs in the presence of SC234 and SC232 that
produced the highest concentration of NO.

Figure 3D exhibits that SC234 and SC232 increased arginase activity in M0 (p < 0.002;
p < 0.033). In M1 BMDMs, only SC234 increased arginase activity (p < 0.033), and in M2
BMDMs there was no significant effect.

3.3. Immune-Boosting Effects of Fermentates on Chemokine Secretion

Figure 4 exhibits that our novel fermentates significantly affected the secretion of
chemokines in response to LOX and LPS in BMDMs. MCP (p < 0.001), MIP-1 (p < 0.001),
and MIP-2 (p < 0.001) were increased in the presence of LOX relative to LOX control. MCP
(p < 0.001) and MIP-2 (p < 0.001) were increased in the presence of LPS, with only a small
increase seen in MIP-1 relative to LPS control.

Figure 4. Exposure of LOX- and LPS-activated BMDMs to 25 mg/mL fermentates results in the

secretion of chemokines. BMDM cells were seeded at 1 × 106 cells/mL and left overnight at 37 ◦C in
5% CO2. The following day, cells were stimulated with 25 mg/mL raw sample fermentate, incubated
for 1 h at 37 ◦C in 5% CO2, and subsequently exposed to LOX 0.5 mM; LPS 100 ng/mL before
incubating overnight under the same conditions. RSM was the fermentate control. Supernatants were
removed after 24 h and ELISA was performed for MCP, MIP-1, and MIP-2. Data are presented as mean
± SEM of three replicates. Significance determined using one-way ANOVA with a Newman–Keuls
post-test. Output p value style APA: 0.12 nonsignificant (unlabelled), 0.033 somewhat significant
(*), 0.002 significant (**), and <0.001 highly significant (***); where the following symbols represent;
(1) comparing control cells to LOX and LPS, and unstimulated samples”*”, (2) comparing TLR to
sample + TLR “+”, and (3) comparing RSM +/− TLR to sample +/− TLR “x”.

In the presence of LOX, SC234 and SC232 significantly decreased MCP (p < 0.033).
Exposure of cells to SC234 in the presence of LPS resulted in an increase in MIP-1 (p < 0.001),
but a decrease in MCP (p < 0.001), relative to LOX control. Similarly, SC232 in the presence
of LPS resulted in an increase in MIP-1 (p < 0.002), but a decrease in MCP (p < 0.033),
relative to LPS control. Interestingly, exposure of cells to SC234 alone, in the absence of
either LOX or LPS stimulation, resulted in enhanced secretion of MIP-1 (p < 0.033) and
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MIP-2 (p < 0.001) relative to control cells. Exposure of cells to SC232 alone, in the absence of
either LOX or LPS stimulation, resulted in increased secretion of MIP-2 (p < 0.001), relative
to control cells.

The RSM control itself did affect chemokine secretion in the presence of LPS with
an increase in MIP-1 (p < 0.001), but decreased MCP (p < 0.033), relative to LPS control.
Furthermore, RSM in the absence of TLR stimulation enhanced MIP-2 (p < 0.033) relative to
the control cells.

Given that RSM itself had some effects, we also compared the fermentates to RSM. In
the presence of LOX, SC234 and SC232 decreased MCP (p < 0.033).

3.4. Immune-Boosting Effects of Fermentates on Cell Surface Marker Expression

Figure 5 exhibits that fermentates significantly affected the expression of cell surface
markers in response to LOX and LPS. LOX significantly increased the expression of CD86,
CD14, CD40, TLR4, and CD80 (p < 0.001), and LPS significantly increased the expression of
CD86, CD14, CD40, TLR4, CD80, and MHCI (p < 0.001).

