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Editorial on the Research Topic
Microbiota, nutrition and stress: modulators of immunity

Vertebrate immunity is a complex system that involves a large number of cells of
different organs and intracellular pathways in charge of the protection and maintenance of
the body’s integrity and homeostasis. Inefficient coordinated action and balancing functions
of the complex interplay of the human immune system increase the risk for acute and deadly
infectious diseases, while excessive immune responses may lead to autoimmune disorders
and subsequent morbidity. Unlike other body systems, immunity functioning patterns are
highly individual and genetics only partially defines them. Along with the host immune
system, the microbiota of the host is thought to be pivotal in the maintenance of human
health by affecting energy metabolism, intestinal function, and immune response among
others. In addition, environmental factors such as diet and stress exposures on the one
hand, and intrinsic factors such as age and sex on the other hand, modulate immunity
by altering gene expression patterns within immunity-related cells, shifting their number
in subpopulations and affecting their phenotype and key properties. In the 10 articles
within the current Research Topic, these aspects are considered, creating an opportunity
to have an idea of the factors that determine the functioning of immunity in animals and
humans, respectively.

“It is the start of a new era when people are finally ready to embrace the microbial
world.” This anticipated direction has been truly voiced by the science journalist and Pulitzer
prize winner Yong (1), and the microbial role in the concept of the intestine-immunity axis
is widely accepted today (2). Both animal and human studies confirm the potential role
of gut microbiota in immunomodulation (3). Interestingly, Hou et al. revealed the causal
relationships between gut bacteria and gout, a widespread metabolic disorder, which has a
strong autoimmune potential (4). On the other hand, gut microbiota largely depends on
a diet. Ali et al. report that food rich in dietary fibers positively affects the microbiome
composition in meat geese, which, in turn, induces antimicrobial, antioxidant, and anti-
inflammatory properties of gut barriers. At the same time, according to Mardi et al, a
proper diet in humans enhances patient survival and improves the overall effect of COVID-
19 therapy. Besides dietary fibers and pre- and probiotics, a healthy diet should include
nutrients, namely, essential amino acids, choline, non-saturated fatty acids, carbohydrates,
and vitamins. A diet rich in fat, as well as prolonged fasting, may result in ketoacidosis,
which negatively affects immune system functioning. The mechanism of this impairment
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was recently revealed in the work of He et al., demonstrating that
one of the ketone bodies, namely, B-hydroxybutyrate, enhances
neutrophil adhesion by inhibiting autophagy. In the review of Khan
et al,, the anti-inflammatory and anti-oxidative role of methionine,
lysine, and choline is discussed in relation to periparturient
ruminants, while Zhang et al. established the antioxidant capacity
of tryptophan in fish. Surprisingly, in an experimental setting
in mice, the regular consumption of an acidic polysaccharide
extracted from green parts of Chuanminshen violaceum, a Chinese
endemic plant, significantly improved their state of health. Zou
et al. managed to show lowered inflammatory and oxidation indices
in the murine blood. Apparently, like dietary fibers, carbohydrates
primarily benefit healthy gut bacteria, which mediates the positive
effects of CVP-AP-L

Enzymes’ catalytic properties rely on cofactors, many of
which are either vitamins or metal ions. Munteanu and Schwartz
systemically review the role of vitamins and micronutrients for
proper immunity functioning, discussing in detail the to-date data
on the role of vitamins A, C, and D, as well as cholesterol in the
development of cancer and their therapeutic usage. In addition
to their role as transcription regulators and coenzymes, the fat-
soluble vitamins (A and E), as well as vitamin C, are known
to be a part of the non-enzymatic module of the antioxidant
system in the human body, reducing inflammation processes as
induced by ROS. Hung et al. propose intravenous vitamin C as a
monotherapy to reduce mortality in critically ill patients although
the underlying mechanism and optimal dose, inclusion, and
exclusion criteria remain to be thoroughly elucidated, especially
while other antioxidant therapy mono-approaches, e.g., using
essential trace elements [e.g., selenium (Se)], have not shown the
expected clinical effectiveness in critical care patients (5).

Stress factors do affect and hereby modulate the immune
response effectiveness as a function of the intensity of the
stressors. In the current Research Topic, there is only one
paper by Klos et al. that links the effects of isolation or
confinement as an environmental stress factor and human
immunity. The authors systematically review and summarize the
data on microbiota composition shifts in different human trials
in isolated and confined environments. The results of the study
indicate that internal factors that shaped the microbiota over
time appeared to be the primary drivers of its composition
and function in response to isolation in antigen-deprived
conditions. However, a preliminary trend indicates a decreased
diversity of gut microorganisms in people inhabiting extreme
conditions, which raises concerns about the risk of dysbiosis
and associated diseases, including immunity dysregulation (3).
Additionally, besides microbiota, there is evidence that emotional
stress experienced by people in confinement directly affects
their immune system’s effectiveness. Numerous experiments in
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which they model space flight factors, including short-term and
prolonged isolation, demonstrate impaired immunity functioning
(6). In this regard, potential immunologic countermeasures are
being developed to minimize the risks of immune system
dysfunction during space exploration full of different stress
factors (7).

In summary, the results of the abovementioned studies and
the data from the reviews give insight into complex factors
affecting immunity functioning. The studies illustrate well the
interdependence of nutrition, microbiota, and immunity. On the
one hand, the immune homeostasis seems too prone to alterations
due to its susceptibility to various environmental factors. On the
other hand, one may consider the power of little efforts in the
maintenance of a healthy lifestyle to keep immunity in balance.
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Nutrition plays an essential role in the regulation of optimal immunological
response, by providing adequate nutrients in sufficient concentrations to
immune cells. There are a large number of micronutrients, such as minerals,
and vitamins, as well as some macronutrients such as some amino acids,
cholesterol and fatty acids demonstrated to exert a very important and specific
impact on appropriate immune activity. This review aims to summarize
at some extent the large amount of data accrued to date related to the
modulation of immune function by certain micro and macronutrients and
to emphasize their importance in maintaining human health. Thus, among
many, some relevant case in point examples are brought and discussed: (1)
The role of vitamin A/all-trans-retinoic-acids (ATRA) in acute promyelocytic
leukemia, being this vitamin utilized as a very efficient therapeutic agent via
effective modulation of the immune function (2) The involvement of vitamin
C in the fight against tumor cells via the increase of the number of active
NK cells. (3) The stimulation of apoptosis, the suppression of cancer cell
proliferation, and delayed tumor development mediated by calcitriol/vitamin
D by means of immunity regulation (4) The use of selenium as a cofactor to
reach more effective immune response to COVID vaccination (5). The crucial
role of cholesterol to regulate the immune function, which is demonstrated to
be very sensitive to the variations of this macronutrient concentration. Other
important examples are reviewed as well.

nutrition, health, immunity, nutrients, vitamins, minerals, amino acids, cholesterol

Introduction

Food, nutrition and health are highly interrelated and consumption of specific
nutrients have a profound impact on human health. The amount and type of nutrients
consumed are tightly linked to the metabolic stage and the immune health and thus,
inappropriate nutrient consumption is associated with development of major human
diseases due to an immune system not properly functioning (1).
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The inflammatory mechanisms that compose the innate
immunity are strongly influenced by nutrition, and this
interaction, when perturbed, can profoundly affect disease
development. The immune system is able to destroy antigens
through both innate and adaptive immune cells and finally
through antibodies that are specific for each pathogen (2).

The number of studies related to the impact of nutrition
on immune system is continuously increasing. The initial
studies published were related to nutritional-modulation of the
immune function were mostly based on the effects of micro
and macronutrients (3). Lately, a wide variety of phytochemicals
and other chemical biocomponents found in nutrients has been
added to the list of nutritional-immuno-modulators. These
biocomponents affect the immune function but are not crucial
for maintaining normal cell metabolism and function (3). Cases
in point are several phytochemicals demonstrated to exert
impressive positive immune effects (3).

In light of the strong effects, that we will list in the
following paragraphs, nutrients have on the immune system
it can be concluded that a rich-nutrient diet is rigorously
required in order to maintain an adequate health status.
This is in addition to the fact that nutrients are the main
factors for survival, including cell proliferation, specialization,
development of tissue and organs growth, energy supply, and
the immune defense function (4).

To clarify all these aspects, it is essential to understand the
meaning of an adequate diet and concomitantly to recognize
the harmful effect of processed foods that impact the immune
system (Figure 1).

Moreover, nutritional deficiencies are closely associated with
impaired immune response and loss of the host resistance
to infection (3). On the one hand, in less developed
regions malnutrition continues to be a major health problem
(5-7) since it is associated with a higher incidence of
morbidity and mortality usually linked with the higher
prevalence of bacterial and parasitic infection diseases in these
regions (3). In contrast, developed countries confront with
inadequate diet consumption, with no real nutritional value,
accompanied by excess calories (8). Therefore, malnutrition due
to undernutrition or to consumption of poor diets, deficient
in macro- and micronutrients, reduce the effectiveness of the
immune system, not only by causing a deterioration of the
immune protection but also reducing its efficacy in appropriate
elimination of the pathogens, thus making people unprotected
to a vast variety of diseases.

In addition to food consumption, an important question
that arises is regarding the bioavailability of nutrients. Could we
treat certain deficiencies using supplements if we are aware of
them? Or should we try to build an adequate and complex menu
that ensures the proper and desired bioavailability? Another
important question refers to where does the absorption of
the nutrients take place? It is important to know that the
pathogenic agents such as bacterial products, bacteria and
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some toxic alimentary particles from food and the intestinal
microbiota are often responsible for triggering an immune
response (9). This is very important because prevention against
pathogens is mainly maintained through the intestinal epithelial
barrier. The gastrointestinal tract has an essential role due to
its lymphoid tissue and for this reason, represents an essential
part of the immune system. It has been demonstrated that
the epithelial barrier contains cells that present antigens to
dendritic cells (DCs) in the lamina propria. The most important
are CD103 + CX3CRI- DCs. These imprint the intestinal
lymphocytes to stimulate the development of regulatory T
cells, the production of IgA, and dendritic cells responsible for
the development of Th17 cells and the production of TNFa
(10). Additionally, nutrients can control the expression of pro
and anti-inflammatory cytokines via interaction with Toll-like
receptors (TLRs), which are proteins known to play a key
role in the control of the innate immune system. They are
located in cells such as macrophages and dendritic cells and as
such they control immune cell activity via appropriate crosstalk
and signaling. As a result, immune cell’s enzymatic activity is
affected and therefore molecular and chemical changes linked
to oxidative stress and inflammation take place finally affecting
the immune function. Most of the activities are associated with
oxidative reactions, affecting neutralized cytotoxicity (11).

The normal standard diets of human beings (except for
vegetarians and vegans), include vegetables, eggs, milk, dairy
products, and meat. From a biochemical perspective, the foods
can be converted into micronutrients and macronutrients that
ensure the organism’s well-functioning (12).

This review aims to summarize at some extent the large
amount of data accrued to date related to the modulation of
immune function by certain micro and macronutrients and to
emphasize their importance in maintaining human health.

In order to achieve this goal, research articles and reviews,
found in several international databases, have been researched
using phrases and keywords. We used the following keywords:
nutrition, health, immunity, nutrients, vitamins, minerals,
amino acids, and cholesterol.

The review material covers an extended period of time from
1973 to 2022. To achieve this aim some of the issues addressed
were: the correlation of nutrition with the immune system
in order to obtain good health, certain nutrients involved in
the modulation of immune function through mediating pro-
and anti-inflammatory responses, and cholesterols’ role in the
immune response.

The effect of nutrition on optimal
immune response

As alluded to earlier, nutrition plays an essential role in
the regulation of optimal immunological response, by providing
adequate nutrients in sufficient concentrations to the immune
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The importance of understanding the meaning of a healthy diet and concomitantly to recognize the harmful effect of pro-inflammatory foods
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cells. In such a manner, the immune system can initiate
effective responses against pathogens. In order to avoid chronic
inflammation, nutrients stemmed from the diet exert significant
effects in initiating this quick response (13). When the dietary
nutrients are insufficient or inefficient, the supply of these
elements to the immune system cells is significantly spared and
immunity is compromised.

There are certain micronutrients such as vitamins and
minerals as well as some macronutrients such as specific
amino acids demonstrated to exert a very important and
particular impact on immune modulation. Amino acids such
as L-arginine and L-tryptophan are responsible and critical for
macrophages’ appropriate immune activity. Macrophages are
characterized by variations in their plasticity and polarization in
response to changes in the intracellular environment. They are
capable to transform into different subtypes depending on the
intracellular microenvironment and to the different signaling
molecules (Figure 2). L-arginine is associated with a well-known
immunoregulatory mechanism exploited by M2 macrophages.
The mechanism involves arginase 1, which consumes L-arginine
and the genes responsible for M1inhibition, concomitantly with
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M2 promotion (14). Furthermore, arginine and methionine
together, are in charge of the synthesis of polyamines. Due to
their ability to maintain cell membrane stability and keep DNA
homeostasis, they stimulate cell proliferation (Figure 2). In
addition, many studies show the involvement of these kinds of
amino acids in tumor cell growth metabolic pathways as well as
in immune antitumor response (15). Through their degradation,
these kinds of amino acids supply chemical precursors for
a number of biological reactions (16). Regarding insulin-
like growth factor -I and insulin growth hormone these can
use as strong secretagogue arginine. Metabolic syndrome and
type 2 diabetes as well are major worldwide public health
problems which are strongly related to nutrition. There are some
amino acids implicated in the synergistic stimulation of insulin
release from pancreatic B-cells. One of the most well-known
mechanisms is related to the fact that arginine in the presence
of glucose can depolarize the plasma membrane at a neutral pH.
This gating mechanism is called cationic (17).

Indoleamine 2,3-dioxygenase 1 (IDO1) is a powerful
immunosuppressive enzyme involved in the catalysis of the
first and rate limiting step of L-tryptophan catabolism. IDO1
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FIGURE 2

The relationship between nutrition and the immune system. Macronutrients such as arginine and tryptophan are involved in cell proliferation
and macrophages’ adequate activities. Micronutrients like Vitamin A and Zinc can promote cell proliferation; inhibit the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-«kB) pathway; decrease the pro-inflammatory cytokines IL-1B and tumor necrosis factor-a
(TNF-a); regulate the Th17 and Th9 cell differentiation; initiate the growth Treg cell population.

depletes L-tryptophan storage and induces the production also provide a substrate for the growth and survival of the
of immunoregulatory molecules interferon-y (IFN-y), tumor- cells and concomitantly exerts a key role in differentiation and
necrosis factor (TNF) and IL-1 (18). High IDO1 expression appropriate gene expression (16).

and catalytic activity occur in dendritic cells (DCs)— in The decline of protein metabolism that is related to the
response to IFN-y (18). Tryptophan metabolism leads to the diminishing concentration of certain amino acids, leads to the
synthesis of NAD +, which is known as a cofactor capable of endoplasmic reticulum (ER) stress. As a result, the T cells which
redox reactions. In immune tolerance, arginine catabolism may produce pro-inflammatory cytokines are activated (19). The
determine the initiation of the nuclear factor kappa-light-chain- deficiency of Arg is correlated with reduced T cell ability to
enhancer of activated B cells (NF-kB) pathway. Arginine may trigger tumor immunity (15).
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Vitamins and minerals such as vitamin A and Zn in addition
to their involvement in cell division and proliferation (Figure 2)
are involved in immune-modulation. For example, the rate of
antibody synthesis can be modified by these micronutrients (20).

Vitamin A (Figure 2), which is involved in biosynthesis of
carotenoids and retinyl esters, molecules well known to affect
appropriate immune function (21). It can also exert a role as
transcription factor if it is bound to retinoic acid receptors
(RARs). As a result, it can be responsible for lipid homeostasis,
cell division, growth, and specialization by regulating the
expression of certain specific genes (21). Vitamin A deficiency
has repercussions on immune functions, such as impaired
neutrophil function, suppressing the activity of natural killer
(NK) cells, as well as a decline in their number, and damaged
capacity of phagocytosing of macrophages. In addition, it may
affect the growth and differentiation of B cells (2). In this way,
the predisposition for infection disease can increase (22).

Zinc represents another example of the micronutrient
group. The transcription factor NF-kB (23) can be inhibited
by Zinc (Figure 2). Also, the pro-inflammatory cytokines IL-
18 and tumor necrosis factor (TNF-a) production (24) may be
repressed, as a result of modulation of the Toll-Like Receptor
4 (TLR4) signaling pathway. Moreover, the pro-inflammatory
specific Th17 and Th9 cell differentiation pathway (25, 26) can
be moderated by Zn. Treg cell population can be increased
after Zinc administration (27, 28) thus Zn is considered
an important factor for immune cell development. Specific
effects include impaired lymphocyte proliferation, Delayed-
Type Hypersensitivity (DTH) response, and natural killer (NK)
cell activity (29-31). As we mentioned before, there are strong
and dynamic relationships between nutrition and the immune
system, which are important for maintaining good health. We
will discuss further in more details the role of specific nutrients
in the mediation of pro-and anti-inflammatory responses.

Nutrients involved in mediation of
pro-and anti-inflammatory
responses

The immune system consists of cells belonging to the
two types of immune responses, i.e., the innate and adaptive
mechanisms. Once the pathogens enter the body, the first
reaction is mediated by the cells belonging to the innate
immunity system. This system consists phagocytes, dendritic
cells, eosinophils, neutrophils, mast cells, and some additional
cells (32). In this case, the immune response acts quickly. The
difference between the innate immunity system and the adaptive
response is that the former is unspecialized and less efficient
(13). In contrast, the adaptive response is capable to recognize
each pathogen, and furthermore, remember if it has been
encountered before, therefore T cells being the most important
in antigen identification. They are also involved in immune
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response regulation. Furthermore, there are two kinds: cytotoxic
T cells/T8 (CD8 inducer), which are implied directly in killing
infected cells (33) and tumor cells, and the T4 helper cells (CD4
inducer), which are useful in modulating other cell’s responses.
Furthermore, in the function of type cytokines produce by them,
there are some subtypes of T helper cells: Thl, Th2, Th17 (13,
34). Thl cells are responsible for fighting against bacteria and
viruses. The main role of these cells is to produce Interferon y
(IFNYy) and IL-2. IFNYy, like IL2, is a cytokine created by both
immune adaptive and innate cells like Th1, T8 lymphocytes as
well as innate lymphoid cells and NK (35). At the same time,
the immune function is activated by Th2 cells. They are capable
to produce other interleukins (ILs) (36). Induced cells apoptosis
can be caused by activated macrophages and cytotoxic CD8 + T.
Interestingly, the other immunity regulatory T cells are involved
in the suppression or the blockage of cytokine secretion by the
immune response (37). In light of this information, they have
a crucial role in peripheral tolerance through the initiation and
continuance of this stage (38).

B lymphocytes, which also belong to the adaptive immune
system are involved in the synthesis of antibodies. Similar to T
cells, they have the ability to specifically respond to each antigen
(39). Antigens can actually produce damage to the tissue that
they attack. It makes sense that the pathogens in the tissues
and around this region promote an inflammatory response.
Its main role is to repair the damage tissue in certain ways
that can eliminate the antigens and their effects, and decrease
their extension (40). After that this process takes place, some
physiological changes occur which are responsible for increasing
the phagocytes number in the place where this process is
happening. As a result, pro-and anti-inflammatory cytokines,
prostaglandins, and complements are delivered, especially
through the activation of phagocytes. All these changes cause
the growth of the inflammatory response (1). Based on the
knowledge of which cells are involved in each inflammatory
response pathway, it is now feasible to shed light on the effects
of specific nutrients on each of these processes.

To this end, we selected to discuss the influence of certain
vitamins such as: A, B1, B2, B3, B12, C, and D, minerals like:
Zinc, and Selenium as well as certain amino acids such as
arginine and tryptophan and some fatty acids.

Vitamin A

Vitamin A plays an essential role in the regulation of innate
and cell-mediated immunity, and antibody responsiveness
through the activity of either all-trans retinoic acid, 9-cis
retinoic acid or other metabolites and nuclear retinoic acid
receptors (41). Vitamin A and associated retinoid metabolites
exert an important regulatory function of the immune system.
This essential role is evidenced when Vitamin A is deficient
and an augmented susceptibility to infections is evident (42).
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Vitamin A deficiency affects processes related to appropriate
cytokines release and antibody production. Additionally,
vitamin A deficiency is associated with a reduced production
of natural killer cells, monocytes or macrophages, and impaired
maturation and proliferation of T- and p-lymphocytes. Vitamin
A deficiency impairs innate immunity by impeding normal
regeneration of mucosal barriers damaged by infection, and
by diminishing the function of neutrophils, macrophages,
and natural kill cells. Vitamin A supplementation cuts down
morbidity and mortality in various infectious diseases (43). In
the case of vitamin A deficiency, the integrity of the mucosal
epithelium is altered, resulting in enhanced accessibility to
various pathogens to the gastrointestinal tracts and other organs,
being children the most affected population (44). In children,
severe vitamin A deficiency causes almost the disappearance
of goblet cells present in the upper layer of the epithelial
line, therefore the production of mucus by these cells is
compromised, and bacterial adherence to the epithelial lining is
reinforced thus becoming the major factor for the development
of the bacterial disease (45). Additionally, vitamin A deficiency is
associated with diminished phagocytic activity and macrophage
oxidative breakdown that takes place during the process of
inflammation along with a reduction in the number of natural
killer (NK) cells (42).

It has been demonstrated that vitamin A (Tab.1) stimulates
the expansion and differentiation of Th1 and Th2. Thus, vitamin
A is capable of promoting the Th2 anti-inflammatory response
by repression of IL-12 and IFNy which are synthesized by Th1
lymphocytes (46). In addition, some studies suggest a positive
relationship between vitamin A and mitogen-induced pro-
inflammatory cytokine (IFN-y) and anti-inflammatory cytokine
(IL-10) (47). It is important to know that retinol, retinoic acid
(RA), and retinal are the three forms of vitamin A. It has
been shown that RA is involved in a lot of biological activities
(48). According to Rampal et al. (49) under inflammatory
conditions, RA might sustain or cause stimulation of intestinal
inflammation (50). Moreover, through the release of certain
cytokines, such as: IL-1, IL-6, IL-12, and nitric oxide, RA
can affect the macrophages™ activity (51). When it comes to
hypovitaminosis in children, vitamin A administration reduces
mortality caused by diarrheal diseases (52). Vitamin A might be
responsible for antitumor effects on human pancreatic cell lines
(53). In metastasis of renal carcinoma, it seems that all-trans-RA
(ATRA) have a similar effect (54). ATRA represents a nutrient
that is required in small quantities and it is synthesized in the
human body from the A vitamin (55). In acute promyelocytic
leukemia (APL), ATRA is utilized as a very efficient therapeutic
agent. Furthermore, together with arsenic trioxide (ATO), they
are able to increase life expectancy. Due to this combination, the
recovery of this disease is approximately 95% of cases (56). It
was observed that, in breast cancer, after the administration of
vitamin A, cytotoxic effects have been seen, but the healthy cells
weren’t influenced. As a result, vitamin A is capable of reducing
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some negative chemotherapy effects (57). The next question
worth asking would be whether there are more nutrients
involved in mediating pro- and anti-inflammatory responses.

Vitamins B1, B2, B3, and B12

The group of B-vitamins comprise eight water soluble
vitamins in charged to carry out essential, inter-related roles
for appropriate cellular functioning. These vitamins act as
efficient co-enzymes in a vast array of catabolic and anabolic
enzymatic reactions and they are essential cofactors for many
important cellular metabolic pathways. We therefore cannot
refer to life or to cellular life without referring to the B
vitamins. In this respect, the crucial enzymes responsible for
the regulation of vital functions in cells use specific cofactors
such as: Nicotinamide Adenine Dinucleotide/B3, Flavin Mono
Nucleotide/Flavin Adenine Dinucleotide/B2, and Thiamine
Pyro Phosphate/B1 (58). However, an important aspect to be
considered in terms of B vitamins, is that when it comes to the
human body, an important source of vitamins B is determined
by the activity of the gut microbiota except for some that may
be ingested by the diet. The absorption of B vitamins takes
place in two different intestinal locations, the large and small
intestines. The large intestine represents the main absorption
place for most bacterial-produced B vitamins. At the same
time, the small intestine represents the place where dietary
B vitamins are absorbed. It is tentatively to surmise whether
two specific immune responses result from the two different
absorption places (59). We surmise that the immune activities
at the two specific locations are different since the population of
gut immune cells are different (59).

Vitamin Bl or Thiamine (Table 1), exerts an anti-
oxidative role due to its protective action on sulfhydryl groups
from the surface of neutrophils. As a result, the synthesis
of cytokines from macrophages is blocked furthermore.
Regarding the stimulation of antimicrobial oxidative reactions
myeloperoxidase (MPO), H,O;, and a halide (HRP/H,O,/Nal)
determined by the activation of polymorphonuclear leukocytes,
thiamine together with other compounds can prevent and
inhibit this oxidative system of PMNL (60). The NF-«kB pathway
involved in the control of the oxidative stress, is prevented
by Thiamine. This role is highlighted by suppressing the
phosphorylation and catabolism of inhibitory kappa B (IkB),
which subsequently inhibits the nuclear translocation of the
transcription factor-sensitive redox NF-kB (58, 61). From a
biochemical and immunological point of view, we can conclude
that thiamine derivates are involved in the control of immune
metabolism through the regulation of cells’ immune activities.
These properties are a result of its function in maintaining an
equilibrium between glycolysis and the TCA cycle (62). As we
mentioned before, they are cofactors for enzymes participating
in these pathway’s. The TCA energy cycle represents the main
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source of naive T cells, rest macrophages, and T-regulatory
cells. Interestingly, activated T helper cells need energy from
aerobic glycolysis because the amount of energy from TCA is not
sufficient (63). Due to the significant effects of thiamine on these
pathways, B1 deficiencies have so significant side effects. One of
the side effects is linked to the stimulation of IL-1, IL-6, and
TNF-a (pro-inflammatory cytokines) expression and neuro-
inflammation. Finally, neuronal death may occur due to the
inhibition of CD 40 and CD 40L regulation (64). It was observed
that B1 could be used in the treatment of neurodegenerative
diseases through its involvement in the suppression of the
pro-oxidative activity of microglial cells (65). Additionally, in
regards to B vitamins, we should pay attention to their role in
oncogenesis and more over is extremely important to clearly
make a distinction between healthy and sick individuals. Some
speculations exist regarding the role of B1 in cancer due to its
involvement as a cofactor in proliferation and energy pathways
that are essential in the development of tumor cells. Further
research is needed in order to clearly distinguish Thiamine’s
possible oncogenic effects (58, 66).

Riboflavin, or vitamin B2 is crucial for energy metabolism
through its function as a cofactor (67). It also plays an important
role as an anti-inflammatory and anti-oxidant modulator,
especially in lungs (68, 69). Some specific aspects regarding the
link between major histocompatibility complex (MHC) and B2
bacterial compounds are worth mentioning. This function on
the innate mucosal results in the stimulation of invariant T
cells. Riboflavin and its precursors selectively activate mucosa-
associated invariant T cells (MAIT) that represent the largest
population of innate-like T cells in humans. Their synthesis
as well as the link with the major histocompatibility complex
through the major histocompatibility complex-protein (MR1)
are not fully understood. It was observed that the activation
of MAIT cells is dependent on genes that encode enzymes
responsible for the formation of intermediate compounds in
the synthesis of bacterial riboflavin. (70). These types of cells
are known for their function in the inflammation and defense
activity in gut mucosal due to their production of IL-17 and IFN-
y (71). The proliferation of neutrophils and monocytes as well as
the stimulation of macrophages and neutrophils activities might
be boosted by the activity of riboflavin (72, 73). The catabolism
of inhibitory kappa B (IkB) is responsible for the activation of
the pro-inflammatory factor Kappa B (NF-kB). Following this
catabolic pathway, the inflammatory signaling pathway becomes
activated. At the end of this signaling pathway, the activation of
pro-inflammatory cytokines, such as TNF-a and ILs, takes place.
In this signaling process vitamin B2, act as an anti-inflammatory
suppressor and it may block the activation of the NF-kB (74).
Furthermore, through the overexpression of catalase and nitric
oxide synthase vitamin B2 could reduce oxidative stress (75).

Vitamin B3, niacin (Table 1) is known as NADP and
NAD precursor. Similarly, to all B vitamins, it is a cofactor
for a wide variety of enzymes involved in several metabolic
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pathways. In contrast to other B vitamin groups, human cells
can synthesize NADP and NAD cofactors through independent
pathways. From a biochemical point of view, niacin and the
resulting cofactors are involved in redox reactions. NAD is
responsible for genomic equilibrium and epigenetic regulation
may represent its mechanism of action (76). Additionally, there
is a positive correlation between high concentrations of NAD
and the blockage of ROS synthesis (77). Furthermore, NAD
can be considered an anti-inflammatory micronutrient due to
its inhibitory and deacetylation actions, which were observed
in the NF-kB pathway (78). Also, it has an inhibitory effect
on inflammatory cytokines as well as on animal tumor cells
(79). NAD is also considered an efficient anti-inflammatory
component since it induces the reduction of certain cytokines
released from alveolar macrophages (80).

B12, cobalamin (Table 1) affects pro- and anti-inflammatory
responses. A negative correlation has been observed between
vitamin B12 and TNF-a (81). It has been demonstrated that
an increase of TNF-a induce the exhaustion of antioxidants
involved in the defense against free radicals (82). As a result,
pro-inflammatory cytokines and some other pro-inflammatory
compounds are activated (83). Interestingly, in human anemia
with cobalamin deficiency, the number of CD8 + T cells
decreases compared to the levels in healthy individuals. In
contrast, an increase in the number of CD4 + T cells has
been observed in patients with cobalamin deficiencies, which
differed compared to healthy people. In these cases, the
CD4 + /CD8 + ratio is pathological higher. Additionally, in these
patients, the activity of NK cells is decreased (84). Interestingly,
hyperhomocysteinemia is the result of vitamin B12 deficiency
(85), leading to chronic diseases such as insulin resistance
(86) and coronary heart disease (87) through the expansion
of inflammatory processes. Since vitamin B12 deficiency is
associated with abnormal TNF-a activity, it can also lead to
insulin resistance (88, 89). Regarding cancer activity, a study by
Cheng et al. (90) from a genetic perspective found no correlation
between B12 and certain types of cancers such as squamous
cell carcinoma, prostate, breast, and colorectal cancer. In the
case of lung cancer, B12 administration was not considered a
risk factor (91). On the contrary, a higher intake of B12 was
considered dangerous for many types of cancer as indicated in a
big meta-analysis of cancer patients (92).

Vitamin C

Vitamin C (Table 1), is considered an essential
micronutrient (93) in humans since they cannot synthesize it.
Human absorption of vitamin C is higher compared to other
species that are capable to synthesized it (94, 95). Vitamin C
is involved in the modulation of a wide variety of immune
functions and play a role as a regulator of cell-signaling.
Vitamin C is also, involved in gene transcription as well as in
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TABLE 1 Vitamins with pro-and anti-inflammatory effects as well as pro-tumor and anti-tumor effects.

10.3389/fnut.2022.1082500

Nutrients Anti-inflammatory effects Pro-inflammatory Antitumor effects Tumor effects
effects
Vitamin A It is capable of promoting the Th2 It is a positive relationship It has antitumor effects on
anti-inflammatory response through between vitamin A and human pancreatic cell lines
repression of IL-12 and IFNy which are mitogen-induced (53).
synthesized by Th1 lymphocytes (46). pro-inflammatory cytokine It has antitumor effects in
Stimulates production of anti-inflammatory (IFN-y) (47). metastasis renal carcinoma by
cytokine (IL-10) (47). Under inflammatory ATRA.
conditions RA may sustain or It seems that all-trans-RA
cause stimulation of intestinal (ATRA) has an antitumor effect
inflammation (50). (54).
Through the liberation of In acute promyelocytic
certain cytokines such as IL-1, leukemia (APL), ATRA is
IL-6, IL-12, and nitric oxide is utilized as a very efficient
shown that RA may affect therapeutic agent (56).
macrophages’ activity (51).
Vitamin Anti-inflammatory effects are observed due There are some speculations
B1(Thiamin) to the fact that B1 deficiencies side effects is regarding its role in cancer due
linked to stimulation of IL-1, IL-6, and to its involvement as a cofactor
TNF-a (pro-inflammatory cytokines) in proliferation and energy
expression and neuro-inflammation (64). pathways that are essential in
B1 may be used in the treatment of the development of tumor cells
neurodegenerative diseases through its (60, 66).
involvement in the suppression of the
pro-oxidative activity of microglial cells (65).
Vitamin B2 Anti-inflammatory and anti-oxidant B2 bacterial compounds
(Riboflavin) modulator, especially in lungs (68, 69). stimulate innate mucosal
Vitamin B2, act as an anti-inflammatory through invariant T cells which
suppressor. It may block the activation of are recognized by their
the NF-kB (74). inflammation and defense
function in gut mucosal by their
products IL-17 and IFN-y (71).
Vitamin B3 Through deacetylation and suppression of It inhibits proliferation of
(Niacin) NF-kB, NAD may be an anti-inflammatory animal tumor cells (79).
nutrient (78).
It has inhibition effects on inflammatory
cytokines (79).
It is responsible for diminution of certain
alveolar macrophages cytokines such as IL-6,
IL-1a, and tumor necrosis factor -a after
niacin administration (80).
Niacin was considered an inhibitory factor
for pro-inflammatory cytokines (80).
Vitamin B12 It has been found a negative relationship No correlation was found Highintake of B12 was
(Cobalamin) between vitamin B12 and TNF-a (81). between B12 and certain types considered hazardous for all
Vitamin B12 deficiency is recognized to of cancer like squamous cell types of cancer in a big
increase in chronic diseases like insulin carcinoma, prostate, breast,and  meta-analysis of cancer patients
resistance (86) and coronary heart disease colorectal (90). (92).
(87) the inflammatory processes.
Vitamin C Vitamin C is responsible for preventing

activity of pro-inflammatory cytokines and
launching the NF-kB reaction (98).

In peripheral blood cultures that are
stimulated with LPS (lipopolysaccharide)

after vitamin C administration was observed

an enhancement of IL-10 and a reduction of

TNF-a and IFN-y (99).

Vitamin C may be an antioxidant protector
for the skin in the fight against ROS as a
result of external factors” synergistic work,
particularly pollutants (102).
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TABLE 1 (Continued)

10.3389/fnut.2022.1082500

Nutrients Anti-inflammatory effects Pro-inflammatory Antitumor effects Tumor effects
effects

(104) et al., 2015 confirmed the decreased It is supposed that vitamin C is
inflammation effects in hypertensive involved in the fight against
and/or diabetic adults through a moderate tumor culture cells through the
decline of inflammatory markers such as number enhancement of the
hs-CRP and IL-6. NK cells (107).
It is involved in the regulation of HIF-1a
activity, which is capable to make possible
neutrophil viability under hypoxic
conditions (105).

Vitamin D Vitamin D may be an anti-inflammatory Anti-cancer action of vitamin

nutrient, through suppression of NF-kB
(116).

It is responsible for the inhibition of
specific pro-inflammatory Th1 cells
cytokines like TNF-a, IFN-y, IL-6, IL-2,
and IL-17 (117, 118).

It is capable to increase the number of
cytokines such as IL-10, IL-4, and IL-5 as a
result of an increase in the activity of Th2
cells (119).

At a molecular level, through the
suppression of pro-inflammatory
cytokines and prostaglandins (PG) action
as well as stopping the NF-kB signaling
pathway calcitriol is considered an
anti-inflammatory nutrient (128).

D is extrapolated in tumor cells
by calcitriol which is the active
biologically and hormonally
compound of vitamin D (127).
The stimulation of apoptosis,
the suppression of cancer cell
proliferation, and delayed
tumor development in cancer
are certain effects of calcitriol
(126, 127).

Calcitriol may be used as a
preventive and therapeutic

agent in cancer (128).

ATRA, all-trans-RA; HIF-1a, hypoxia-inducible factor 1-alpha; IL, interleukin; IFNy, Interferon y; NK, natural killer; NF-kB, pro-inflammatory factor Kappa B; hs-CRP high-sensitivity
C-reactive protein; RA, retinoic acid; ROS, reactive oxygen species; Th, helper T cell; TNF-a, tumor necrosis factor.

hydroxylation reactions (96). Through its main function as
an antioxidant, it became capable to defend the body against
reactive oxygen species that are the result of the activity of
toxins and pollution (97).

Vitamin C is responsible for discontinuing the action of
the pro-inflammatory cytokines and inhibiting the initiation
of the NF-kB reaction (98). In peripheral blood cultures that
are stimulated with LPS (lipopolysaccharide), after vitamin C
administration, an enhancement of IL-10 and a reduction of
TNF-a. and IFN-y has been observed (99). Moreover, as a
result of ROS accumulation in microbial infections, vitamin
C causes neutrophils displacement into infected sites (100).
Additionally, vitamin C might be useful as a cofactor in
the synthesis pathways for vasopressin and norepinephrine in
severe infections. This has a noticeable effect on the infection
response of the cardiovascular system when the pathological
state represents a danger (101). It appears that vitamin C may
be considered as an antioxidant protector for the skin in the
fight against ROS as a result of external factors’ synergistic
work, particularly of pollutants (102). In this case, the effect is
more pronounced if vitamin C is administrated in combination
with vitamin E (103). Ellulu et al. (104) have demonstrated in
hypertensive and/or diabetic adults that following C vitamin
treatment a decreased inflammation associated with a moderate
decline in inflammatory markers such as: the high-sensitivity
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C-reactive protein (hs-CRP) and IL-6 is observed. Vitamin C
is also involved in the regulation of hypoxia-inducible factor 1-
alpha (HIF-1a) activity, which makes neutrophil viability under
hypoxic conditions possible (105), and in this way, neutrophil
apoptosis is delayed (106). Furthermore, it is thought that
vitamin C is involved in the fight against tumor cells through
the increase in the number of NK cells (107).

Vitamin D

Vitamin D, (Table 1) exerts many anti-inflammatory
roles (108) since receptors to this vitamin are expressed
in different organs throughout the human body. The best
known and established effects are linked to mineral and
bone metabolism (109). Wobke et al. (108) demonstrated
that vitamin D effects are mediated through either nuclear
and cytosolic signaling control pathways involving also pro-
inflammatory components. Vitamin D binds its receptors
(VDR) resulting in a complex of vitamin D-VDR that may
contribute to the formation of homodimer with an additional
VDR or formation of a heterodimer compound with the
nuclear retinoid X receptor (RXR). Also, the nuclear role
is demonstrated following the formation of heterodimers
with steroid hormone receptors (110). Vitamin D bound
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to/VDR/RXR can cross the nuclear membrane, and then binds
to a response element and start its specific gene regulation
action (111) through activation of expression of its responsive
genes.

Vitamin D is apparently involved in the adaptive immunity
since immune cells such B and T cells express a high number
of VDR’ (112). From the immunological regulatory aspect,
vitamin D can block the secretion of the pro-inflammatory
cytokines IL-6 or TNFa in monocytes (113). Additionally,
the same effect has been observed in prostate cells (114).
These effects are caused by the inhibition on P-38 MAP
kinase (a subclass of mitogen-activated protein kinase) as a
response to pro-inflammatory cytokines (113). Moreover, there
is an interesting relationship between VDR/RXR and MAP
kinase signaling path in terms of activation or inhibition.
The results are closely related to the specificity of cells, their
response, and effects of triggering factors (115). Furthermore,
the complex VDR/RXR can bind to other compounds
involved in the transcription process, such as glucocorticoid
receptor (GCR) and NF-kB. Thus, vitamin D may be
considered an anti-inflammatory micronutrient as a result of
these interactions.