Figure 5. Exposure of LOX- and LPS-activated J774.A.1 to 25 mg/mL fermentates affect cell surface

marker expression. J774.A.1 cells were seeded at 1 × 106 cells/mL and incubated overnight at 37 ◦C
in 5% CO2. After 24 h, cells were stimulated with 25 mg/mL fermentates and incubated for 1 h at
37 ◦C in 5% CO2 before stimulating with LOX 0.5 mM or LPS 100 ng/mL. Cell suspensions were
retained, and cell-staining protocol was carried out to assess the presence of cell surface markers
MHCII, TLR4, CD86, CD80, CD14, CD40, TLR2, and MHCI in the presence of fermentate sample.
Cells were analysed using a BD FACSAria 1 system flow cytometer, raw FCS files analysed, and
data graphed using V10.0 FlowJo software. Data are presented as mean ± SEM of two replicates.
Significance was determined using one-way ANOVA with a Newman–Keuls post-test. Output p
value style APA: 0.12 nonsignificant (unlabelled), 0.033 somewhat significant (*), 0.002 significant
(**), and <0.001 highly significant (***); where the following symbols represent; (1) comparing control
cells to TLR controls and unstimulated samples “*”, (2) comparing TLR controls to sample + TLR “+”,
and (3) comparing RSM +/− TLR to sample +/− TLR “x”.

In the presence of LOX, SC234 further enhanced the expression of MHCII (p < 0.033),
CD86 (p < 0.001), TLR2 (p < 0.001), MHCI (p < 0.001), CD14 (p < 0.001), CD40 (p < 0.001),
and CD80 (p < 0.001). In the presence of LPS, SC234 further enhanced the expression of
MHCII (p < 0.033), TLR4 (p < 0.033), CD86 (p < 0.001), TLR2 (p < 0.001), CD14 (p < 0.001),
CD40 (p < 0.001), and CD80 (p < 0.001). In the absence of TLR, SC234 increased MHCII
(p < 0.002), CD86 (p < 0.001), CD14 (p < 0.001), CD40 (p < 0.001), CD80 (p < 0.001), TLR2
(p < 0.001), and MHCI (p < 0.001).
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In the presence of LOX, SC232 increased MHCII (p < 0.033) and TLR4 (p < 0.033)
expression, but decreased CD14 (p < 0.002), CD40 (p < 0.033), and MHCI (p < 0.002)
expression.

In the presence of LPS, R00352 further enhanced the expression of MHCII (p < 0.001),
TLR4 (p < 0.001), CD14 (p < 0.001), CD86 (p < 0.001), CD80 (p < 0.001), TLR2 (p < 0.001),
CD40 (p < 0.001), and MHCI (p < 0.033). In the absence of TLR, SC232 increased the
expression of MHCII, CD14, CD80, TLR2, and MHCI (p < 0.001), and further enhanced
TLR4, CD40, and CD86 (p < 0.001).

In the presence of LOX, RSM further enhanced the expression of MHCII (p < 0.001),
TLR4 (p < 0.001), CD14 (p < 0.001), CD40 (p < 0.001), CD86 (p < 0.001), CD80 (p < 0.001),
TLR2 (p < 0.001), and MHCI (p < 0.001). In the presence of LPS, RSM further enhanced the
expression of MHCII (p < 0.001), TLR4 (p < 0.001), CD14 (p < 0.001), CD40 (p < 0.002), CD86
(p < 0.001), CD80 (p < 0.001), and TLR2 (p < 0.001). In the absence of TLR, RSM increased
the expression of MHCII, TLR4, CD14, CD40, CD86, CD80, TLR2, and MHCI (p < 0.001).

Given that RSM itself had some effects, we also compared the fermentates to the RSM
control. In the absence of TLR, SC234 decreased TLR4 and MHCI (p < 0.001; p < 0.002), but
further increased CD14 (p < 0.001), CD40 (p < 0.001), CD80 (p < 0.001), and TLR2 (p < 0.033).
In the absence of TLR, SC232 decreased TLR4 (p < 0.033) and CD86 (p < 0.033), but further
increased CD40 (p < 0.033). In the presence of LOX, SC234 decreased TLR4, CD86, and
TLR2 (p < 0.001). In the presence of LOX, SC232 decreased TLR4, CD14, CD40, CD86, CD80,
TLR2, and MHCI (p < 0.001). In the presence of LPS, SC234 decreased TLR4 (p < 0.002)
and CD86 (p < 0.001), but further increased CD40 (p < 0.001), CD80 (p < 0.002), and CD14
(p < 0.033). In the presence of LPS, SC232 decreased CD86 (p < 0.001), CD40 (p < 0.033), and
MHCI (p < 0.033).