The vitamin D bound VDR becomes active and thus
exerts inhibitory effects on NF-kB, which is also a heterodimer
compound (116). Additionally, some studies suggest anti-
inflammatory role of D vitamin is mediated also through the
inhibition of specific pro-inflammatory Th1 cell cytokines such
as TNF-a, IFN-vy, IL-6, IL-2, and IL-17 (117, 118). Additionally,
vitamin D is capable of increasing the concentration of cytokines
such as IL-10, IL-4, and IL-5 as a result of an increase in the
activity of Th2 cells (119). At the same time, it may induce the
amplification of Treg cells as well as a reduction of the number
of Th17 cells (120, 121).

From a medical perspective, vitamin D has an important
effect on the lung defense system against microbial pathogens.
This function represents the result of the antimicrobial peptides
activation expression in monocytes, epithelial cells lining the
respiratory tract, monocytes, neutrophils, and NK cells (122).
Lower levels of vitamin D in the serum are correlated with
higher infection risks (123). Particularly, the administration of
vitamin D induce a decline in acute respiratory infections (124).

The anti-cancer effect of vitamin D in tumor cells is
mediated by calcitriol which is the biologically active molecule of
vitamin D (125). The stimulation of apoptosis, the suppression
of cancer cell proliferation, and associated delayed tumor
development in cancer are the main effects mediated by
calcitriol (125, 126). At a molecular level, through the
suppression of pro-inflammatory cytokines and prostaglandins
(PG) activity as well as by preventing the NF-kB signaling
pathway, calcitriol is considered an anti-inflammatory nutrient
(127). From this point of view, calcitriol may be used as a
preventive and therapeutic agent in cancer (128).
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The minerals-zinc and selenium

When inflammatory cytokines are maintained at a high
level, chronic inflammation takes place (129). This process is
closely linked to the action of some minerals. In this way, it
is important to test what is the role of Zinc in this essential
process. The process is mediated (Table 2) by the activity of
several signaling pathways that are triggered due to the action of
some changes produced by antigens and their metabolites. The
main compound involved in inflammatory responses as a result
of its role in cell proliferation, cell apoptosis, and the release
of certain cytokines like IL-6, IL-8, and IL-1f are mediated by
the activity of the NF-kB factor (130). The role of Zinc in this
regard is controversial. In vitro studies demonstrate that the zinc
effects can be either anti-or-pro- inflammatory (131). The NF-
kB signaling pathway can be blocked by distinctive intracellular
membrane chelator such as TPEN (N, N, N’ N’-tetrakis (2-
pyridinylmethyl)-1,2-ethanediamine) (132). From one side the
apoptosis effect is evident following the binding of the chelator
and heavy metals (133). From the other side, other studies
indicate a strong relationship between the initiation of LPS-
induced NF-kB and zinc (132). Moreover, after a decline in the
release of IL-1P, zinc is able to inhibit pro-inflammatory actions
(134).

Furthermore, it has been reported that cytokine synthesis is
dependent on Zinc status and this is closely related to chronic
inflammation. In this regard, it has been observed that obese
people having low zinc plasma concentrations over-express IL-
1B, IL-1o and IL-6 genes (135). Zinc exerts beneficial effects
on the proliferation and differentiation of T lymphocytes (46).
The strong relation between a high number of cytokines and the
decline in zinc plasma levels in infections and trauma-associated
conditions has been demonstrated in cross-sectional studies.
In patients with severe head injuries, upregulated cytokine
production genes have been observed (136). In addition, the
production of cytokines is elevated in patients that are in a
critical state due to their decrease in plasma zinc concentration
(137). Moreover, zinc antioxidant effects help the body to defend
against reactive nitrogen species (RNS) and reactive oxygen
species (ROS) (138). Zinc is able to induce the initiation of the
CD8 + T cells proliferation (36, 139). Zinc also can be capable
to support the integrity of skin and the mucous membrane (36).
To summarize, zinc has an essential effect on the proliferation
and development of cells belonging to the immune system, such
as T lymphocytes, CD8 + T cells, etc., which are known for their
quick turnover. In this regard, it was observed that deficiency of
this mineral negatively impacts health by decreasing resistance
to infectious diseases, dermatitis, growth diseases, and genetic
disorders (140).

Another crucial micronutrient is selenium (Table 2), which
is involved in the functioning of the thyroid metabolism and
the cardiovascular system as well as in ensuring a functional
immune system and preventing cancer. From the cellular point
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TABLE 2 Selenium and Zinc with pro-and anti-inflammatory effects as well as anti-tumor.

10.3389/fnut.2022.1082500

Nutrients Anti-inflammatory effects Pro-inflammatory  Antitumor effects
effects
Zinc Zinc may block the NF-«kB signaling pathway through chelating with a distinctive Some information has
intracellular membrane chelator such as TPEN (132). shown that the initiation
NF-kB signaling pathways may be inhibited by Zinc through a lot of suggested of LPS-induced NF-kB is
mechanisms (29). dependent on zinc (132).
Through a decline of IL-1B gene expression, Zinc is responsible for the inflammatory
cytokines number reduction.
It is capable to inhibit TNF-a (134).
It was observed that obese persons with low plasma concentrations of zinc had
overexpression of, IL-1p, IL-1a and IL-6 genes (135).
The cytokine production is much higher in patients with a critical state of health who
were evaluated immediately after intensive therapy due to their decrease in plasma zinc
concentration (137).
It is able to induce the initiation of the CD8+ T cells proliferation (36, 139)
Selenium Could be implied in inflammatory mediators production (143, 144). In patients with cancer, the

It may acts as a cofactor in immunity that is mediated by the vaccine (148).

After selenium treatment was observed a decline in IL-1 and TNF-a gene expression
(149).

Can enhance the immune response of Th1 cells and the stimulation of T cells (11).

Antibody increase titers due to selenium supplementation cause an enhancer of vaccine

supplementation of selenium
increased antibody titers of IgA
and IgG as well as the number of
neutrophils (150).

effects (145, 146).

1L, interleukin; IFNy, Interferon y; NF-kB, pro-inflammatory factor Kappa B; ROS, reactive oxygen species; Th, helper T cell; TNF-o, tumor necrosis factor; TPEN, N,N,N;N’-tetrakis

(2-pyridinylmethyl)-1,2-ethanediamine.

of view, there are still discrepancies regarding the exact dose that
may be translated into deficiency or toxicity, even if these stages
do not commonly take place in the human body (141, 142). It is
well known that when selenium is present within the amino acid
selenocysteine is able to control certain metabolic reactions that
may lead to lipoxygenase synthesis that finally, can be involved
in the production of inflammatory mediators (143, 144). In
mice, selenium, due to stimulation of T cell receptor complexes
(TCR) activity and conversion of Thl from TO cells, may
improve the regulation of cellular immunity (145). Selenium
can also contribute to the defense against pathogens as a result
of its effects on redox signaling activities (146). It was recently
demonstrated that in COVID-19 patients, selenium together
with zinc exert a protective role and they are associated with
a higher chance of survival (147). During vaccination against
COVID-19, it has been demonstrated that the response may
increase after selenium administration as well as the increase
of titers antibodies. It is assumed that selenium may act as a
cofactor in immunity response that is mediated by the vaccine
(148).

Additionally, in women that are infertile as a result of
polycystic ovary syndrome, to whom fertilization in vitro
has been recommended, a decline in IL-1 and TNF-o gene
expression was observed as a result of selenium treatment (149).
This effect suggests that selenium has an anti-inflammatory role
in the human body. Furthermore, in patients with cancer, the
supplementation of selenium increased antibody titers of IgA
and IgG as well as the number of neutrophils (150). We can say
that selenium is involved in the regulation of the inflammatory
mediators’ synthesis and, also, it might increase the activity of
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phagocytic cells as well. Selenium is capable to enhance the
immune response of Thl cells and the stimulation of T cells.
Selenium has a positive relationship with the number of B cells.
The innate immune system may be strengthened after selenium
administration. A similar effect has been observed on cellular
immunity (11). Increased titers of antibodies were measured
due to selenium supplements that can cause an enhancement of
vaccine effects (145, 146). In the brain, both neurogenesis and
hippocampal neural precursor cells are increased after selenium
infusion (151).

Macronutrients: Amino acids arginine
and tryptophan

Besides micronutrients, macronutrients, such as proteins
and amino acids, also play an important role in the activity of
the immune system. Proteins are formed from amino acids that
are essential in the construction of other proteins among which
antibodies and cytokines that are typical proteins belonging to
the immune system (20).

Arginine (Table 3) contribute with the production of
nitric oxide in macrophage cells. Nitric oxide (NO) resulting
from arginine under the action of nitric oxide synthase
(iNOS) determines the cytotoxicity of macrophages in the fight
against antigens such as pathogenic bacteria and parasites.
Moreover, M1 macrophages use arginine to produce NO (152).
Even though that arginine was initially considered a non-
essential amino acid (153), after one decade, some papers
have proven that arginine is essential for embryonic outliving,
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ontogenetic fetal development, and for constant hemodynamics
and vascular parameters (154). Moreover, the induction of the
NF-«kB pathway has been linked to the arginine degradation
pathway (16). As we presented previously, arginine through
cations dependent mechanism can improve the release of
insulin from pancreatic § cells. In addition, in B-pancreatic
cells, arginine causes an increase in Ca®*concentration due
to electron transport through a mechanism dependent on the
amino acid mCAT2A transporter. When the membrane was
depolarized, the Ca?™ voltage-dependent channels are opened,
followed by the increase in the intracytoplasmic concentration
of Calcium and finally the stimulation of insulin secretion.
However, clinical evaluations have shown that the beneficial
effects of arginine administration are limited, probably due to
the fact that it is very quickly transformed into ornithine or
citrulline in epithelial cells (17). In addition, the polyamines,
compounds which are also derived from arginine degradation,
are involved in balanced levels of membrane, mRNA and DNA.
Thus polyamines are capable to control the proliferation of
cells (155). In vitro, polyamines can modify the inflammatory
process (156). Furthermore, it has been demonstrated that
higher concentrations of intracellular polyamines may change
the in vitro cytotoxicity regulated by macrophage cells (157).
The inflammation regulation and identification of pathogens are
closely related to polyamines through their binding manner to
receptor-ligand complexes (155).

In the last decades, it has been discovered that arginine is
more beneficial than it has been supposed to be in the past,
for example arginine induces the decline of oxidative stress and
causes the reduction of the intestine’s inflammation (158).

Arginine is capable of diminishing intestinal damage and
reestablishing mucosal immune equilibrium in humans and
mammalians’ intestinal diseases (159). In an in vitro intestinal
system in Caco-2 cells, arginine is able to induce the inhibition of
IL-1B-mediated NF-kB pathway (160). However, the mechanism
of reducing the inflammatory pathways is still unknown.
Perhaps, it is linked to the activity of Arginase-1 (Arg-1), which,
in this case, is stimulated by L-arginine as a substrate. The
arginase-1 is an enzyme involved in the end of the urea cycle
with the aim of forming l-ornithine and urea from l-arginine
(161). Some studies suggest that the Arg-1 has positive effects
in certain inflammatory diseases through an anti-inflammatory
action (162, 163). In contrast, there are studies which have
shown that higher metabolism of arginine in tumors cells,
together with their particular environment, create conditions
that are intermediary, and at the same time, crucial for the
maintenance and development of cancer cells. The result of
these actions is translated into proper immunosuppression (164,
165). One thing is certain, that the relationship between arginine
and cancer cells is controversial. On the one hand there is
data suggesting that arginine deprivation is correlated with
a delay in the development of some tumor cells (166). On
the other hand, arginine can have antitumoral actions which
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are observed through the enhancement of immune response
(167). Furthermore, Al-Koussa et al. (168) have shown that
certain kinds of cancer cells need arginine to develop. In this
sense, some authors suggest that arginine deprivation may
downregulate the migration of cancer cells. In physiological
conditions, the movement process is useful for embryonic
growth and immune function. But when it comes to cancer cells,
things are different. This happens since certain kinds of cancer
cells can use this property with the aim to stimulate metastasis
(169, 170). Therefore, arginine deprivation in cancer cells is
capable of reducing metastatic activity (168). Unfortunately, the
exact mechanism remains unknown.

Tryptophan (Trp) is clearly essential for the activity of the
immune system (Table 3). Since Trp is necessary for protein
synthesis, it becomes to be indispensable for cell division
and development (171). Since Trp is not synthesized by the
human body, it is required to be obtained from the diet (172).
Trp serves as a substrate for the biosynthesis and formation
of serotonin (5-HT), kynurenine (Kyn), and indoles (173).
The most useful and active Trp metabolism is the Kyn path
which is related to the formation of nicotinamide adenine
dinucleotide (NAD) and kynurenic acid. Of course, similarly
to all pathways, this type takes place due to the involvement
of two types of enzymes indoleamine 2,3-dioxygenase (IDO
and IDO2) and tryptophan 2,3-dioxygenase (TDO) (174, 175).
Additionaly to the Trp metabolism, we brought information
on its role in the regulation of inflammation through its
initiators, starting with IDO, which exerts an insignificant
effect on healthy and normal conditions. Things are changed
by some cytokines, including interferons which represent the
result of the triggered inflammatory process (176). The highly
potent and amply used cytokine interferon-gamma (IFN-vy).
It is linked to the promotor-region of IDO and it is capable
to express itself in many types of cells. However, the highest
expressive grade is found in dendritic cells and macrophages,
but there are some other places where it was manifest such
as epithelial and connective tissues (177-180). When it comes
to cancer, infections, auto-immune diseases, or cardiovascular
problems, the serum ratio Kyn/Trp may represent a marker
for inflammation which is related to IDO activity (181). As we
discussed before, inflammation and chronic immune tolerance
are regulated by Trp biochemistry. This being affected by the
ability of IDO to change the Kyn/Trp ratio. IDO-competent cells
may trigger an anti-inflammatory action through the Kyn/Trp
equilibrium, which has the ability to influence some immune
signaling and certain metabolic pathways (182). The last step
metabolite of the Kyn pathway is represented by the NAD +,
which is known for initiating CD8 + and CD4 + lymphocytes
programmed death (183). In tumor cells, an important step
for metabolic reprogramming is represented by amino acids
metabolism. Some authors suggest that, in the case of glioma,
there is a strong link between the two because the metabolic
amino acid pathway could be used as a predictor for survival
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TABLE 3 Macronutrients implied in mediate pro-and anti-inflammatory responses.

10.3389/fnut.2022.1082500

Nutrients Anti-inflammatory Pro-inflammatory Antitumor effects Tumor effects
effects effects
Arginine The induction of the NF-kB There is information that There are studies were shown

Tryptophan (Trp)

pathway was linked with the
arginine degradation pathway
(16).

In Caco-2 cells, arginine was
able to induce the inhibition of
the IL-1B-mediated NF-xB
pathway (160).

Some studies that showed the
Arg-1 positive effects in certain
diseases that are inflammatory
through an anti-inflammatory
action (162, 163).

IDO-competent cells may
trigger an anti-inflammatory
action through the Kyn/Trp
equilibrium, which has the
ability to influence some
signaling immune and certain
metabolic pathways (182).

Usually, IDO, the tryptophan
metabolite has an insignificant
effect in healthy and normal
conditions. Things are changed
by some cytokines, including
interferons as a result of the
triggered inflammatory process

reported the antitumor role of
arginine through the
improvement of immune
response (167).

The metabolite of tryptophan
5-methoxytryptophan
(5-MTP), has the ability to
suppress the development of
tumors and the displacement of
cancer cells in other tissues
(187).

that the higher metabolism of
arginine in tumors cells
together with their particular
environment creates conditions
that are intermediary and at the
same time crucial for the
maintenance and development
of cancer cells (164, 165).

Data were shown that the
arginine deprivation is
correlated with a delay in the
development of some tumor
cells (166).

(168) et al., 2020 show that
certain kinds of cancer cells
need arginine to develop.

Some authors explained that
arginine deprivation may
downregulate the migration of
cancer cells (169, 170).

The arginine deprivation of
cancer cells is capable to reduce
metastatic activity (166).
Kynurenine metabolism is able
to stimulate an oxidative stress
resistance pathway, and in this

way creating an opportunity to

(176).

In cases of cancer, infections,
auto-immune diseases, or
cardiovascular problems the
blood ratio Kyn/Trp may

represent a marker for

make changes in the tumor
microenvironment that help
the development of the tumor
(186).

inflammation which is linked to

IDO activity(181).

Arg-1, type-I arginase; IDO, indoleamine 2,3-dioxygenase; Kyn/Trp, kynurenine/tryptophan; 5-methoxytryptophan, 5-MTP; IL, interleukin; NF-kB, pro-inflammatory factor Kappa B;

Th, helper T cell.

as well as certain clinical characteristics (184). As we mentioned
before, amino acids and their metabolites are responsible for
both controlling malignant cells as well as for changing the
microenvironment. In this way, the results are translated into
the improvement of immunosuppression and malignancy state
(185). Kynurenine metabolism is capable of stimulating an
oxidative stress resistance pathway, and, in this way, creating an
opportunity to make changes in the tumor microenvironment
that helps the development of the tumor (186). However,
another metabolite of tryptophan; 5-methoxytryptophan (5-
MTP) has the ability to suppress the development of tumors and
the displacement of cancer cells in other tissues. Wu et al. (187)
consider that these effects are due to suppressing the activity
of cyclooxygenase-2 (COX-2). This type of inflammation-
associated enzyme is very abundant in tumor cells and also

contributes to development process of cancer (187).

Frontiers in Nutrition

20

The role of cholesterol in the
immune response

Cholesterol has a key function on cellular membranes
functionality, especially in the plasma membrane of the cell
where it is found at higher concentrations. Its special location
at the lipid bilayer allows optimal interaction with other lipids
and displays a significant role in membrane fluidity. Cholesterol
points its structure mainly into the lipid bilayer leaving only
the hydroxyl group facing the external environment. Thus,
the steroid rings are in close vicinity to the hydrocarbon
chains of adjacent lipids (188). Cholesterol is vital for the
many physiological roles that the plasma membrane is involved.
The cells keep their lipid bilayer appropriate functionality
due to cholesterol molecules, otherwise, microenvironment,

endocytosis, signaling pathways, as well as other functions,
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would be altered. Cholesterol is involved in membrane integrity
and it is responsible for receptors arrangement and bilayer
fluidity (189, 190). For a better understanding of the information
provided later-on, we will describe the cholesterol synthesis and
pathway in a schematic frame. Cholesterol biosynthesis of is
characterized by a complex pathway, nonetheless the pathways
involved have been clearly elucidated (191). Its synthesis
involves more than 20 metabolic-specific actions, which include
enzymatic reactions belonging to the mevalonate pathway
of and additional synthesis pathway of cholesterol. Enzymes
involved in cholesterol biosynthesis are mainly detected in the
membranes of the endoplasmic reticulum (ER). These enzymes
are the target of several molecular reactions which, closely
controlled in order to not allow cellular damage (191, 192).
However, cholesterol is non-uniformly disseminated in the
plasmalemma. In the cell, the plasma membrane represents
the main pool/storage. It has been observed that each pool is
corresponded to an exclusive function in the plasma membrane
physiology (193-195).

It is clear that cholesterol equilibrium involves a transport
mechanism by virtue of the concentration gradient from high
concentration cholesterol places to regions where cholesterol
has been lost or has a low level. The transport of cholesterol is
dependent on proteins due to its hydrophobic conformation,
thus it cannot be transported through the blood. Thus
cholesterol binds to different proteins and forms distinct
lipoprotein compounds such as low-density (LDL) and high-
density (HDL). As expected, regulatory mechanisms for the
formation of each lipoprotein are specific (196). The surplus
of cholesterol can be transported through the efflux process
or deposited as intracellular lipid droplets (191) because of
the incapacity of most human cells to efficiently degrade it.
The deposition of lipid droplet plaques in the bloodstream
causes the release of inflammatory cytokines which create
later an inflammatory process. The consequence of this event
is associated with inflammation triggered by the cytokine
interleukin-1p (IL-1B) (197). Furthermore, IL-1 is considered
an important marker in the inflammatory process (198).

The cholesterol signaling pathway plays a role in the
immune response we therefore will highlight these pathways.
Sterol response element-binding protein (SREBP) exerts an
essential role in the signaling pathway of cholesterol (Figure 3).
Normally, these proteins are located in the membrane of the
ER, which is capable of binding with additional two complex
proteins such as the cleavage-activating protein and generating
(SCAP) (199) and the insulin-inducible genes (INSIGs) (200).
The shift of SCAP from ER to the Golgi apparatus plays a
key role in its activity. SREBPs proteins are composed of three
variants SREBP1la, SREBP1c, and SREBP2, being the latter the
most important (199). SREBP2 is a protein complex structure
that seems to be capable to regulate the expression of all the
enzymes that are involved in cholesterol biosynthesis (201).
Its most important activity is its specific response to high
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concentration of sterols which are able to efficiently induce a
decrease in cholesterol synthesis. SREBP2 fulfills its function
when the sterols concentration decrease. This change in sterol
concentration due to SREBP2 activity will generate afterward
the shifting the complex SCAP from ER to the Golgi apparatus
(200). In this organelle, the SCAP molecule is changed (199).
Once the SCAP reaches the Golgi apparatus, proteases sit 1 and
2 cut this complex (Figure 3). As a result, the transcription
factor (TF) is created and stimulated (202). Then the TF
enters the nucleus where it is responsible for the regulation
of the cholesterol synthetic pathway enzymes (203). Regarding
immune-related mechanisms, SREBP2 may be activated in
the immune cells’ T cell receptor (TCR) and B cell receptor
(BCR) through their signaling pathways. All these pathways may
stimulate the flux of cholesterol biosynthesis (204, 205).
Additionally, it is important to mention that all cholesterol
associated pathways involving synthesis, influx, efflux, and
esterification take place through mechanisms closely related
to each other allowing well-adjusted whole mechanistic
biochemical pathways. All these tightly controlled mechanisms
highlight the crucial role of cholesterol in life span, and
clarify the potential risks when the concentrations are diverted
from the optimal range. In this regards, Luo et al. (191)
have demonstrated that there is a correlation between certain
metabolic diseases such as familial hypercholesterolemia,
Schnyder corneal disease and altered cholesterol metabolism
(191). Moreover, in several diseases such as various types
of cancer, infections and allergies, cholesterol biochemical
equilibrium is severely altered through inflammation-associated
consequences. Regarding the relationship between cholesterol
and macrophages, counter-regulatory mechanisms oppose
macrophage inflammation and at the same time cholesterol
cellular accumulation. When the concentration of cellular
cholesterol increases, specific sterols are formed. With their
help, the transcription factors liver X receptor (LXR)-retinoid
X receptor (RXR) are activated. These heterodimers have anti-
inflammatory roles, including controlling the expression of
ATP-binding cassette transporters (ABC transporters), which
are ABC subfamily A member 1 (ABCAI) and ABCGI.
They are also involved in stimulating the efflux of cholesterol
from macrophages. In this way, they can suppress the
activation of TLR signaling given by the increased intracellular
cholesterol concentration. When TLRs are activated, LXR
genes are inhibited, thus decreasing the cholesterol efflux from
macrophages. Activation of cholesterol efflux by ABCAI and
ABCG]1 is via apolipoprotein Al (APOA1), forming HDL
and initiating the process of transporting cholesterol back
to the liver via blood vessels and lymphatics. Therefore,
as a way of amplifying the inflammatory response, the
immune system can alter cholesterol homeostasis (206).
When the control of cholesterol biosynthesis is disturbed
resulting in high cholesterol levels it can be translated into
metabolic diseases such as atherosclerosis and dyslipidemia
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Schematic frame of cholesterol biosynthesis

Rlbosomes ( R)

NE= nuclear envelope
GA-= Golgi apparatus

TF= transcription factor

RER-= rough endoplasmic reticulum
SER-= smooth endoplasmic reticulum
TV= transport vesicle

P1=Protease 1

P2= Protease 2

GV-= Golgi vesicle

FIGURE 3
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Schematic frame of cholesterol biosynthesis. In the signaling pathway of cholesterol, sterol response element-binding protein SREBP2 has an
essential role. SREBP2 is located in RE, where it forms a complex with the protein like cleavage-activating protein and generating (SCAP); Its
most important activity is to reduce the cellular cholesterol concentration when this is higher. Then, SCAP is shifted from ER to the Golgi
apparatus. Once SCAP reaches the Golgi apparatus, proteases sit 1 and 2 digest this complex and subsequently, the transcription factor (TF) is

formed and is activated (202). Then, TF moves into the nucleus where it becomes active and control the transcription of the enzymes of

cholesterol biosynthetic pathway.

(Figure 4). In some of these cases, both the innate and the
adaptive immune functions have the ability to regulate this
phenomenon (207). In this way, ApoB-containing lipoproteins
are originated immediately after atherosclerosis damages.
These are generated, developed and stored in the endothelial
compartment (208). Interestingly, these molecules exert pro-
inflammatory effects through acetylation, oxidation, and
especially induce aggregation with additional molecules (209).
The modifications provoked by the accumulation of ApoB-
containing lipoproteins (Figure 4) in endothelial location
results in the growth of adherence, hold, and mobility in this
place of immune cells (210). In summary, the inflammation
is supported through the generation of ROS and certain
cytokines such as (TNF) a, IL6, and (IL)1B (208, 210). When
it comes to the inflammatory stage, the Treg cells exert an anti-
inflammatory effect through the inhibition action of CD8 + Th
and CD4 + T cells. At the same time, Th17 and Thl are
involved in the pro-inflammatory process (209, 211). Long-term
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inflammation (Figure 4) and the development of atherosclerosis
are strongly linked with the decline of the Treg/Thl7 ratio
(212-214).

The polyunsaturated fatty acids
effects on immunomodulation

Polyunsaturated fatty acids (PUFAs) are essential fatty
acids that contain more than one double bond in their
backbone. PUFAs are divided into two main groups: omega-3
and omega-6. The structural chemical difference between the
two groups is represented by the location of the cis double
bonds (215). Together with cholesterol, PUFAs are essential
for cell membrane integrity, development and maintenance in
the homeostasis of cell function. Moreover, they are used by
certain structures in cells and they stimulate cell proliferation
(216). Calder and Grimble demonstrated that the changes
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in fatty acids' membrane composition can affect membrane
fluidity, mostly due to their modification in the enzymes’
affinity for substrates, which can change the signaling pathways.
In this way, the sensitivity of the immune function can
be modified (217). The most representative polyunsaturated
fatty acids are eicosapentaenoic acid (EPA), alpha-linolenic
acid (ALA), and docosahexaenoic acid (DHA), all defined as
omega-3 fatty acids (215). They are very intensively studied
since they are involved in many essential vital activities
and more interestingly in immunomodulation pathways. In
addition, the ALA is important due to the fact that it is a
precursor of other fatty acids (218). Omega-3 PUFAs have a
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role in immunomodulation by decreasing pro-inflammatory
eicosanoids. They represent a substrate for AA cascade enzymes,
in this way certain prostanoids and leukotrienes are produced.
Some lipid mediators such as maresins have omega-3 PUFAs
as precursors. They promote the ending of the inflammatory
process (219). In human breast cancer cells ALA produce
inhibition of cell proliferation and activate apoptosis (220). In
diabetic rats, ALA increases insulin sensitivity and restored lipid
and glucose metabolic abnormalities (221). ALA is considered
essential because it cannot be synthesized by the human body.
In these regards, from the omega-6 group, an essential is
considered linoleic acid (LA). Following LA ingestion, this
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fatty acid is quickly converted into arachidonic acid (ARA),
which is responsible for the fluidity as well as the flexibility of
the cell membrane. Free ARA is involved in the modulation
of ion channels, enzymes, and receptors through stimulation
or suppression of their function (222). Free unesterified ARA
exerts antitumoral activity in vitro as well in vivo. It can be used
as an anti-cancer drug. (223). Moreover, ARA can cause the
death of tumor cells through the suppression of proliferation
determining in this way, the death via stimulation of neutral
sphingomyelinase (nSMase) mechanism (224).

Omega-3, as well as omega-6, participate in
225)

they have antagonist effects. Omega-3 from the PUFAs group is

immunomodulation. According to Simonetto et al.

involved in anti-inflammatory reactions through the inhibition
of ARA from the membrane, which is the main precursor
for pro-inflammatory eicosanoids (225). They are capable
to modulate immune and inflammatory responses through
intensity and duration. On the one hand, pro-inflammatory
effects are linked to fever, vasodilatation and intensification of
pain. On the other hand, they could have anti-inflammatory
effects by blocking natural killer activity and lymphocyte
proliferation. Also, they are capable to inhibit IL-6, IL-2, and
TNF-a (217). However, most importantly is the ratio between
the 2 groups of PUFAs. Simopoulos, tried to shade light in
this regards and proposed that a low omega-6/omega-3 ratio
in women is responsible for the decrease in breast cancer risk.
She additionally concluded that a lower ratio is associated with
a general decrease in very common chronic diseases in the
Western society (226).

Conclusion and future
perspectives

The nutrients which have major effects
on normal immune cell function and
immune homeostasis

As mentioned throughout all this review, there is a strong
and dynamic link between nutrition and immune function,
as a direct consequence of the modulation of the immune
function through the pro-inflammatory and anti-inflammatory
effects of certain nutrients including cholesterol who exerts
a crucial impact in these complex biological settings and
holds a great capacity to regulate immune function, tightly
related to its concentration. Certain micronutrients mentioned
in this review: A, B1, B2, B3, B12, C, and D vitamins and
minerals such as Zinc, and Selenium affect innate as well as
adaptive immunity specifically through genetic, biochemical,
and signaling pathways. All these may be translated into the
modulation of proliferation, cell division, cell mobilization, and
physiology of immune cells.
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Additionally, we provide evidence that some macro-
nutrients such as tryptophan, arginine, cholesterol and PUFAs
may be involved in the prevention and therapy of some
immune-related diseases. Also, is very important to note that
some vitamins such as A and D are fat soluble (227). That
is why when we consume fat-free (light) products, we are
practically deprived of fat-soluble vitamins and the immune
function can be affected. So, western diets should contain the
accurate class of healthy fats, such as PUFAs, in a correct
ratio, otherwise the edible products become poor in nutrients.
A good example is the Mediterranean diet. In addition, the
fats are much more satiating and give food a much better
taste (228).

The nutrients implicated in
inflammation and immunopathologies

We highlight the difference in response to micro- and
macro nutrients between healthy and sick population. We
provided evidence that the response in pathophysiologic stages
are very different to normal physiologic stages additionally to
interindividual variations. As a result, the immune response is
different and variable (11, 229, 230). We also presented some
evidences and speculations on the roles of some vitamins, as
well as certain amino acids, in cancer patients, due to their
involvement as cofactors in proliferation and energy-related
pathways finally leading to the development of tumor cells. We
foresee that further research needs to be done in order to clearly
distinguish the possible oncogenic effects of thiamin, cobalamin,
and arginine (58, 66).

We additionally provide evidence that the inflammatory
responses in general, and the changes in immune functions are
modified by the lack of an accurate cholesterol metabolism.
The alterations in the cholesterol biosynthetic pathway may
have both positive and negative immune health-related
repercussions. Alterations in the cholesterol biosynthetic
pathway may directly impinge and interfere with antimicrobial
responses, as well as with antiviral effects (192). Thus,
an immediate action is required in order to adjust the
cholesterol metabolism.

Perspectives on the role of nutrients in
ameliorating severity of specific
inflammatory diseases, autoimmunity

Moreover, we refer to the bioavailability of macro- and
micro nutrients from food. We ask whether foods contain
enough amounts of macro- and micro nutrients. Does the soil
and then the foods today still have the same nutritional value
as before for example in fruits and vegetables? These led us to
question under what conditions can artificial supplementation
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with macro or micronutrients be done? And how should be
done? Should they be taken alone or as a complex? The
question is the synergistic and complementary action of taking
supplements of vitamin complexes, results in a better or worst
outcome? We surmise that the administration of nutrients
(micro and macro) would exert distinct effects on each person.
We know that each individual is different, and thus their
immune responses will differ from each other. To add more
complexity, we referred also to the absorption capability of
nutrients in the different compartments of the digestive system.
From all the information provided above we can establish
that malnutrition and/or supplementation strongly affect the
immune system.

We finally provided evidence that for each stage of the
immune process, both micro and macronutrients are needed for
the proper functioning of this important system.

Author contributions

BS and CM wrote the
rigorous investigation, interpretation, systematization, and

manuscript  after a

conceptualization of current data. Both authors agreed to
publish the present manuscript, contributed to the article, and
approved the submitted version.

References

1. Gombart A, Pierre A, Maggini S. A review of micronutrients and the immune
system-working in harmony to reduce the risk of infection. Nutrients. (2020)
12:236. doi: 10.3390/nu12010236

2. Maggini S, Pierre A, Calder P. Immune function and micronutrient
requirements change over the life course. Nutrients. (2018) 10:1531. doi: 10.3390/
nul0101531

3. Wu D, Lewis E, Pae M, Meydani S. Nutritional modulation of immune
function: analysis of evidence, mechanisms, and clinical relevance. Front
Immunol. (2019) 9:3160. doi: 10.3389/fimmu.2018.03160

4. Koithan M, Devika J. New approaches to nutritional therapy. ] Nurse Practit.
(2010) 6:805-6. doi: 10.1016/j.nurpra.2010.07.001

5. Mullero K. Malnutrition and health in developing countries. Can Med Assoc J.
(2005) 173:279-86. doi: 10.1503/cmaj.050342

6. World Health Organization. Joint Statement on the Management of Acute
Diarrhoea. Geneva: World Health Organization (2004).

7. Adepoju A, Allen S. Malnutrition in developing countries: nutrition disorders,
a leading cause of ill health in the world today. Paediatr Child Health. (2019)
29:394-400. doi: 10.1016/j.paed.2019.06.005

8. Popkin B, Adair L, Ng S. Global nutrition transition and the pandemic of
obesity in developing countries. Nutr Rev. (2012) 70:3-21. doi: 10.1111/j.1753-
4887

9. Shi H, Walker W. Development and physiology of the intestinal mucosal
defense. Mucosal Immunol. (2015) 1:9-29. doi: 10.1016/B978-0-12-415847-4.
00002-1

10. McDole J, Wheeler L, McDonald K, Wang B, Konjufca V, Knoop K, et al.
Goblet cells deliver luminal antigen to CD103+ dendritic cells in the small
intestine. Nature. (2012) 483:345-9. doi: 10.1038/nature10863

11. Tourkochristou E, Triantos C, Mouzaki A. The influence of nutritional
factors on immunological outcomes. Front Immunol. (2021) 12:665968. doi: 10.
3389/fimmu.2021.665968

12. Walls J, Sinclair L, Finlay D e. Nutrient sensing, signal transduction and
immune responses. Semin Immunol. (2016) 28:396-407. doi: 10.1016/j.smim.
2016.09.001

Frontiers in Nutrition

25

10.3389/fnut.2022.1082500

Funding

This study was supported by funds from the National
Research Development Projects to finance excellence (PFE)-
14/2022-2024 granted by the Romanian Ministry of Research
and Innovation.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

13. Childs C, Calder P, Miles E. Diet and immune function. Nutrients. (2019)
11:1933. doi: 10.3390/nu11081933

14. Sica A, Mantovani A. Macrophage plasticity and polarization: in vivo veritas.
J Clin Invest. (2012) 122:787-95. doi: 10.1172/JCI59643

15. Szefel ], Danielak A, Kruszewski W. Metabolic pathways of L-arginine and
therapeutic consequences in tumors. Adv Med Sci. (2019) 64:104-10. doi: 10.1016/
j.advms.2018.08.018

16. Grohmann U, Mondanelli G, Belladonna M, Orabona C, Pallotta M, Iacono
A, et al. Amino-acid sensing and degrading pathways in immune regulation.
Cytokine Growth Fact Rev. (2017) 35:37-45. doi: 10.1016/j.cytogfr.2017.05.004

17. Newsholme P, Brennan L, Rubi B, Maechler P. New insights into amino
acid metabolism, B-cell function and diabetes. Clin Sci. (2005) 108:185-94. doi:
10.1042/CS20040290

18. Mellor AL, Munn DH. IDO expression by dendritic cells: tolerance and
tryptophan catabolism. Nat Rev Immunol. (2004) 4:762-74. doi: 10.1038/nri1457

19. Rubio-Patifio C, Bossowski ], De Donatis G, Mondragén L, Villa
E, Aira L, et al. Low-protein diet induces IREla-dependent anticancer
immunosurveillance. Cell Metab. (2018) 27:828.e-42.e. doi: 10.1016/j.cmet.2018.
02.009

20. LiP, Yin Y, Li D, Kim S, Wu G. Amino acids and immune function. Br ] Nutr.
(2007) 98:237-52. doi: 10.1017/S000711450769936X

21. Al Tanoury Z, Piskunov A, Rochette-Egly C. Vitamin A and retinoid
signaling: genomic and nongenomic effects: thematic review series: fat-soluble
vitamins: vitamin A. J Lipid Res. (2013) 54:1761-75. doi: 10.1194/jlr.R030833

22. Prentice S. They are what you eat: can nutritional factors during gestation and
early infancy modulate the neonatal immune response? Front Immunol. (2017)
8:1641. doi: 10.3389/fimmu.2017.01641

23. Liu M, Bao S, Galvez-Peralta M, Pyle C, Rudawsky A, Pavlovicz R, et al.
ZIP8 regulates host defense through zinc-mediated inhibition of NF-kB. Cell Rep.
(2013) 3:386-400. doi: 10.1016/j.celrep.2013.01.009

24. Brieger A, Rink L, Haase H. Differential regulation of TLR-dependent MyD88
and TRIF signaling pathways by free zinc ions. ] Immunol. (2013) 191:1808-17.
doi: 10.4049/jimmunol.1301261

frontiersin.org


https://doi.org/10.3389/fnut.2022.1082500
https://doi.org/10.3390/nu12010236
https://doi.org/10.3390/nu10101531
https://doi.org/10.3390/nu10101531
https://doi.org/10.3389/fimmu.2018.03160
https://doi.org/10.1016/j.nurpra.2010.07.001
https://doi.org/10.1503/cmaj.050342
https://doi.org/10.1016/j.paed.2019.06.005
https://doi.org/10.1111/j.1753-4887
https://doi.org/10.1111/j.1753-4887
https://doi.org/10.1016/B978-0-12-415847-4.00002-1
https://doi.org/10.1016/B978-0-12-415847-4.00002-1
https://doi.org/10.1038/nature10863
https://doi.org/10.3389/fimmu.2021.665968
https://doi.org/10.3389/fimmu.2021.665968
https://doi.org/10.1016/j.smim.2016.09.001
https://doi.org/10.1016/j.smim.2016.09.001
https://doi.org/10.3390/nu11081933
https://doi.org/10.1172/JCI59643
https://doi.org/10.1016/j.advms.2018.08.018
https://doi.org/10.1016/j.advms.2018.08.018
https://doi.org/10.1016/j.cytogfr.2017.05.004
https://doi.org/10.1042/CS20040290
https://doi.org/10.1042/CS20040290
https://doi.org/10.1038/nri1457
https://doi.org/10.1016/j.cmet.2018.02.009
https://doi.org/10.1016/j.cmet.2018.02.009
https://doi.org/10.1017/S000711450769936X
https://doi.org/10.1194/jlr.R030833
https://doi.org/10.3389/fimmu.2017.01641
https://doi.org/10.1016/j.celrep.2013.01.009
https://doi.org/10.4049/jimmunol.1301261
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

Munteanu and Schwartz

25. Kitabayashi C, Fukada T, Kanamoto M, Ohashi W, Hojyo S, Atsumi T,
et al. Zinc suppresses Th17 development via inhibition of STAT3 activation. Int
Immunol. (2010) 22:375-86. doi: 10.1093/intimm/dxq017

26. Maywald M, Wang FE Rink L. Zinc supplementation plays a crucial role
in T helper 9 differentiation in allogeneic immune reactions and non-activated
T cells. J Trace Elements Med Biol. (2018) 50:482-8. doi: 10.1016/j.jtemb.2018.
02.004

27. Rosenkranz E, Maywald M, Hilgers R, Brieger A, Clarner T, Kipp M, et al.
Induction of regulatory T cells in Th1-/Th17-driven experimental autoimmune
encephalomyelitis by zinc administration. ] Nutr Biochem. (2016) 29:116-23. doi:
10.1016/j.jnutbio.2015.11.010

28. Rosenkranz E, Metz C, Maywald M, Hilgers R, Wefels I, Senff T, et al. Zinc
supplementation induces regulatory T cells by inhibition of Sirt—1 deacetylase in
mixed lymphocyte cultures. Mol Nutr Food Res. (2016) 60:661-71. doi: 10.1002/
mnfr.201500524

29. Haase H, Rink L. The immune system and the impact of zinc during aging.
Immun Ageing. (2009) 6:1-17. doi: 10.1186/1742-4933-6-9

30. Prasad A. Effects of zinc deficiency on Thl and Th2 cytokine shifts. J Infect
Dis. (2000) 182(Suppl. 1):S62-8. doi: 10.1086/315916

31. Prasad A. Zinc in human health: effect of zinc on immune cells. Mol Med.
(2008) 14:353-7. doi: 10.2119/2008-00033

32. Marshall ], Warrington R, Watson W, Kim H. An introduction to
immunology and immunopathology. Allergy Asthma Clin Immunol. (2018) 14:49.
doi: 10.1186/s13223-018-0278-1

33. Jasenosky L, Scriba T, Hanekom W, Goldfeld AE. T cells and adaptive
immunity to Mycobacterium tuberculosis in humans. Immunol Rev. (2015)
264:74-87. doi: 10.1111/imr.12274

34. Romagnani S. T-cell subsets (Th1 versus Th2). Ann Allergy Asthma Immunol.
(2000) 85:9-18. doi: 10.1016/S1081-1206(10)62426-X

35. Hu X, Ivashkiv L. Cross-regulation of signaling pathways by interferon-y:
implications for immune responses and autoimmune diseases. Immunity. (2009)
31:539-50. doi: 10.1016/j.immuni.2009.09.002

36. Haryanto B, Suksmasari T, Wintergerst E, Maggini S. Multivitamin
supplementation supports immune function and ameliorates conditions triggered
by reduced air quality. Vitam Miner. (2015) 4:1-15. doi: 10.4172/2376-1318.
1000128

37. Zuniga E, Macal M, Lewis G, Harker J. Innate and adaptive immune
regulation during chronic viral infections. Annu Rev Virol. (2015) 2:573. doi:
10.1146/annurev-virology-100114-055226

38. Romano P. Past, present, and future of regulatory T cell therapy in
transplantation and autoimmunity. Front Immunol. (2019) 10:43. doi: 10.3389/
fimmu.2019.00043

39. Schroeder H Jr., Cavacini L. Structure and function of immunoglobulins. J
Allergy Clin Immunol. (2010) 125:541-52. doi: 10.1016/j.jaci.2009.09.046

40. Caniedo-Dorantes L, Canedo-Ayala M. Skin acute wound healing: a
comprehensive review. Int J Inflamm. (2019) 2019:3706315. doi: 10.1155/2019/
3706315

41. Villamor E, Fawzi WW. Effects of vitamin a supplementation on immune
responses and correlation with clinical outcomes. Clin Microbiol Rev. (2005)
18:446-64. doi: 10.1128/CMR.18.3.446-464.2005

42. Huang Z, Liu Y, Qi G, Brand D, Zheng S. Role of vitamin A in the immune
system. J Clin Med. (2018) 7:258. doi: 10.3390/jcm7090258

43. Cunningham-Rundles C. Hematologic complications of primary immune
deficiencies. Blood Rev. (2002) 16:61-4. doi: 10.1054/blre.2001.0185

44. Maggini S, Wintergerst ES, Beveridge S, Hornig DH. Selected vitamins and
trace elements support immune function by strengthening epithelial barriers and
cellular and humoral immune responses. Br J Nutr. (2007) 98(Suppl. 1):529-35.
doi: 10.1017/S0007114507832971

45. Padbidri Bhaskaram MD. Micronutrient malnutrition, infection,
and immunity: an overview. Nutr Rev. (2002) 60:540-5. doi: 10.1301/
00296640260130722

46. Maggini S, Beveridge S, Sorbara P, Senatore G. Feeding the immune system:
the role of micronutrients in restoring resistance to infections. CAB reviews:
perspectives in agriculture, veterinary science. Nutr Nat Resour. (2008) 3:1-21.
doi: 10.1079/PAVSNNR20083098

47. Cox S, Arthur P, Kirkwood B, Yeboah-Antwi K, Riley E. Vitamin A
supplementation increases ratios of proinflammatory to anti-inflammatory
cytokine responses in pregnancy and lactation. Clin Exp Immunol. (2006)
144:392-400. doi: 10.1111/§.1365-2249.2006.03082

48. Pino—Lagos K, Guo Y, Noelle R. Retinoic acid: a key player in immunity.
Biofactors. (2010) 36:430-6. doi: 10.1002/biof.117

Frontiers in Nutrition

26

10.3389/fnut.2022.1082500

49. Rampal R, Awasthi A, Ahuja V. Retinoic acid—primed human dendritic cells
inhibit Th9 cells and induce Th1/Th17 cell differentiation. J Leukocyte Biol. (2016)
100:111-20. doi: 10.1189/jlb.3VMA1015-476R

50. Lu L, Lan Q, Li Z, Zhou X, Gu J, Li Q, et al. Critical role of all-trans
retinoic acid in stabilizing human natural regulatory T cells under inflammatory
conditions. Proc Natl Acad Sci USA. (2014) 111:E3432-40. doi: 10.1073/pnas.
1408780111

51. Roy S, Awasthi A. Vitamin a and the immune system. In: Mahmoudi M,
Rezaei N editors. Nutrition and Immunity. Cham: Springer (2019). p. 53-73.
doi: 10.1007/978-3-030-16073-9_3

52. Imdad A, Yakoob M, Sudfeld C, Haider B, Black R, Bhutta Z. Impact of
vitamin A supplementation on infant and childhood mortality. BMC Public
Health. (2011) 11:S20. doi: 10.1186/1471-2458-11-S3-S1

53. Bold R, Ishizuka J, Townsend C Jr., Thompson J. All-trans-retinoic acid
inhibits growth of human pancreatic cancer cell lines. Pancreas. (1996) 12:189-95.
doi: 10.1097/00006676-199603000-00014

54. Mirza N, Fishman M, Fricke I, Dunn M, Neuger A, Frost T, et al. All-trans-
retinoic acid improves differentiation of myeloid cells and immune response in
cancer patients. Cancer Res. (2006) 66:9299-307.

55. Nhieu J, Lin Y, Wei L. Noncanonical retinoic acid signaling. Methods
Enzymol. (2020) 637:261-81.

56. Cicconi L, Lo-Coco F. Current management of newly diagnosed acute
promyelocytic leukemia. Ann Oncol. (2016) 27:1474-81. doi: 10.1093/annonc/
mdwl7

57. Shin J, Song M, Oh J, Keum Y, Saini R. Pro-oxidant actions of carotenoids in
triggering apoptosis of cancer cells: a review of emerging evidence. Antioxidants.
(2020) 9:532. doi: 10.3390/antiox9060532

58. Peterson C, Rodionov D, Osterman A, Peterson SN. B vitamins and their
role in immune regulation and cancer. Nutrients. (2020) 12:3380. doi: 10.3390/
nul2113380

59. Rodionov D, Arzamasov A, Khoroshkin M, Iablokov S, Leyn S, Peterson
S, et al. Micronutrient requirements and sharing capabilities of the human gut
microbiome. Front Microbiol. (2019) 10:1316. doi: 10.3389/fmicb.2019.01316

60. Jones PT, Anderson R. Oxidative inhibition of polymorphonuclear
leukocyte motility mediated by the peroxidase/H202/halide system: studies
on the reversible nature of the inhibition and mechanism of protection of
migratory responsiveness by ascorbate, levamisole, thiamine and cysteine. Int |
Immunopharmacol. (1983) 5:377-89. doi: 10.1016/0192-0561(83)90012-7

61. Yadav UC, Kalariya NM, Srivastava SK, Ramana KV. Protective role of
benfotiamine, a fat-soluble vitamin B1 analogue, in lipopolysaccharide-induced
cytotoxic signals in murine macrophages. Free Radical Biol Med. (2010) 48:1423—
34. doi: 10.1016/j.freeradbiomed.2010.02.031

62. Mathis D, Shoelson S. Immunometabolism: an emerging frontier. Nat Rev
Immunol. (2011) 11:81. doi: 10.1038/nri2922

63. Buck M, Sowell R, Kaech S, Pearce E. Metabolic instruction of immunity. Cell.
(2017) 169:570-86. doi: 10.1016/j.cell.2017.04.004

64. Scalabrino G. Vitamin—regulated cytokines and growth factors in the CNS
and elsewhere. ] Neurochem. (2009) 111:1309-26. doi: 10.1111/j.1471-4159.2009.
06417

65. Shoeb M, Ramana K. Anti-inflammatory effects of benfotiamine are mediated
through the regulation of the arachidonic acid pathway in macrophages. Free
Radical Biol Med. (2012) 52:182-90. doi: 10.1016/j.freeradbiomed.2011.10.444

66. Jonus H, Hanberry B, Khatu S, Kim J, Luesch H, Dang L, et al. The adaptive
regulation of thiamine pyrophosphokinase-1 facilitates malignant growth during
supplemental thiamine conditions. Oncotarget. (2018) 9:35422. doi: 10.18632/
oncotarget.26259

67. Huskisson E, Maggini S, Ruf M. The role of vitamins and minerals in
energy metabolism and well-being. J Int Med Res. (2007) 35:277-89. doi: 10.1177/
147323000703500301

68. Mikkelsen K, Apostolopoulos V. Vitamin B1, B2, B3, B5, and B6 and the
immune system. In: Mahmoudi M, Rezaei N editors. Nutrition and Immunity.
Cham: Springer (2019). p. 115-25. doi: 10.1007/978-3-030-16073-9_7

69. Hultquist D, Seekamp A, Till G. Protection by vitamin B 2 against oxidant-
mediated acute lung injury. Inflammation. (1999) 23:449-60. doi: 10.1023/a:
1021965026580

70. Corbett A, Eckle S, Birkinshaw R, Liu L, Patel O, Mahony J, et al. T-cell
activation by transitory neo-antigens derived from distinct microbial pathways.
Nature. (2014) 509:361-5. doi: 10.1038/nature13160

71. Cowley S. MAIT cells and pathogen defense. Cell Mol Life Sci. (2014)
71:4831-40. doi: 10.1007/s00018-014-1708-y

frontiersin.org


https://doi.org/10.3389/fnut.2022.1082500
https://doi.org/10.1093/intimm/dxq017
https://doi.org/10.1016/j.jtemb.2018.02.004
https://doi.org/10.1016/j.jtemb.2018.02.004
https://doi.org/10.1016/j.jnutbio.2015.11.010
https://doi.org/10.1016/j.jnutbio.2015.11.010
https://doi.org/10.1002/mnfr.201500524
https://doi.org/10.1002/mnfr.201500524
https://doi.org/10.1186/1742-4933-6-9
https://doi.org/10.1086/315916
https://doi.org/10.2119/2008-00033
https://doi.org/10.1186/s13223-018-0278-1
https://doi.org/10.1111/imr.12274
https://doi.org/10.1016/S1081-1206(10)62426-X
https://doi.org/10.1016/j.immuni.2009.09.002
https://doi.org/10.4172/2376-1318.1000128
https://doi.org/10.4172/2376-1318.1000128
https://doi.org/10.1146/annurev-virology-100114-055226
https://doi.org/10.1146/annurev-virology-100114-055226
https://doi.org/10.3389/fimmu.2019.00043
https://doi.org/10.3389/fimmu.2019.00043
https://doi.org/10.1016/j.jaci.2009.09.046
https://doi.org/10.1155/2019/3706315
https://doi.org/10.1155/2019/3706315
https://doi.org/10.1128/CMR.18.3.446-464.2005
https://doi.org/10.3390/jcm7090258
https://doi.org/10.1054/blre.2001.0185
https://doi.org/10.1017/S0007114507832971
https://doi.org/10.1301/00296640260130722
https://doi.org/10.1301/00296640260130722
https://doi.org/10.1079/PAVSNNR20083098
https://doi.org/10.1111/j.1365-2249.2006.03082
https://doi.org/10.1002/biof.117
https://doi.org/10.1189/jlb.3VMA1015-476R
https://doi.org/10.1073/pnas.1408780111
https://doi.org/10.1073/pnas.1408780111
https://doi.org/10.1007/978-3-030-16073-9_3
https://doi.org/10.1186/1471-2458-11-S3-S1
https://doi.org/10.1097/00006676-199603000-00014
https://doi.org/10.1093/annonc/mdw17
https://doi.org/10.1093/annonc/mdw17
https://doi.org/10.3390/antiox9060532
https://doi.org/10.3390/nu12113380
https://doi.org/10.3390/nu12113380
https://doi.org/10.3389/fmicb.2019.01316
https://doi.org/10.1016/0192-0561(83)90012-7
https://doi.org/10.1016/j.freeradbiomed.2010.02.031
https://doi.org/10.1038/nri2922
https://doi.org/10.1016/j.cell.2017.04.004
https://doi.org/10.1111/j.1471-4159.2009.06417
https://doi.org/10.1111/j.1471-4159.2009.06417
https://doi.org/10.1016/j.freeradbiomed.2011.10.444
https://doi.org/10.18632/oncotarget.26259
https://doi.org/10.18632/oncotarget.26259
https://doi.org/10.1177/147323000703500301
https://doi.org/10.1177/147323000703500301
https://doi.org/10.1007/978-3-030-16073-9_7
https://doi.org/10.1023/a:1021965026580
https://doi.org/10.1023/a:1021965026580
https://doi.org/10.1038/nature13160
https://doi.org/10.1007/s00018-014-1708-y
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

Munteanu and Schwartz

72. Araki S, Suzuki M, Fujimoto M, Kimura M. Enhancement of resistance to
bacterial infection in mice by vitamin B2. J Vet Med Sci. (1995) 57:599-602.
doi: 10.1292/jvms.57.599

73. Mazur-Bialy A, Buchala B, Plytycz B. Riboflavin deprivation inhibits
macrophage viability and activity-a study on the RAW 264.7 cell line. Br ] Nutr.
(2013) 110:509-14. doi: 10.1017/S0007114512005351

74. Qureshi A, Reis J, Qureshi N, Papasian C, Morrison D, Schaefer D. 3-
Tocotrienol and quercetin reduce serum levels of nitric oxide and lipid parameters
in female chickens. Lipids Health Dis. (2011) 10:1-22. doi: 10.1186/1476-511X-
10-39

75. Al-Harbi N, Imam F, Nadeem A, Al-Harbi M, Korashy H, Sayed-Ahmed M,
et al. Riboflavin attenuates lipopolysaccharide-induced lung injury in rats. Toxicol
Mech Methods. (2015) 25:417-23. doi: 10.3109/15376516.2015.1045662

76. Kirkland J, Meyer-Ficca M. Niacin. Adv Food Nutr Res. (2018) 83:83-149.
doi: 10.1016/bs.afnr.2017.11.003

77.Choi H, Jang S, Hwang E. High-dose nicotinamide suppresses ROS
generation and augments population expansion during CD8+ T cell activation.
Mol Cells. (2015) 38:918. doi: 10.14348/molcells.2015.0168

78. Hwang E, Song S. Nicotinamide is an inhibitor of SIRT1 in vitro, but can be a
stimulator in cells. Cell Mol Life Sci. (2017) 74:3347-62. doi: 10.1007/s00018-017-
2527-8

79. Fania L, Mazzanti C, Campione E, Candi E, Abeni D, Dellambra
E. Role of nicotinamide in genomic stability and skin cancer
chemoprevention. Int ] Mol Sci. (2019) 20:5946. doi: 10.3390/ijms2023
5946

80. Zhou E, Li Y, Yao M, Wei Z, Fu Y, Yang Z. Niacin attenuates the production
of pro-inflammatory cytokines in LPS-induced mouse alveolar macrophages by
HCA2 dependent mechanisms. Int Immunopharmacol. (2014) 23:121-6. doi: 10.
1016/j.intimp.2014.07.006

81. Popa C, Netea M, Van Riel P, Van Der Meer J, Stalenhoef A. The role
of TNF-a in chronic inflammatory conditions, intermediary metabolism, and
cardiovascular risk. J Lipid Res. (2007) 48:751-62. doi: 10.1194/jlr.R600021-
JLR200

82. Chen X, Andresen B, Hill M, Zhang J, Booth E, Zhang C. Role of reactive
oxygen species in tumor necrosis factor-alpha induced endothelial dysfunction.
Curr Hyperten Rev. (2008) 4:245-55. doi: 10.2174/157340208786241336

83. Weiss N. Mechanisms of increased vascular oxidant stress in
hyperhomocysteinemia and its impact on endothelial function. Curr Drug
Metab. (2005) 6:27-36. doi: 10.2174/1389200052997357

84. Todorova T, Ermenlieva N, Tsankova G. Vitamin B12: could it be a promising
immunotherapy. In: Metodiev K editor. Immunotherapy: Myths, Reality, Ideas,
Future. Norderstedt: Books on Demand (2017). 85 p. doi: 10.2165/00023210-
200216120-00003

85. Battaglia-Hsu S, Akchiche N, Noel N, Alberto J, Jeannesson E, Orozco-
Barrios C, et al. Vitamin B12 deficiency reduces proliferation and promotes
differentiation of neuroblastoma cells and up-regulates PP2A, proNGE, and
TACE. Proc Natl Acad Sci USA. (2009) 106:21930-5. doi: 10.1073/pnas.
0811794106

86. Al-Daghri N. Hyperhomocysteinemia, coronary heart disease, and diabetes
mellitus as predicted by various definitions for metabolic syndrome in a
hypertensive Saudi population. Saudi Med J. (2007) 28:339.

87. De Koning A, Werstuck G, Zhou J, Austin R. Hyperhomocysteinemia and
its role in the development of atherosclerosis. Clin Biochem. (2003) 36:431-41.
doi: 10.1016/S0009-9120(03)00062-6

88. LiY, Jiang C, Xu G, Wang N, Zhu Y, Tang C, et al. Homocysteine upregulates
resistin production from adipocytes in vivo and in vitro. Diabetes. (2008) 57:817-
27. doi: 10.2337/db07-0617

89. Moller D. Potential role of TNF-« in the pathogenesis of insulin resistance
and type 2 diabetes. Trends Endocrinol Metab. (2000) 11:212-7. doi: 10.1016/
$1043-2760(00)00272- 1

90. Cheng W, Wang Z, Shangguan H, Zhu Q, Zhang H. Are vitamins relevant
to cancer risks? A Mendelian randomization investigation. Nutrition. (2020)
78:110870. doi: 10.1016/j.nut.2020.110870

91. Brasky T, Ray R, Navarro S, Schenk J, Newton A, Neuhouser M. Supplemental
one—carbon metabolism related B vitamins and lung cancer risk in the Women’s
health initiative. Int ] Cancer. (2020) 147:1374-84. doi: 10.1002/ijc.32913

92. Arendt J, Serensen H, Horsfall L, Petersen 1. Elevated vitamin B12 levels and
cancer risk in UK primary care: a THIN database cohort study high plasma B12
levels and cancer risk in primary care. Cancer Epidemiol Biomark Prev. (2019)
28:814-21. doi: 10.1158/1055-9965.EPI-17-1136

Frontiers in Nutrition

27

10.3389/fnut.2022.1082500

93. Nishikimi M, Fukuyama R, Minoshima S, Shimizu N, Yagi K. Cloning and
chromosomal mapping of the human nonfunctional gene for L-gulono-gamma-
lactone oxidase, the enzyme for L-ascorbic acid biosynthesis missing in man. ] Biol
Chem. (1994) 269:13685-8.

94. Frikke-Schmidt H, Tveden-Nyborg P, Lykkesfeldt J. L-dehydroascorbic acid
can substitute l-ascorbic acid as dietary vitamin C source in guinea pigs. Redox
Biol. (2016) 7:8-13. doi: 10.1016/j.redox.2015.11.003

95. Michels A, Hagen T, Frei B. Human genetic variation influences vitamin C
homeostasis by altering vitamin C transport and antioxidant enzyme function.
Annu Rev Nutr. (2013) 33:45. doi: 10.1146/annurev-nutr-071812-161246

96. Kuiper C, Vissers M. Ascorbate as a co-factor for Fe-and 2-oxoglutarate
dependent dioxygenases: physiological activity in tumor growth and progression.
Front Oncol. (2014) 4:359. doi: 10.3389/fonc.2014.00359

97. Carr A, Frei B. Does vitamin C act as a pro-oxidant under physiological
conditions? FASEB J. (1999) 13:1007-24. doi: 10.1096/fasebj.13.9.1007

98. Carcamo J, Pedraza A, Bérquez-Ojeda O, Zhang B, Sanchez R, Golde D.
Vitamin C is a kinase inhibitor: dehydroascorbic acid inhibits IkBa kinase . Mol
Cell Biol. (2004) 24:6645-52. doi: 10.1128/MCB.24.15.6645-6652

99. Molina N, Morandi A, Bolin A, Otton R. Comparative effect of
fucoxanthin and vitamin C on oxidative and functional parameters of human
lymphocytes. Int Immunopharmacol. (2014) 22:41-50. doi: 10.1016/j.intimp.2014.
06.026

100. Bozonet S, Carr A, Pullar J, Vissers M. Enhanced human neutrophil vitamin
C status, chemotaxis and oxidant generation following dietary supplementation
with vitamin C-rich SunGold kiwifruit. Nutrients. (2015) 7:2574-88. doi: 10.3390/
nu7042574

101. Carr A, Shaw G, Natarajan R. Ascorbate-dependent vasopressor synthesis:
a rationale for vitamin C administration in severe sepsis and septic shock? Crit
Care. (2015) 19:418. doi: 10.1186/s13054-015-1131-2

102. Valacchi G, Muresan X, Sticozzi C, Belmonte G, Pecorelli A, Cervellati F,
et al. Ozone-induced damage in 3D-skin model is prevented by topical vitamin C
and vitamin E compound mixtures application. ] Dermatol Sci. (2016) 82:209-12.
doi: 10.1016/j.jdermsci.2016.02.007

103. Lin J, Selim M, Shea C, Grichnik ], Omar M, Monteiro-Riviere N, et al. UV
photoprotection by combination topical antioxidants vitamin C and vitamin E. |
Am Acad Dermatol. (2003) 48:866-74. doi: 10.1067/mjd.2003.425

104. Ellulu M, Rahmat A, Patimah I, Khaza'ai H, Abed Y. Effect of vitamin C
on inflammation and metabolic markers in hypertensive and/or diabetic obese
adults: a randomized controlled trial. Drug Design Dev Ther. (2015) 9:3405. doi:
10.2147/DDDT.S83144

105. Hirota K, Semenza G. Regulation of hypoxia-inducible factor 1 by prolyl
and asparaginyl hydroxylases. Biochem Biophys Res Commun. (2005) 338:610-6.
doi: 10.1016/j.bbrc.2005.08.193

106. Elks P, van Eeden E, Dixon G, Wang X, Reyes-Aldasoro C, Ingham P, et al.
Activation of Hif-1lalpha delays inflammation resolution by reducing neutrophil
apoptosis and reverse migration in a zebrafish inflammation model. Blood. (2011)
118:712-22. doi: 10.1182/blood-2010-12-324186

107. Huijskens M, Walczak M, Sarkar S, Atrafi F Senden-Gijsbers B, Tilanus
M, et al. Ascorbic acid promotes proliferation of natural killer cell populations
in culture systems applicable for natural killer cell therapy. Cytotherapy. (2015)
17:613-20. doi: 10.1016/j.jcyt.2015.01.004

108. Wobke T, Sorg B, Steinhilber D. Vitamin D in inflammatory diseases. Front
Physiol. (2014) 5:244. doi: 10.3389/fphys.2014.00244

109. Sung C, Liao M, Lu K, Wu C. Role of vitamin D in insulin resistance. J
Biomed Biotechnol. (2012) 2012:634195. doi: 10.1155/2012/634195

110. Gil A, Plaza-Diaz J, Mesa M. Vitamin D: classic and novel actions. Ann Nutr
Metab. (2018) 72:87-95. doi: 10.1159/000486536

111. Ryan J, Anderson P, Morris H. Pleiotropic activities of vitamin D receptors—
adequate activation for multiple health outcomes. Clin Biochem Rev. (2015)
36:53.

112. Chen S, Sims G, Chen X, Gu Y, Chen S, Lipsky P. Modulatory effects of
1, 25-dihydroxyvitamin D3 on human B cell differentiation. J Immunol. (2007)
179:1634-47. doi: 10.4049/jimmunol.179.3.1634

113. Zhang Y, Leung D, Richers B, Liu Y, Remigio L, Riches D, et al. Vitamin
D inhibits monocyte/macrophage proinflammatory cytokine production by
targeting MAPK phosphatase-1. J Immunol. (2012) 188:2127-35. doi: 10.4049/
jimmunol.1102412

114. Nonn L, Peng L, Feldman D, Peehl D. Inhibition of p38 by vitamin D
reduces interleukin-6 production in normal prostate cells via mitogen-activated
protein kinase phosphatase 5: implications for prostate cancer prevention by

frontiersin.org


https://doi.org/10.3389/fnut.2022.1082500
https://doi.org/10.1292/jvms.57.599
https://doi.org/10.1017/S0007114512005351
https://doi.org/10.1186/1476-511X-10-39
https://doi.org/10.1186/1476-511X-10-39
https://doi.org/10.3109/15376516.2015.1045662
https://doi.org/10.1016/bs.afnr.2017.11.003
https://doi.org/10.14348/molcells.2015.0168
https://doi.org/10.1007/s00018-017-2527-8
https://doi.org/10.1007/s00018-017-2527-8
https://doi.org/10.3390/ijms20235946
https://doi.org/10.3390/ijms20235946
https://doi.org/10.1016/j.intimp.2014.07.006
https://doi.org/10.1016/j.intimp.2014.07.006
https://doi.org/10.1194/jlr.R600021-JLR200
https://doi.org/10.1194/jlr.R600021-JLR200
https://doi.org/10.2174/157340208786241336
https://doi.org/10.2174/1389200052997357
https://doi.org/10.2165/00023210-200216120-00003
https://doi.org/10.2165/00023210-200216120-00003
https://doi.org/10.1073/pnas.0811794106
https://doi.org/10.1073/pnas.0811794106
https://doi.org/10.1016/S0009-9120(03)00062-6
https://doi.org/10.2337/db07-0617
https://doi.org/10.1016/S1043-2760(00)00272-1
https://doi.org/10.1016/S1043-2760(00)00272-1
https://doi.org/10.1016/j.nut.2020.110870
https://doi.org/10.1002/ijc.32913
https://doi.org/10.1158/1055-9965.EPI-17-1136
https://doi.org/10.1016/j.redox.2015.11.003
https://doi.org/10.1146/annurev-nutr-071812-161246
https://doi.org/10.3389/fonc.2014.00359
https://doi.org/10.1096/fasebj.13.9.1007
https://doi.org/10.1128/MCB.24.15.6645-6652
https://doi.org/10.1016/j.intimp.2014.06.026
https://doi.org/10.1016/j.intimp.2014.06.026
https://doi.org/10.3390/nu7042574
https://doi.org/10.3390/nu7042574
https://doi.org/10.1186/s13054-015-1131-2
https://doi.org/10.1016/j.jdermsci.2016.02.007
https://doi.org/10.1067/mjd.2003.425
https://doi.org/10.2147/DDDT.S83144
https://doi.org/10.2147/DDDT.S83144
https://doi.org/10.1016/j.bbrc.2005.08.193
https://doi.org/10.1182/blood-2010-12-324186
https://doi.org/10.1016/j.jcyt.2015.01.004
https://doi.org/10.3389/fphys.2014.00244
https://doi.org/10.1155/2012/634195
https://doi.org/10.1159/000486536
https://doi.org/10.4049/jimmunol.179.3.1634
https://doi.org/10.4049/jimmunol.1102412
https://doi.org/10.4049/jimmunol.1102412
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

Munteanu and Schwartz

vitamin D. Cancer Res. (2006) 66:4516-24. doi: 10.1158/0008-5472.CAN-05-
3796

115. Miodovnik M, Koren R, Ziv E, Ravid A. The inflammatory response of
keratinocytes and its modulation by vitamin D: the role of MAPK signaling
pathways. J Cell Physiol. (2012) 227:2175-83. doi: 10.1002/jcp.22951

116. Karin M, Lin A. NF-«B at the crossroads of life and death. Nat Immunol.
(2002) 3:221-7. doi: 10.1038/ni0302-221

117. Baeke E, Takiishi T, Korf H, Gysemans C, Mathieu C. Vitamin D: modulator
of the immune system. Curr Opin Pharmacol. (2010) 10:482-96. doi: 10.1016/j.
coph.2010.04.001

118. Xie Z, Chen J, Zheng C, Wu J, Cheng Y, Zhu S, et al 1,
25—dihydroxyvitamin D3—induced dendritic cells suppress experimental
autoimmune encephalomyelitis by increasing proportions of the regulatory
lymphocytes and reducing T helper type 1 and type 17 cells. Immunology. (2017)
152:414-24. doi: 10.1111/imm.12776

119. Boonstra A, Barrat F, Crain C, Heath V, Savelkoul H, O’Garra A. la, 25-
dihydroxyvitamin D3 has a direct effect on naive CD4+ T cells to enhance the
development of Th2 cells. ] Immunol. (2001) 167:4974-80. doi: 10.4049/jimmunol.
167.9.4974

120. Fawaz L, Mrad M, Kazan J, Sayegh S, Akika R, Khoury S. Comparative effect
of 25 (OH) D3 and 1, 25 (OH) 2D3 on Th17 cell differentiation. Clin Immunol.
(2016) 166:59-71. doi: 10.1016/j.clim.2016.02.011

121. Siklar Z, Karatag D, Dogu F, Hacithamdioglu B, Ikinciogullarl A, Berberoglu
M. Regulatory T cells and vitamin D status in children with chronic autoimmune
thyroiditis. J Clin Res Pediatr Endocrinol. (2016) 8:276. doi: 10.4274/jcrpe.2766

122. Gombart A. The vitamin D-antimicrobial peptide pathway and its role in
protection against infection. Future Microbiol. (2009) 4:1151-65. doi: 10.2217/
fmb.09.87

123. Wishart K, Maggini S, Wintergerst E. Vitamin D and immunity. In: Watson
R editor. Foods and Dietary Supplements in the Prevention and Treatment of
Disease in Older Adults. Amsterdam: Elsevier (2015). p. 253-63.

124. Martineau A, Jolliffe D, Hooper R, Greenberg L, Aloia J, Bergman P,
et al. Vitamin D supplementation to prevent acute respiratory tract infections:
systematic review and meta-analysis of individual participant data. BMJ. (2017)
356:16583. doi: 10.1136/bm;j.i6583

125. Krishnan A, Feldman D. Mechanisms of the anti-cancer and anti-
inflammatory actions of vitamin D. Annu Rev Pharmacol Toxicol. (2011) 51:311—
36. doi: 10.1146/annurev-pharmtox-010510-100611

126. Bouillon R, Eelen G, Verlinden L, Mathieu C, Carmeliet G, Verstuyf A.
Vitamin D and cancer. ] Steroid Biochem Mol Biol. (2006) 102:156-62. doi: 10.
1016/j.jsbmb.2006.09.014

127. Krishnan A, Feldman D. Anti-inflammatory activity of calcitriol in cancer.
In: Trump D, Johnson C editors. Vitamin D and Cancer. New York, NY: Springer
(2011). p. 53-71. doi: 10.1007/978-1-4419-7188-3_3

128. Krishnan A, Trump D, Johnson C, Feldman D. The role of vitamin D
in cancer prevention and treatment. Endocrinol Metab Clin. (2010) 39:401-18.
doi: 10.1016/j.c1.2010.02.011

129. Hotamisligil G. Inflammation and metabolic disorders. Nature. (2006)
444:860-7. doi: 10.1038/nature05485

130. Jarosz M, Olbert M, Wyszogrodzka G, Mlyniec K, Librowski T. Antioxidant
and anti-inflammatory effects of zinc. Zinc-dependent NF-kB signaling.
Inflammopharmacology. (2017) 25:11-24. doi: 10.1007/s10787-017-0309-4

131. Foster M, Samman S. Zinc and regulation of inflammatory cytokines:
implications for cardiometabolic disease. Nutrients. (2012) 4:676-94. doi: 10.3390/
nu4070676

132. Haase H, Ober-Blobaum J, Engelhardt G, Hebel S, Heit A, Heine H, et al.
Zinc signals are essential for lipopolysaccharide-induced signal transduction
in monocytes. J Immunol. (2008) 181:6491-502. doi: 10.4049/jimmunol.181.9.
6491

133. Nakatani T, Tawaramoto M, Kennedy D, Kojima A, Matsui-Yuasa I.
Apoptosis induced by chelation of intracellular zinc is associated with depletion
of cellular reduced glutathione level in rat hepatocytes. Chem Biol Interact. (2000)
125:151-63. doi: 10.1016/s0009-2797(99)00166-0

134. Prasad A, Bao B, Beck E Kucuk O, Sarkar F. Antioxidant effect of zinc in
humans. Free Radic Biol Med. (2004) 37:1182-90. doi: 10.1016/j.freeradbiomed.
2004.07.007

135. Costarelli L, Muti E, Malavolta M, Cipriano C, Giacconi R, Tesei S, et al.
Distinctive modulation of inflammatory and metabolic parameters in relation to
zinc nutritional status in adult overweight/obese subjects. ] Nutr Biochem. (2010)
21:432-7. doi: 10.1016/j.jnutbio.2009.02.001

Frontiers in Nutrition

28

10.3389/fnut.2022.1082500

136. Young B, Ott L, Kasarskis E, Rapp R, Moles K, Dempsey R, et al. Zinc
supplementation is associated with improved neurologic recovery rate and
visceral protein levels of patients with severe closed head injury. ] Neurotrauma.
(1996) 13:25-34. doi: 10.1089/neu.1996.13.25

137. Besecker B, Exline M, Hollyfield J, Phillips G, DiSilvestro R, Wewers M, et al.
A comparison of zinc metabolism, inflammation, and disease severity in critically
ill infected and noninfected adults early after intensive care unit admission. Am J
Clin Nutr. (2011) 93:1356-64. doi: 10.3945/ajcn.110.008417

138. Wintergerst E, Maggini S, Hornig D. Immune-enhancing role of vitamin
C and zinc and effect on clinical conditions. Ann Nutr Metab. (2006) 50:85-94.
doi: 10.1159/000090495

139. Wintergerst E, Maggini S, Hornig D. Contribution of selected vitamins
and trace elements to immune function. Ann Nutr Metab. (2007) 51:301-23.
doi: 10.1159/000107673

140. World Health Organization. Guidelines on Food Fortification with
Micronutrients Part 2. Evaluating the Public Health Significance of Micronutrient
Malnutrition. Geneva: World Health Organization (2006).

141. MacFarquhar ], Broussard D, Melstrom P, Hutchinson R, Wolkin
A, Martin C, et al. Acute selenium toxicity associated with a dietary
supplement. Arch Intern Med. (2010) 170:256-61. doi: 10.1001/archinternmed.20
09.495

142. Miiller D, Desel H. Acute selenium poisoning by paradise nuts (Lecythis
ollaria). Hum Exp Toxicol. (2010) 29:431-4. doi: 10.1177/0960327109360046

143. Safir N, Wendel A, Saile R, Chabraoui L. The effect of selenium on immune
functions of J774. 1 cells. Clin Chem Lab Med. (2003) 41:1005-11. doi: 10.1515/
CCLM.2003.154

144. Weitzel F, Wendel A. Selenoenzymes regulate the activity of leukocyte 5-
lipoxygenase via the peroxide tone. ] Biol Chem. (1993) 268:6288-92. doi: 10.1016/
$0021-9258(18)53251-8

145. Hoffmann F, Hashimoto A, Shafer L, Dow S, Berry M, Hoffmann P. Dietary
selenium modulates activation and differentiation of CD4+ T cells in mice
through a mechanism involving cellular free thiols. J Nutr. (2010) 140:1155-61.
doi: 10.3945/jn.109.120725

146. Zhang Y, Roh Y, Han S, Park I, Lee H, Ok Y, et al. Role of selenoproteins in
redox regulation of signaling and the antioxidant system: a review. Antioxidants.
(2020) 9:383. doi: 10.3390/antiox9050383

147. Heller R, Sun Q, Hackler J, Seelig J, Seibert L, Cherkezov A, et al
Prediction of survival odds in COVID-19 by zinc, age and selenoprotein P as
composite biomarker. Redox Biol. (2021) 38:101764. doi: 10.1016/j.redox.2020.10
1764

148. Ivory K, Prieto E, Spinks C, Armah C, Goldson A, Dainty J, et al. Selenium
supplementation has beneficial and detrimental effects on immunity to influenza
vaccine in older adults. Clin Nutr. (2017) 36:407-15. doi: 10.1016/j.clnu.2015.12.
003

149. Heidar Z, Hamzepour N, Zadeh Modarres S, Mirzamoradi M, Aghadavod
E, Pourhanifeh M, et al. The effects of selenium supplementation on clinical
symptoms and gene expression related to inflammation and vascular endothelial
growth factor in infertile women candidate for in vitro fertilization. Biol Trace
Element Res. (2020) 193:319-25. doi: 10.1007/s12011-019-01715-5

150. Rocha K, Vieira M, Beltrame R, Cartum J, Alves S, Azzalis L, et al. Impact
of selenium supplementation in neutropenia and immunoglobulin production in
childhood cancer patients. ] Med Food. (2016) 19:560-8. doi: 10.1089/jmf.2015.
0145

151. Leiter O, Zhuo Z, Rust R, Wasielewska J, Grénnert L, Kowal S, et al.
Selenium mediates exercise-induced adult neurogenesis and reverses learning
deficits induced by hippocampal injury and aging. Cell Metab. (2022) 34:408.e—
23.e. doi: 10.1016/j.cmet.2022.01.005

152. Calder P, Yaqoob P. Amino acids and immune function. 2nd ed. In: Cynober
L editor. Metabolic and Therapeutic Aspects of Amino Acids in Clinical Nutrition.
Boca Raton, FL: CRC Press (2003). p. 305-20.