3.5. Stimulation of LOX and LPS Activated J774 with 25 mg/mL Fermentates Affect Phagocytosis

The procedure for phenotypic analysis of cell phagocytosis when stimulated with TLR
ligands was carried out as previously described using 1 μm fluorescent FITC latex beads.
MFI, percentage of phagocytosing cells, and MPI were measured.

3.5.1. MFI

Figure 6A–C demonstrate that stimulation of J774 cells with LOX and LPS significantly
increased the MFI (p < 0.033; p < 0.002) and that the addition of SC234 or SC232 to LOX-
and LPS-stimulated cells suppressed this increased MFI. SC234 and SC232 alone had no
effect. Figure 6C demonstrates that the presence of RSM had a similar effect on LOX* and
LPS-stimulated cells to SC234 and SC232 and RSM alone had no effect.

3.5.2. Percentage of Phagocytes

Figure 6D–F demonstrate that LOX and LPS increased the percentage of phagocytosing
cells (p < 0.002; p < 0.001) which were suppressed by the presence of SC234 but not SC232.
Interestingly, SC234 alone also increased the percentage of phagocytosing cells, and RSM
alone or in the presence of LOX or LPS had no significant effect.

3.5.3. MPI

Figure 6G–I demonstrates that stimulation of J774 cells with LOX and LPS significantly
increased the MPI (p < 0.033; p < 0.001) which was suppressed by the addition of SC234.
However, SC234 alone enhanced the MPI. The addition of SC232 to LOX-stimulated cells
also suppressed the increased MPI, in contrast to the maintained MPI in LPS-activated cells.
SC232 alone had no effect and RSM had a similar effect on LOX- and LPS-stimulated cells
to SC234.
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Figure 6. Exposure of LOX- and LPS-activated J774.A.1 to 25 mg/mL fermentates affects MFI, %

phagocytosing cells, and MPI. J774.A.1. cells were seeded at 1 × 106 cells/mL and incubated
overnight at 37 ◦C in 5% CO2. The following day, cells were stimulated with 25 mg/mL fermentates
for 1 h before activating with LPS 100 ng/mL and LOX 0.5 mM, and incubated for 4 h at 37 ◦C
in 5% CO2. Cell suspensions were retained, and cells were stimulated with 1 μm fluorescent latex
beads at a concentration of 20 beads per cell for 1 h at 37 ◦C in 5% CO2. Cells were analysed using
a BD FACSAria 1 system flow cytometer, raw FCS files were analysed, and data graphed using
V10.0 FlowJo software. Data are presented as mean ± SEM of two replicates. (A–C) represent MFI,
(D–F) represent percentage of phagocytes, and (G–I) represent MPI. Significance determined using
one-way ANOVA with a Newman–Keuls post-test. Output p value style APA0.12 nonsignificant
(unlabelled), 0.033 somewhat significant (*), 0.002 significant (**), and <0.001 highly significant (***);
where the following symbols represent; (1) comparing control cells to each test cell “*”, (2) comparing
each corresponding sample + TLR to TLR alone “+”. MPI data analysed as a product of the percentage
phagocytosing cells and MFI. Number indicated above bar is the MPI compared to the control cells,
represented as 1.
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4. Discussion

This study demonstrates the potential of the novel fermentates, SC232 and SC234, in
modulating key macrophage functions, which are central to the protection and clearance of
viral infections. Macrophages act as scavengers, enabled by the presence of pattern recogni-
tion receptors, to alert the immune system through chemokine and cytokine secretion and
antigen presentation, and to engulf and destroy invading pathogens via phagocytosis [6].
Macrophages play a critical role in both innate and viral immunity and so are an important
cell to target to enhance their capabilities.

Initially, preliminary studies carried out by the laboratory on a large panel of fermen-
tates used a dose range of 5 mg/mL, 10 mg/mL, 25 mg/mL, and 50 mg/mL fermentates
to reveal 25 mg/mL as the optimal dose for fermentate bioactivity, and thus this dose of
25 mg/mL was used for such further in-depth analysis. Following confirmation that the
fermentates and the starting substrate, RSM, did not affect cell viability, we demonstrated
that cytokine secretion in J774.A.1 and BMDM macrophages are positively affected by the
presence of SC232 and SC234 when compared to the effects of the RSM. Furthermore, these
effects differ depending on the mode of activation of the cell. J774.A.1 and BMDM cells,
when activated with LOX and LPS in the presence of SC232 and SC234, showed enhanced
levels of secretion of IL-1β, IL-6, IL-27, and IL-10. BMDM cells, when activated with LOX
and LPS in the presence of SC232 and SC234, showed enhanced levels of secretion of
IL-12p40 and IL-27 following LOX exposure, but decreased IL-12p40 and IL-27 secretion
following LPS exposure. This suggests that they may have specific effects on the immune
system in the presence of a viral ligand.