153. Beaumier L, Castillo L, Yu Y, Ajami A, Young V. Arginine: new and exciting
developments for an" old" amino acid. Biomed Environ Sci. (1996) 9:296-315.

154. Wu G, Bazer E Davis T, Kim S, Li P, Marc Rhoads J, et al. Arginine
metabolism and nutrition in growth, health and disease. Amino Acids. (2009)
37:153-68. doi: 10.1007/s00726-008-0210-y

155. Whelan R. The Role of Amino Acids in the Immune System-a Special Focus on
Broilers. (2019). Available online at: https://en.engormix.com/poultry-industry/
articles/the-role-amino-acids-t43647.htm (accessed April 12, 2022).

156. Soulet D, Rivest S. Polyamines play a critical role in the control of the
innate immune response in the mouse central nervous system. J Cell Biol. (2003)
162:257-68. doi: 10.1083/jcb.200301097

frontiersin.org


https://doi.org/10.3389/fnut.2022.1082500
https://doi.org/10.1158/0008-5472.CAN-05-3796
https://doi.org/10.1158/0008-5472.CAN-05-3796
https://doi.org/10.1002/jcp.22951
https://doi.org/10.1038/ni0302-221
https://doi.org/10.1016/j.coph.2010.04.001
https://doi.org/10.1016/j.coph.2010.04.001
https://doi.org/10.1111/imm.12776
https://doi.org/10.4049/jimmunol.167.9.4974
https://doi.org/10.4049/jimmunol.167.9.4974
https://doi.org/10.1016/j.clim.2016.02.011
https://doi.org/10.4274/jcrpe.2766
https://doi.org/10.2217/fmb.09.87
https://doi.org/10.2217/fmb.09.87
https://doi.org/10.1136/bmj.i6583
https://doi.org/10.1146/annurev-pharmtox-010510-100611
https://doi.org/10.1016/j.jsbmb.2006.09.014
https://doi.org/10.1016/j.jsbmb.2006.09.014
https://doi.org/10.1007/978-1-4419-7188-3_3
https://doi.org/10.1016/j.ecl.2010.02.011
https://doi.org/10.1038/nature05485
https://doi.org/10.1007/s10787-017-0309-4
https://doi.org/10.3390/nu4070676
https://doi.org/10.3390/nu4070676
https://doi.org/10.4049/jimmunol.181.9.6491
https://doi.org/10.4049/jimmunol.181.9.6491
https://doi.org/10.1016/s0009-2797(99)00166-0
https://doi.org/10.1016/j.freeradbiomed.2004.07.007
https://doi.org/10.1016/j.freeradbiomed.2004.07.007
https://doi.org/10.1016/j.jnutbio.2009.02.001
https://doi.org/10.1089/neu.1996.13.25
https://doi.org/10.3945/ajcn.110.008417
https://doi.org/10.1159/000090495
https://doi.org/10.1159/000107673
https://doi.org/10.1001/archinternmed.2009.495
https://doi.org/10.1001/archinternmed.2009.495
https://doi.org/10.1177/0960327109360046
https://doi.org/10.1515/CCLM.2003.154
https://doi.org/10.1515/CCLM.2003.154
https://doi.org/10.1016/S0021-9258(18)53251-8
https://doi.org/10.1016/S0021-9258(18)53251-8
https://doi.org/10.3945/jn.109.120725
https://doi.org/10.3390/antiox9050383
https://doi.org/10.1016/j.redox.2020.101764
https://doi.org/10.1016/j.redox.2020.101764
https://doi.org/10.1016/j.clnu.2015.12.003
https://doi.org/10.1016/j.clnu.2015.12.003
https://doi.org/10.1007/s12011-019-01715-5
https://doi.org/10.1089/jmf.2015.0145
https://doi.org/10.1089/jmf.2015.0145
https://doi.org/10.1016/j.cmet.2022.01.005
https://doi.org/10.1007/s00726-008-0210-y
https://en.engormix.com/poultry-industry/articles/the-role-amino-acids-t43647.htm
https://en.engormix.com/poultry-industry/articles/the-role-amino-acids-t43647.htm
https://doi.org/10.1083/jcb.200301097
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

Munteanu and Schwartz

157. Tjandrawinata R, Hawel L, Byus C. Regulation of putrescine export in
lipopolysaccharide or IFN-gamma-activated murine monocytic-leukemic RAW
264 cells. ] Immunol. (1994) 152:3039-52.

158. Valentova K, VidlaF A, Zatloukalovd M, Stuchlik M, Vacek J, Simének V,
et al. Biosafety and antioxidant effects of a beverage containing silymarin and
arginine. A pilot, human intervention cross-over trial. Food Chem Toxicol. (2013)
56:178-83. doi: 10.1016/j.fct.2013.02.023

159. Liu Y, Wang X, Hou Y, Yin Y, Qiu Y, Wu G, et al. Roles of amino acids in
preventing and treating intestinal diseases: recent studies with pig models. Amino
Acids. (2017) 49:1277-91. doi: 10.1007/s00726-017-2450- 1

160. Meng Q, Cooney M, Yepuri N, Cooney RN. L-arginine attenuates
interleukin-1f (IL-1B) induced nuclear factor kappa-beta (NF-kB) activation
in Caco-2 cells. PLoS One. (2017) 12:e0174441. doi: 10.1371/journal.pone.01
74441

161. Caldwell R, Rodriguez P, Toque H, Narayanan S, Caldwell R. Arginase:
a multifaceted enzyme important in health and disease. Physiol Rev. (2018)
98:641-65. doi: 10.1152/physrev.00037.2016

162. Wang X, Chen Y, Qin W, Zhang W, Wei S, Wang J, et al. Arginase I
attenuates inflammatory cytokine secretion induced by lipopolysaccharide in
vascular smooth muscle cells. Arterioscler Thromb Vasc Biol. (2011) 31:1853-60.
doi: 10.1161/ATVBAHA.111.229302

163. Stempin C, Dulgerian L, Garrido V, Cerban F. Arginase in parasitic
infections: macrophage activation, immunosuppression, and intracellular signals.
] Biomed Biotechnol. (2010) 2010:683485. doi: 10.1155/2010/683485

164. Fletcher M, Ramirez M, Sierra R, Raber P, Thevenot P, Al-Khami A, et al.
l-Arginine depletion blunts antitumor T-cell responses by inducing myeloid-
derived suppressor cellssuppression of T-cell responses by L-arginine depletion.
Cancer Res. (2015) 75:275-83. doi: 10.1158/0008-5472.CAN-14-1491

165. Kim S, Roszik J, Grimm E, Ekmekcioglu S. Impact of l-arginine metabolism
on immune response and anticancer immunotherapy. Front Oncol. (2018) 8:67.
doi: 10.3389/fonc.2018.00067

166. Lind D. Arginine and cancer. ] Nutr. (2004) 134:2837S-41S. doi: 10.1093/jn/
134.10.2837S

167. Feun L, You M, Wu C, Kuo M, Wangpaichitr M, Spector S, et al. Arginine
deprivation as a targeted therapy for cancer. Curr Pharm Design. (2008) 14:1049-
57. doi: 10.2174/138161208784246199

168. Al-Koussa H, El Mais N, Maalouf H, Abi-Habib R, El-Sibai M. Arginine
deprivation: a potential therapeutic for cancer cell metastasis? A review. Cancer
Cell Int. (2020) 20:1-7. doi: 10.1186/s12935-020-01232-9

169. El-Sibai M, Pertz O, Pang H, Yip S, Lorenz M, Symons M, et al
RhoA/ROCK-mediated  switching between Cdc42-and Racl-dependent
protrusion in MTLn3 carcinoma cells. Exp Cell Res. (2008) 314:1540-52.
doi: 10.1016/j.yexcr.2008.01.016

170. Al-Dimassi S, Salloum G, Saykali B, Khoury O, Liu S, Leppla S, et al.
Targeting the MAP kinase pathway in astrocytoma cells using a recombinant
anthrax lethal toxin as a way to inhibit cell motility and invasion. Int J Oncol.
(2016) 48:1913-20. doi: 10.3892/ij0.2016.3431

171. Lanser L, Kink P, Egger E, Willenbacher W, Fuchs D, Weiss G, et al.
Inflammation-induced tryptophan breakdown is related with anemia, fatigue, and
depression in cancer. Front Immunol. (2020) 11:249. doi: 10.3389/fimmu.2020.
00249

172. Richard D, Dawes M, Mathias C, Acheson A, Hill-Kapturczak N, Dougherty
D. L-tryptophan: basic metabolic functions, behavioral research and therapeutic
indications. Int ] Tryptophan Res. (2009) 2:45-60. doi: 10.4137/IJTR.S2129

173. Platten M, Nollen E, Rohrig U, Fallarino E, Opitz C. Tryptophan metabolism
as a common therapeutic target in cancer, neurodegeneration and beyond. Nat Rev
Drug Discov. (2019) 18:379-401. doi: 10.1038/s41573-019-0016-5

174. Murakami Y, Saito K. Species and cell types difference in tryptophan
metabolism. Int ] Tryptophan Res. (2013) 6(Suppl. 1):47-54. doi: 10.4137/IJTR.
S11558

175. Schwarcz R, Bruno J, Muchowski P, Wu H. Kynurenines in the mammalian
brain: when physiology meets pathology. Nat Rev Neurosci. (2012) 13:465-77.
doi: 10.1038/nrn3257

176. Yeung A, Terentis A, King N, Thomas S. Role of indoleamine 2, 3-
dioxygenase in health and disease. Clin Sci. (2015) 129:601-72. doi: 10.1042/
CS20140392

177. Chaudhary K, Shinde R, Liu H, Gnana-Prakasam ], Veeranan-Karmegam
R, Huang L, et al. Amino acid metabolism inhibits antibody-driven kidney injury
by inducing autophagy. J Immunol. (2015) 194:5713-24. doi: 10.4049/jimmunol.
1500277

Frontiers in Nutrition

29

10.3389/fnut.2022.1082500

178. Curran T, Jalili R, Farrokhi A, Ghahary A. IDO expressing fibroblasts
promote the expansion of antigen specific regulatory T cells. Immunobiology.
(2014) 219:17-24. doi: 10.1016/j.imbi0.2013.06.008

179. Takamatsu M, Hirata A, Ohtaki H, Hoshi M, Hatano Y, Tomita H, et al.
IDOL1 plays an immunosuppressive role in 2, 4, 6-trinitrobenzene sulfate-induced
colitis in mice. ] Immunol. (2013) 191:3057-64. doi: 10.4049/jimmunol.1203306

180. Wang Y, Liu H, McKenzie G, Witting P, Stasch J, Hahn M, et al. Kynurenine
is an endothelium-derived relaxing factor produced during inflammation. Nat
Med. (2010) 16:279-85. doi: 10.1038/n1m.2092

181. Schrécksnadel K, Wirleitner B, Winkler C, Fuchs D. Monitoring tryptophan
metabolism in chronic immune activation. Clin Chim Acta. (2006) 364:82-90.
doi: 10.1016/j.cca.2005.06.013

182. Sorgdrager E, Naudé P, Kema I, Nollen E, Deyn P. Tryptophan metabolism
in inflammaging: from biomarker to therapeutic target. Front Immunol. (2019)
10:2565. doi: 10.3389/fimmu.2019.02565

183. Seman M, Adriouch S, Scheuplein F, Krebs C, Freese D, Glowacki G, et al.
NAD-induced T cell death: ADP-ribosylation of cell surface proteins by ART2
activates the cytolytic P2X7 purinoceptor. Immunity. (2003) 19:571-82. doi: 10.
1016/81074-7613(03)00266-8

184. Liu Y, Chai R, Wang Y, Wang Z, Liu X, Wu E et al. Amino acid
metabolism—related gene expression—based risk signature can better predict
overall survival for glioma. Cancer Sci. (2019) 110:321-33. doi: 10.1111/cas.13878

185. Sivanand S, Vander Heiden M. Emerging roles for branched-chain amino
acid metabolism in cancer. Cancer Cell. (2020) 37:147-56. doi: 10.1016/j.ccell.
2019.12.011

186. Sahm F, Oezen I, Opitz C, Radlwimmer B, Von Deimling A, Ahrendt T,
etal. The endogenous tryptophan metabolite and NAD+ precursor quinolinic acid
confers resistance of gliomas to oxidative stress. Cancer Res. (2013) 73:3225-34.
doi: 10.1158/0008-5472.CAN-12-3831

187. Wu K, Cheng H, Chang T. 5-methoxyindole metabolites of L-tryptophan:
control of COX-2 expression, inflammation and tumorigenesis. J Biomed Sci.
(2014) 21:1-8. doi: 10.1186/1423-0127-21-17

188. Myant N. Cholesterol metabolism. J Clin Pathol Suppl (Ass Clin Path). (1973)
5:1-4. doi: 10.1136/jcp.s1-5.1.1

189. Tkonen E. Cellular cholesterol trafficking and compartmentalization. Nat
Rev Mol Cell Biol. (2008) 9:125-38. doi: 10.1038/nrm2336

190. Van Meer G, Voelker D, Feigenson G. Membrane lipids: where they are
and how they behave. Nat Rev Mol Cell Biol. (2008) 9:112-24. doi: 10.1038/nrm
2330

191. Luo J, Yang H, Song B. Mechanisms and regulation of cholesterol
homeostasis. Nat Rev Mol Cell Biol. (2020) 21:225-45. doi: 10.1038/s41580-019-
0190-7

192. Lee M, Bensinger S. Reprogramming cholesterol metabolism in
macrophages and its role in host defense against cholesterol-dependent cytolysins.
Cell Mol Immunol. (2022) 19:327-36. doi: 10.1038/s41423-021-00827-0

193. Das A, Brown M, Anderson D, Goldstein J, Radhakrishnan A. Three pools of
plasma membrane cholesterol and their relation to cholesterol homeostasis. Elife.
(2014) 3:02882. doi: 10.7554/eLife.02882

194. Gay A, Rye D, Radhakrishnan A. Switch-like responses of two cholesterol
sensors do not require protein oligomerization in membranes. Biophys J. (2015)
108:459-69. doi: 10.1016/j.bp;j.2015.02.008

195. Endapally S, Infante R, Radhakrishnan A. Monitoring and modulating
intracellular cholesterol trafficking using ALOD4, a cholesterol-binding protein.
In: Drin G editor. Intracellular Lipid Transport. Berlin: Springer (2019). p. 153-63.
doi: 10.1007/978-1-4939-9136-5_12

196. Cox R, Garcia-Palmieri M. Cholesterol, triglycerides, and associated
lipoproteins. In: Walker H, Hall W, Hurst | editors. Clinical Methods: The
History, Physical, and Laboratory Examinations. Boston, MA: Butterworth (1990).
p. 154-6.

197. Guo H, Callaway J, Ting J. Inflammasomes: mechanism of action, role in
disease, and therapeutics. Nat Med. (2015) 21:677-87. doi: 10.1038/nm.3893

198. Lopez-Castejon G, Brough D. Understanding the mechanism of IL-18
secretion. Cytokine Growth Fact Rev. (2011) 22:189-95. doi: 10.1016/j.cytogfr.
2011.10.001

199. Eberlé D, Hegarty B, Bossard P, Ferré P, Foufelle F. SREBP transcription
factors: master regulators of lipid homeostasis. Biochimie. (2004) 86:839-48. doi:
10.1016/j.biochi.2004.09.018

200. Lee S, Lee J, Im S. The cellular function of SCAP in metabolic signaling. Exp
Mol Med. (2020) 52:724-9. doi: 10.1038/s12276-020-0430-0

frontiersin.org


https://doi.org/10.3389/fnut.2022.1082500
https://doi.org/10.1016/j.fct.2013.02.023
https://doi.org/10.1007/s00726-017-2450-1
https://doi.org/10.1371/journal.pone.0174441
https://doi.org/10.1371/journal.pone.0174441
https://doi.org/10.1152/physrev.00037.2016
https://doi.org/10.1161/ATVBAHA.111.229302
https://doi.org/10.1155/2010/683485
https://doi.org/10.1158/0008-5472.CAN-14-1491
https://doi.org/10.3389/fonc.2018.00067
https://doi.org/10.1093/jn/134.10.2837S
https://doi.org/10.1093/jn/134.10.2837S
https://doi.org/10.2174/138161208784246199
https://doi.org/10.1186/s12935-020-01232-9
https://doi.org/10.1016/j.yexcr.2008.01.016
https://doi.org/10.3892/ijo.2016.3431
https://doi.org/10.3389/fimmu.2020.00249
https://doi.org/10.3389/fimmu.2020.00249
https://doi.org/10.4137/IJTR.S2129
https://doi.org/10.1038/s41573-019-0016-5
https://doi.org/10.4137/IJTR.S11558
https://doi.org/10.4137/IJTR.S11558
https://doi.org/10.1038/nrn3257
https://doi.org/10.1042/CS20140392
https://doi.org/10.1042/CS20140392
https://doi.org/10.4049/jimmunol.1500277
https://doi.org/10.4049/jimmunol.1500277
https://doi.org/10.1016/j.imbio.2013.06.008
https://doi.org/10.4049/jimmunol.1203306
https://doi.org/10.1038/nm.2092
https://doi.org/10.1016/j.cca.2005.06.013
https://doi.org/10.3389/fimmu.2019.02565
https://doi.org/10.1016/S1074-7613(03)00266-8
https://doi.org/10.1016/S1074-7613(03)00266-8
https://doi.org/10.1111/cas.13878
https://doi.org/10.1016/j.ccell.2019.12.011
https://doi.org/10.1016/j.ccell.2019.12.011
https://doi.org/10.1158/0008-5472.CAN-12-3831
https://doi.org/10.1186/1423-0127-21-17
https://doi.org/10.1136/jcp.s1-5.1.1
https://doi.org/10.1038/nrm2336
https://doi.org/10.1038/nrm2330
https://doi.org/10.1038/nrm2330
https://doi.org/10.1038/s41580-019-0190-7
https://doi.org/10.1038/s41580-019-0190-7
https://doi.org/10.1038/s41423-021-00827-0
https://doi.org/10.7554/eLife.02882
https://doi.org/10.1016/j.bpj.2015.02.008
https://doi.org/10.1007/978-1-4939-9136-5_12
https://doi.org/10.1038/nm.3893
https://doi.org/10.1016/j.cytogfr.2011.10.001
https://doi.org/10.1016/j.cytogfr.2011.10.001
https://doi.org/10.1016/j.biochi.2004.09.018
https://doi.org/10.1016/j.biochi.2004.09.018
https://doi.org/10.1038/s12276-020-0430-0
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

Munteanu and Schwartz

201. Madison B. Srebp2: a master regulator of sterol and fatty acid synthesisl. J
Lipid Res. (2016) 57:333-5. doi: 10.1194/jlr.C066712

202. Shao W, Espenshade P. Sterol regulatory element-binding protein (SREBP)
cleavage regulates Golgi-to-endoplasmic reticulum recycling of SREBP cleavage-
activating protein (SCAP). J Biol Chem. (2014) 289:7547-57. doi: 10.1074/jbc.
M113.545699

203. Chatterjee S, Szustakowski J, Nanguneri N, Mickanin C, Labow M,
Nohturfft A, et al. Identification of novel genes and pathways regulating SREBP
transcriptional activity. PLoS One. (2009) 4:e5197. doi: 10.1371/journal.pone.
0005197

204. Hsieh W, Zhou Q, York A, Williams K, Scumpia P, Kronenberger E,
et al. Toll-like receptors induce signal-specific reprogramming of the macrophage
lipidome. Cell Metab. (2020) 32:128.e-43.e. doi: 10.1016/j.cmet.2020.05.003

205. Kidani Y, Elsaesser H, Hock M, Vergnes L, Williams K, Argus J, et al. Sterol
regulatory element-binding proteins are essential for the metabolic programming
of effector T cells and adaptive immunity. Nat Immunol. (2013) 14:489-99. doi:
10.1038/ni.2570

206. Tall A, Yvan-Charvet L. Cholesterol, inflammation and innate immunity.
Nat Rev Immunol. (2015) 15:104-16. doi: 10.1038/nri3793

207. Tabas I, Lichtman A. Monocyte-macrophages and T cells in atherosclerosis.
Immunity. (2017) 47:621-34. doi: 10.1016/j.immuni.2017.09.008

208. Chistiakov D, Kashirskikh D, Khotina V, Grechko A, Orekhov A. Immune-
inflammatory responses in atherosclerosis: the role of myeloid cells. J Clin Med.
(2019) 8:1798. doi: 10.3390/jcm8111798

209. Bick M, Yurdagul A, Tabas I, O6rni K, Kovanen P. Inflammation
and its resolution in atherosclerosis: mediators and therapeutic
opportunities. Nat Rev Cardiol. (2019) 16:389-406. doi: 10.1038/s41569-019-
0169-2

210. Weber C, Noels H. Atherosclerosis: current pathogenesis and therapeutic
options. Nat Med. (2011) 17:1410-22. doi: 10.1038/nm.2538

211. Hedrick C. Lymphocytes in atherosclerosis. Arterioscler Thromb Vasc Biol.
(2015) 35:253-7. doi: 10.1161/ATVBAHA.114.305144

212. Liu H, Yao S, Dann S, Qin H, Elson C, Cong Y. ERK differentially regulates
T h17—and T reg—cell development and contributes to the pathogenesis of colitis.
Eur ] Immunol. (2013) 43:1716-6. doi: 10.1002/€ji.201242889

213. Wigren M, Bjorkbacka H, Andersson L, Ljungcrantz I, Fredrikson G,
Persson M, et al. Low levels of circulating CD4+ FoxP3+ T cells are associated
with an increased risk for development of myocardial infarction but not for stroke.
Arterioscler Thromb Vasc Biol. (2012) 32:2000-4. doi: 10.1161/ATVBAHA.112.
251579

214. Potekhina A, Pylaeva E, Provatorov S, Ruleva N, Masenko V, Noeva E,
et al. Treg/Th17 balance in stable CAD patients with different stages of coronary
atherosclerosis. Atherosclerosis. (2015) 238:17-21. doi: 10.1016/j.atherosclerosis.
2014.10.088

215. Sokola-Wysoczanska E, Wysoczanski T, Wagner J, Czyz K, Bodkowski R,
Lochynski S, et al. Polyunsaturated fatty acids and their potential therapeutic
role in cardiovascular system disorders-a review. Nutrients. (2018) 10:1561. doi:
10.3390/nul10101561

Frontiers in Nutrition

30

10.3389/fnut.2022.1082500

216. Ruthig D, Meckling-Gill KA. N-3 and n-6 fatty acids stimulate
restitution by independent mechanisms in the IEC-6 model of intestinal
wound healing. ] Nutr Biochem. (2002) 13:27-35. doi: 10.1016/50955-2863(01)0
0192-9

217. Calder P, Grimble R. Polyunsaturated fatty acids, inflammation and
immunity. Eur J Clin Nutr. (2002) 56 (Suppl. 3):S14-9. doi: 10.1038/sj.ejcn.
1601478

218. Sokola-Wysoczanska E, Wysoczanski T, Czyz K, Vogt A, Patkowska-Sokola
B, Sokola K, et al. Characteristics of polyunsaturated fatty acids ethyl esters
with high alpha-linolenic acid content as a component of biologically active
health-promoting supplements. Przemysl Chem. (2014) 93:1923-7. doi: 10.12916/
przemchem.2014.1923

219. Serhan  CN.  Pro-resolving lipid mediators are leads for
resolution physiology. Nature. (2014) 510:92-101. doi: 10.1038/naturel
3479

220. Dozio E, Ruscica M, Passafaro L, Dogliotti G, Steffani L, Marthyn P, et al.
The natural antioxidant alpha-lipoic acid induces p27Kip1-dependent cell cycle
arrest and apoptosis in MCF-7 human breast cancer cells. Eur ] Pharmacol. (2010)
641:29-34. doi: 10.1016/j.ejphar.2010.10.001

221. Bitar MS, Wahid S, Pilcher CW, Al-Saleh E, Al-Mulla F. a-lipoic acid
mitigates insulin resistance in goto-kakizaki rats. Horm Metab Res. (2004) 36:542—-
9. doi: 10.1055/s-2004-825760

222. Tallima H, El Ridi R. Arachidonic acid: physiological roles and potential
health benefits - a review. ] Adv Res. (2017) 11:33-41. doi: 10.1016/j.jare.2017.11.
004

223.Das  UN.  Gamma-linolenic
eicosapentaenoic acid as potential
6:429-34.

and
(1990)

acid,  arachidonic  acid,
anticancer drugs. Nutrition.

224. Marchesini N, Hannun YA. Acid and neutral sphingomyelinases: roles and
mechanisms of regulation. Biochem Cell Biol. (2004) 82:27-44. doi: 10.1139/003-
091

225. Simonetto M, Infante M, Sacco R, Rundek T, Della-Morte DA. Novel
anti-inflammatory role of omega-3 PUFAs in prevention and treatment of
atherosclerosis and vascular cognitive impairment and dementia. Nutrients.
(2019) 11:2279. doi: 10.3390/nu11102279

226. Simopoulos A. The importance of the ratio of omega-6/omega-3 essential
fatty acids. Biomed Pharmacother. (2002) 56:365-79. doi: 10.1016/s0753-3322(02)
00253-6

227. Riccioni G, D’Orazio N, Menna V, De Lorenzo A. Fat soluble vitamins
and immune system: an overview. Eur ] Inflamm. (2003) 1:59-64. doi: 10.1177/
1721727X0300100202

228. Montmayeur JP. Fat Detection: Taste, Texture, and Post Ingestive Effects.
Boca Raton, FL: CRC Press (2009). doi: 10.1201/9781420067767

229. Magee P, McCann M. Micronutrient deficiencies: current issues. Proc Nutr
Soc. (2019) 78:147-9. doi: 10.1017/50029665118002677

230. Singer P, Blaser A, Berger M, Alhazzani W, Calder P, Casaer M, et al.
ESPEN guideline on clinical nutrition in the intensive care unit. Clin Nutr. (2019)
38:48-79. doi: 10.1016/j.cInu.2018.08.037

frontiersin.org


https://doi.org/10.3389/fnut.2022.1082500
https://doi.org/10.1194/jlr.C066712
https://doi.org/10.1074/jbc.M113.545699
https://doi.org/10.1074/jbc.M113.545699
https://doi.org/10.1371/journal.pone.0005197
https://doi.org/10.1371/journal.pone.0005197
https://doi.org/10.1016/j.cmet.2020.05.003
https://doi.org/10.1038/ni.2570
https://doi.org/10.1038/ni.2570
https://doi.org/10.1038/nri3793
https://doi.org/10.1016/j.immuni.2017.09.008
https://doi.org/10.3390/jcm8111798
https://doi.org/10.1038/s41569-019-0169-2
https://doi.org/10.1038/s41569-019-0169-2
https://doi.org/10.1038/nm.2538
https://doi.org/10.1161/ATVBAHA.114.305144
https://doi.org/10.1002/eji.201242889
https://doi.org/10.1161/ATVBAHA.112.251579
https://doi.org/10.1161/ATVBAHA.112.251579
https://doi.org/10.1016/j.atherosclerosis.2014.10.088
https://doi.org/10.1016/j.atherosclerosis.2014.10.088
https://doi.org/10.3390/nu10101561
https://doi.org/10.3390/nu10101561
https://doi.org/10.1016/s0955-2863(01)00192-9
https://doi.org/10.1016/s0955-2863(01)00192-9
https://doi.org/10.1038/sj.ejcn.1601478
https://doi.org/10.1038/sj.ejcn.1601478
https://doi.org/10.12916/przemchem.2014.1923
https://doi.org/10.12916/przemchem.2014.1923
https://doi.org/10.1038/nature13479
https://doi.org/10.1038/nature13479
https://doi.org/10.1016/j.ejphar.2010.10.001
https://doi.org/10.1055/s-2004-825760
https://doi.org/10.1016/j.jare.2017.11.004
https://doi.org/10.1016/j.jare.2017.11.004
https://doi.org/10.1139/o03-091
https://doi.org/10.1139/o03-091
https://doi.org/10.3390/nu11102279
https://doi.org/10.1016/s0753-3322(02)00253-6
https://doi.org/10.1016/s0753-3322(02)00253-6
https://doi.org/10.1177/1721727X0300100202
https://doi.org/10.1177/1721727X0300100202
https://doi.org/10.1201/9781420067767
https://doi.org/10.1017/S0029665118002677
https://doi.org/10.1016/j.clnu.2018.08.037
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

:' frontiers ‘ Frontiers in Immunology

‘ @ Check for updates

OPEN ACCESS

EDITED BY

Sergey Ponomareyv,

Institute of Biomedical Problems (RAS),
Russia

REVIEWED BY

Jiajia Song,

Southwest University, China
Zhigang Song,

Shandong Agricultural University,
China

*CORRESPONDENCE
Yinghua Shi
annysyh@henau.edu.cn

"These authors have contributed
equally to this work and share first
authorship

SPECIALTY SECTION

This article was submitted to
Nutritional Immunology,

a section of the journal
Frontiers in Immunology

RECEIVED 10 September 2022
ACCEPTED 21 November 2022
PUBLISHED 08 December 2022

CITATION

Ali Q, Ma S, Faroog U, Niu J, Li F, Li D,
Wang Z, Sun H, Cui Y and Shi Y (2022)
Pasture intake protects against
commercial diet-induced
lipopolysaccharide production
facilitated by gut microbiota through
activating intestinal alkaline
phosphatase enzyme in meat geese.
Front. Immunol. 13:1041070.

doi: 10.3389/fimmu.2022.1041070

COPYRIGHT

© 2022 Ali, Ma, Farooq, Niu, Li, Li,
Wang, Sun, Cui and Shi. This is an open-
access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use,
distribution or reproduction is
permitted which does not comply with
these terms.

Frontiers in Immunology

TYPE Original Research
PUBLISHED 08 December 2022
D01 10.3389/fimmu.2022.1041070

Pasture intake protects against
commercial diet-induced
lipopolysaccharide production
facilitated by gut microbiota
through activating intestinal
alkaline phosphatase enzyme
in meat geese
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Defeng Li1,2,3, ZhiChang Wangl,2,3’ Hao Sun1,2,3, Yalei Cuil'2'3
and Yinghua Shi****

‘Department of Animal Nutrition and Feed Science, College of Animal Science and Technology,
Henan Agricultural University, Zhengzhou, Henan, China, 2Henan Key Laboratory of Innovation and
Utilization of Grassland Resources, Henan Agricultural University, Zhengzhou, Henan, China,
SHenan Herbage Engineering Technology Research Center, Henan Agricultural University,
Zhengzhou, Henan, China, *Department of Poultry Science, University of Agriculture Faisalabad,
Toba Tek Singh, Pakistan

Introduction: Diet strongly affects gut microbiota composition, and gut
bacteria can influence the intestinal barrier functions and systemic
inflammation through metabolic endotoxemia. In-house feeding system (IHF,
a low dietary fiber source) may cause altered cecal microbiota composition and
inflammatory responses in meat geese via increased endotoxemia
(lipopolysaccharides) with reduced intestinal alkaline phosphatase (ALP)
production. The effects of artificial pasture grazing system (AGF, a high
dietary fiber source) on modulating gut microbiota architecture and gut
barrier functions have not been investigated in meat geese. Therefore, this
study aimed to investigate whether intestinal ALP could play a critical role in
attenuating reactive oxygen species (ROS) generation and ROS facilitating NF-
kB pathway-induced systemic inflammation in meat geese.

Methods: The impacts of IHF and AGF systems on gut microbial composition via 16
SRNA sequencing were assessed in meat geese. The host markers analysis through
protein expression of serum and cecal tissues, hematoxylin and eosin (H&E) staining,
localization of NF-kB and Nrf2 by immunofluorescence analysis, western blotting
analysis of ALP, and quantitative PCR of cecal tissues was evaluated.

Results and Discussion: In the gut microbiota analysis, meat geese
supplemented with pasture showed a significant increase in commensal
microbial richness and diversity compared to IHF meat geese demonstrating
the antimicrobial, antioxidant, and anti-inflammatory ability of the AGF system.
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A significant increase in intestinal ALP-induced Nrf2 signaling pathway was
confirmed representing LPS dephosphorylation mediated TLR4/MyD88
induced ROS reduction mechanisms in AGF meat geese. Further, the
correlation analysis of top 44 host markers with gut microbiota showed that
artificial pasture intake protected gut barrier functions via reducing ROS-
mediated NF-kB pathway-induced gut permeability, systemic inflammation,
and aging phenotypes. In conclusion, the intestinal ALP functions to regulate
gut microbial homeostasis and barrier function appear to inhibit pro-
inflammatory cytokines by reducing LPS-induced ROS production in AGF
meat geese. The AGF system may represent a novel therapy to counteract
the chronic inflammatory state leading to low dietary fiber-related diseases in

animals.

KEYWORDS

pasture grazing, gut microbiota, intestinal alkaline phosphatase, lipopolysaccharides,
oxidative stress, inflammation, Keapl-Nrf2, meat geese

Introduction

Intestinal homeostasis seems to be a defining factor for poultry
health that is affected by oxidative stress either produced by heat
stress or feed stress (1). The poultry birds such as broilers, layers,
geese, and turkeys are continuously exposed to lipopolysaccharides
(LPS) via different routes such as feed, water, and fine dust particles
in the house that always contain some amounts of LPS. However,
the major natural source of LPS is the complex community of
gram-negative bacteria in the intestines (2). LPS is an outer
membrane component of gram-negative bacteria such as
Enterobacteriaceae (3), Escherichia coli (E. coli) (4), Bacterodales
(5), and Cyanobacteria (6) that are recognized by toll-like receptors
(TLRs), particularly TLR4 and then invade the intestinal tissues and
get access to the bloodstream thereby provoking reactive oxygen
species (ROS)-induced systemic diseases. This leads to a leaky gut
(7) that causes diarrhea, decreased nutrient absorption, and internal
fluid loss in broilers (8).

From different studies, two supporting shreds of evidence suggest
that nuclear factor kappa B (NF-xB) is activated either by ROS (9) or
LPS (10). Further, LPS and ROS phosphorylate NF-kB inhibitor o
(IxkB-0r) and let the NF-xB migrate to the nucleus and then exert their
inflammatory and apoptotic impacts by activating NF-kB pathway
(11). When NF-kB pathway is established, then it consistently
contributes to inducing chronic low-grade inflammation (12)
through upregulating oxidative stress (N. 13), pro-inflammatory
mediators ie. inducible nitric oxide (iNOS) and cyclooxygenase
(COX)-2 and pro-inflammatory cytokines (ie. IL-1f3, IL-6, and
TNF-0) (14, 15).

Gut microbial-induced LPS-mediated NF-kB activity
orchestrates chronic low-grade inflammation that is a major
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disease risk factor in today’s animals’ life (16). Thus, modifiable
factors that can reduce LPS-induced inflammation may
potentially modulate disease risk. Different possible modifiable
factors such as feed antibiotics (17), dietary fiber and threonine
(18), pectin (19), Schisandra A (12), phytochemicals (20), and
oral alkaline phosphatase (21) have been used in animals to
detoxify LPS. Feed antibiotics increase food-born pathogenic
bacterial-induced LPS resistance (22) while phytochemicals used
as anticancer drugs show minimum side effects in animals (20).
Albeit different dietary fibers detoxify LPS-induced chronic low-
grade inflammation (18), nobody did clearly explain the
mechanisms of how dietary fibers ameliorate LPS-mediated
systemic inflammation facilitated by gut microbiota in
meat geese.

Different dietary fiber sources such as glucomannan,
oligosaccharides, sialyl lactose, and galactooligosaccharides
shape the gut microbiota to regulate intestinal ALP in rats and
other animals (23, 24). Intestinal ALP is an endogenous
antimicrobial peptide that is secreted from the apical
enterocytes of small intestine and then moves toward the large
intestine (25). Intestinal ALP has been shown to
dephosphorylate LPS, CpG-DNA, and flagellin (26). In
previous studies, lipid A moiety plays a role of bridge in
activating myeloid differentiation factor 88 (MyD88) pathway
by binding LPS with TLR4 and then activating oxidative stress
(27) and NF-xB-induced systemic inflammation (12). In
previous studies is not defined clearly to what extent and in
which way the intestinal ALP dephosphorylates LPS by breaking
TLR4/MyD88-induced ROS production and NF-kB-induced
systemic inflammation. Furthermore, intestinal ALP promotes
healthy homeostasis of gut microbiota (28) and gut barrier
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functions (29), which has been associated with lowering systemic
inflammation in several studies of healthy adults (30) and their
specific health conditions (e.g. obesity, diabetes, and
cardiovascular disease) (31). The increasing evidence of the
salutary functions of ALP emphasizes the significance of the
naturally occurring brush border enzyme. Therefore, there is a
need to find optional nutritional strategies that could naturally
induce and regulate the endogenous growth of intestinal ALP in
poultry birds. One of the optional possible nutritional strategies
is the application of dietary fiber which has been used in different
studies to induce intestinal ALP production (24).

Geese are herbivorous, and because of their unique ability to use
high fiber feeds, pasture was suggested to be included to promote
health (32). In China, the most commonly available pasture is
ryegrass, which is rich in protein, dietary fiber, fatty acids, iron,
zinc, magnesium, calcium, vitamins, essential amino acids, alkaloids,
steroids, flavonoids, glycosides, phenols, and tannins (33). Recently,
several reports suggest that ryegrass could regulate intestinal
microflora of Beijing-you chickens (34) and improve ethnomedical
properties like being antioxidant, antimicrobial, and anti-
inflammatory diseases in animals (35, 36). However, up to now,
formal mediation analysis experiments about the association
between ryegrass (high dietary fiber) intake-induced endogenous
ALP-regulated kelch-like ECH-Associating protein 1-nuclear factor
erythroid 2 (Keap1-Nrf2) pathway and LPS-induced oxidative stress
is lacking. Moreover, the Keap1-Nrf2 system plays a central role in
the regulation of the oxidative stress response, and that Nrf2
coordinately regulates cytoprotective genes (37). Here we reported
that the regulation of gut microbial-induced endogenous intestinal
ALP by pasture intake preserves the normal homeostasis of gut
microbiota, dephosphorylates LPS/TLR4/MyD88 pathway-
mediated ROS insults, and activates Keapl-Nrf2 pathway to
alleviate NF-xB-induced systemic inflammation in meat geese.

Materials and methods
Ethical approval

According to animal care guidelines, the study was
conducted using Wanfu geese. All used procedures were
approved by the Research Bioethics Committee of the Henan
Agricultural University (approval HENAU-2021).

Animals, diets, and housing

A total of 180, 25-day-old Wanfu mixed-sex geese from the
commercial geese farm were purchased from Henan Daidai
goose Agriculture and Animal husbandry development Co.,
Ltd (Zhumadian, China). The geese with an average weight of
693.6 g (£ 3.32) were divided into two homogeneous groups: (1)
in-house feeding group (IHF, n = 90) and (2) artificial pasture
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grazing group (AGF, n = 90), 12h artificial pasture grazing
(06:00-18:00h) with once a day (19:00h) in-house feeding group.
Each group consisted of six replicates with 15 geese per replicate.
All the geese had free access to feed and freshwater ad-libitum.
The IHF group meat geese were fed a commercial diet (Table 1).
Two diets were used: a grower diet (25 to 45 days) and a finisher
diet (46 to 90 days). The AGF system was established in form of
grazing of meat geese at the expense of ryegrass. The nutritional
composition of ryegrass was dry matter (90%), crude protein
(15.47%), ash (8%), neutral detergent fiber (65%), acid detergent
fiber (38%), ether extract (3.3%), calcium (0.90%), and
phosphorous (0.47%). The experiment lasted for 66 days
(Supplementary Figure 1).

Sample collection

Body weight and feed intake were measured every week. The
pasture feed intake was measured using the method described by
Cartoni Mancinelli et al. (38). On days 45, 60, and 90, we selected
six healthy meat geese per replicate with a body weight range of
+ 1 std. from mean 1.63-2.31 kg, 3.33-4.28 kg, and 4.38-5.39 kg
respectively. Blood samples were collected in non-anticoagulant
sterile blood vessels from the jugular vein. Serum samples were
then obtained by centrifuging the blood samples at 4,000 x g for

TABLE 1 Nutritional composition of the diet.

Diets
Ingredients, % Grower Finisher
Wheat 57.3 59
Rice bran 5 4
Corn germ cake (exp.) 4 32
Corn oil 5 7
Dumpling powder 3 2
Corn distiller’s grains (DDGS) 6.5 7
Spouting germ meal 2
Soybean meal (sol.) 7 6
Peanut meal (sol.) 1.5 1
Albumen powder 2 1.5
Stone powder 1.1 1
Liquid methionine 0.25 0.3
MuLaoDa-2 1.25 2
201/202 gunk 2.5 3
Calcium hydrogen phosphate 0.6 1
Chemical composition (%)
Crude protein 20.12 15.54
Ash 12.89 12.86
Neutral detergent fiber 13.25 30.55
Acid detergent fiber 5.5 27.02
Calcium 1.15 1.07
Phosphorous 0.47 0.32
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15 minutes at 4°C and stored at -80°C until analysis. After blood
sampling, the geese were slaughtered and pH was determined
from the proventriculus, gizzard, ileum, and cecum. Fresh cecal
chyme was collected from the cecum using sterile 5 ml centrifuge
tubes and then stored at -80°C for further analysis. The cecal
tissues were immediately removed, thoroughly washed with
phosphate-buffered saline (PBS), stored in liquid nitrogen, and
then preserved at —-80°C for further analysis. Cecal tissues were
fixed by immersion in 4% and 10% neutral buffered formalin.

Measurement of LPS, ROS, and
ALP levels

The serum and cecal tissues were sampled to measure LPS,
ROS, and ALP activities. The kits were purchased from Shanghai
Enzyme Link Biotechnology Co., Ltd (Shanghai, China) and all
experimental procedures were performed according to the

manufacturer’s instructions.

Bacterial growth conditions

LPS is a key virulence factor of Escherichia coli (E. coli) that
triggers innate immune responses via activation of the toll-like
receptor 4 signaling pathway (39). To identify, whether E. coli
contributes to activating the LPS, the batch cultivation for E. coli
was carried out in Luria broth (LB) medium at 37°C with a 2-L
working volume. LB medium was from recipe of Miller (5 g yeast
extract, 10 g peptone tryptone, 10 g NaCl) (40). The pH was
maintained at 6.95 automatically by titration with 5% H,SO,4 or
5% NaOH. Ampicillin was added to control the growth of other
bacteria. Peptone tryptone and yeast extract were from OXOID,
NaCl from Sigma, agar, and ampicillin from Solarbio (life
sciences). The medium was made in distilled water and
autoclaved under standard conditions. Dissolved oxygen in the
culture was maintained at 40% saturation automatically by
varying the speed of impeller rotation. Culture growth
(OD600) was monitored with a DU640 Spectrophotometer
(Beckman). Further, E. coli was cultured onto the Petri dishes
for 24h at 37°C. The CFU/g stool for E. coli from the Petri dishes
was counted.

Measurement of gut permeability

The concentration of tight junction proteins is a widely
recognized indicator known as gut permeability. For this, the
tight junction proteins ZO-1, Occludin, and Claudin
concentrations were determined from the cecal tissues in the
present study. The kits were purchased from Shanghai Enzyme
Link Biotechnology Co., Ltd (Shanghai, China) and all
experimental procedures were performed according to the
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manufacturer’s instructions. Further, mRNA expression levels
of ZO-1, Occludin, and Claudin and 2 genes encoding tight
junction proteins dlgl and E-cadherin were also measured from
cecal tissues for gut barrier functions. Details related to gene
expression are proposed to be harmonized in section 2.14.

Measurement of antioxidant parameters

Heme oxygenase 1 (HO-1) and glutathione reductase (GSR)
were measured from serum using ELISA kits (Shanghai Meilian
Biology Technology, Shanghai, China). The total superoxide
dismutase (T-SOD, #A001-1), glutathione peroxidase (GSH-
Px, #A005), total antioxidant capacity (T-AOC, #A015-2-1),
malondialdehyde (MDA, #A003-1), and catalase (CAT, #A007-
1) were measured using diagnostic kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, Jiangsu, P. R. China)

according to the manufacturer’s instructions.

Measurement of metabolic (plasma
lipid) profiles

Serum total cholesterol (T-CHO, #A111-1-1), low-density
lipoprotein cholesterol (LDL-C, #A113-1-1), high-density
lipoprotein cholesterol (HDL-C, #A112-1-1), triglycerides (TG,
#A110-1-1), and blood urea nitrogen (BUN, #C013-1-1) was
enzymatically determined using a kit from Nanjing Jiancheng
Bioengineering (Nanjing, Jiangsu, P. R. China) following the
manufacturer’s instructions. Fasting blood glucose level was
determined by a blood glucose meter (www.sinocare.com).

Hematoxylin and eosin staining

First, the cecal tissues were fixed with 10%
paraformaldehyde and stained with Harris’ hematoxylin
solution for 6h at a temperature of 60-70°C and were then
rinsed in tap water until the water was colorless. Next, 10% acetic
acid and 85% ethanol in water were used to distinguish the tissue
2 times for 2h and 10h, and again the tissues were rinsed with tap
water. In the bluing step, we soaked the tissue in saturated
lithium carbonate solution for 12h and then rinsed it with tap
water. Finally, staining was achieved with eosin Y ethanol
solution for 48h.

Paraffin embedding

The tissues were dehydrated with 95% ethanol twice for 0.5h,
and then soaked in xylene for 1h at 60-70°C followed by paraffin
for 12h. For the cecal tissues, we used 0.5 ml of 95% ethanol
in dehydration.
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Slicing and imaging

The stained tissues were cut into 3 sections of 7-um slices
with well-oriented parts using a Leica RM2235 microtome and
then imaged using Nikon NIS-Elements microscopy.

Localization of NF-xB and Nrf2 by
immunofluorescence analysis

The tissue sections were fixed in 4% paraformaldehyde for
10 minutes. Paraffin sections were dewaxed with xylene for 15
minutes, dehydrated with gradient alcohol, and rinsed in
distilled water. Dewaxed and rehydrated slides of cecal tissue
sections were boiled in citrate-EDTA antigen retrieval solution
for 2 minutes and were blocked with 10% fetal bovine serum for
30 minutes. The tissue sections were incubated for NF-kB and
Nrf2 with primary antibody Rabbit Anti-NF-kB (Affinity, P65-
AF5006, 1:200; v/v) or Rabbit anti-Nrf2 (Bioss, bs-1074R, 1:500;
v/v) respectively, at 4°C overnight followed by secondary
antibody (HRP Goat Anti-Rabbit IgG (SeraCare, 5220-0336,
1:400; v/v) with incubation at room temperature in the dark for
50 minutes. Tyramine salt fluorescein was added dropwise to the
tissues (configured with phosphate-buffered saline with Tween
20 (PBST) containing 0.0003% H,0,) and incubated at room
temperature for 20 minutes. 4’,6-dia-midino-2-phenylindole
(DAPI) was used to incubate the slides for 10 minutes at room
temperature. Finally, the slides were sealed with anti-fluorescent
quenching mounting medium, and the localization of Nrf2 and
NF-kB was detected with a confocal fluorescence microscope
(TCSSP8STED, Leica, Wetzlar, Germany). The nuclei stained by
DAPI are blue under ultraviolet excitation and are positively
expressed as the corresponding fluorescein-labeled green light.

Western blotting analysis of ALP

The cecal tissues were harvested and cut open longitudinally,
and luminal contents were removed. The tissues were washed
with phosphate-buffered saline (PBS) and homogenized with
liquid nitrogen, and homogenates were mixed with
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-
HCI, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% sodium dodecyl sulfate) containing protease
inhibitor cocktail (Sigma Aldrich), incubated on ice for 30
minutes, and centrifuged at 12,000 rpm for 5 minutes at 4°C.
Proteins (50 ng/sample) were solubilized and heating
denaturation in 40 mL of sodium dodecyl sulfate (SDS)
loading buffer (SolarBio, Shanghai, China) and then resolved
by electrophoresis (BioRad, Hercules, CA, USA) on 10% SDS-
PAGE gels prior to electrophoretic transfer to polyvinylidene
fluoride (PVDF) membranes (Millipore, Billerica, MA, USA).
Standard markers for protein molecular masses were purchased
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from Thermo (Waltham, MA, USA). The membranes were
blocked with 5% nonfat dry milk (NFDM) in Tris-buffered
saline with 0.05% Tween 20 (TBS-T, Solarbio, Shanghai,
China) for lh at room temperature and then probed with
1:1,000 dilution of rabbit ALP primary antibodies (ET1601-21,
huabio, Hangzhou, China) and GAPDH primary antibodies
(MAB45855, Bioswamp, Wuhan, China) in 5% BSA at 4°C
overnight. After washing three times in TBS-T, the blots were
further incubated with 1:3,000 dilution of a horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG antibody
(E-AB-1003, Elabscience, Wuhan, China) or HRP-conjugated
goat anti-rabbit IgG antibody (E-AB-1001, Elabscience, Wuhan,
China) at 37°C for 1h. The proteins were visualized using Beyo
ECL reagents (Beyotime, Shanghai, China). The intensity of the
bands was quantified with a Pro Plus 6.0 Biological Image
Analysis System.

RNA extraction and RT-qPCR

Total RNA from the cecal tissues (about 50 to 100 mg) was
extracted by the addition of 1 mL of MagZol-reagent (#R4801-
02; Magen Biotechnology, Guangzhou, Guangdong, China)
according to the manufacturer’s instructions. The
concentration and purity of the total RNA were assessed using
a NanoDrop 2000 UV-vis spectrophotometer (Thermo
Scientific, Wilmington, USA). Subsequently, the RNA was
reverse transcribed to cDNA using the ReverTra Ace® qPCR
RT Master Mix with gDNA Remover (TOYOBO, OSAKA,
Japan) according to the manufacturer’s instructions. The
cDNA samples were amplified by real-time quantitative
polymerase chain reaction with ChamQ Universal SYBR qPCR
Master Mix from Vazyme Biotechnology (Nanjing, Jiangsu, P. R.
China). Gene-specific primers for each gene were designed using
Primer3web, version 4.1.0 (Supplementary Table 1). PCR was
performed on the C1000 Touch PCR Thermal cycler (BIO-RAD
Laboratories, Shanghai, China) using ChamQ Universal SYBR
qPCR Master Mix from Vazyme Biotechnology (Nanjing,
Jiangsu, P. R. China) and was as follows: 40 cycles of 95°C for
15 s and 60°C for 30 s. All measurements will be performed in
triplicate. The messenger ribonucleic acid (mRNA) expression of
target genes relative to beta-actin (B-actin) was calculated using
224CT method (41).

DNA extraction and PCR amplification

According to the manufacturer’s instructions, the microbial
community genomic DNA was extracted from cecal chyme
samples using the EZN.A.® soil DNA Kit (Omega Bio-Tek,
Norcross, GA, U.S.). The DNA extract was checked on 1%
agarose gel, and DNA concentration and purity were determined
with NanoDrop 2000 UV-vis spectrophotometer (Thermo
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Scientific, Wilmington, USA). The hypervariable region V3-V4
of the bacterial 16S rRNA gene was amplified with primer pairs
338F (5-ACTCCTACGGGAGGCAGCAG-3) and 806R (5-
GGACTACHVGGGTWTCTAAT-3’) by an ABI GeneAmp®
9700 PCR thermocycler (ABI, CA, USA). The PCR
amplification of the 16S rRNA gene was performed as follows:
initial denaturation at 95°C for 3 minutes, followed by 27 cycles
of denaturing at 95°C for 30 s, annealing at 55°C for 30 s, and
extension at 72°C for 45 s, and single extension at 72°C for 10
minutes, and end at 4°C. The PCR mixtures contain 5 X
TransStart FastPfu buffer 4 puL, 2.5 mM dNTPs 2 pL, forward
primer (5 uM) 0.8 uL, reverse primer (5 uM) 0.8 UL, TransStart
FastPfu DNA Polymerase 0.4 uL, template DNA 10 ng, and
finally ddH,O up to 20 uL. PCR reactions were performed in
triplicate. The PCR product was extracted from 2% agarose gel
and purified using the AxyPrep DNA Gel Extraction Kit
(Axygen Biosciences, Union City, CA, USA) according to the
manufacturer’s instructions and quantified using Quantus'
Fluorometer (Promega, USA).

Illumina MiSeq sequencing

Purified amplicons were pooled in equimolar, and paired-end
sequenced (2 x300) on an [lumina MiSeq platform (Illumina, San
Diego, USA) according to the standard protocols by Majorbio Bio-
Pharm Technology Co., Ltd. (Shanghai, China).

Processing of sequencing data

The raw 16S rRNA gene sequencing reads were
demultiplexed, quality-filtered by Trimmomatic, and merged
by FLASH with the following criteria: (i) the 300 bp reads were
truncated at any site receiving an average quality score of <20
over a 50 bp sliding window, and the truncated reads shorter
than 50 bp were discarded, reads containing ambiguous
characters were also discarded; (ii) only overlapping sequences
longer than 10 bp were assembled according to their overlapped
sequence. The maximum mismatch ratio of overlap region is 0.2.
Reads that could not be assembled were discarded; (iii) samples
were distinguished according to the barcode and primers, and
the sequence direction was adjusted, exact barcode matching, 2
nucleotides mismatches in primer matching. The taxonomy of
each OTU representative sequence was analyzed by RDP
Classifier (http://rdp.cme.msu.edu/) against the 16S rRNA
database (e.g. Silva SSU128) using a confidence threshold of
0.7. The species composition and relative abundance of each
sample were counted at the phylum level, and the composition of
the dominant species of different groups was visualized by the
package pie chart of R (version 3.3.1) software. PICRUSt is a
software package for the functional prediction of 16S amplicon
sequencing results which was used to determine the COG IDs
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related to LPS production. Spearman rank correlation coefficient
was performed to construct a correlation heatmap among the
highly abundant GO terms and cecal microbiota at phylum as
well as genus levels mostly relevant to LPS production. Further,
to determine the effect of microbiota interacting with apparent
performance, redundancy analysis (RDA) was performed at the
genus level using the R language vegan packet on Spearman
correlation analysis (RDA 2014).

Statistical analysis

Data were expressed as mean + SEM. Statistical analyses
were performed using SPSS 20.0 software (=D3 SPSS, Inc., 2009,
Chicago, IL, USA www.spss.com). Data from two groups were
evaluated by unpaired two-tailed student T-Test. Significance
was considered to be at P< 0.05. Spearman correlation analysis of
the Euclidean distance was performed using GraphPad Prism
version 8.3.0., and origin 2021. To compare host markers’
relationships, Pearson’s correlation analysis was performed by
OECloud tools (https://cloud.oebiotech.cn).

Results

Artificial pasture grazing system
modulates gut microbiota to inhibit
LPS synthesis induced by in-house
feeding system

The metagenome predicted functions classified using
clusters of orthologous genes (COG) database in phylogenetic
reconstruction of unobserved states (PICRUSt) software are
performed to investigate the functional differences in the gut
microbiota between the two feeding meat geese groups (in-house
feeding group (IHF) and artificial pasture grazing group (AGF)
meat geese) at different time points 45d, 60d, and 90d. A total of
4060, 4069, 4082, 3959, 4030, and 4060 COG IDs were identified
in samples IHF45, AGF45, IHF60, AGF60, IHF90, and AGF90
respectively (unpublished data). To identify which strains
contribute to LPS production in the meat geese gut, we
focused on the GO terms and cecal microbiota at the phylum
level mainly relevant to LPS biosynthesis (Figure 1A and
Supplementary Figures 2A-F). At 45d, in the IHF meat geese,
Firmicutes families dominated the four while Actinobacteiota
dominated the two main COG terms related to LPS biosynthesis.
At 60d, in the IHF meat geese, Actinobacteriota and
Proteobacteria families dominated the four and two main
COG terms related to LPS biosynthesis, respectively. At 90d,
only Bacteroidota family dominated the three main COG terms
related to LPS biosynthesis in IHF meat geese.

Overall, Firmicutes and Bacteroidota families dominate both
in the ITHF and AGF meat geese at 45d, 60d, and 90d, but
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FIGURE 1

Artificial pasture grazing system modulates gut microbiota to inhibit LPS synthesis induced by in-house feeding system. (A) Average abundance
per sample of genes related to the four main LPS biosynthesis-related functions. Red indicates a positive correlation; green indicates a negative
correlation, (B) Relative contributions of the different phyla to the total LPS-encoding capacity of the gut microbiome, and (C) Contribution of
individual genera to LPS biosynthesis functions. The average abundances of genes related to any of the four LPS-related GO functions are
shown for individual genera within each phylum. LP A biosyn. AC.; lipid A biosynthesis acyltransferase, LP A biosyn.; lipid A biosynthesis, LPS
trans. peri. prot. [ptA; lipopolysaccharide transport periplasmic protein IptA, and LPS biosyn. proc.; lipopolysaccharide biosynthesis process. Red
indicates a positive correlation; blue indicates a negative correlation. In-house feeding system (IHF) and artificial pasture grazing system (AGF).
The asterisks symbol indicates significant differences *P < 0.05, **P < 0.01, ***P < 0.001

Firmicutes and Bacteroidota individually contribute 68.45% and biosynthesis and microbial composition at the genus level and
32.62% of the LPS biosynthesis in the IHF meat geese at 45d and could only find a moderate-to-strong correlation between a few
90d, respectively (Figure 1B). In contrast, Actinobacteriota microbial individual genera and the stimulatory potency of
family is the minor contributor to LPS biosynthesis, with an individual cecal LPS production in THF meat geese (Figure 1C).
average of 8.89% and 9.90% of the total LPS biosynthesis in IHF However, we found that the abundance of very few bacterial
meat geese at 45d and 60d, respectively. In contrast to other genera Lactobacillus and Ruminococcus_torques_group following
bacterial families, Proteobacteria family with a minute quantity Firmicutes phylum show a moderate correlation with the
with an average of 2.94% contributes to the total LPS activation of lipid A biosynthesis and LPS transportation
biosynthesis in IHF meat geese at 60d. periplasmic protein IptA at 45d in IHF meat geese (Figure 1C).

The quality and types of diet make alterations in the gut While only single bacterial genera norank_f:norank_o:
microbiota in a time-dependent manner. We next examined Gastranaerophilales following the phylum Cyanobacteria show a
whether the bacterial composition of the samples would strong correlation with the activation of LPS transportation
correlate with the potency of activation or inhibition of these periplasmic protein IptA at 45d in IHF meat geese (Figure 1C).
samples (Figure 1C). At the genus level, we determined the In contrast, we found a maximum of the bacterial genera
Spearman correlation between the GO terms and cecal Prevotellaceae_UCG-001, Bacteroides, and Alistipes following
microbiota falling in different phyla mainly relevant to LPS Bacteroidota phylum were contributing to the lipid A
biosynthesis and those have been individually expressed in a biosynthesis acyltransferase and lipid A biosynthesis at 60d in
supporting file (Supplementary Figures 3A-E). We identify a IHF meat geese (Figure 1C). Similarly, Bacteroides and
strong correlation between GO functions related to LPS Rikenellaceae_RC9_gut_group following Bacteroidota phylum
Frontiers in Immunology frontiersin.org
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follow the same trend in activating the lipid A biosynthesis
acyltransferase and lipid A biosynthesis at 90d in IHF meat
geese (Figure 1C). Notably, Bacteroides dominate activating lipid
A biosynthesis acyltransferase at 60d and 90d in IHF meat geese
(Figure 1C). Our results revealed that Bacteroidota phylum is by
far the most abundant contributor to the LPS biosynthesis
functions in THF meat geese intestinal microbiota, consistent
with their high abundance relative to other Gram-negative
genera in the gut.

Inhibitory effects of artificial pasture
grazing system on in-house feeding
system-induced ROS production via LPS/
TLR4/MyD88 pathway in meat geese

We observed significantly increased in pH of proventriculus,
gizzard, ileum, and ceca in the AGF meat geese compared with THF
meat geese (Supplementary Figures 4A-D and Supplementary
Table 2). Then we measured the protein levels of intestinal ALP
activity and expression levels of intestinal alkaline phosphatase gene
(ALPi) and 2 separate alkaline phosphatase genes (CG5150 and
CG10827) from the meat geese. The serum ALP activity by enzyme-

10.3389/fimmu.2022.1041070

linked immunosorbent assay (ELISA) kit (Figure 2A) and mRNA
expression of ALPj (Figure 2B) and alkaline phosphatase genes
(CG5150 and CG10827) (Figure 2C) increased significantly in AGF
meat geese as compared to IHF meat geese at 45d, 60d, and 90d.
Furthermore, intestinal ALP may contribute to maintaining the
normal gut microbial homeostasis by suppressing the E. coli and as
well as detoxifying the LPS (42, 43). To identify, whether E. coli
contributes to activating the LPS and the suppression of intestinal
ALP, we cultured the E. coli onto the Petri dishes for 24h at 37°C.
For this, we counted the colony-forming units (CFU) for E. coli
from the Petri dishes. We observed that the CFU/g stool was less in
the AGF meat geese compared with the IHF meat geese
(Supplementary Figure 5A). To further verify our results, we pick
up one colony from the petri dish and incubated it in the LB
medium for 48h at 37°C. Then we determined the E. coli cell
cultures based on spectrophotometer readings at OD600 for 48h
with an interval of 2h. We found a significant decline in the
concentration of E. coli cell cultures from the AGF meat geese as
compared to THF meat geese (Supplementary Figure 5B).

The genes in rfa cluster such as rfaK and rfaL are involved in the
synthesis and modification of LPS core. These two genes play a vital
role in the attachment of 0 antigens to the core. This result was
following the higher protein abundance of serum LPS (Figure 2D)
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Inhibitory effects of artificial pasture grazing system on in-house feeding system-induced ROS production via LPS/TLR4/MyD88 pathway in meat
geese. (A) ALP protein level in serum, (B) ALPi mRNA level in cecal tissues, (C) mRNA levels of intestinal ALP genes (CG5150 and CG10827) in cecal
tissues, (D) LPS protein level in serum, (E) mRNA levels of LPS biosynthesizing genes (rfaK and rfal) in cecal tissues, (F) mRNA levels of lipid A
biosynthesizing genes ([pxA, [pxB, lpxC, and [pxD) in cecal tissues, (G) LBP mRNA level in cecal tissues, (H) sCD14 mRNA level in cecal tissues, (1)
TLR4 mRNA level in cecal tissues, (J) MyD88 mRNA level in cecal tissues, and (K) ROS protein level in serum, normalized by B-actin and measured
by gPCR. In-house feeding system (IHF) and artificial pasture grazing system (AGF). Data with different superscript letters are significantly different (P
< 0.05) according to the unpaired student T-Test. The asterisks symbol indicates significant differences *P < 0.05, **P < 0.01.
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and mRNA expression of LPS biosynthesizing genes rfaK and rfal
(Figure 2E) in cecal tissues of IHF meat geese. Next, to identify
whether lipid A moiety of LPS permits LPS to bind with TLR4 and
then activate MyD88 pathway, first, we determined the genes related
to lipid A biosynthesis. We found that the mRNA expression of
IpxA, IpxB, IpxC, and IpxD was lesser in the AGF meat geese
compared with THF meat geese (Figure 2F). Next, we found
decreased mRNA expression of LBP (Figure 2G) and soluble
cluster of differentiation 14 (sCDI4) (Figure 2H) in AGF meat
geese. This suggests that the higher mRNA expression of genes
related to lipid A may able the LPS to attach with TLR4 (Figure 2I)
and then activate MyD88 dependent pathway in cecal tissues of IHF
meat geese compared with AGF meat geese at 45d, 60d, and 90d
(Figure 2]). The activation of TLR4/MyD88 pathway may contribute
to ROS production (44). As expectedly, the higher TLR4/MyD88
gene expression was observed to be increased in IHF meat geese
concerning higher serum ROS production (Figure 2K).

Inhibitory effects of artificial pasture
grazing system on in-house feeding
system deteriorated nutrient absorption

In our study, we found that intestinal ALP activity (Majorbio i-
Sanger cloud platform (http://rdp.cme.msu.edu/)) was decreased in
IHF meat geese along with increased ROS abundances (Figure 2K)
compared with AGF meat geese. Based on this scenario, next, to
identify whether the THF-induced intestinal dysbiosis may impact
intestinal morphology in meat geese, we performed H&E staining of
cecal tissues. The effect of AGF system on the morphology of cecal
tissues is presented in Supplementary Table 3. Irrespective of a
commercial diet, the villus height, villus width, surface area, and
distance between villi in cecum of AGF meat geese group were
improved as opposed to crypt depth compared to those of IHF meat
geese group at different time points 45d, 60d, and 90d. While the
villus height to crypt depth ratio (V:C) values of the cecum were not
different. Further, the morphology of the cecal tissues from difterent
feeding systems was measured and compared to one another as
shown in Supplementary Figure 6. These results illustrated the
nutrient absorption in cecum under different feeding systems.

Beneficial effects of artificial pasture
grazing system on in-house feeding
system-dependent apoptosis-induced
gut permeability in meat geese

Alterations in mitochondrial membrane permeability could
initiate the stimulation of cytochrome C into the cytoplasm,
which activates caspases that, in turn, trigger apoptosis. Before
starting apoptosis-related experiments, we confirmed that
cytochrome C activity was increased with a commercial diet in
the cecal tissues of THF meat geese (Majorbio i-Sanger cloud
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platform (http://rdp.cme.msu.edu/)), then further we confirmed it
from the mRNA expression of cytochrome C from cecal tissues
(Figure 3A). To discover that apoptosis production is affected by
feed type in meat geese, we tested mRNA expression levels of
caspase 3 and 8 in cecal tissues from IHF and AGF meat geese at
different stages such as 45d, 60d, and 90d. We found a significant
increase in caspase3 (CASP3) and 8 (CASP8) activity in IHF meat
geese (Figures 3B, C). Next, we performed H&E staining of cecal
tissues. The upper normal limit for the number of apoptotic cells
per field (Mean * SD) in the villus at 45d, 60d, and 90d from the
cecal tissues of IHF and AGF meat geese has been shown in
Figure 3D and Supplementary Table 4. From different studies,
this accelerated apoptosis has been involved in inducing intestinal
mucosa disruption and intestinal permeability (45). To evaluate
whether the mucus phenotype can be explained by altered
structural organization of the mucosal barrier, we stained cecal
tissues with H&E. A well-defined mucus-producing goblet cell
genes (mucin2 (MUC2) and Mucin 5, subtype AC (MUC5AQ)),
the number of goblet cells per 20um, and inner muscular
tonic/muscularis mucosa layer thickness were observed in AGF
meat geese group (Figures 3E, F; Supplementary Figures 7A; 8A, B
and Supplementary Table 5). In agreement with a mucosal barrier,
the mucus-producing goblet cell genes and inner muscular
tonic/muscularis mucosa layer appeared less organized upon a
commercial diet feeding. Furthermore, intestinal ALP is known to
promote gut barrier function, and the disruption of the intestinal
barrier is thought to play a critical role in gut permeability
development, hence, we measured the gut permeability in IHF
and AGF meat geese at 45d, 60d, and 90d. The ELISA kit method
showed an IHF-dependent increase in endotoxemia (LPS)
(Figure 2D), significantly influenced by intestinal ALP deficiency
in IHF meat geese (previously explained in Figures 2A-C).
Furthermore, expression levels of intestinal tight junction proteins
were measured in cecal tissues of IHF and AGF meat geese. Again
diet and loss of endogenous ALP were associated with a significant
reduction in protein expression levels of zona occludin-1 (ZO-1),
Occludin, and Claudin (Figures 3G-I).

Inhibitory Effects of artificial pasture
grazing system on in-house feeding
system-induced NF-xB pathway and its
systemic inflammation

In our study first, we explained that the activation of MyD88
dependent pathway could lead to the stimulation of ROS in IHF
meat geese. Along with this dependent pathway, the cellular protein
LC8 (8-kDa dynein light chain) plays a role in the redox regulation
of NF-xB pathway. Actually, LC8 binds to IkB-a in a redox-
dependent manner, thereby preventing its phosphorylation by
IKK (46). Here, IHF system-induced intestinal ALP disruption
and the resulting ROS production oxidized LC8 which leads to the
dissociation from IkB-a and then causes NF-kB activation. This
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FIGURE 3

Beneficial effects of artificial pasture grazing system on in-house feeding system-dependent apoptosis-induced gut permeability in meat geese.
(A) Cytochrome C mRNA level in cecal tissues, (B) CASP3 mRNA level in cecal tissues, and (C) CASP8 mRNA level in cecal tissues. (D) H&E
staining of cecal tissues (magnification, 40x) for the number of apoptotic cells per field (Mean + SD). (E) MUC2 mRNA level in cecal tissues, and
(F) MUC5AC mRNA level in cecal tissues, normalized by B-actin and measured by gPCR. (G) ZO-1 protein level in cecal tissues, (H) Occludin
protein level in cecal tissues, and (I) Claudin protein level in cecal tissues. In-house feeding system (IHF) and artificial pasture grazing system
(AGF). Data with different superscript letters are significantly different (P < 0.05) according to the unpaired student T-Test. The asterisks symbol

indicates significant differences **P < 0.01.

result was under reduced mRNA expression levels of LC8 and IkB-a
and increased mRNA levels of NF-xB in IHF meat geese
(Figures 4A-C). Furthermore, we investigated the genes related to
regulating NF-xB pathway. The mRNA expression of NF-kB-
regulated genes IL-8, CCL2, PLAU, and BIRC3 in IHF meat geese
(Figures 4D) showed that IL-8, PLAU, and BIRC3 were by far the
most abundant contributor genes involved in regulating the NF-xB
pathway in the cecal tissues of IHF meat geese. Further to confirm
the NF-kB pathway activation in IHF meat geese, we performed the
nuclear translocation of NF-xB by the immunofluorescence
analysis. As observed using a confocal fluorescence microscope,
most of the NF-xB protein was translocated into the cell nucleus in
the cecal tissues of IHF meat geese compared with AGF meat geese
(Figure 4E). Next, a significant increase in mRNA expression of
pro-inflammatory mediators iINOS and COX2 and cytokines IL-1f3,
IL-6, and TNF-a in cecal tissues of IHF meat geese were observed
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instead of IL-1f as a function of diet composition. Here we observed
that intestinal ALP deficiency was associated with significantly
increased mRNA expression levels of these five cytokines
(Figures 4F-]).

Effects of artificial pasture grazing
system on activation of Nrf2 pathway in
meat geese

When NF-kB pathway is established under the insults of ROS,
then a natural immune defense mechanism is activated
underpinning the Keapl-Nrf2 pathway. Keapl regulates the
activity of Nrf2 and acts as a sensor for oxidative stress. Upon
oxidative stress, Keapl loses its ability to ubiquitinate Nrf2,
allowing Nrf2 to move in the nucleus and activate its target genes
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Inhibitory effects of artificial pasture grazing system on in-house feeding system-induced NF-kB pathway and its systemic inflammation. (A) LC8
MRNA level in cecal tissues, (B) IKB-a mRNA level in cecal tissues, (C) NF-kB mRNA level in cecal tissues, (D) NF-kB-regulated genes (/L-8, CCL2,
PLAU, and BIRC3) mRNA levels in cecal tissues, (E) Immunofluorescence (IF) analysis using Rabbit Anti-NF-xB (P65-AF5006) (1:200; v/v) showing
nuclear translocation of NF-xB in the cecal tissues of meat geese. Blue: nucleus (DAPI); Green: NF-kB-staining; Cerulean blue: merge of blue and
green indicating nuclear localization of NF-kB, scale bar = 20 um. (F) iINOS mRNA level in cecal tissues, (G) COX2 mRNA level in cecal tissues, (H)
IL-18 mRNA level in cecal tissues, (I) IL-6 mRNA level in cecal tissues, and (J) TNF-a mRNA level in cecal tissues, normalized by f-actin and
measured by gPCR. In-house feeding system (IHF) and artificial pasture grazing system (AGF). Data with different superscript letters are significantly
different (P < 0.05) according to the unpaired student T-Test. The asterisks symbol indicates significant differences *P < 0.05, **P < 0.01. The lack of

a superscript letter means that all differences were nonsignificant (ns)

(47). For these consensus, first, we found that the mRNA expression
levels of Keapl were declined and mRNA expression levels of Nrf2
were increased by a limited ROS production in AGF meat geese
(Figure 5A). This demonstrates that the production of ROS activates
Nrf2 pathway. Because Nrf2 pathway is known to promote cellular
redox homeostasis, and as the impairment of Nrf2 activity is
considered to play a crucial role in cellular defense system, we
measured Nrf2 and Nrf2-regulated genes and the antioxidant
enzymes regulated by Nrf2 in IHF and AGF meat geese at three-
time points ie. 45d, 60d, and 90d. With AGF system, the mRNA
expression levels of Nrf2 (Figure 5B) and Nrf2-regulated genes NQO1,
Gcle, Gelm, and GSTA4 were increased in AGF meat geese
(Figure 5C). Next, to evaluate the impacts of AGF system on
Keapl-Nrf2 pathway, we determined nuclear translocation of Nrf2
by immunofluorescence analysis. The results revealed increased Nrf2
in AGF versus IHF meat geese (Figure 5D), which suggested that
artificial pasture intake may involve in the activation of the Nrf2
pathway. It is clearly understood that the improved Nrf2 regulation
should contribute in antioxidant defense mechanisms. Again we
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observed that the pasture intake was involved in increased protein
levels of antioxidants HO-1, GSR, T-SOD, GSH-PX, T-AOC, and
CAT from serum samples of meat geese at 45d, 60d, and 90d
(Figures 5E-]). Further, whether these antioxidants are involved in
attenuating the mediators that caused ROS insults in IHF and AGF
meat geese, we measured oxidative mediator MDA from serum
samples. We examined a severe increase in protein levels of MDA in
THF meat geese compared with AGF meat geese at three time points
45d, 60d, and 90d (Figure 5K).

Artificial pasture grazing system
attenuates the in-house feeding system-
induced endotoxemia, gut permeability,
and chronic systemic inflammation of
meat geese

To further explore the effects of long-term establishment of
AGF system on intestinal alterations at three-time points 45d,
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Effects of Artificial Pasture Grazing System on Activation of Nrf2 Pathway in Meat Geese (A) Keapl mRNA level in cecal tissues, (B) Nrf2 mRNA level
in cecal tissues, and (C) Nrf2-regulated genes (NQO1, Gclc, Gelm, and GSTA4) mRNA levels in cecal tissues, normalized by B-actin and measured by
gPCR. (D) Immunofluorescence (IF) analysis using Rabbit anti-Nrf2 (bs1074R) (1:500; v/v) showing nuclear translocation of Nrf2 in the cecal tissues
of meat geese. Blue: nucleus (DAPI); Green: Nrf2-staining; Cerulean blue: merge of blue and green indicating nuclear localization of Nrf2, scale bar
= 20 pm. (E) HO-1 protein level (F) GSR protein level (G) T-SOD protein level (H) GSH-PX protein level (I) T-AOC protein level (J) CAT protein level
and (K) MDA protein level. In-house feeding system (IHF) and artificial pasture grazing system (AGF). Data with different superscript letters are
significantly different (P < 0.05) according to the unpaired student T-Test. The asterisks symbol indicates significant differences *P < 0.05, **P < 0.01.

60d, and 90d, we hypothesized whether intestinal ALP may
involve in activating Nrf2 pathway, and we performed
correlation analysis among host markers (Figure 9B). The
results obtained from this relationship showed that intestinal
ALP was positively correlated with Nrf2 and Nrf2-regulated
genes and as well as its antioxidant enzymes. Further Nrf2
pathway including its antioxidation immune system was
positively correlated with IL-4, IL-10, and tight junction
proteins including 2 genes encoding tight junction proteins
Discs large 1 (dlgl) and E-cadherin. 1L4 and IL-10 are known
to be anti-inflammatory cytokines (48). Indeed, we also
measured the protein levels of cecal ALP by western blot
analysis (Figure 6A) and by ELISA kit method (Figure 6B) in
meat geese. The endotoxin (LPS) and ROS measured by ELISA
kit method were increased in cecal tissues of IHF meat geese
compared with AGF meat geese (Figures 6C, D). Further, we
measured the mRNA expression levels of TJs proteins including
ZO-1, Occludin, and Claudin (Figures 6E-G), 2 genes encoding
tight junction proteins dlgl and E-cadherin (Figures 6H, I), anti-
inflammatory cytokines (IL-4 and IL-10) (Figures 6], K), and
pro-inflammatory cytokines (iNOS, COX2, IL-1B, IL-6, and
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TNF-c) (Figures 4F-]) in meat geese that have received AGF
and IHF environment from 45d to 90d. The results obtained
from correlation analysis suggest that the activation of Nrf2
pathway by intestinal ALP enzyme was primarily involved in
attenuating endotoxemia, gut permeability, and pro-
inflammatory cytokines in AGF meat geese.

Long-term artificial pasture grazing
system attenuates the manifestation of
KEAP1-induced aging phenotypes in
meat geese

The investigation of impact of Nrf2 pathway activation on cecal
tissues aging from the expression levels of aging marker genes
showed elevated level of p19ARF, p16INK4c,, and p21 in THF meat
geese compared with cecal tissues of AGF meat geese at 45d, 60d,
and 90d of age (Figures 7A-C). The results illustrated that Nrf2
pathway activation induced by ROS-directed Keapl inhibition
effectively suppressed the manifestation of aging phenotypes in
cecal tissues of AGF meat geese.
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Artificial pasture grazing system attenuates the in-house feeding system-induced endotoxemia, gut permeability, and chronic systemic inflammation
of meat geese. (A) Western blot analysis was performed to detect the protein levels of ALP in the cecal tissues, normalized by GAPDH. (B) ALP
protein level in cecal tissues, (C) LPS protein level in cecal tissues, and (D) ROS protein level in cecal tissues. (E) ZO-1 mRNA level in cecal tissues,

(F) Occludin mRNA level in cecal tissues, (G) Claudin mRNA level in cecal tissues, (H) dlgl mRNA level in cecal tissues, (I) E-cadherin mRNA level in
cecal tissues, (J) IL-4 mRNA level in cecal tissues, (K) /L-10 mRNA level in cecal tissues. In-house feeding system (IH) and artificial pasture grazing
system (AGF). Data with different superscript letters are significantly different (P < 0.05) according to the unpaired student T-Test. The asterisks
symbol indicates significant differences *P < 0.05, **P < 0.01. The lack of a superscript letter means that all differences were nonsignificant (ns).