In polarised BMDMs, SC232 and SC234 show a similar profile of activity. M0- and
M1-polarised BMDMs in the presence of SC232 and SC234 secreted high levels of IL-6
and TNF-α, and M0-, M1-, and M2-polarised BMDMs in the presence of SC232 and SC234
secrete high levels of IL-10.

Given the importance of IL-6, TNF-α, IL-12p40, and IL-27 in aiding the immune system
during viral infections such as influenza, vaccinia virus, HIV, and herpes simplex [7–13]
and supporting viral immunity, a fermentate that can enhance these cytokines could be
beneficial. In response to a viral activation, the novel fermentates SC234 and SC232 can
enhance not only IL-6, IL-12p40, and IL-27 in BMDMs, but also support IL-6 and TNF-α
secretion in polarised BMDMs; thus, they have potential to support viral immunity. These
effects are not the same in the presence of LPS with decreased IL-12p40 and IL-27, and so
the unique bioactivity we see in the fermentates’ ability to enhance cytokine response to
viral ligands further supports their possible specificity in enhancing viral immunity.

Similarly, this anti-viral profile is seen in other classic markers of M1 and M2 macrophage,
NO production, and arginase activity. M0, M1, and M2 BMDMs in the presence of SC232
and SC234 produce high levels of NO. M0 and M1 BMDMs in the presence of SC232
and SC234 promoted low levels of arginase activity. This emphasises the largely pro-
inflammatory M1 profile of SC232 and SC234. The effect on NO production is of particular
interest given that NO production is necessary for viral clearance via inducible NO synthase
(iNOS), and depending on the virus can have direct antiviral properties, limiting the severity
of virus-induced disease [14,15]. NO production is linked to the M1 killing/fighting
phenotype, whereby arginine is metabolised via iNOS to NO and citrulline to aid M1
macrophages in the production of Th1 responses for fighting infection, and aiding in the
drive and recruitment of pro-inflammatory cytokines useful for the defence of the immune
system against viruses [16,17].