Long-term artificial pasture grazing
system improved metabolic profile in
meat geese

The AGF system was effective in preventing metabolic
syndrome in AGF meat geese with a significantly improved body
weight (Figures 8A) and lipid profile (Figures 8B-E), as well as
lowering blood glucose and urea nitrogen levels (Figures 8F, G).

Long-term Supplementation of artificial
pasture grazing system impedes
compositional changes in gut microbiota
by stimulating intestinal ALP enzyme

The microbiota in meat geese’ cecal chyme samples were
analyzed at three time points (45d, 60d, and 90d) by deep
sequencing of the bacteria 16S rRNA gene V3 - V4 region. As
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shown in Figure 9A, the Spearman correlation between microbiota
and metabolic indices in the gut tract of meat geese at 45d showed
significant positive association between Bacteroides with serum
GSH-PX, and T-AOC and cecal ZO-1, Occludin, IL-4, IL-10,
LC8, and IKB-or and negative association with serum LPS, ROS,
T-AOC, and LDL-C, and cecal NF-xB, TLR4, MyD88, COX2, IL-6,
TNF-a, cytochrome C, CASP3, P16INK4a, P21, body weight, and
blood glucose. Alistipes were strongly positively correlated with the
cecal pH, serum ALP, HO-1, GSH-PX, and T-AOC, and cecal
Occludin, IL-4, IL-10, and LC8 and negatively correlated with
serum LPS, MDA, TCHO, TG, LDL-C, and ROS, and cecal
MyD88, NF-xB, TNF-a, cytochrome C, CASP3, pI9ARF,
pI6INK4a, p21, and blood glucose. Lactobacillus was positively
correlated with serum ALP and HDL-C and cecal Nif2, IL-4, ZO-
1, Occludin, and E- cadherin and negatively correlated with serum
LPS and TG, and cecal LBP, sCD14, NF-xB, iNOS, IL-1p,
cytochrome C, CASP3, Keapl, pl19ARF, pl6INK4a, and p21.
Norank_f:norank_o:Gastranaerophilales was positively correlated
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with serum T-AOC and cecal pH, Occludin, and IL-4 and
negatively correlated with serum LPS and cecal iNOS, CASP3,
Keapl, pI19ARF, and p21. Alistipes and Lactobacillus were strongly
positively correlated with intestinal ALP and Nrf2 pathway and
suppress all those bacteria (Subdoligranulum, norank_fnorank_o:
Clostridia_UCG_014, and Erysipelatoclostridium) that were the
causative factors for pathogenesis in AGF meat geese.

As diet has a major influence on gut microbiota
composition, richness, and diversity (49). It has been known
that the origin, type, and quality of diet modulate the gut
microbiota in a time-dependent manner. Based on the
previous studies, we hypothesized whether AGF system as a
high dietary fiber source modulates the gut microbiota at
different time points or not. We further analyzed the
correlation between microbiota and metabolic indices in the

Body weight (ke)

Serum T-CHO (mmol1)

FIGURE 8

gut tract of meat geese at 60d. The results of which showed that
the norank_f:norank_o:RF39 was significantly positively
correlated with the cecal pH, serum HO-1 and GSH-PX and
cecal Nrf2, IL-4, IL-10, Zo-1, Occludin, claudin, digl, and E-
cadherin and negatively correlated with serum LPS and TG and
cecal MyD88, COX2, TNF-a, Keapl, p19ARF, and p16INK4a in
AGF meat geese. Romboutsia was positively correlated with cecal
Nrf2, IL-4, IL-10, digl, E-cadherin, and LC8 and negatively
correlated with cecal MyD88, iNOS, TNF-a, and pl6INK4a.
Norank_f:norank_o:RF39 and Romboutsia were positively
correlated with Nrf2 pathway that was strongly involved in
attenuating the harmful impacts of Peptococcus and
Ruminococcus_torques_group in AGF meat geese.

To further illustrate the impacts of long-term establishment of
AGF system on gut microbial modulation with different time

Serum TG (mmolL)

Serum HDL-C (mimol1L)

Effect of different feeding systems on metabolic profile of meat geese. (A) Body weight (kg), (B) LDL-C protein level in serum, (C) HDL-C protein
level in serum, (D) TG protein level in serum, (E) T-CHO protein level in serum, (F) Blood glucose levels, and (G) BUN protein level in serum. In-
house feeding system (IHF) and artificial pasture grazing system (AGF). Data with different superscript letters are significantly different (P < 0.05)

according to the unpaired student T-Test. The asterisks symbol indicates significant differences **P < 0.01
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45 Day

FIGURE 9

1

Association and model predictive analysis of the top 44 host markers with the highest correlation scores. (A) Correlation between gut
microbiota and host markers by Spearman correlation analysis. Red squares indicate a positive correlation; whereas blue squares indicate a
negative correlation. (B) The labels on the abscissa and the longitudinal axis represent Pearson’s correlation heatmap among host markers. Red
squares indicate a positive correlation and blue squares indicate a negative correlation. Deeper colors indicate stronger correlation scores. The
asterisks symbol indicates significant differences *P < 0.05, **P < 0.01, ***P < 0.001.

points, we further started analyzing the correlation between
microbiota and metabolic indices in the gut tract of meat geese at
90d. The results based on microbial alterations showed that
Faecalibacterium was positively correlated with cecal pH, GSR,
GSH-PX, and T-AOC and cecal IL-10 and LC8 and negatively
correlated with serum ROS, MDA, and TG, and cecal LBP, TLR4,
MyD88, TNF-a, pI9ARF, and pl16INK4a, and body weight.
Norank_f:Eubacterium_coprostanoligenes_group was positively
correlated with serum HO-1, T-SOD, CAT, and HDL-C and
cecal IL-4, ZO-1, Occludin, E-cadherin, and IKB-a and negatively
correlated with serum LPS, ROS, and LDL-C and cecal sCD14, NF-
KB, IL-1[3, CASP3, CASPS8, Keapl, and p21 and blood glucose. At 90
day we observed that Faecalibacterium was less positively correlated
with ALP that detained the pathogenic effects of
Christensenellaceae_R-7_group and Rikenellaceae_RC9_gut_group
in AGF meat geese.

Next, a series of correlation analyses among endotoxemia, gut
permeability, pro- and anti-inflammatory cytokines, aging
phenotypes, and metabolic syndrome was shown by a Pearson’s
correlation heat map (Figure 9B) in meat geese at 45d, 60d, and 90d.
Among them, LBP (P = 9.8E-08, R = 0.97351), sCD14 (P = 1.4E-05,
R =0.92743), TLR4 (P = 1E-08, R = 0.98324), MyD88
(P = 32E-08, R = 0.97892), ROS (P = 4.6E-07, R = 0.96388), NE-
KB (P = 3.4E-08, R = 0.97865), cytochrome C (P = 2.5E-07,
R = 0.968042101), and Keapl (P = 2.8E-09, R = 0.98707) were
significantly positively correlated with LPS at 45d in IH feeding
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meat geese. ALP (P = 0.00027, R = -0.8663), Nrf2 (P = 2.7E-08, R =
0.9796), IL-4 (P = 3E-07, R = -0.9669), IL-10 (P = 2.8E-05, R = -
0.9164), digl (P = 0.02022, R = -0.6572), E-cadherin (P = 44E-08, R
=-0.9775), ZO-1 (P = 1.4E-06, R = -0.9546), Occludin (P = 2.6E-05,
R = -0.9177), Claudin (P = 4.5E-06, R = -0.9426), LC8 (P = 9.2E-06,
R =-0.9334), and IKB-a (P = 1.5E-08, R = -0.9819) were negatively
associated with LPS at 45d in GL feeding meat geese.

At 60d LBP (P = 1E-08, R = 0.98321), sCD14 (P = 0.00011, R
=0.88818), TLR4 (P = 0.00248, R = 0.78524), MyD88 (P = 1.9E-
11, R = 0.99523), ROS (P = 1.6E-09, R = 0.9885), NF-xB
(P = 4.8E-07, R = 0.96351), cytochrome C (P = 0.00016,
R = 0.88005), and Keapl (P = 1.2E-08, R = 0.98258) were
significantly positively correlated with LPS in IH feeding meat
geese. ALP (P = 9.2E-08, R = -0.9739), Nrf2 (P = 1.3E-12, R =
20.9972), IL-4 (P = 8E-12, R = -0.996), IL-10 (P = 5E-13, R =
-0.9977), dlgl (P = 5E-12, R = -0.9964), E-cadherin (P = 1.8E-13,
R = -0.9981), ZO-1 (P = 5.1E-10, R = -0.9908), Occludin (P =
2.1E-08, R = -0.9806), Claudin (P = 5.5E-11, R = -0.9941), LC8
(P =1.6E-10, R = -0.9927), and IKB-a (P = 9.4E-07, R = -0.9582)
were negatively associated with LPS at 60d in GL feeding
meat geese.

At90d LBP (P = 3.2E-10, R =0.99164), sCD14 (P = 0.01474, R
=0.68113), TLR4 (P = 1E-10, R = 0.99336), MyD88 (P = 4.8E-12,
R = 0.99638), ROS (P = 4.6E-10, R = 0.99098), NF-kB
(P = 2.1E-08, R = 0.98056), cytochrome C (P = 5.8E-09,
R = 0.98501), and Keapl (P = 2.4E-09, R = 0.98744) were
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significantly positively correlated with LPS in TH feeding meat
geese. ALP (P = 1E-08, R = -0.9832), Nrf2 (P = 2.2E-11, R
=-0.9951), IL-4 (P = 7.2E-12, R = -0.9961), IL-10 (P = 9.6E-11, R
-0.9934), digl (P = 6.7E-10, R = -0.9903), E-cadherin (P =
1.3E-11, R = -0.9956), ZO-1 (P = 4.5E-12, R = -0.9964), Occludin
(P = 5.5E-06, R = -0.94), Claudin (P = 1.3E-05, R =-0.9285), LC8
(P = 9.1E-11, R = -0.9935), and IKB-a (P = 2.2E-08, R = -0.9803)
were negatively associated with LPS at 60d in GL feeding

meat geese.

Discussion

Intracellular ROS production by diet-induced gut
microbiota facilitated LPS generation (50) may lead to chronic
low-grade inflammation and modern chronic inflammatory
diseases (51). Discovering a safe and novel means of limiting
its development is urgently required for the prevention and
treatment of these diseases. Diet is a primordial need for life and
today, the modern poultry industry is based on grains with lower
content of dietary fiber (52). Moreover, the worldwide trends of
excessive low dietary fiber intake have been implicated in today’s
chronic inflammatory diseases including diabetes mellitus,
autoimmune, cancer, cardiovascular, and chronic kidney
disease (53, 54). However, the connections between the shifts
in dietary fiber contents and attenuating the incidence of chronic
inflammatory diseases by activating the intestinal ALP-
dependent-redox signaling mechanism remain to be elucidated
in meat geese. Therefore the present study demonstrates for the
first time, that a long-term pasture grazing can alleviate
commercial diet-induced gut microbial dysbiosis, gut barrier
dysfunction and integrity, inflammatory diseases, aging
phenotypes, and metabolic syndrome.

Though recent dietary supplementation studies have
addressed some impacts of dietary fiber on gut microbiota (55,
56). However, despite these captivating findings, the
mechanisms underlying these diverse associations and their
outcomings have not been fully explored. In our study, we
established artificial pasture grazing system for meat geese that
supports concurrent processes to impede in-house feeding
system-induced metabolic endotoxemia and systemic
inflammation. Consequently, the innovative feature of the
AGF system as a high dietary fiber source is to build a
pathway-based mechanism by which it increased the
abundance of intestinal ALP-producing bacteria, and
prevented IHF system-induced LPS-producing bacteria. These
changes improve the intestinal nutrient absorption, mucus layer,
and mucus-producing goblet cell genes, resulting in reduced
metabolic endotoxemia (LPS), LPS-induced ROS production,
and gut permeability. The subsequent reduction of pro-
inflammatory cytokines lead to the prevention of chronic
inflammatory diseases and aging phenotypes. Spearman and
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Pearson’s correlation analysis, including the above-mentioned
findings, strongly supports the proposed mechanisms.

Metabolic endotoxemia can be determined by the
abundance of bacteria affecting LPS production (57). In this
study, we found that AGF intervention reduced the enrichment
of genes involved in LPS biosynthesis based on the predicted
function by 16S rRNA sequencing and PICRUSt analysis.
Interestingly, our current findings have shown similar results
with AGF intervention similar to dietary capsaicin in human
subjects (58). This would indicate the possibility that a lower
abundance of Gram-negative microbiota must be responsible for
the low abundance of COG orthology belonging to LPS
biosynthesis functions in the AGF meat geese. This could
mainly be due to the prevention of members of the Gram-
positive phyla Firmicutes (genera Lactobacillus,
Ruminococcus_torques_group, Subdoligranulum, and
Christensenellaceae_R-7_group) and Actinobacteriota (genera
norank_f_norank_o_Gastranaerophilales) and gram-negative
phyla Bacteroidota (genera Prevotellaceae_UCG_001,
Bacteroides, Alistipes, and Rikenellaceae_RC9_gut_group) with
AGF intervention because these were the key bacterial phyla and
their respective genera that largely contribute to the IHF meat
geese. These lipopolysaccharides are bacterium-associated
molecular patterns, which act via TLR4/MyD88 pathway by
promoting the inflammatory response (59).

The production of ROS by LPS-induced TLR4/MyD88
pathway activation (44) may depend on a diet rich in high fat,
high calorie, high protein, and high carbohydrates (60, 61). The
correct cellular response to ROS production is critical to
preventing oxidative damage and maintaining cell survival.
However, when too much cellular damage has occurred, it is
to the advantage of a multicellular organism to remove the cell
for the benefit of the surrounding cells. ROS can therefore trigger
apoptotic cell death based on the severity of the oxidative stress
(62) and may contribute to inducing NF-xB pathway (63). ROS-
induced severe apoptotic cell death may accelerate intestinal
mucosa disruption and result in causing intestinal permeability
(64). Based on the current studies, we hypothesized how
intestinal ALP would incinerate in LPS-induced TLR4/MyD88
facilitates ROS production pathway.

Intestinal ALP is a major enzyme of interest for its gut
microbiota-modifying properties (65, 66). Endogenous ALP
production has been shown to inhibit the overgrowth of E. coli
by dephosphorylating LPS (28, 57, 67). It is well known that
intestinal ALP capacity to dephosphorylate LPS was shown to be
present in the colon and feces of mice (26) and reduces LPS-
induced gut permeability and inflammation in Caco2 and T84
cell lines (68). LPS binds specifically to TLR4 and stimulates
inflammation by activating two distinct pathways, namely LPS-
dependent release of TNF-oo and NF-xB (through MyD88-
dependent and -independent pathways) (69). The data from
our experiment support the notion that the AGF system as high
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dietary fiber source enhanced the abundance of intestinal ALP
producing Alistipes, and Lactobacillus, (45d), Norank_f:
norank_o:RF39 and Romboutsia (60d), and Faecalibacterium
(90d) genera. This microbiota was further seen to involve in
suppressing E. coli and inactivating the capacity of lipid A
biosynthesizing genes (IpxA, IpxB, IpxC, and IpxD) to bind LPS
with TLR4 and then inhibit the activation ability of MyD88
dependent pathway. Some reports, utilizing dietary fiber as a
nutrient source in animals, support our results (24, 70).

It is well-known that endogenous ALP production enhances
the expression of proteins (Zo-1, Occludin, and Claudin)
involved in tight junctions, thereby preventing the
translocation of endotoxins (LPS) by intestinal gram-negative
bacteria (E. coli) across the gut barrier (21, 57). Our results were
by the reports of Kaliannan et al. (57); Schroeder et al. (71);
Kithn et al. (21); and Mei et al. (72), in which microbially-
induced endogenous intestinal ALP production was observed to
decrease the ROS production and apoptosis-related genes
CASP3 and CASP8, improve the mucus-producing goblet cell
genes MUC2 and MUC5AC as well as inner muscular tonic/
muscularis mucosal layer thickness. Moreover, tight junction
proteins Zo-1, Occludin, and Claudin and 2 genes encoding tight
junction protein digl and E-cadherin were observed to be
increased in AGF meat geese which gave the fact that these
proteins were strongly involved in inducing nutrient absorption
and overall intestinal health (Figure 10).

ROS production regulates NF-xB activity in a bidirectional
fashion, namely, ROS may trigger activation or repression of NF-
KB activity (73). In many studies, NF-xB inhibition is LC8
dependent (46). But in our study, we have shown that the
activation of NF-kB by LPS-induced TLR4/MyD88-accelerated
ROS production is collectively LC8 and IkB-a dependent. Some
reports, utilizing LPS as a ROS inducer, support our results (74,
75). The results of our study with a little modification from those
of Cario (76) and Fukata et al. (69), evinced that the triggering of
LPS facilitated MyD88 pathway and the subsequent ROS
production may altogether activate the NF-xB signaling
cascades, which played an important role in the development
of inflammation by synthesizing and stimulating pro-
inflammatory cytokines (iNOS, COX2, IL-1f3, IL-6, and TNF-
) (29, 77). Dysregulated inflammatory cytokines production
plays a pivotal role in developing low-grade inflammation (78).
The above-mentioned so-called studies were unable to describe
whether the activation of NF-kB pathway and the resulted pro-
inflammatory cytokines were owing to connections between the
dietary components (dietary fiber) and gut microbiota. Our
results were in accordance with the report of Kyung-Ah Kim
et al. (79); Eva d’Hennezel et al. (5); and Sun et al. (51) in which
the microbially-induced LPS production increased the mRNA
expression of NF-xB, iNOS, COX2, IL-1f3, IL-6, and TNF-¢ in
the liver of mice, pigs, and humans as that of our IHF treatment

Frontiers in Immunology

47

10.3389/fimmu.2022.1041070

meat geese. Conversely, in our study, we discovered from the
spearman correlation analysis between microbiota and host
markers that AGF intervention prevented the IHF-induced
upregulation of gut microbiota interacting with LPS, ROS, and
pro-inflammatory cytokines by activating gut microbiota those
directly interacting with intestinal ALP and Nrf2 pathway.
Further, following the mechanism of Bates et al. (80) and
Estaki et al. (28), we developed combined Pearson’s correlation
analysis among host markers to evaluate whether intestinal ALP
is involved in activating Nrf2 pathway. We observed that the
intestinal ALP was significantly positively correlated with Nrf2
in all stages of sample collection suggesting that intestinal ALP
may contribute to activating Nrf2 pathway in AGF treatment
meat geese.

In response to oxidative challenge, a stress response is
activated to control ROS overproduction and provide optimal
conditions for effective ROS signaling to support redox
homeostasis. The Nrf2/Keapl and nuclear factor kappa-light-
chain-enhancer of activated B cells/inhibitory kB protein (NF-
KB/IkB) systems were considered to be two major “master
regulators” of the stress response. One of the most important
ways in which NF-xB activity influences ROS levels is via
increased expression of antioxidant proteins has been
explained elsewhere (81). The way by which Keapl-Nrf2
responds to ROS has not been elucidated clearly in meat geese.
Upon oxidative stress, Keapl acts as a sensor and regulates the
activity of Nrf2 thereby, Keapl loses its ability to ubiquitinate
Nrf2, allowing Nrf2 to move in the nucleus and activate its target
genes (47, 82). The results of our study following this mechanism
by which dietary fiber in AGF meat geese was able to activate
intestinal ALP that was significantly positively correlated with
Nrf2 and Nrf2-regulated genes including NQO1, Gcle, Gelm, and
GSTA4, and the antioxidant defense network-related enzymes
such as HO-1, GSR, T-SOD, GSH-PX, T-AOC, and CAT and
significantly negatively correlated with oxidative related
enzyme MDA.

Several studies revealed that Nrf2 activity is modulated with
different dietary interventions such as a high-fat diet or dietary
energy restriction (83, 84). The results suggest that the
progression of age-related phenotypes pI19ARF, p16INK4c, and
P21 detected in this study are primarily caused by the decline of
protective function by Nrf2 pathway in IHF meat geese. This
may be because of chronic smoldering inflammation which is
considered one of the important factors associated with low-
fiber diet-related diseases and aging phenotypes (53, 85). We
indeed observed that the expression of pro-inflammatory
cytokine genes iNOS, COX2, IL-1B, IL-6, and TNF-a were
increased in THF meat geese. While epidemiological evidence
shows that TNF-a and IL-6 are predictive of many aging
phenotypes (86). Hence, we found it to be associated with
more pronounced aging phenotypes p19ARF, pl16INK4c, and
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FIGURE 10

Diagram illustrating a proposed mechanism by which artificial pasture grazing system as a high dietary fiber source up-regulates intestinal ALP-
producing bacteria and Nrf2 signaling pathway while downregulating LPS-producing bacteria and ROS in meat geese. The increase in intestinal
ALP-producing bacteria and the activation of Nrf2 signaling pathway maintain antioxidant and anti-inflammatory mechanisms that lower LPS-
producing bacteria and LPS-induced ROS generation, intestinal mucosal deterioration, gut permeability, and metabolic endotoxemia. In the first
step, the intestinal ALP attack on TLR4 and let the lipid A moiety not to allow LPS to bind with TLR4 and dephosphorylate LPS by breaking TLR4/
MyD88-induced ROS production. In the second step, intestinal ALP activates Nrf2 pathway which reduces oxidative stress, so that ROS could
not oxidize LC8 protein and deteriorate IKB-a to activate NF-kB pathway. In this way, intestinal ALP activates anti-inflammatory cytokines and
then attenuates chronic low-grade inflammation, aging phenotypes, and metabolic syndrome. BG, blood glucose; TG, triglyceride; BW, body

weight; BUN, blood urea nitrogen.

p21 in geese lacking pasture intake, whereas long-term AGF
system significantly induced the potent anti-inflammatory
action of Nrf2 and it may evolve in reducing the pro-
inflammatory cytokines in AGF meat geese with
concomitantly, aging phenotypes. Of note, our results suggest
that AGF-induced intestinal ALP positively correlates with Nrf2
and negatively correlates with Keapl and pro-inflammatory
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cytokines. This notion coincides with the fact that Nrf2-
mediated inhibition of iNOS, COX2, IL-1fB, IL-6, and TNF-a
induction contributes to the prevention of delayed aging
phenotypes (87) and the development of geese’ health.

In a previous study, intestinal ALP regulation prevents and
reverses the changes associated with a high-fat diet-induced
metabolic syndrome (21). Furthermore, regulation of intestinal
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ALP by dietary fiber-rich diets improves the lipid profile during
low dietary fiber and low-fat diets (88). In the current study, we
found a low dietary fiber-related spontaneous increase in the
serum lipid profile and glucose levels in meat geese, significantly
more pronounced in geese lacking pasture intake, underscoring
the potential beneficial role of AGF-induced intestinal ALP in
the prevention of metabolic diseases.

To prove the hypothesis that intestinal ALP might directly
contribute to the reduction of endotoxemia, gut permeability,
pro-inflammatory cytokines, and metabolic syndrome, we
applied a combined correlation analysis among them. We
found that ROS production owing to microbially-induced LPS
was seen to be increased with IHF system and further involved in
inducing intestinal mucosa deterioration, apoptosis, gut
permeability, oxidants, NF-xB pathway, pro-inflammatory
cytokines, aging phenotypes, and metabolic syndrome. The
establishment of AGF system as a high dietary fiber source can
reverse this process. Specifically, AGF system increase the
abundance of ALP-producing bacteria and that intestinal ALP
negatively correlates with ROS. The low production of ROS in
AGF meat geese interacts with Keapl and diminishes its activity
and then alternatively activates the Nrf2 pathway. Activation of
intestinal ALP and Nrf2 pathway collectively positively
correlates with LCS8, IKB-a, antioxidants (HO-1, GSR, T-SOD,
GSH-PX, CAT, and T-AOC), tight junction proteins ZO-1,
Occludin, and Claudin, including 2 genes encoding tight
junction proteins dlgl and E-cadherin, and anti-inflammatory
cytokines (IL-4 and IL-10). IL-4 is produced by Th2 cells (89)
whereas IL-10 is involved in Th2 differentiation (90) and both
are known to be anti-inflammatory cytokines (48). Several pieces
of evidence from previous studies revealed that IL-4 and IL-10
depletion is associated with pronounced ulcerative colitis and
Crohn’s disease, type 2 diabetes, metabolic syndrome (91, 92). In
our study, the activation of intestinal ALP, Nrf2 pathway,
antioxidants, IKB-a, and anti-inflammatory cytokines
potentially evolve in reducing endotoxemia, gut permeability,
pro-inflammatory cytokines, aging phenotypes, and metabolic
syndrome in AGF meat geese.

In summary, our data suggest that intestinal ALP - as a
natural brush border enzyme - plays a critical role in animal
health development through maintaining intestinal microbiome
homeostasis, reducing LPS-induced ROS production, activating
Nrf2 pathway, inducing anti-inflammatory immune responses,
and preserving gut barrier function, decreasing low-grade
inflammation, and metabolic syndrome. Further studies will
focus on elucidating the precise mechanisms of intestinal ALP
and Nrf2 pathways’ beneficial role in different dietary patterns
and aging. Given that AGF system safely induces intestinal ALP
and Nrf2 pathways, targeting specific dietary fiber sources that
could induce endogenous intestinal ALP production could
represent a novel approach to preventing a variety of diet-
induced gut microbial-related diseases in animals.
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Conclusions

In conclusion, microbially-induced ALP production by AGF
system appears to preserve intestinal microbial homeostasis by
targeting crucial intestinal alterations, including LPS-induced
ROS, gut barrier dysfunction, systemic chronic low-grade
inflammation, and metabolic syndrome. By targeting specific
dietary fiber sources that could induce endogenous intestinal
ALP production may represent a novel therapy to counteract the
chronic inflammatory state leading to low dietary fiber-related
diseases in animals. If confirmed in humans, these findings may
help to better understand diseases with an affected gut barrier
functions, such as obesity, ulcerative colitis, cardiovascular, and
Crohn’s disease.
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SUPPLEMENTAL FIGURE 1
Overview of feeding and sampling strategies.

SUPPLEMENTAL FIGURE 2

Contributions of bacteria at phylum level to LPS biosynthesis functions.
(A—F) Relative abundances (%) of the six most dominant phyla in the cecal
chyme of the IHF and AGF meat geese. Data with different superscript
letters are significantly different (P < 0.05) according to the unpaired
student T-Test. *P < 0.05, **P < 0.01.

SUPPLEMENTAL FIGURE 3

Contribution of individual genera within each phylum to LPS biosynthesis
functions. The complete name for each genus is given below. (A) Relative
abundances (%) of the sixteen most dominant genera (Subdoligranulum,
norank_f:norank_o:Clostridia_UCG-014, unclassified_f:Lachnospiraceae,
Lactobacillus, Faecalibacterium, Erysipelatoclostridium,
Ruminococcus_torques_group, unclassified_f:Oscillospiraceae, Faecalitalea,
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Introduction: Subclinical ketosis (SCK) in dairy cows, a common metabolic
disorder during the perinatal period, is accompanied by systemic inflammation
and a high concentration of blood B-hydroxybutyrate (BHB). BHB induced
adhesion of neutrophils may play a crucial role in the development of systemic
inflammation in SCK cows. Autophagy, an intracellular degradation system,
regulates the recycling of membrane adhesion molecules and may be involved
in BHB regulating adhesion and pro-inflammatory activation of bovine
neutrophils. Thus, the objective of this study was to determine the
relationship between BHB, autophagy, and neutrophil adhesion.

Results and discussion: Here, elevated abundance of serum amyloid A,
haptoglobin, C-reactive protein, interleukin-1pB, interleukin-6, and tumor
necrosis factor-o. were found in SCK cows, and all these pro-inflammatory
factors had a strong positive correlation with serum BHB. After BHB treatment,
the number of adherent neutrophils and the adhesion associated protein
abundance of both total and membrane CD1la, CD11lb, and CD18 was
greater, confirming that BHB promoted the adhesion of bovine neutrophils.
However, the mRNA abundance of ITGAL (CD11a), ITGAM (CD11b), and ITGB2
(CD18) did not show a significant difference, suggesting that the degradation of
adhesion molecules may be impaired. Transmission electron microscopy
revealed a decreased number of autophagosomes and a decrease in mMRNA
abundance of SQSTMI1 (p62) and MAPILC3B (LC3) after BHB treatment. In
parallel, protein abundance of p62 increased while the ratio of protein LC3 Il to
LC3 | decreased after BHB treatment, indicating that BHB inhibits autophagy of
bovine neutrophils. To confirm the regulatory role of autophagy in BHB
promoting neutrophil adhesion, we used an autophagy activator rapamycin
(RAPA). Data showed that RAPA relieved the inhibitory effect on autophagy and
the promotive effect on cell adhesion induced by BHB. Importantly, BHB
inhibited the colocalization of LC3 and CD11b, which was relieved by RAPA,
further confirming the regulatory role of autophagy in the recycling of the
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above adhesion molecules. Furthermore, BHB treatment increased the mRNA
abundance and the release of pro-inflammatory factors IL-1B, IL-6, and TNF of
bovine neutrophils, and these effects were attenuated by RAPA. Overall, the
present study revealed that BHB promotes the adhesion of bovine neutrophils
by inhibiting autophagy.

KEYWORDS

dairy cows, ketosis, B-hydroxybutyrate, neutrophils, adhesion

Introduction

Due to the increase in energy demand and the decrease in
dry matter intake, dairy cows were subjected to a period of
negative energy balance (NEB) during the transition period.
NEB intensifies fat mobilization and increases the concentration
of non-esterified fatty acid (NEFA) in blood (1). NEFAs are
transported into the liver and involved in B-oxidation in the
hepatocytes to generate more ATP to relieve the NEB, while
excess NEFAs could not be completely oxidized and metabolized
into ketones, such as B-hydroxybutyrate (BHB). Subclinical
ketosis (SCK) is defined as an excess of circulating BHB (1.2
mM -3 mM) without clinical signs (2). The incidence rate of SCK
can be as high as 36.6% in some herds, far higher than 2% to 15%
in clinical ketosis (3). SCK cows experience systemic
inflammation, which is characterized by enhanced blood levels
of pro-inflammatory cytokines and positive acute-phase proteins
(4). The systemic inflammation during SCK is closely related to
secondary and concurrent inflammatory diseases, such as
mastitis, endometritis, and laminitis (3), and the reduction in
production performance and welfare (2). The underlying
mechanism of systemic inflammation in SCK cows is
still unclear.

BHB, the most abundant ketone body in blood, is not only
an energy precursor but an immuno-modulating molecule.
Some previous reports have shown that BHB can significantly
dampen central nervous system inflammation and exert
protective effects in mice and humans (5, 6), whereas, the
expression of pro-inflammatory factors significantly
upregulated in BHB exposure hepatocytes (7). Therefore, the
inflammation-regulatory effects of BHB seem to be context or
cell type dependent. Additionally, in ruminants, the pathological
concentration of BHB can cause cellular dysfunction such as
inhibiting apoptosis of neutrophils, liver damage, and promoting
lipolysis of adipocytes (8-10). Thus, the effect of BHB on the
immune cells of dairy cows needs to be further studied.

Neutrophils are the first line against the invasion of
pathogenic microbes; however, abnormal excessive neutrophil
recruitment may result in chronic inflammation and tissue
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injury. Neutrophils adhere to endothelium or extracellular
matrix in a coordinated and reversible manner to start up the
chemotaxis process and pro-inflammatory activation. Firm
adhesion is mediated by the interaction of integrin on
neutrophils with receptors on endothelial cells before
recruiting to the local inflammatory sites (11). Neutrophils
express high levels of the B2 integrins which are heterodimer
composed of a variable o subunit including lymphocyte
function-associated antigen-1 (LFA-1, also known as CDl11a),
macrophage 1 antigen-1 (Mac-1, also known as CD11b), and a
constant 3 subunit (also known as CD18) (12). Synthesis,
transportation, membrane location, and intracellular
degradation of adhesive molecules are in a state of dynamic
circulation (13). Additionally, through an intracellular-signaling
process (also known as inside-out signaling), the transformation
of integrins to the active conformation can be accelerated,
thereby ultimately modulating their affinity for ligands (14). In
mice, enhancement of adhesion between neutrophils and
vascular endothelial cells causes systemic inflammation and
injury of blood vessels and peripheral organs (15). In humans
and rats, hyperketonemia (elevated blood ketones) can increase
the expression of CDI1a in monocytes and macrophages and
ICAM I in endothelial cells to promote adhesion between them,
potentiating infiltration of monocytes and macrophages into the
aorta and liver (16). However, the effect of BHB on the adhesion
of bovine neutrophils and the underlying mechanisms are still
not clarified.

In both immune and non-immunized cells, autophagy was
shown involved in adhesion regulation through balancing the
endocytosis, circulation, and degradation of integrins (17, 18).
The number of infiltrated neutrophils in microvascular venules
increased significantly in Atg5” mice (19).

In SCK cows, blood neutrophils are exposed to high
concentrations of BHB. Given the potential role of BHB on the
adhesion and the involvement of autophagy in regulating
cell adhesion, we speculated that BHB may enhance neutrophil
adhesion through inhibiting autophagy in SCK cows. The objective
of this study was to determine the effect of BHB on the adhesion of
bovine neutrophils and the underlying mechanisms.

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1096813
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

He et al.

Materials and methods
Animals and sampling

The protocol was approved by the Ethics Committee on the
Use and Care of Animals of Jilin University (No. SY202012016).
In the current study, experimental animals received humane care
according to the principles and guidelines of the “Guidelines for
the Care and Use of Agricultural Animals, 3rd ed” (available from
FASS Inc., 1800 S. Oak St., Suite 100, Champaign, IL 61820, USA).
In general, ketosis cows can be initially screened by ketone powder
testing for ketosis in the milk, and the final diagnosis is confirmed
by testing the serum concentration of ketosis. Based on a
nitroprusside test for milk ketone bodies, we screened out 23
suspected SCK and 30 control cows with similar parity (median =
3, range = 2 to 4) and days in milk (DIM) (median = 6 d, range =3
to 15 d) from 100 lactating Holstein cows in a dairy farm located
in Changchun City, Jilin Province, China. All screened cows
received a routine physical examination to ensure the absence of
clinical symptoms and comorbidities. Milk samples were also
collected for somatic cell count (SCC) using the Delaval Cell
Counter (DeLaval International AB), bacteriological examination
by inoculation and culture on bacterial medium, and
identification of antimicrobial residues using the SNAP
tetracycline test kit, the SNAP B-lactam test kit, and the SNAP
gentamicin test kit (Idexx Laboratories). Both bacteriological and
antimicrobial residue examinations were negative in the milk of
selected cows. Additionally, it has been demonstrated that SCC <
200,000 cells/ml could be considered a threshold for mastitis (20).
Cows were divided into two groups according to the
concentration of serum B-hydroxybutyrate (BHB): healthy cows
(control group, n = 15) with BHB < 0.6 mM and SCK cows (SCK
group, n = 15) with 1.2 < BHB < 3 mM. All selected cows were

TABLE 1 Basic description of the control and SCK cows.

10.3389/fimmu.2022.1096813

housed in a climate-controlled barn with individual tie stalls to
reduce environmental interference. The selected cows were milked
twice daily at 08:00 h and 15:30 h. Cows had ad libitum access to
the same diet (21) that was offered twice daily (09:00 and 16:30 h)
and freshwater was supplied continuously.

Blood samples were collected from the jugular vein at 06:30-
07:30 h before feeding for 3 consecutive days. To obtain serum,
blood samples were kept for 30 min at room temperature then
centrifuged at 4°C for 3,000 x g for 15 min and stored at -80 °C
immediately until use. Serum glucose (GLU) and BHB were
detected using commercially available kits (GLU, Cat. No.
GL3815; BHB, Cat. No. RB1008; Randox Laboratories,
Crumlin, County Antrim, UK) using a Hitachi 7170
autoanalyzer (Hitachi; Tokyo; Japan). Serum metabolic indices
for the selected control and SCK cows are reported in Table 1.

Detection of serum inflammatory factors

Concentrations of serum haptoglobin (HP), serum amyloid
A (SAA), and C-reactive protein (CRP) were determined with
bovine specific ELISA kits (HP, LS-F13229; SAA, LS-F12552,
LifeSpan BioSciences Inc., Seattle, Washington, USA; CRP, CSB-
E08577b, GUSABIO, China) according to manufacturer’s
instructions. Kit sensitivity of HP, SAA, and CRP was 7.8 ng/
mL, 3.12 ng/mL, and 1.25 ng/mL, respectively. Intra-/inter-assay
coefficient of variation (CV) for HP, SAA, and CRP was less than
6.5%1/8.8%, 10%/12%, and 8%/10%, respectively. Concentrations
of interleukin-1 beta (IL-1B), interleukin-6 (IL-6), and tumor
necrosis factor-o. (TNF-o) were measured with bovine specific
ELISA kits (IL-1pB, LS-F7588; IL-6, LS-F9752; TNF-a, LS-F5014;
LifeSpan BioSciences Inc., Seattle, Washington, USA) according
to the manufacturer’s instructions. Kit sensitivity of IL-1{, IL-6,

Control cows SCK cows
(n=15) (n=15)
Serum BHB (mM) 0.39 + 0.43 1.89 £ 0.12 < 0.01
Serum Glucose (mM) 4.19 + 0.13 3.35+0.22 < 0.01
Serum SAA (ug/mL) 42.23 + 498 120.07 £ 9.47 < 0.01
Serum HP (pg/mL) 128.65 + 13.01 443.45 + 53.49 < 0.01
Serum CRP (ug/mL) 20.34 + 2.65 94.75 + 3.65 <0.01
Serum TNF-o (pg/mL) 80.45 + 6.52 401.02 + 28.33 <0.01
Serum IL-1P (pg/mL) 48.97 +£9.22 79.88+ 6.78 <0.01
Serum IL-6 (pg/mL) 13.44 + 221 49.93 + 5.98 < 0.01

The concentrations of BHB, Glucose, SAA, HP, CPR, TNF-q, IL-1p, and IL-6 in the serum of control and subclinical ketosis cows have been shown. Values are shown as mean + SEM.
P < 0.05 was considered significant and P < 0.01 highly significant. DMI, dry matter intake; BHB, B-hydroxybutyrate; SAA, serum amyloid A protein; HP, haptoglobin; CRP, C-reactive

protein; IL, Interleukin; TNF-o, Tumor necrosis factor-o..
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and TNF-o. was 6.5 pg/mL, 0.46 pg/mL, and 3.1 pg/mL,
respectively. Intra- and inter-assay CV for IL-1B, IL-6, and
TNF-o were all less than 10%. Correlations between the
content of serum HP, SAA, CRP, IL-1B, IL-6, TNF-0, and
BHB in serum were analyzed with the Spearman method. All
samples including standards were tested in triplicate.

Cell adhesion assay

For adhesion assays, the 96-well plates were pre-coated with
Collagen I (50 pg/mL, Cat. No. C8062, Solarbio Science and
Technology Co. Ltd.; Beijing; China) overnight. After isolation,
neutrophils were adjusted to 1x10° cells/mL. The 100 uL cell
suspension was added to a 96-well plate and placed in a 37°C and
5% CO, incubator for 2 hours. The non-adherent cells were
removed by washing 3 times with PBS solution. The number of
remaining cells was counted under a microscope (Fluoview
FV1200; OLYMPUS; Tokyo; Japan). The number of adherent
neutrophils was calculated by Image J (Media Cybernetics Inc.,
Bethesda, Maryland, USA). For each sample, at least 5 watching
zones were randomly selected for evaluation.

Isolation, culture, and treatment
of neutrophils

Blood was collected by jugular puncture and kept in a sterile
EDTA vacutainer tube (YA1393, Solarbio Science and
Technology Co. Ltd., Beijing, China) at room temperature
until transported to the laboratory, within 30 min after
collection. Neutrophils were isolated by the commercial bovine
peripheral blood neutrophils isolation kit following the
manufacturer’s protocol (Cat. No. P9400; Solarbio Science and
Technology Co. Ltd.; Beijing; China). In brief, neutrophils were
separated based on the density gradient centrifugation method.
The whole process was carried out in a sterile room at room
temperature. Sixteen mL of liquid A and 8 mL of liquid B were
slowly added to the 50 mL centrifuge tube. 15 mL of fresh bovine
blood was added to the upper layer of liquid B in the same way
and centrifuged for 30 min at 800 x g. After centrifugation, the
second layer of white turbidity layers was sucked into another
sterile centrifuge tube and mixed with 20 mL of cleaning
solution. After centrifugation, the supernatant was discarded
and 10 mL of red cell lysate was added. neutrophils were
obtained through 800 x g for 10 min. The purity of isolated
neutrophils was determined by double staining of CH138A (22)
and CD11b, and flow cytometry showed that the purity was
97.8%. The cells were diluted with RPMI-1640 (Cat. No.
SH30809.01; HyClone; Logan, UT, United States) containing
10% fetal bovine serum (FBS; Cat. No. FB15015; Hyclone
Laboratories). The cell density was adjusted to 2x10° cells/mL
to conduct the following experiment.
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BHB (Cat. No. 55397; Sigma-Aldrich) powder was dissolved
in PBS, and stored under -80 °C conditions after sterilizing by
filtration. The BHB concentrations used in this study were
selected according to normal and pathological hematological
criteria of cows with or without ketosis. Accordingly, neutrophils
were maintained in RPMI-1640 and treated with 1.6 mM
(subclinical level) for 0, 1, 2, 4, and 6 h. Two hours were
selected as the treatment time for subsequent experiments
according to an obvious effect on neutrophil adhesion.
Neutrophils were then treated with 0, 0.8 (normal level), 1.6
(subclinical level), and 3.2 mM (clinical level) for 2 h, and 1.6
mM BHB treatment had an obvious effect on neutrophil
adhesion. Thus, 1.6 mM was selected as the treatment
concentration for subsequent experiments. To verify the
regulatory role of autophagy signaling, the autophagy activator
rapamycin (100 uM, Cat. No. AY-22989; Selleck; Texas; USA)
was preincubated for 0.5 h before BHB treatment, respectively.

Protein extraction and Western blotting

Membrane protein of neutrophils was extracted using a
commercial protein extraction kit (Cat. No. P0033; Beyotime;
Shanghai; China). The total protein was extracted from
neutrophils using a commercial Protein Extraction Kit
(C510003, SANGON Biotechnology Co. Ltd., Shanghai, China)
according to the manufacturer’s instructions. Protein
concentration was measured via a BCA method (P1511,
Applygen Technologies, Beijing, China). A total of 30 ug of
protein from each sample was separated by 12% SDS PAGE. The
target protein on the gel was transferred to 0.45-um
polyvinylidene difluoride membranes (PVDF, YA1701,
Solarbio Science and Technology Co. Ltd., Beijing, China). The
PVDF membranes were blocked with Tris-buffered saline
solution with 0.1% Tween-20 (T8220, Solarbio Science and
Technology Co. Ltd., Beijing, China) in 3% BSA (A8850,
Solarbio Science and Technology Co. Ltd., Beijing, China) for
2 h at room temperature. After electrophoresis, transfer, and
blocking, immunoblots were performed using the primary
antibody of B-actin (1:2000; ab8226, Abcam, Cambridge, UK),
CD11a (1:1000; bs-20370R, Bioss, Beijing, China), CD11b
(1:1000; NB110-89474F, Novus Biologicals, Littleton,
Colorado, USA), CD18 (1:1000; ab62817, Abcam, Cambridge,
UK), and Na"’K* ATPase (1:800; bs-23413R, Bioss, Beijing,
China), p62 (1:1000; PA5-27247, Thermo Fisher Scientific,
Massachusetts, USA), and LC3 (1:1000; ab128025, Abcam,
Cambridge, UK) at 4°C overnight, respectively. Subsequently,
the PVDF membranes were washed 3 times with Tris-buffered
saline solution with 0.1% Tween-20 (TBST) and incubated with
horseradish peroxidase-conjugated anti-mouse (1:5000;
SA00001-1, ProteinTech Group, Inc., Wuhan, China) or anti-
rabbit secondary antibodies (1:5000; SA00001-2, ProteinTech
Group Inc., Wuhan, China) for 45 min at room temperature.
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After washing the PVDF membranes another 3 times with
TBST, immunoreactive bands were visualized by enhanced
chemiluminescence solution (ECL, WBKLS0500, Millipore,
Bedford, Massachusetts, USA). B-actin was used as a reference
protein for total proteins, Na'/K" ATPase was used as a
reference protein for membrane proteins. Lastly, all bands
were imaged using a Protein Simple Imager (ProteinSimple,
Santa Clara, CA, USA). All protein bands were quantified using
Image-Pro Plus 6.0 (Media Cybernetics Inc., Bethesda,
Maryland, USA). Western blotting was run in triplicate for
each experimental group.

Transmission electron microscope

The number and the ultrastructural characteristics of
autophagosomes in cells were evaluated by Transmission
Electron Microscope (H-7650 electron microscope, Hitachi,
Tokyo, Japan). Neutrophils isolated from SCK and control
dairy cows were centrifuged at 1000 x g, 4°C for 10 min After
being washed with PBS, 4% glutaraldehyde was slowly added
along the tube wall to fix the cell mass. It was placed upright in
the refrigerator at 4°C overnight and then fixed with 1% osmium
tetroxide at 4°C for 2 h. After washing again, cells were
dehydrated in a series of ethanol solutions (70%, 80%, 90%,
100%, 100%, and 100%) and permeated in Spurr’s resin. Cells
were sliced with an ultra-thin microtome of about 70 nm and
dyed with 2% uranyl acetate for 10 min. Cell sections were then
dyed with 0.3% lead citrate for 10 minutes and rinsed 3 times
with distilled water. After thoroughly air-dried, the sections were
observed under an H-7650 transmission electron microscope
(Hitachi, Ibaraki Prefecture, Japan). The number of
autophagosomes was counted from at least 5 random cell
sections in each sample and expressed as the average number
of each cell section.

Quantitative reverse-transcription
PCR assay

Ribonucleic acid was extracted from cell samples using
Trizol (Cat. No. 15596026; Invitrogen; Carlsbad; CA),
according to the manufacturer’s instructions, and dissolved
with 20-30 puL of RNase-free water. Use a k5500
microspectrophotometer (Beijing Kaiao Technology
Development Ltd.; Beijing; China) to determine the
concentration and quality of RNA. One pug RNA from each
sample was reverse-transcribed to cDNA using a PrimeScript
Reverse Transcriptase Kit (Cat. No. 6110B; TaKaRa
Biotechnology Co. Ltd.; Tokyo; Japan). The mRNA abundance
was detected using an SYBR green plus reagent kit (Cat. No.
4913850001; Roche; Norwalk; CT) with the 7500 Real-Time
PCR System (Applied Biosystems Inc.; Waltham; MA). Relative

Frontiers in Immunology

58

10.3389/fimmu.2022.1096813

gene expression was normalized with B-Actin and tyrosine 3-
monooxygenase/tryptophan 5-monooxygenase activation protein
zeta (YWHAZ). The PCR reactions were performed in triplicate
for each of the 3 individual cell preps and determined by the
2724CT method (23). Primers of target genes, as shown in
Supplement Table 1, were designed with Primer Express

software (Applied Biosystems Inc.).

Immunofluorescence assay

After treatment, neutrophils were harvested and washed
twice with ice-cold PBS and fixed with 4% paraformaldehyde
for 30 min at room temperature. After incubation with
proteinase K for 1 min, neutrophils were permeabilized with
Triton X-100 (0.1%) for 30 min. Subsequently, neutrophils were
blocked with 5% goat serum for 1 h followed by incubation with
the specific primary antibodies overnight at 4 °C. After washing
with PBS 3 times, neutrophils were then incubated with the
secondary antibody for 1 h at room temperature. Then, samples
were washed with PBS 3 times and incubated with DAPI (Cat.
No. D1306; Thermo Fisher Scientific) for 10 min. Fluorescence
was observed using a Confocal Microscope (Fluoview FV1200;
OLYMPUS; Tokyo; Japan). Co-localization analysis was done
using Image ] (Media Cybernetics; Rockville; Maryland). In
brief, we used Coloc 2 co-localization plugin to analyze
Pearson’s correlation coefficients of CD11b and LC3. The
experiment was repeated 3 times, and at least 5 watching
zones per sample were selected for evaluation.

Statistical analysis

The one-way ANOVA or the independent-samples t-test
was used when there was only one treatment factor. The two-
way ANOVA was used when there were two treatment factors
(BHB and rapamycin), including a Bonferroni post-hoc
analysis when significant interaction occurred. All analyses
were performed using SPSS (Statistical Package for the Social
Sciences) 19.0 software (IBM). Correlation analysis was
performed using the Spearman method. Weak, moderate,
and strong correlations were defined as correlation
coefficients (R) of 0 to 0.39, 0.40 to 0.59, and 0.6 to 1.0,
respectively. P < 0.05 was considered significant and P < 0.01
was markedly significant.

Results
Systemic inflammation of SCK cows

Compared with the control group, SCK cows had a higher
concentration of serum BHB (P < 0.01) and lower glucose (P <
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0.01, Table 1). SCK cows had a greater (P < 0.01)
concentration of positive acute phase proteins including HP,
SAA, and CRP, as well as a greater (P < 0.01) concentration of
pro-inflammatory cytokines including IL-1f, IL-6, and TNF-o.
in the serum (Table 1). These data suggest the development of
SCK may be intimately tied to inflammation. Importantly,
serum concentration of the above inflammatory factors
had a strong positive correlation with that of BHB,
respectively (Table 2).

BHB enhances the adhesion of bovine
neutrophils in vitro

Bovine neutrophils were treated with 1.6 mM BHB for 0, 1,
2,4, or 6 h in vitro. After 2 h of BHB treatment, the number of
adherent cells increased significantly (P < 0.01, Figure 1A),
and the total and membrane protein abundance of CD11a,
CD11b, and CD18 increased significantly (P < 0.01,
Figures 1B-I). It indicated that BHB can play the role in the
enhancement of neutrophil adhesion, and 2 h BHB
stimulation was chosen as the subsequent experimental
condition. However, mRNA abundance of them was not
significantly affected by BHB treatment (1.6 mM, 2 h)
(Figure 1J), suggesting that the degradation of adhesion
molecules is impaired.

The results of the adherent experiment showed that the
number of adherent cells increased significantly when neutrophil
was stimulated with the 1.6 mM and 3.2 mM BHB (P < 0.01,
Figure 2A). There was no significant difference between the 1.6
mM and 3.2 mM BHB treatment groups, so 1.6 mM BHB was
chosen as the stimulated concentration for the subsequent
experiment. In terms of the western blot results, membrane
protein abundance of CD1la, CD11b, and CDI18 increased
significantly after 1.6 mM BHB treatment (P < 0.01,
Figures 2B-E).

BHB impairs autophagy in
bovine neutrophils

To confirm the regulatory role of BHB in autophagy, bovine
neutrophils were treated with BHB (0, 0.8, 1.6, or 3.2 mM) for

10.3389/fimmu.2022.1096813

2 h in vitro. The protein abundance of p62 increased while the
ratio of LC3 II to LC3 I decreased after treatment with a
pathological concentration of BHB (1.6 mM and 3.2 mM) (P <
0.01, Figures 3A-C). Consistent with this, the pathological
concentration of BHB decreased the mRNA abundance of
SQSTM1 and MAPILC3B (P < 0.01, Figure 3D). Transmission
electron microscopy revealed a lower average number of
autophagosomes after BHB treatment (1.6 mM, 2 h) (P = 0.02,
Figures 3E, F), indicating that BHB can inhibit neutrophil
autophagy in cows with SCK.

BHB enhances the adhesion of bovine
neutrophils by inhibiting autophagy

To investigate the relationship between BHB-induced
increase in adhesion of neutrophils and impaired autophagy,
the autophagy activator RAPA was used before BHB treatment.
Compared with the control group, BHB treatment (1.6 mM, 2 h)
increased (P < 0.01) the protein abundance of p62 while
decreasing (P < 0.01) the ratio of protein abundance LC3 II to
LC3 I in bovine neutrophils, both of which were reversed by
RAPA treatment, a widely used activator of autophagy
(Figures 4A-C). Compared with the control group, the protein
abundance of membrane CD11la, CD11b, and CD18 was
increased (P < 0.01) after BHB treatment, and RAPA reversed
the above effects of BHB (P < 0.01, Figures 4D-G).
Correspondingly, after BHB treatment, the number of
adherent cells increased (P < 0.01) in the cell adhesion
experiments, and the use of RAPA relives this effect (P <
0.01, Figure 4H).

BHB inhibits the co-localization of
CD11b and autophagosomes

Compared with the control group, the co-localization
between CD11b and LC3 was lower (P < 0.01) after BHB
treatment (1.6 mM, 2 h). RAPA treatment enhanced their co-
localization (P < 0.01) and relieved the effect of BHB (P < 0.01,
Figures 5A, B). IF results further suggest that BHB can regulate
the adhesion of neutrophils by inhibiting the circulation of
adherent molecules.

TABLE 2 Correlation analysis between concentrations of pro-inflammatory factors and BHB in serum.

Pro-inflammatory factors HP

R-value 0.8005
BHB

P-value <0.01

SAA CRP IL-18 IL-6 TNF-o
0.7986 0.8523 0.8772 0.9105 0.8012
<0.01 <0.01 < 0.01 <0.01 <0.01

Weak, moderate, and strong correlations were defined as correlation coefficients (R) of 0 to 0.39, 0.40 to 0.59, and 0.6 to 1.0, respectively. P < 0.05 was considered significant and P < 0.01
highly significant. HP, Haptoglobin; SAA, Serum amyloid A; CRP, C-reactive protein; IL, Interleukin; TNF-o, Tumor necrosis factor-o; BHB, B-hydroxybutyrate.
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Autophagy is involved in BHB
pro-inflammatory activation of
bovine neutrophils

Compared with the control group, BHB treatment
significantly increased the mRNA abundance of IL-1B, IL-6, and

10.3389/fimmu.2022.1096813

TNF (P < 0.01, Figure 6A). Compared with the control group, the
concentration of IL-1B, IL-6, and TNF-o in the supernatant was
higher (P < 0.01) after BHB treatment (1.6 mM, 2 h), while RAPA
reversed this effect (P < 0.01, Figures 6B-D). It’s consistent with
our hypothesis that BHB inhibition of autophagy can participate
in pro-inflammatory activation of bovine neutrophils.
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FIGURE 1

Effect of BHB with different stimulated times on the adhesion of bovine neutrophils. Neutrophils were treated with 1.6 mM BHB for 0, 1, 2, 4,
and 6 h, respectively. (A) Quantitation of the number of adherent neutrophils. (B-1) Protein abundance of membrane and total CD11a, CD11b,
and CD18. Representative blots in both groups were shown in B-C. The quantification was shown in D-I. (J) Neutrophils were treated with 1.6
mM BHB for 2h. mRNA abundance of ITGAL, ITGAM, and ITGB2. For WB experiments, B-actin was used to normalize the total protein
abundance, while Na*™/K* ATPase was used to normalize membrane protein abundance; for qRT-PCR experiments, -Actin and YWHAZ were
used to normalize mRNA abundance. Data were expressed as the mean + SEM. Data were analyzed with a one-way ANOVA with subsequent
Bonferroni correction or independent-samples t-tests. **P < 0.01 as statistically highly significant. BHB, B-hydroxybutyrate; CD11b, integrin
alpha-M precursor; CD11a, integrin alpha-L precursor; CD18, integrin beta-2 precursor; ITGAL, integrin subunit alpha L; ITGAM, integrin subunit
alpha M; ITGB2, integrin subunit beta 2; YWHAZ, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta; SEM,

standard error of the mean.
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Discussion

Peripartum dairy cows often experience a state of negative
energy balance (NEB). Severe NEB leads to fat mobilization,
elevated blood BHB, and ketosis successively. SCK cows always
have systemic inflammation characterized by increased pro-
inflammatory cytokines including IL-1f, IL-6, and TNF-o,, as
well as increased positive acute phase response proteins HP and
SAA in the blood (4). In our data, serum concentration of SAA,
HP, CRP, TNF-q, IL-6, and IL-1P3 was all greater in cows with
SCK, indicating the presence of systemic inflammation. Due to
systemic inflammation, ketosis cows are more likely to
experience mastitis, endometritis, and laminitis, which results
in additional costs (24). BHB has been shown an important role
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in the regulation of inflammation. In bovine hepatocytes, BHB
can promote the release of TNF-0,, IL-6, and IL-1f by activating
the NF-xB signaling pathway, thus aggravating liver damage (7).
Additionally, BHB-induced oxidative stress activated the NF-xB
signaling pathway and upregulated the release of pro-
inflammatory factors in bovine endometrial cells (25). The
present study not only confirmed the existence of systemic
inflammation but also discovered a strong positive correlation
between serum BHB and systemic inflammation.
Inflammation is a double-edged sword, which not only
protects the body from infections but also leads to the
dysfunction of cells and tissue damage when in excess.
Adhesion between neutrophils and endothelial cells mediated
by adhesion molecules is the first and key step of the
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Effect of BHB with different stimulated concentrations on the adhesion of bovine neutrophils. Neutrophils were treated with 0 mM, 0.8 mM, 1.6
mM, and 3,2 mM BHB for 2 h, respectively. (A) Quantitation of the number of adherent neutrophils. (B-E) Protein abundance of membrane
CD11a, CD11b, and CD18. Representative blots in both groups were shown in (B) The quantification was shown in C-E. For WB experiments,
Na*/K* ATPase was used to normalize membrane protein abundance. Data were expressed as the mean + SEM. Data were analyzed with a
one-way ANOVA with subsequent Bonferroni correction. **P < 0.01 as statistically highly significant. BHB, B-hydroxybutyrate; CD11b, integrin
alpha-M precursor; CD11a, integrin alpha-L precursor; CD18, integrin beta-2 precursor; SEM, standard error of the mean.
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Effect of BHB on autophagy of bovine neutrophils. Neutrophils were treated with 0, 0.8, 1.6, and 3.2 mM BHB for 2 h, respectively. (A-C) Protein
abundance of p62 and LC3. Representative blots in both groups were shown in A. The quantification was shown in B-C. Neutrophils were
treated with 1.6 mM BHB for 2 h (D) mRNA abundance of SQSTM1 and MAP1LC3B. (E) Representative TEM images showing the
autophagosomes in neutrophils. The autophagosomes were labeled by arrowheads. Magnification, 2000x and Scale bars = 2 um. (F) Relative
average number of autophagosomes per cell. Autophagosomes were counted from at least 5 random complete views of cells in each sample
and expressed as the number of autophagosomes per cell. For WB experiments, B-actin was used to normalize the total protein abundance. For
gRT-PCR experiments, 3-Actin and YWHAZ were used to normalize mRNA abundance. Data were expressed as the mean + SEM. Data were
analyzed with a one-way ANOVA with subsequent Bonferroni correction or independent-samples t-tests. **P < 0.01 as statistically highly
significant. BHB, B-hydroxybutyrate; p62, sequestosome-1; LC3, microtubule associated proteins 1A/1B light chain 3; SQSTM1, sequestosome-1;
MAPILC3B, microtubule associated protein 1 light chain 3 beta; YWHAZ, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation

protein zeta; SEM, standard error of the mean.

inflammation process (26). Adhesion between neutrophils and
endothelial cells promotes the transport of neutrophils to the
inflammatory site and the release of inflammatory mediators,
resulting in local and systemic inflammation and tissue damage
(27). Importantly, the increase of the adhesion molecule CD11a
has been shown to be closely associated with the release of pro-
inflammatory factors and activation of neutrophil migration and
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phagocytosis, thereby regulating the inflammatory response
(28). In human studies, hyperketonemia increases the
expression of monocyte adhesion molecules CD1la and
intercellular cell adhesion molecule 1 and promotes their
adhesion to endothelial cells (16). Compared with healthy
subjects, concentrations of circulating inflammatory markers
and adhesion molecules were higher in diabetic patients with
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hyperketonemia (29). The above evidence suggests that the over-
activation of neutrophil adhesion is highly related to the
development of systemic inflammation. In cows, it was
confirmed that the blood content of BHB was positively

10.3389/fimmu.2022.1096813

correlated with the incidence rate of inflammatory diseases
such as mastitis and hysterias (3, 30). In the present study,
BHB treatment increased the protein abundance of membrane
adhesion molecules (CD11a, CD11b, and CD18), which was
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FIGURE 4

Role of autophagy in BHB promoting adhesion of bovine neutrophils. Rapamycin (100 nM, 2 h) was used to activate autophagy. (A-C) Protein
abundance of p62 and LC3. Representative blots in both groups were shown in A. The quantification was shown in B-C. (D-G) Protein
abundance of membrane CD11a, CD11b, CD18. Representative blots in both groups were shown in D. The quantification was shown in E-G.
(H) Quantitation of the number of adherent neutrophils. For WB experiments, B-actin was used to normalize the total protein abundance, while
Na*/K* ATPase was used to normalize membrane protein abundance. Data were expressed as the mean + SEM. A two-way analysis of variance
(ANOVA) was performed to analyze differences between BHB and RARA, including a Bonferroni post-hoc analysis. Two-way ANOVA showed a
significant difference in BHB X RAPA interaction (P < 0.01), including a Bonferroni post-hoc analysis. **P < 0.01 as statistically highly significant.
CON, control; BHB, B-hydroxybutyrate; RAPA, rapamycin; p62, sequestosome-1; LC3, microtubule associated proteins 1A/1B light chain 3;
CD11b, integrin alpha-M precursor; CD11a, integrin alpha-L precursor; CD18, integrin beta-2 precursor; SEM, standard error of the mean.
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Role of autophagy in BHB induced depression of co-localization between CD11b and LC3. Rapamycin (100 nM, 2 h) was used to activate
autophagy. (A) Immunofluorescence data showed the co-localization of CD11b with LC3 in neutrophils. Magnification 400x. Scale bar = 10 um
Nuclei/DAPI in blue, CD11b in green, and LC3 in red. Images here represent the typical common phenotype of each group. (B) Pearson'’s
correlation coefficient (r) between CD11b and LC3. Data were expressed as the mean + SEM. A two-way analysis of variance (ANOVA) was
performed to analyze differences between BHB and RARA, including a Bonferroni post-hoc analysis. Two-way ANOVA showed a significant
difference in BHB X RAPA interaction (P < 0.01), including a Bonferroni post-hoc analysis. **P < 0.01 as statistically highly significant. CON,
control; BHB, B-hydroxybutyrate; RAPA, rapamycin; LC3, microtubule associated proteins 1A/1B light chain 3; CD11b, integrin alpha-M

precursor; SEM, standard error of the mean.

consistent with the enhanced adhesion function. These data
suggested the elevated blood content of BHB, at least partially, is
responsible for the systemic inflammation of SCK cows. The
change in protein abundance is related to both gene
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transcription and protein degradation. In mice, BHB can
regulate intracellular signal transduction and gene
transcription by activating hydroxy-carboxylic acid receptor 2
(HCA2) (31). Additionally, HCA2 may be able to interfere with
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neutrophil adhesion to endothelial cells and with neutrophil
migration in mice (32). Therefore, the BHB-induced increase in
the abundance of adherent molecules may be caused by HCA2-
mediated elevated transcription levels of these genes. However,
in our data, the mRNA abundance of the above adhesion
molecules was not affected significantly by BHB treatment.
This suggests that the increased abundance of CD11a, b, and
CD18 may be the result of the impaired degradation system in
bovine neutrophils.

Autophagy is an important way of intracellular material
turnover, maintains cell homeostasis, and helps their survival
under stress (33). In both immune and non-immune cells,
autophagy regulates cell adhesion by regulating endocytosis
and the circulation of membrane integrin (17, 34). Inhibition
of autophagy increases the adhesion of macrophages and
promotes their migration to the renal in hyperglycemic mice
(34). In Atg5 7" mice, the infiltration of neutrophils in peripheral
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tissue increases (19). Autophagy associated adhesion strongly
correlates to the metastasis of human breast cancer (35). The
present study found that the autophagy of bovine neutrophils
was inhibited after BHB treatment, along with the accumulation
of CD1la, CD11b, and CDI18. Importantly, activation of
autophagy by RAPA reversed the effects of BHB enhancing
adhesion, suggesting an underlying regulatory role of autophagy.

During the development of inflammation, adherent
neutrophils produce inflammatory mediators such as IL-17,
IL-6, and leukotriene B4. These substances induce endothelial
cells, mesenchymal cells, and myeloid cells to release pro-
inflammatory factors, including chemokines and matrix
metalloproteinases, thereby expanding the inflammatory
response and eventually leading to inflammatory injury (36).
As an important participant in magnifying inflammation, the
pro-inflammatory activation of neutrophils may be the driving
factor of systemic inflammation in SCK cows. Some studies have
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Role of autophagy in BHB promoting the production of pro-inflammatory factors in bovine neutrophils. Neutrophils were treated with 1.6 mM
BHB for 2 h. (A) mRNA abundance of /L-1B and IL-6, and TNF. For qRT-PCR experiments, -Actin and YWHAZ were used to normalize mRNA
abundance. Data were expressed as the mean + SEM. Data were analyzed with independent-sample t-tests. (B-D) Rapamycin (100 nM, 2 h) was
used to activate autophagy. The concentration of IL-1B, IL-6, and TNF-a in the supernatant of the medium. Data were expressed as the mean +
SEM. A two-way analysis of variance (ANOVA) was performed to analyze differences between BHB and RARA, including a Bonferroni post-hoc
analysis. Two-way ANOVA showed a significant difference in BHB X RAPA interaction (P < 0.01), including a Bonferroni post-hoc analysis. **P <
0.01 as statistically highly significant. CON, control; BHB, B-hydroxybutyrate; RAPA, rapamycin; IL, Interleukin; TNF-co, Tumor necrosis factor-o;

SEM, standard error of the mean.
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shown that autophagy negatively regulates the pro-
inflammatory activation in mouse macrophages (37), while it
is still unclear in bovine neutrophils. In the present study, BHB
treatment increased the mRNA abundance and the release of
pro-inflammatory factors IL-1f, IL-6, and TNF-o. of bovine
neutrophils, while these effects were relieved when autophagy
was active. Therefore, autophagy-mediated adhesion of blood
neutrophils to vascular endothelial cells and the subsequent pro-
inflammatory activation of neutrophils induced by a high
concentration of blood BHB may contribute to the
development of systemic inflammation in dairy cows with
SCK. However, in vivo experimental data are needed to further
confirm this view.

Extracellular vesicles (EVs), membrane-enclosed vesicles
secreted by nearly all cell types, are enriched with cytokines,
chemokines, and immunomodulatory factors which can
participate in the modulation of immunity (38). They can
transfer bioactive materials (e.g., proteins, nucleic acids, lipids,
and metabolites) from host cells to both neighboring acceptor
cells and distal recipient cells, thereby orchestrating a persistent
communication network in extracellular spaces. Depending on
the different host cell types and various bioactive contents, EVs
can both have immunostimulatory and immunoinhibitory
effects (39). In Lajqi’s report, they make a perfect presentation
linking small EVs to the regulation of adaptive inflammatory
features in innate immune cells (40). Their data show that small
EVs may increase the production of pro-inflammatory
mediators (e.g., TNF-o and IL-6) and boost transmigratory as
well as phagocytic properties mediated by the TLR2/MyD88
pathway in murine neutrophils. Indeed, the increased release of
EVs by neutrophils has been found to induce abundance of
ICAM-1 on endothelial cells and promote cell adhesion in
humans (41). Additionally, neutrophils also contain a
releasable membrane-bound organelle named the secretory
vesicle (also named granule) which can participate in immune
modulation. In our previous study, it has been demonstrated
that the enhanced release of the secretory vesicle by neutrophil
degranulation can contribute to systemic inflammation. (23).
Importantly, a variety of studies show that neutrophil tertiary
granule is rich in Mac-1, which transfers to the cell membrane
during degranulation through membrane fusion (42). Thus, the
granules or EVs may be involved in regulation of BHB-induced
neutrophil adhesion in cows with SCK and this needs further
investigation in the future.

Continuous assembly and dismantling of adhesions at the
cell front and tail produce the driving force for the forward
movement of migrating cells (35). There is little research on the
regulation mechanism of the turnover of focal adhesion. At the
end of the 1980s, scientists first discovered the endocytosis and
recycling of integrin, and subsequent studies confirmed that this
cycle is related to autophagy (43). Starvation-induced autophagy
leads to the degradation of integrins in the lysosomes, but this
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process is reversible as soon as cells are returned to conditions
that inhibit autophagy (17). In the present study, the co-
localization between CD11b and LC3 was confirmed,
suggesting that autophagy may be also involved in the
regulation of adhesion molecules turnover in bovine
neutrophils. BHB treatment inhibited autophagy and
decreased the co-localization between LC3 and CDI11b in
bovine neutrophils, while RAPA alleviated this effect. These
data suggested that BHB may cause abnormal turnover of
adhesion molecules by inhibiting autophagy, thereby leading
to their increased membrane localization and finally regulating
the adhesion function of bovine neutrophils.

In conclusion, the present study demonstrated that SCK
cows exist systemic inflammation, which is related to a high
concentration of BHB in blood. In vitro experiments, it is
confirmed that pathological concentration of BHB promotes
the adhesion of bovine neutrophils by inhibiting autophagy. Our
data provide a new understanding of the development of
systemic inflammation in SCK cows.
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Overproduction of reactive oxygen species (ROS) is a well-known
phenomenon experienced by ruminants, especially during the transition from
late gestation to successful lactation. This overproduction of ROS may lead to
oxidative stress (OS), which compromises the immune and anti-inflammatory
systems of animals, thus predisposing them to health issues. Besides, during the
periparturient period, metabolic stress is developed due to a negative energy
balance, which is followed by excessive fat mobilization and poor production
performance. Excessive lipolysis causes immune suppression, abnormal
regulation of inflammation, and enhanced oxidative stress. Indeed, OS plays
a key role in regulating the metabolic activity of various organs and the
productivity of farm animals. For example, rapid fetal growth and the
production of large amounts of colostrum and milk, as well as an increase in
both maternal and fetal metabolism, result in increased ROS production and an
increased need for micronutrients, including antioxidants, during the last
trimester of pregnancy and at the start of lactation. Oxidative stress is
generally neutralized by the natural antioxidant system in the body. However,
in some special phases, such as the periparturient period, the animal’'s natural
antioxidant system is unable to cope with the situation. The effect of rumen-
protected limiting amino acids and choline on the regulation of immunity,
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antioxidative, and anti-inflammatory status and milk production performance,
has been widely studied in ruminants. Thus, in the current review, we gathered
and interpreted the data on this topic, especially during the perinatal and
lactational stages.

KEYWORDS

oxidative stress, periparturient period, ruminants, antioxidants, immunity, limiting

amino acids

1 Introduction

Under normal physiological conditions, the antioxidant
system’s capacity to neutralize and eliminate reactive oxygen
species (ROS) produced during metabolic activities is usually
sufficient. Metabolic alterations during pregnancy and calving
have been shown to increase ROS generation above the level that
the antioxidant system can cope with (1, 2). When there is an
imbalance between the generation of ROS and the availability of
antioxidant molecules, oxidative stress arises, exposing cattle to a
variety of illnesses (3, 4). An excessive generation of ROS results
in lipid peroxidation, oxidative stress, tissue damage, and
changes in the quantity of reduced glutathione (GSH), a key
component of glutathione metabolism (3, 5). When the pro/
antioxidant balance is disrupted, damage to the structure and
function of cellular macromolecules (lipids, proteins, and nucleic
acids) occurs, resulting in oxidative stress. A preponderance of
oxidation over reduction processes leads to metabolic disorders

and diseases in dairy cows (6). Maintaining redox homeostasis in
dairy cows during the periparturient and peak lactation stages is
therefore critical (4, 7, 8). Parturition-related oxidative stress
may contribute to immunological and inflammatory
abnormalities, which increase the risk of metabolic and
infectious disorders (2, 9).

Metabolic stress during the periparturient period is another
key factor that exposes animals to immune depression, abnormal
regulation of the inflammatory response, and oxidative stress.
During the periparturient period, metabolic stress causes
excessive mobilization of lipids followed by oxidative stress
(10). The oxidative stress compromises the immunity and
inflammatory status in dairy cattle, as shown in Figure 1.

Another critical factor is the abnormal regulation of
immunity and inflammation caused by metabolic and
oxidative stress (11-14), which predisposes dairy animals to
various infections. In addition, the productive efficiency of
animals is compromised by oxidative and metabolic stress,

(Abnormal regulation of immunity and inﬂammation]
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FIGURE 1

Interlink between metabolic stress, oxidative stress, immunity, and inflammation; nuclear factor kappa-B (NF-kB) signaling is used by oxidative
stress to promote inflammation and immune system malfunction. Improper inflammatory regulation promotes the synthesis of tumor necrosis
factor-alpha in non-phagocytic cells, leading to an excess of OS and excessive lipolysis. Oxidative stress increases the level of NEFAs, which is
correlated with excessive lipid mobilization. The excessive lipid mobilization may elevate the level of NEFAs and BHB, which are the key factors

in the abnormal regulation of the immune and inflammatory response.
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resulting in negative energy balance, immune suppression, and
low productive efficiency (15-17). Several nutritional strategies
have been adopted to overcome these issues during the
periparturient period in ruminants.

The role of amino acids in the regulation of intestinal
immunity and inflammation has been discussed previously
(18). In brief, He et al. (18) reported that amino acid
supplementation regulates the expression of anti-inflammatory
cytokines and suppresses the apoptosis of enterocytes, as well as
the expression of pro-inflammatory cytokines in intestinal
inflammation. Furthermore, it was noted that several anti-
inflammatory-related pathways, such as nuclear factor-kappa-
B (NF-xB), mitogen-activated protein kinase (MAPK), inducible
nitric oxide synthase (iNOS), mechanistic target of rapamycin
(mTOR), nuclear erythroid-related factor 2 (Nrf2), and
angiotensin-converting enzyme 2 (ACE2), are regulated by
amino acid supplementation (18, 19).

Rumen-protected amino acid (methionine and lysine) and
choline supplementation has been widely studied for its role in
the maintenance of the antioxidant status, immunity status, and
anti-inflammatory ability of dairy cattle (11, 20-25). Amino
acids such as lysine, choline, and methionine are considered
important sources of antioxidants in the diets of ruminants
because of their positive role in relieving oxidative stress, which
is associated with better health and productive efficiency (22, 23,
26). Thus, in the current review, we summarize the effect of
rumen-protected first-limiting amino acids (methionine and
lysine) and choline on the regulation of immunity,
antioxidative, and anti-inflammatory status, especially during
the periparturient period in dairy cattle in which they experience
severe oxidative stress followed by depressed immunity and anti-
inflammatory status.

2 Effect of rumen-protected first-
limiting amino acids (methionine
and lysine) and choline on the
antioxidant, immunity, anti-
inflammatory, and health

status of ruminants

2.1 Effect of rumen-protected first-
limiting amino acids (methionine and
lysine) and choline supplementation on
the antioxidant status of ruminants

2.1.1 Effect of methionine and choline
supplementation on the antioxidant
status of ruminants

The availability of key methyl donors, such as methionine
and choline, is limited due to extensive microbial degradation in
the peripartal dairy cow (27). If, for any reason, an imbalance of

Frontiers in Immunology

10.3389/fimmu.2022.1042895

negative methyl donor occurs it will compromise the synthesis of
critical compounds, such as carnitine and phosphatidylcholine
(PC), which are required for methyl donors in cells and tissues
(28). The biosynthesis of PC from endogenous supplementation
of methionine and choline could prevent the incoming fatty
acids produced from the lipolysis of adipose tissue. It has been
documented that the disproportionate infiltration of hepatic
fatty acid can negatively influence the normal function of the
liver (29). Moreover, the excessive fat infiltration in the liver may
suppress intracellular antioxidants, such as glutathione (GSH)
and alternatively oxidative stress, which may lead to extensive
tissue damage (11, 30, 31). The methyl donors are considered the
most important extracellular source of the antioxidants
glutathione (GSH) and taurine (32). During the periparturient
period, the increased oxidative stress enhances inflammation,
resulting in suppressed leukocyte responses. To overcome these
challenges and for cells to synthesize sulfur-containing
antioxidants, the supplementation of methionine and choline
could be beneficial.

Rumen-protected limiting amino acids, such as methionine,
are necessary for the biosynthesis of S-adenosylmethionine
(SAM) (33). SAM is required for many biological processes,
such as transsulfuration, polyamine biosynthesis, and DNA
methylation (34). Thus, the need for methyl donors, including
choline and methionine, is increased at the onset of the lactation
period (35, 36). It has been well-documented that DNA
methylation regions are associated with the regulation of gene
expression. These epigenetic changes are partly driven by betaine
and methionine through SAM. A study documented that
rumen-protected choline enhances the expression of genes
associated with the synthesis of betaine, phosphatidylcholine,
acetylcholine, muscarinic, and nicotinic acetylcholine receptors
(37). Interestingly, betaine has been found to work as a methyl
donor and help in the regeneration of methionine and SAM (38).
In addition, phosphatidylcholine has been found to be involved
in the export of low-density protein, which is followed by a
decrease in hepatic fat accumulation (39). Furthermore, a study
found that methionine supplementation is necessary for the
regulation of the nuclear receptor peroxisome proliferator-
activated receptor alpha (PPARc), which plays a key role in
reducing the inflammatory response, improving fatty acid
oxidation, and preventing liver triacylglycerol (TAG)
accumulation (40).

According to the available literature, rumen-protected
choline and methionine are considered as valuable
antioxidants in ruminant nutrition (41). Recent evidence
suggests that methionine plays a role in glutathione formation
(42), which could improve the antioxidant status of both animals
and their products. Consistently, a study reported that
methionine alone or in combination with choline alleviates
oxidative stress by enhancing glutathione transferase (GST)
activity in the plasma of periparturient ewes (43).
Furthermore, another study documented that methionine in
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combination with choline enhances glutathione and amino acid
levels in dairy cows during the perinatal period (44).

2.1.2 Effect of methionine and lysine
supplementation on the antioxidant
status of ruminants

Methionine is attacked by many of the ROS generated in
biological systems and is considered one of the more readily
oxidized residues in proteins (45-47). Methionine has a
scavenging ability, and various ROS combine with methionine
to form methionine sulfoxide. The cells contain methionine
sulfoxide reductases, which catalyze the thioredoxin-dependent
reduction of methionine sulfoxide back to methionine (47).
Methionine acts as a catalytic antioxidant and protects protein
and macromolecules from the action of ROS in which they
are present.