It has previously been demonstrated that an isolated acidic polysaccharide from the
fungus Cordyceps militaris enhanced mRNA expression of IL-1β, IL-6, IL-10, and TNF-α,
increased NO production, and induced iNOS mRNA and protein expression in RAW
264.7 macrophage cells, as well as increasing TNF-α and IFN-γ in mice, to decrease virus
titres in the bronchoalveolar lavage fluid and the lungs of mice infected with influenza A
virus to increase survival rate [18]. Similarly, a study involving Lactobacillus helveticus has
showed a trending decrease in influenza-like illness in an elderly population, suggesting it
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could elicit a similar effect [19]. Another study showed that germinated Rhynchosia nulubilis
fermented with Pediococcus pentosaceus SC11 has immune-enhancing and anti-viral effects,
inhibiting 3CL protease activity in SARS-CoV in immunocompromised mice, increased T
lymphocyte production and splenocyte proliferation, increased phagocytic activity, NO
production via induction of iNOS, mRNA expression of IFN-γ, IFN-α, and ISG15 in RAW
264.7 macrophages, and subsequent increase in the expression of TNF-α [20], suggesting
the role of GRC-SC11 in immunosuppressed patients for support against SARS-CoV. Simi-
larly, Grifola frondosa extract can induce the expression of TNF-α mRNA in Madin–Darby
canine kidney cells leading to the production of TNF-α, with subsequent inhibition of viral
growth of influenza A/Aichi/2/68 virus [21]. TNF-α possesses anti-viral activity through
its synergy with IFNs to induce resistance to DNA and RNA of viruses in diverse cell types,
selectively killing the virus, necessary for the initiation and continuation of inflammation
and immunity, adhesion molecule expression, and recruitment of leukocytes [22,23]. Other
studies by Takeda et al. showed that LAB, in particular the strain Lactiplantibacillus plan-
tarum 06CC2 from cow cheese, increased the production of IL-12 and IL-12p40 in vitro and
in vivo [24]. Lactiplantibacillus plantarum 06CC2 has been associated with the enhancement
of the Th1 response, and resulted in the alleviation of influenza virus infection in mice [25].
Rapanea melanophloeos has been shown to increase IL-27 production, ultimately increasing
IL-10 production, to decrease the viral titre of influenza A virus in MDCK cells, suggesting
its role as an anti-influenza treatment [26]. IL-27 activates and promotes the production of
IFNs which are associated with various antiviral activities, support plasmacytoid DCs to
sense viral DNA and RNA, promote macrophage differentiation and polarisation, increase
TLR expression, and promote IL-10 cytokine production [7]. Therefore, not only is IL-27
important in viral immunity but IL-27 leads to subsequent enhanced IL-10 production for
viral clearance, and thus where IL-27 is increased, IL-10 will often reflect this. IL-10 is a CD4-
produced Th2 cytokine with the ability to indirectly suppress Th1 responses, downregulate
the antigen-presenting capacities of APC, inhibit the activation and effector function of T
cells, monocytes, and macrophages, therefore limiting host immune response to invading
pathogens and ultimately preventing damage to the host from overactivation of the pro-
inflammatory molecules, and provides a supportive role in effective virus clearance [27–30].
Additionally, in work carried out in our laboratory, we have further demonstrated the
positive impact that fermentates SC232 and SC234 had on viral immunity [31]. SC232
and SC234 positively impacted on the secretion of the cytokines IL-6, TNF-α, IL-12p40,
IL-23, IL-27, and IL-10, and decreased IL-1β in primary bone marrow-derived dendritic
cells (BMDCs) stimulated with a viral ligand, thus further establishing their role as viral
immune-boosting fermentates with positive effects in a range of immune cells [31].

Having established SC234 and SC232 as potential anti-viral fermentates that enhance
viral immunity through their increased secretion of cytokines important for viral immune
responses, we then extended our analysis to chemokines which are critical in supporting
the immune system in response to viral infection and host protection. We demonstrate that
chemokine secretion in BMDM macrophages is positively affected by the presence of SC232
and SC234 when compared to the activity of the RSM. Chemokines are critical in order
to mediate macrophage chemotaxis, cell trafficking, and in the regulation of M1 and M2,
and regulate differentiation of monocytes into dendritic cells (DCs), to attract macrophage
towards the site of injury or infection [32–34]. MCP-1 (CCL2) is a key chemokine for the
regulation of migration and infiltration of monocytes, playing a critical role in inflamma-
tion [33,35]. MIP-1 α (CCL3), on the other hand, plays a key role in viral immunity, being a
chemotactic chemokine secreted by macrophages to aid in the recruitment of cells, wound
healing, inhibition of stem cells, and maintaining of effector immune responses, and is
a key mediator of virus-induced inflammation [36,37]. Similarly, MIP-2 (CXCL2) plays a
role in viral immunity, aiding in neutrophil recruitment and activation, and is a potent
chemoattractant secreted by macrophage and epithelial cells that plays a critical role in
LPS-induced inflammation, as well as aiding in suppressing of viral replication [38–40].
Therefore, while MCP is important for inflammation, it is MIP-1 and MIP-2 that play
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critical roles in the context of viral infection, with roles in virus-induced inflammation and
suppressing viral replication [33,36–40]. It is important, however, that these chemokines are
not overexpressed, as this leads to pathogenesis of many inflammatory diseases including
cancers and rheumatoid arthritis, and viruses such as coronavirus [34,36].

BMDMs, when activated with LOX in the presence of SC232 and SC234, decrease
MCP. LOX-activated BMDMs in the presence of RSM, SC232, and SC234 maintain MIP-1
and MIP-2 concentrations. MCP, MIP-1, and MIP-2 are all enhanced in the presence of the
fermentates alone. This again highlights the potential for SC232 and SC234 to be anti-viral,
as they maintain concentrations of the viral-associated chemokines MIP-1 and MIP-2 and
decrease MCP, which is often associated with pathogenesis of viral infections [34,36].

It is well established that decreases in MCP can be linked with the ability to inhibit
viruses such as HIV [41]. The use of the Chinese herbal medicine Shikonin, from the
dried root of Lithospermum erythrorhizon, has been linked to the ability to inhibit HIV-1
through its interactions inhibiting MCP and MIP-1 [41]. Lianhuaqingwen capsules from the
traditional Chinese medicine prescriptions Maxing Shigan Tang and Yinqiao San decreased
the expression of MCP-1, resulting in anti-viral activity for the treatment of influenza viral
infection [42]. The similar activities of SC234 and SC232 on chemokines may highlight their
anti-viral potential.

Next, we went on to assess the effect of the fermentates SC234 and SC232 on cell
surface marker expression in J774.A.1. These cell surface proteins play a critical role in host
immunity by enabling the cell to respond and interact with the environment around them,
thus playing a critical role in intracellular signalling [43]. Therefore, enhancing any of these
cells’ surface markers would suggest further anti-viral activity for SC234 and SC232.

J774.A.1 cells, when activated with LOX or LPS in the presence of SC234 and SC232,
positively impact cell surface marker expression. LOX- and LPS-activated J774.A.1 in
the presence of SC234 showed increases in CD80, CD86, CD40, MHCII, TLR2, and CD14.
LOX-activated J774.A.1 in the presence of SC234 also showed increased MHCI, highlighting
the specificity in bioactivity whereby SC234 has unique specificity in increasing the viral-
associated cell surface marker MHCI, not seen in LPS-activated cells. LOX- and LPS-
activated J774.A.1 in the presence of SC232 increase MHCII and TLR4. LOX-activated
J774.A.1 cells in the presence of SC232 decrease CD14, CD40, and MHCI. Our results clearly
demonstrate different effects on cells depending on either Lox or LPS activation.

MHCI plays a particularly important role in viral immunity for the detection of virally
infected cytotoxic T lymphocytes [44]. CD80 and CD86 interact on APC and CD28 on
T cells as costimulatory signals for the activation of T cells, are key players in anti-viral
humoral and cellular immune responses, and play a critical role in the control of chronic
and latent infections [45]. CD40 in particular is important for the restriction of infection of
a broad range of RNA viruses and is critical for the control of RNA viruses over the first
24 h of infection [46].

Furthermore, TLR2 has been identified to play a role in viral immunity with protec-
tive roles against viruses such as varicella zoster virus, hepatitis C virus, vaccinia virus,
cytomegalovirus, and respiratory syncytial virus [47].

Exopolysaccharides (EPS) from Cordyceps sinensis induces the expression of MHCII,
CD40, CD80, and CD86 in DC sarcoma cells, enhances their ability of antigen uptake,
and increases the secretion of IL-12 and TNF-α, thus suggesting that EPS have a critical
role in initiating anti-tumour immunity and pro-inflammatory immune modulation [48].
Carrot pomace has also been found to increase the expression of co-stimulatory molecules
CD40 and CD80, and the fraction of cells CD11c+MHCII+ cells in BMDCs increase pro-
inflammatory cytokine production; in cyclophosphamide-immunosuppressed mice ad-
ministered with influenza vaccine challenge, it significantly enhanced the efficacy of the
influenza vaccine [49]. Resveratrol has been shown to enhance antigen presentation of
peritoneal macrophages via the upregulation of CD86, MHCII, and TLR4 levels, suggesting
its role as a pseudorabies virus vaccine-adjuvant therapy, aiding in the host protection
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against viral infection [50]. The similar effects of our fermentates on key cell surface markers
involved in viral immunity further support their potential as anti-viral ingredients.

Having assessed and confirmed the immuno-supportive roles of SC234 and SC232
as immune-boosting compounds for defence against viral infection, we also assessed the
effects of these novel fermentates on phagocytosis. Phagocytosis is another critical function
of the macrophage in the defence against viral infection. In setting up the model for
phagocytosis, the MFI of the latex beads and the percentage of phagocytosing cells within
the population were measured. These two parameters were then combined in order to form
the overall mean MPI, the combined effect of the MFI and percentage of phagocytosing
cells, for a collective outlook of sample effect on phagocytosis.

In contrast to the viral immune-supportive roles identified for SC234 and SC232
so far, these fermentates negatively impact on the MPI. There is a small decrease in the
MPI, meaning that the macrophage’s ability to phagocytose is negatively impacted in
the presence of SC234 and SC232. This negative impact on phagocytosis is something
to consider if these novel fermentates are to be considered for commercial development.
However, it must be noted that the MPI for SC234 and R003 is enhanced in comparison to
the RSM. This means that in comparison to the fermentate starting substrate, these novel
fermentates in fact increase the ability of the macrophage to phagocytose. Phagocytosis is
closely associated with bacterial and fungal clearance [51]. This critical role of phagocytosis
in bacterial and fungal clearance highlights the importance of phagocytosis in the context
of bacterial and fungal infections as opposed to viral infections, thus suggesting that in
the context of viral immunity the role of phagocytosis may not be deemed as important
as in the context of bacterial or fungal infection. Therefore, the decrease seen in the MPI
as a result of the presence of fermentates SC234 and SC232 may still support the role of
such novel fermentates in the context of viral immunity, as they provide an increase in MPI
above the RSM non-fermented control.

It is clear from the literature that increases in phagocytotic activity through the use
of functional foods can be linked with enhanced immunity. When RAW 264.7 murine
macrophages are treated with wild simulated ginseng, increased phagocytotic activity
is observed [52]. Panax ginseng Meyer, when administered to BALB/c mice, enhanced
innate and adaptive immunity via the improved cell-mediated and humoral immunity,
macrophage phagocytosis capacity, and NK cell activity [53]. In that study, He et al. hypoth-
esised that the increased immunomodulating activity was due to the increased macrophage
phagocytosis capacity, along with increased NK cell activity, enhancement of T and Th
cells, as well as IL-2, IL-6, and IL-12 secretion and IgA, IgG1, and IgG2b production [53].
Fermenting C. militaris with Pediococcus pentosaceus ON89A (GRC-ON89A) can enhance
phagocytosis in RAW 264.7 cells and primary peritoneal macrophages from normal mice
and cyclophosphamide-immunosuppressed mice via the activation of MAPK and Lyn
pathways [54]. It is suggested that GRC-ON89A has the potential to act as an immunostim-
ulant for use as an immune-boosting therapy in immunosuppressed patients [54]. Whilst
our findings demonstrate that SC234 and SC232 could impact positively on viral immune
response, this study assessed this in comparison to any activity the RSM would have alone.
This was in order to assess any advantage the fermentation of the RSM had in terms of
bioactivity. A further comparison to other types of non-fermented substances will provide
more information on how potent these fermentates are in supporting viral immunity.

5. Conclusions

As demonstrated from the current literature available on similar functional foods, we
suggest a role for fermentates SC232 and SC234 as potential novel food ingredients for
defence against viral infection in humans due to their overall positive effect on systemic
immune responses. This is due to their ability to support the secretion of pro-inflammatory
cytokines IL-1β, IL-6, TNF-α, IL-12p40, and IL-27 while increasing the anti-inflammatory
cytokine IL-10 to maintain immune homeostasis, as well as via their NO induction to sup-
port the proliferation of the M1 pro-inflammatory phenotype for viral immunity. Overall,
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the samples’ ability to largely maintain chemokine expression, and in the case of MCP
where this expression can be decreased, suggests a potential use of SC232 and SC234 as
novel anti-viral and immune-supporting therapies. It is clear that increasing cell surface
marker expression has a range of positive effects on a cell that can aid in adjuvant vaccine
therapy, anti-tumour therapy, and immune-stimulating properties for overall immune
boosting results for its host. Furthermore, functional food components which have the
ability to enhance phagocytosis, like SC234 and SC232, above that of their starting substrate
may have the potential to aid in boosting the immune system to provide enhanced innate
and adaptive immunity, acting as potential immune-boosting therapies. However, it is
important to consider the rate to which the overall phagocytosis is affected before consid-
eration for commercial use to ensure the host is not negatively impacted. Therefore, we
suggest the deeply impactful potential that our novel fermentates SC234 and SC232 have
for defence against viral infection in humans.
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