The antioxidant role of lysine and methionine has been widely
studied in ruminants (48-51). Furthermore, it has been highlighted
that amino acids enhance metabolism, antioxidant status, and
immunity to improve production and disease resistance.
Consistent with this, it has been well established that amino acids
play a key role in cellular oxidative balance (52) because they
participate in taurine and glutathione (GSH) biosynthesis (53-55).
GSH using glutathione transferase (GST) and hydrogen peroxide
neutralization via glutathione peroxidase (GSH-Px) causes cellular
detoxification. Glutathione transferases (GSTs, EC 2.5.1.18) are
some of the most important antioxidant enzymes for regulating
the cell’s redox state (56-58). Similarly, a reduced level of
glutathione (a potent intracellular antioxidant) was reported in
liver tissue in response to methionine treatment (59).

It has been reported that methionine supplementation
enhances very low-density lipoprotein (VLDL) to promote
vitamin E in circulation (60). Consequently, the detrimental effect
of lipid peroxidation by-products, such as malondialdehyde
(MDA), can be suppressed with supplementation with rumen-
protected amino acids (60). Furthermore, antioxidant systems,
which can be split into enzymatic and non-enzymatic (e.g.,
metabolites), control ROS (56, 61). The effect of methionine and
lysine supplementation on oxidative stress has been studied in ewes
(21). It was further noted that methionine supplementation reduces
the expression of MDA and improves the level of superoxide
dismutase (SOD), CAT, GPH, and GST in the plasma of ewes (21).

A few studies, through in vitro experiments, reported that
methionine supplementation decreases the process of apoptosis and
necrosis and inhibits lipid peroxidation in the bovine mammary
glands (62, 63). Moreover, they documented that methionine
supplementation enhances the level of antioxidant-associated genes
(superoxide dismutase and glutathione peroxidase) and the
cytoprotective effect against hyperthermia (62, 63).
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2.2 Effect of methionine and lysine
supplementation on inflammation
and immunity in ruminants

Parturition has been characterized as the stage of
inflammatory change during which the level of haptoglobin is
elevated, thus decreasing the concentration of albumin (64).
Moreover, albumin levels have been reported to decrease around
parturition and are also considered as a key biomarker for
inflammation in dairy cattle. The higher the level of albumin,
especially during the periparturient period, the healthier the
animal (65). A higher concentration of albumin has been
reported in response to methionine supplementation in dairy
cattle (64). Moreover, by binding to non-esterified fatty acids
and bilirubin, albumin takes on a detoxifying function and
alleviates inflammation (66), which is the critical factor that
exposes periparturient dairy cattle to infections. Haptoglobin is
another key acute-phase protein, which usually increases around
parturition because of inflammatory events and parenchymal
cell stimulation by fatty acid infiltration of the liver.
Furthermore, it has been demonstrated that methionine
supplementation significantly downregulates the level of
haptoglobin, which is associated with improved antioxidant
and anti-inflammatory levels during parturition in dairy cattle
(64). Furthermore, Zhou et al. (64) found that dairy cattle
supplemented with methionine were less susceptible to
infections during the periparturient period because of
suppressed inflammatory changes and improved
antioxidant status.

Previous studies have proved experimentally that
methionine supplementation enhances the anti-inflammation
and anti-oxidative status in periparturient dairy cattle (59, 67,
68) and neonatal calves (69). In a recent study, Hu et al. reported
that methionine and arginine significantly regulates milk protein
synthesis, thereby alleviating a potential inflammatory and pro-
oxidant state in transitioning dairy cattle (70). In addition, a few
studies have reported that the supplementation of methionine
with arginine plays an important role in anti-inflammation and
improves the antioxidant status of transition dairy cattle (68, 71).
Moreover, methionine and arginine supplementation has been
associated with the regulation of immunity and relief of
oxidative stress caused by bacterial lipopolysaccharide (LPS) in
bovine mammary cells (71).

It has been reported that rumen-protected lysine and
methionine feeding before parturition to transition dairy cows
may affect the immunity of calves (69). In an experimental trial,
it has been reported that the oftspring (calves) of rumen-
protected methionine and lysine-fed cows show higher passive
immunity, including a higher concentration of immunoglobulin
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G, higher serum total protein, and a higher growth rate than an
unsupplemented group of dairy cows (69). Lee et al. (72)
reported that supplementation with lysine and methionine
positively reduces milk somatic cell count (SCC) and improves
the immunity and health status of dairy cattle. Consistent with
this, a study proved experimentally that methionine
supplementation tends to decrease metabolic stress and milk
SCC and improve udder health in goats (73).

2.3 Effect of methionine and choline
supplementation on the inflammation
and immunity of ruminants

It has been well established through experimental trials that
treatment with a combination of choline and methionine can regulate
the antioxidative state, thereby increasing the anti-inflammatory and
cytoprotective effect against oxidative stress in neonatal Holstein
calves (74). Consistent with this, a study reported that
supplementation with choline and methionine improves the
immunometabolic state, blood polymorphonuclear leukocyte
phagocytosis capacity, and the anti-inflammatory effect upon
pathogen challenge, and enhances the antioxidative capacity of
peripartal cows (75). During the periparturient period, the liver
functionality index (LFI) is the key indicator that is used to assess
immune and inflammatory status, as well as metabolic profiles in
dairy cattle (44, 59, 76). In addition, a study reported that a low LFI
and low amino acids in circulating plasma indicates a difficult
transition from gestation to lactation (30). The supplementation of
a combination of choline and methionine enhances the level of the
LFI, resulting in an improved immunity and anti-inflammatory
status in dairy cattle (44). Moreover, ketosis was also found to be
positively associated with a low LFI, while combined supplementation
of choline and methionine significantly reduces the chances of ketosis
by alleviating oxidative stress in dairy cattle (77).

Choline supplementation in the transition diet may be partially
useful for reducing the deleterious effects of an inflammatory-like
condition on the hepatic function of transition cows. The non-
esterified fatty acids (NEFA) and B-hydroxybutyric acid (BHB) may
lead to oxidative stress followed by an enhancement of the lipolysis
process (78). Additionally, rumen-protected choline
supplementation has been found to reduce the concentration of
liver triacylglycerol and metabolic stress, resulting in an improved
immune and antioxidative state (79, 80). Consistent with this,
choline supplementation also lowers BHBH levels and the body
condition score, which is the best indicator of health in dairy cattle
during the periparturient period (81, 82). Furthermore, it has been
reported that excessive production of NEFA and BHB may
compromise immunity, resulting in abnormal regulation of
immune and inflammation responses (83). The high levels of
NEFA and BHB followed by oxidative stress and dysfunctional
immunity have been reported as major contributory factors of
mastitis in dairy cattle (10). Several studies have demonstrated that
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choline supplementation significantly reduces the level of NEFA
and BHB, resulting in enhanced immunity and maintenance of the
anti-inflammatory state in dairy cows (84-87).

During early lactation, catabolic changes are initiated and lead
to the utilization of body energy reserves (non-esterified fatty acids
and amino acids). The excessive utilization of NEFA is
incorporated into VLDL by the liver. A high level of VLDL is
associated with oxidative stress and fatty liver syndrome (88).
Furthermore, supplementation of rumen-protected choline
enhances the function of the liver by improving VLDL
exportation from the liver and relieving oxidative stress (88). By
increasing the expression of fatty acid transport protein 5 and
carnitine transporter SLC22A5 in the liver and endorsing apo B-
containing lipoprotein assembly, rumen-protected choline
supplementation reduces the harmful effects of hepatic lipidosis
in periparturient dairy cattle (89). Consistent with this, a study
reported that choline significantly decreases the level of postpartal
liver TAG and enhances the biosynthesis of VLDL through the
regulation of PPARo targets apolipoprotein B (APOB) and
microsomal triglyceride transfer protein (MTTP) (89).

It has been well demonstrated that heat stress compromises
immunity and regulates the inflammatory system in an abnormal
way, affecting the production performance of dairy cattle (90, 91).
Nutritional intervention with methionine and choline has been
reported to enhance the immune response to heat stress and play a
key role in improving the health of animals (92-94). Furthermore,
choline supplementation improves lipid and energy metabolism
and alleviates the inflammatory response (95). Rumen-protected
choline feeding during the periparturient period is the key focus
because of its key role in preventing liver lipid accumulation
through VLDL export. Moreover, it has been reported that choline
plays an important role in the regulation of immune function and
also mitigates inflammatory changes in transition dairy cows (93),
enhances immune function in calves (94), and adjusts the
responses of immune cells to LPS ex vivo (37). Consequently, it
has been documented that choline deficiency may lead to
intestinal morphology and lipid metabolism impairment in rats
(96). The antioxidant, anti-inflammatory and immune regulatory
role of limiting amino acids (methionine and lysine) and choline
has been summarized in Table 1. Based on the available data, we
concluded that choline supplementation maintains the
inflammatory response in immune cells and relieves metabolic
stress during the periparturient period in dairy cattle.

2.4 Rumen-protected limiting amino
acids (methionine and lysine) and
choline-regulated genes are associated
with the immunity, antioxidant, and anti-
inflammatory status of ruminants

The molecular response associated with health regulation in
response to rumen-protected limiting amino acids in dairy
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TABLE 1 Summary of studies in dairy ruminants investigating the influence of rumen-protected limiting amino acids (methionine and lysine) and
choline on immune function and the oxidative and anti-inflammatory status of ruminants.

Species/
Amino acid supple- tissues/
mentation Main outcomes cells Author
Rumen-protected Alleviates inflammation and oxidative stress, resulting in improved liver function Plasma
methionine supplementation Enhances oxidative burst and neutrophil phagocytosis (cattle) Batistel et al. (68)
Methionine is utilized by cells for the synthesis GSH and taurine synthesis
Increases metabolism and decreases oxidative stress, inflammation, and enhanced
immunity Liver and

Methionine and choline
supplementation

Methionine supplementation

Improves liver function
Improves oxidative burst and neutrophil phagocytosis

Enhances antioxidant status and improves the immune and anti-inflammatory response in
periparturient dairy cattle

plasma (Dairy
cattle)

Dairy cattle

Zhou et al. (59);
Zhou et al. (64)

Zhou et al. (44)

Decreases inflammation and enhances immunity during a transition period and reduces

Jacometo et al.

Methionine supplementation  the chances of infection Dairy calves (97)
Methionine and choline Decreases inflammation and enhances immunity during a transition period, and reduces Abdelmegeid et al.
supplementation the chances of infection Dairy calves (74)

Methionine or lysine

Enhances innate immunity

Tsiplakou et al.
(43); Tsiplakou et

supplementation Decreases inflammation and relieved oxidative stress Sheep al. (98)

Zinc and methionine Decreases inflammation, lowers milk SCC, and prevents mastitis by enhancing immunity

supplementation and alleviating inflammation Goats Salama et al. (73)
Enhances CD4"/CD8" T
lymphocyte ratio and improves immunity and anti-oxidative status

Choline and methionine Regulates hepatic lipid metabolism and relief of metabolic stress

supplementation Improves immunity Dairy cattle Sun et al. (60)

Hydroxyselenomethionine Increases antioxidant response followed by the relief of oxidative status and improved anti-

supplementation inflammatory response in dairy cattle during the periparturient period Dairy cattle Li et al. (99)

N-acetyl-I-methionine
supplementation (NALM)

NALM supplementation

Methionine supplementation

Relieves oxidative stress in lactating dairy cows
Increases concentrations of total protein and globulin in plasma and significantly reduces
plasma malonaldehyde concentration

Improves metabolism and enhances milk production

Upregulates the expression of genes involved in the metabolism of antioxidants
Increases the expression of NFE2L2 (a major antioxidant transcription factor) and
improves the immune and anti-inflammatory response

Dairy cattle

Dairy cattle

Dairy cattle

Liang et al. (100)

Fagundes et al.
(101)

Han et al. (48)

Methionine supplementation

Methionine and choline
supplementation

Methionine supplementation

Methionine supplementation

Methionine and choline
supplementation

Methionine supplementation

Methionine supplementation

Enhances mRNA expression of genes related to antioxidative status and GSH metabolism

Enhances the expression of genes associated with the immune and anti-inflammatory
response and reduces oxidative stress

Improves whole-blood neutrophil phagocytosis and decreases oxidative stress, resulting in
enhanced immunity

Enhances 1-carbon metabolism and increases the antioxidative status. In addition,
methionine increases liver GSH and decreases concentrations of plasma biomarkers of
inflammation.

Blocks the hyper response of IL-1f during LPS challenge, resulting in improved
antioxidant ability

Increases the expression of genes associated with immunity and antioxidant response

The expression of inflammation- and oxidative stress-associated genes is significantly
reduced by methionine supplementation

Dairy cattle

Dairy cattle

Dairy cattle

Dairy cattle

Dairy cattle

Dairy cattle

Dairy cattle

Liang et al. (100)

Lopreiato et al.
(102)

Osorio et al. (103)

Osorio et al. (42);
Osorio et al. (67)

Vailati-Riboni et
al. (104)

Zhou et al. (105)

Zhou et al. (75)

(Continued)
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TABLE 1 Continued

Amino acid supple-
mentation

Main outcomes

10.3389/fimmu.2022.1042895

Species/
tissues/

cells Author

Enhances the metabolism of carnitine and B-oxidation of fatty acids and improves

cholesterol and lipoprotein metabolism
Improves 1-carbon metabolism of cystathionine
Methionine supplementation

Choline supplementation

Rumen-protected choline
and methionine

supplementation immunity

Alleviates fatty liver and relieves metabolic stress

Beta-synthase activity of cystathionine followed by enhancement of antioxidant synthesis

Decreases oxidative stress, followed by enhancement of antioxidant capacity and improved

Zhou et al. (105);
Alharthi et al.

Decreases liver triacylglycerol concentration of plasma and improves immunity

Choline supplementation

Reduces the incidence of subclinical hypocalcemia

Dairy cattle (106)

Guretzky et al.
Dairy cattle (107)

Tsiplakou et al.
Sheep (43)
Dairy cattle Bollatti et al. (108)

ruminants has been well documented (21). It has been reported
that heat stress upregulates miR-34a, miR-92a, miR-99, and miR-
184. In addition, the upregulation of microRNA in the mammary
gland by heat stress is related to cell growth arrest and apoptosis
and inhibition of fat synthesis (109). Consistent with this, it has
been documented that miR-34a overexpression induces apoptosis
in Hep2 cells (110) and mammary cells (111) and inhibits cell
proliferation (110). Salama et al. proved through experimental
trials that methionine and arginine supplementation
downregulates the expression of miR-34a, miR-92a, miR-99,
and miR-184 in the mammary gland. Furthermore, they
documented that methionine and arginine treatment regulates
most of the genes that are associated with insulin signaling (AKT2
and IRSI), transcription and translation (MAPKI, MTOR,
SREBFI1, RPS6KBI, and JAK2), amino acid transport (SLCIAS
and SLC7AI), and cell proliferation (MKI67) in the mammary
glands of dairy cattle (109). Heat stress also upregulates genes
associated with apoptosis (BAX), translation inhibition
(EIF4EBP1I), and lipogenesis (PPARG, FASN, and ACACA) and
decreases the expression of the anti-apoptotic gene BCL2L1 in the
mammary glands of dairy cattle (109). The above effects caused by
heat were reversed with methionine and arginine supplementation
in dairy cattle (109).

71, reported that bacterial LPS significantly downregulates the
expression of SLC36A1 and SLC7AI and genes associated with
antioxidant response (NFE2L2, NQOI, GPX1, ATG7, and GPX3),
and upregulates SOD2 and NOS2 (71). Furthermore, they noticed
that arginine and methionine supplementation enhances
antioxidative gene expression and increases the signaling level of
NFE2L2 in mammary gland cells. Ma et al. (112) found that
NFE2L2 signaling plays a critical role in the cellular antioxidant
defense system. It might be possible that arginine and methionine
treatment significantly enhances the antioxidative response in
mammary gland cells via the NFE2L2 pathway (112). Consistent
with this, it has been found that methionine-treated mammary
gland cells show increased expression of CSN1SI, CSN1S2, CSN2,
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CSN3, LALBA, JAK2, STAT5, and MTOR, which are positively
linked to milk protein synthesis (113, 114). Methionine
supplementation significantly regulates the transsulfuration
pathways that play a key role in taurine and glutathione
biosynthesis. Taurine and glutathione biosynthesis alleviates the
oxidative stress that is caused by negative energy balance in neonatal
Holstein calves (115), as demonstrated in Figure 2.

Garcia et al. experimentally proved that choline supplementation
regulates the genes that are associated with muscarinic and nicotinic
acetylcholine (37). The muscarinic and nicotinic acetylcholine
receptors have been detected in innate and adaptive immune cells
(116). Garcia et al. identified several genes involved in choline
metabolism (SLC5A7, CHDH, CHKA, ACHE, CHRMS5, and
CHRNA?) and inflammatory responses (TLR4, NFKBI, TNFA,
ELANE, H2A, CASP3, and CASP7) in the neutrophils and
monocytes of lactating dairy cattle, which are regulated in response
to rumen-protected choline supplementation (37). Inflammatory
genes (TLR4, NFKBI, and TNFA) are significantly upregulated in
LPS-challenged immune cells; however, the opposite trend is
observed for these genes in choline-treated immune cells (37).

Methionine supplementation elevates the expression of genes
associated with inflammation (ILIB, TLR2, NF-kB, and STAT3)
and oxidative stress (glutathione synthase, GPX1, CBS, and SOD2)
in polymorphonuclear leukocytes (PMNLs) and enhances taurine
in the plasma of dairy cattle (75). These findings suggest that
methionine supplementation improves the anti-inflammatory and
antioxidative status of periparturient dairy cattle. Furthermore,
PMNLs treated with LPS reveal the hyper response of IL-1f,
resulting in oxidative stress (104). Rumen-protected methionine
supplementation suppresses the hyper response of IL-1p, resulting
in a decreased inflammatory response and oxidative stress (104).
Consistent with this, it has been documented that the combination
of methionine and choline significantly upregulates the expression
of genes involved in pathogen recognition mechanisms (TLR2 and
L-selectin [SELL]) and lowers the expression of genes associated
with inflammation (cysteine sulfinic acid decarboxylase [CSAD],
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Transsulfuration Signaling
Cystein
Cell Proliferation and Cell Growth
FIGURE 2

Rumen-protected limiting amino acids (lysine and methionine) and choline supplementation regulate mTOR signaling, which controls protein and
nucleotide synthesis. In addition, amino acids mediate transsulfuration pathways that further facilitate taurine and glutathione biosynthesis. Taurine and
glutathione biosynthesis plays a key role in alleviating oxidative stress in dairy cattle. Additionally, amino acid supplementation regulates mTOR signaling
and pyrimidine and polyamine synthesis, and thus plays an essential role in controlling cell proliferation and growth processes.

cystathionine gammalyase [CTH], myeloperoxidase [MPO],
glutathione reductase [GSR], GSS, IL6, IL10, and IL1B), resulting
in an improved anti-inflammatory and antioxidative status in dairy
cattle (102). Additionally, methionine downregulates the expression
of several genes potentially associated with oxidative stress (SODI,
GSS, and GCLC) (42). Furthermore, Osorio et al. (42) reported
higher expression of haptoglobin (HP), S-adenosylhomocysteine
hydrolase (SAHH), adenosyltransferase 1A (MATIA) cytosine-5-

methyltransferase 3 alpha (DNMT3A), and DNMT] in response to
methionine supplementation. Furthermore, they reported lowered
oxidative stress and a mild inflammatory status in dairy cattle (42).
Consistent with this, methionine and lysine combination treatment
significantly reduces the level of TLR4, pro-inflammatory cytokines
(TNF-o and IL-1B), chemokine (CXCL-16), and BHBA content in
ewes (117). The summary of the genetic response to rumen-
protected limiting amino acids (lysine and methionine) and
choline is shown in Table 2.

TABLE 2 Summary of studies that investigated the rumen-protected limiting amino acid (methionine and lysine)- and choline-regulated genes
associated with the immunity, antioxidative, and anti-inflammatory status of dairy ruminants.

Species/
Treatment Genetic effect Biological function tissues Author
Increases expression of NFE2L2, NQOI, GPX1, GPX3, SLC36A1, Induces anti-inflammation and BMECs in
Methionine SLC7A1, SOD2, and NOS2 and decreases expression of RELA, IL1B, NF- anti-oxidative responses against dairy
supplementation | kb, and CXCL2 LPS cattle Dai et al. (71)
Upregulates the expression of AKT1 and mTORCI signaling, PPARG,
FASN, ACACA, BCL2L1, MAPK1, MTOR, SREBF1, RPS6KBI, JAK2, and Alleviates oxidative status and BMECs in
Methionine MKI67 and downregulates the expression of HSPAIA, BAX, and regulates immunity and anti- dairy Salama et al,,
supplementation | EIF4EBPI inflammatory status cattle (109)
Methionine and Enhances innate immunity,
lysine Upregulates JunD and downregulates the expression of genes associated resulting in a reduction of Tsiplakou et
supplementation | with inflammation (IL-10, MyD88, STAT-3, and IL-10) inflammatory changes Ewes al. (98)
Reduces inflammatory changes and
Methionine and | Lowers the expression of pro-inflammatory cytokines (IL-13 and TNF- enhances the immune response,
lysine a), the chemokine CXCL-16, and pathogen recognition receptor-4 (TLR- | resulting in the alleviation of Tsiplakou et
supplementation | 4) and suppresses B-hydroxybutyric acid (BHBA) content mastitis Ewes al. (117)
(Continued)
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TABLE 2 Continued

Species/

Treatment Genetic effect Biological function tissues Author

Increases homocysteine synthesis,
resulting in enhanced antioxidative

Methionine and | Unregulates GCLC, GPXI, and adenosylhomocysteinase (SAHH) and status, and reduces inflammatory Neonatal
choline lowers the expression of CXCRI, IL10, IL6, IRAKI, NFKBI, NR3ClI, changes and cytoprotection against | Holstein Abdelmegeid
supplementation | SELL, TLR4, and TNFA in polymorphonuclear leukocytes oxidative stress calves et al. (74)

Decreases the expression of pro-inflammatory cytokines IL1B, CXCL8,
and TNF caused by LPS in peripheral blood leucocytes

Choline Enhances the level of blood neutrophils undergoing phagocytosis and Decreases inflammation and Holstein Zenobi et al.
supplementation | oxidative burst improves immunity cows (93)

Reduces the level of oxidative stress associated with MDA, CAT, and Plays a critical role in the
Methionine SOD regulation of antioxidant activity Mavrommatis
supplementation | Enhances the level of antioxidant genes (GST and GPH) against oxidative stress Ewes et al. (21)

Lowers the expression of genes related to inflammation (IL1B, TLR2, NF-
KB, and STAT3)

Methionine Reduces the expression of genes associated with oxidative stress Improves anti-inflammatory and Dairy Zhou et al.
supplementation | (glutathione synthase, GPX1 CBS, and SODI) antioxidative status cattle (75)
Methionine and | Enhances the expression of SELL and TLR2 Improves the antioxidant ability

choline Lowers the expression of CSAD, CTH, MPO, GSR, GSS, IL6, IL10, and and suppresses inflammatory Dairy Lopreiato et
supplementation | ILIB changes cattle al. (102)
Rumen- Decreases inflammation

protected Decreases the expression of genes associated with inflammation (TLR4, Improves the health of

choline NFKBI, TNFA, ELANE, H2A, CASP3, and CASP?) in neutrophils and periparturient dairy cattle and Dairy Garcia et al.
supplementation | monocytes treated with LPS alleviates mastitis cattle 37)

Reduces the level of inflammation-associated genes (SELL, CXCR2,
NFKBIA, MYDS88, TLR4, TLR2, GSS, GPX1, TNF, and IL1B), and

suppresses genes involved in the oxidative stress (MPO and SODI) of Improves immunity and
Methionine polymorphonuclear leukocytes antioxidative ability and reduces Holstein Jacometo et al.
supplementation | Enhances the level of antioxidant-linked genes (NFE2L2 and NOS2) inflammatory alterations calves 97)

Decreases oxidative stress,

Enhances the level of methionine adenosyltransferase 1A (MATIA), enhances immunity, and reduces

glutamate-cysteine ligase (GCLC), glutathione reductase (GSR), metabolic stress, which is

adenosylhomocysteinase (AHCY; also known as SAHH), and DNA responsible for abnormal
Methionine (cytosine-5-)-methyltransferases (DNMT1, DNMT3A, and DNMT3B) regulation of immunity and Holstein Jacometo et al.
supplementation | Lowers the expression of cysteine sulfinic acid decarboxylase (CSAD) inflammation calves (115)

Upregulation of hepatic PPARA

Upregulates peroxisome proliferator- has been reported to be associated
Methionine activated receptor alpha (PPAR)-associated genes (ANGPTL4, FGF21, with lipid metabolism and immune | dairy Osorio et al.
supplementation | and PCK1) function cattle (118)
Regulates PPARO0, fatty acid Desaturase 2 (FADS2), CBS, glutathione S- Enhances cell metabolism, reduces
transferase omega 1 (GSTO1), GPX1, metabolic and oxidative stress,
Rumen- MAPK and MTOR activator LAMTOR?2, relieves inflammation and
protected mammary serum amyloid (SAA), peroxisome proliferator-activated enhances immunity in Holstein Holstein Palombo et al.
methionine receptor gamma (PPARG), and forkhead box O1 (FOXO1) cows cows (119)

Upregulates the expression of genes associated with amino acid transport

(SLC38A1, SLC38A2, and SLC7AI) and valyl-tRNA (VARS), isoleucyl-

tRNA synthetases (IARS), glucose transport solute carrier family 2

member 3 (SLC2A1), glucose transport solute carrier family 2 member 3 Enhances metabolism, increases

(SLC2A3), and casein o-s1 (CSN1SI) the level of plasma amino acids,
Elevates the expression of Janus kinase 2 (JAK2) and the and decreases metabolic stress and
Methionine phosphorylation status of AKT, protein phosphatase 1, and regulatory inflammation Holstein Ma et al.
supplementation | subunit 15A (PPPIRI5A) Improves milk production cows (112)
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3 Conclusions

Based on published data, we conclude that rumen-protected
limiting amino acids (lysine and methionine) and choline
supplementation alleviate oxidative stress, which is the primary
cause of several diseases in ruminants. Moreover, oxidative stress,
particularly during the periparturient period, compromises
immunity, production performance, and metabolism in dairy
ruminants. The supplementation of rumen-protected amino acids
and choline, especially during the periparturient period, enhances
antioxidative ability, resulting in the regulation of immunity and anti-
inflammation status in dairy ruminants. Thus, supplementation with
a sufficient quantity of rumen-protected amino acids (lysine and
methionine) and choline is highly recommended for protecting
animals from diseases and enhancing their productive abilities.
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Background: This meta-analysis aimed at investigating the pooled evidence
regarding the effects of intravenous vitamin C (IVVC) on mortality rate in critically
ill patients.

Methods: Databases including Medline, Embase, and Cochrane Library were
searched from inception to October, 2022 to identify RCTs. The primary outcome
was the risk of overall mortality. Subgroup analyses were performed based on
IVVC dosage (i.e., cut-off value: 100 mg/kg/day or 10000 mg/day). Trial sequential
analysis (TSA) was used to examine the robustness of evidence.

Results: A total of 12 trials including 1,712 patients were analyzed. Although meta-
analysis demonstrated a lower risk of mortality in patients with IVVC treatment
compared to those without [risk ratio (RR): 0.76, 95% CI. 0.6 to 0.97, p = 0.02,
12 = 36%, 1,711 patients), TSA suggested the need for more studies for verification.
Moreover, subgroup analyses revealed a reduced mortality risk associated with a
low IVVC dosage (RR = 0.72, p = 0.03, 546 patients), while no beneficial effect
was noted with high IVVC dosage (RR = 0.74, p = 0.13, /2 = 60%, 1,165 patients).
The durations of vasopressor [mean difference (MD): —37.75 h, 404 patients) and
mechanical ventilation (MD: —47.29 h, 388 patients) use were shorter in the IVVC
group than those in the controls, while there was no significant difference in
other prognostic outcomes (e.g., length of stay in intensive care unit/hospital)
between the two groups.
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Conclusion: Although intravenous vitamin C as a monotherapy reduced pooled
mortality, durations of vasopressor use and mechanical ventilation, further
research is required to support our findings and to identify the optimal dosage
of vitamin C in the critical care setting.

Systematic review registration: https://www.crd.york.ac.uk/prospero/, identifier

CRD42022371090.

vitamin C, sepsis, septic shock, critically illness, mortality

1. Introduction

Vitamin C, also known as ascorbic acid or ascorbate, has been
reported to play a beneficial role in critical illnesses including
sepsis as well as life-threatening cardiovascular diseases including
coronary heart disease and stroke (1-5). Not only have previous
studies demonstrated its ability to restore vasopressor sensitivity
and preserve vascular endothelial integrity (2, 6-8), but vitamin
C is also known to reinforce both innate and adaptive immunity
(9). Therefore, the potential therapeutic benefits of vitamin C
supplementation have been investigated in patients subjected to a
variety of critical care settings including those with sepsis, those
undergoing cardiac surgery, and those with COVID-19 infection
(10-13). Nevertheless, evidence regarding the efficacy of vitamin
C against risk of mortality remains to be clarified. Several meta-
analyses reported no beneficial effect of vitamin C on the risk of
mortality in cardiac surgical patients and those with COVID-19
infection (14, 15). For patients with sepsis/septic shock or critical
illnesses, the association between mortality and the use of vitamin
C was also controversial (16-22). Such conflicting findings may
be attributed to the variations among individual studies including
study design (i.e., prospective or retrospective), the choice of study
population (e.g., critical vs. non-critical), the use of vitamin C as
monotherapy or part of a combined regimen, as well as the selected
dosage and route of administration.

Focusing on the critically ill population receiving intravenous
vitamin C (IVVC) as a monotherapy, previous meta-analyses
suggested that the use of IVVC may reduce the risk of mortality
without a positive impact on the length of stay (LOS) in hospital
or intensive care unit (ICU) (16, 17). However, the inclusion of a
limited number of patients for analysis in the two meta-analyses
[i.e., 467 patients (16) and 755 patients (17)] may impair the
robustness of evidence. In contrast, a recent large-scale randomized
controlled trial (RCTs) involving 872 patients with sepsis even
reported a slight increase in the risk of mortality/persistent organ
dysfunction at 28 days in those with IVVC monotherapy compared
to those without (23).

In an attempt to provide clinical guidance based on updated
information from RCTs, this meta-analysis aimed at evaluating the
impact of IVVC as a monotherapy on the risk of mortality in
critically ill adult patients and examining the robustness of evidence
through performing trial sequential analyses (TSA).

Frontiers in Nutrition

2. Methods

2.1. Protocol and registration

Preferred Reporting Items for Systematic Reviews and Meta-
Analyses have been followed in this meta-analysis, and the protocol
has been registered with the International Prospective Register of
Systematic Reviews (CRD42022371090).

2.2. Data sources and search strategy

We searched the databases of MEDLINE, EMBASE, and
Cochrane Central Register of controlled trials to retrieve RCTs that
fit our eligibility criteria from inception to October, 2022 without
language restriction. As part of this analysis, only RCTs examining
IVVC and prognostic outcomes in critically ill adult patients
were included. The search strategies using subject headings and
keywords are available in Supplementary Table 1. The reference
lists of the retrieved articles and meta-analyses were also manually
searched to identify potentially eligible articles that may have been
overlooked during the initial digital search. The authors of articles
with missing data of interest were emailed up to three times in an
attempt to acquire the information.

2.3. Inclusion and exclusion criteria

Randomized controlled trials that met the following screening
criteria were considered eligible for inclusion in the current study:
(a) Population: Adults (age > 18 years) who were critically ill
[defined as those requiring ICU admission or those with a high rate
of mortality (i.e., >5%) in the control arm as previously described
(16)], (b) Intervention: IVVC as a monotherapy irrespective of
the duration or the dosage of the treatment (IVVC group),
(c) Comparison: Use of placebo or standard care (i.e., control
group), (d) Outcomes: Availability of mortality risk. Other
prognostic outcomes (e.g., duration of vasopressor use) were also
analyzed if available.

Exclusion criteria were: (1) IVVC as combined therapy with
other agents (e.g., hydrocortisone or thiamine); (2) studies without

frontiersin.org
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FIGURE 1
PRISMA flow diagram of study selection for the current meta-analysis.

control group; (3) those adopting oral vitamin C supplementation
as an intervention group; (4) those published without peer-review
or as abstracts only; (5) those with research designs other than RCT
(e.g., case reports or reviews); and (6) those focusing on patients
undergoing cardiac surgery.

2.4. Study selection and data extraction

The records obtained from database search were screened as
follows. After independent assessment of the titles and abstracts
of the articles by two independent reviewers, the same reviewers
read the full texts to determine their eligibility. Other reviewers
then independently extracted relevant data including country, first
author’s name, publication year, participant-related information
(e.g., age, gender, and sample size), information regarding
pharmacological therapies (e.g., dosage and treatment duration),
and outcome-associated details (e.g., mortality rate, hospital LOS).
In the event that missing information was needed, we emailed the
corresponding authors in an attempt to get access to the data.
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2.5. Clinical outcomes

The primary outcome was the risk of overall mortality.
Secondary outcomes included durations of vasopressor use and
mechanical ventilation time, risk of renal replacement therapy,
ICU/hospital LOS as well as changes in circulating C-reactive
protein (CRP) concentration and sequential organ failure
assessment (SOFA) score. Subgroup analyses were performed
based on the indications of IVVC treatment and dosage of IVVC
(i.e., low vs. high) with cut-off value being set at 100 mg/kg/day or
10000 mg/day as previously reported (17).

2.6. Assessment of methodologic quality

Each trial was assessed for bias using the criteria outlined in the
Cochrane Handbook for Systematic Reviews of Interventions by
two authors (24). Disagreements were resolved through discussion.
The potential risks of bias of individual studies were rated as "low,"
"high," or "unclear."
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2.7. Data synthesis

We used RevMan 54 IMS, Oxford,
United Kingdom) with a random effects model as the basis

(Cochrane

for all analyses. The pooled risk ratios for dichotomous data
are presented as risk ratios (RR), while continuous variables are
presented as weighted mean differences (MD). All estimates are
provided with 95% confidence intervals (CI). A funnel plot was
generated to assess the possibility of publication bias if an outcome
was reported in ten or more studies. Egger regression test was
used in case of funnel plot asymmetry if required. The potential
influence of the findings of an individual trial on the overall results
was evaluated with sensitivity analysis using a “leave-one-out”
approach. For all analysis, p-value of less than 0.05 was considered
statistically significant.

To assess the strength of the results and to guard against
statistical errors of type I and type II, we performed trial sequential
). We calculated
the diversity-adjusted information size using 80% power while
maintaining an overall two-sided type I error of 5%. Using

analysis (TSA) as previously described (25,

this method, we could determine whether the conclusion was
sufficient or if further studies are required to detect a predefined
20% reduction in the risk of overall mortality. The analysis
was conducted using TSA software, Copenhagen Trial Unit
version 0.9.5.10 Beta.

3.1. Characteristics of trials and risk of
bias

Through electronic (n = 779) and manual (n = 36) searches,
815 records were identified. Following deletion of duplicates
(n = 163) and reports deemed unsuitable after title and abstract
screening (n = 620), 32 articles were considered eligible for full-
text reading that further excluded 20 studies. Finally, 12 studies
with 1,712 critically ill patients published between 2014 and 2022
were included in the current meta-analysis (23, 27-37) ( ).
Among the included studies, one RCT had two intervention arms
(i.e., 50 or 200 mg/kg/day); therefore, the results of that study were
analyzed separately [i.e., Fowler (28) and Hill et al. (15)].

The characteristics of the eligible studies are shown in .
The study population included 1,712 patients with sepsis/septic
shock (eight trials) (23, 27-29, 33-36), severe COVID-19 (three
trials) (30, 31, 37), and severe pneumonia (one trial) (32). The
number of patients in the included studies ranged from 28 to 863.
Of all patients, the male proportion was 50-80% and the average
or median age was 30-92 years. Nine studies provided detail on the
baseline SOFA score (23, 28, 29,
was not available in two trials (30,

), while related information
) and in another study that
assessed the risk of mortality using the Physiological and Operative
Severity Score for the enumeration of Mortality and morbidity
(POSSUM) score (27). High-dose IVVC (i.e., >100 mg/kg/day or
10000 mg/day) was used in six studies (23, 28, 29, 34, 36, 37), while
low-dose IVVC was applied in seven trials (27, 28, 30-33, 35). The
overall mortality rates were 29% (range: 9-60%) and 32.6% (range:
10-64%) in the IVVC and control groups, respectively.
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No high-risk study was noted in any of the seven domains
of bias assessment. All studies were deemed to have a low risk
of selection bias because of their providing details about the
methodology of randomization, while unclear risks of allocation
concealment, performance bias, detection bias, reporting bias,
other bias were considered in three, one, three, one, and eight trials,
respectively ( ).

3.2. Outcomes

3.2.1. Primary outcome: Risk of mortality

Forest plot demonstrated a lower risk of mortality in patients
receiving IVVC as a monotherapy compared to those in the
control group (RR: 0.76, 95% CI: 0.6 to 0.97, p = 0.02, I? = 36%,
1,711 patients) ( ) (23, 27~
an inconsistent finding when three studies were removed one

). Sensitivity analysis revealed

at a time (29, 35, 36). There was a low risk of publication
bias ( ). TSA showed that the current
evidence regarding the impact of IVVC on mortality rate remains
inconclusive ( ).

Despite the absence of subgroup difference based on dosage,
our analysis demonstrated an association of a low dosage (i.e.,
<100 mg/kg/day or 10000 mg/day) of IVVC with a reduction in
mortality risk (RR = 0.72, 95% CI: 0.53 to 0.97, p = 0.03, 12 = 0%, 546
patients), but without a positive impact for a high dosage (RR = 0.74
95% CI: 0.5 to 1.09, p = 0.13, I* = 60%, 1,165 patients) ( ).
On the other hand, albeit statistically non-significant after being
separated according to indications, the findings demonstrated a
trend in favor of using vitamin C to reduce the risk of mortality in
both subgroups based on treatment indications (i.e., sepsis/septic
shock vs. COVID-19/pneumonia) ( ).

3.2.2. Secondary outcome: Impact of vitamin C
on vasopressor use, mechanical ventilation time,
and risk of renal replacement therapy
The use of IVVC was associated with a shorter duration of

vasopressor use than that in the controls (MD: —37.75 h, 95%:
—70.77 to —4.73, p = 0.03, 12:94%, 404 patients) ( ) (28,

-306). Nevertheless, the findings were inconsistent on sensitivity
analysis. The duration of mechanical ventilation was also shorter
in the IVVC group compared to that in the control group (MD:
—47.29h,95% CI: —90.13 to —4.45, p = 0.03, I? =95%, 388 patients)
( ) (32,33, 35—
analysis. The risk of renal replacement therapy was comparable
between the two groups (RR = 1.56, 95% CI: 0.91 to 2.68, p = 0.11,
I? = 28%, 1,143 patients) ( ) (23,33, 35,
findings on sensitivity analysis.

) with inconsistent results on sensitivity

) with consistent

3.2.3. Impact of IVVC on CRP level, SOFA score,
and serum vitamin C level

There was no difference in CRP levels (MD: —0.76, 95%
CL: —1.76 to 0.23, p = 0.13, I> = 92%, 236 patients; sensitivity
analysis: consistent) ( ) (32, 33, 37) and SOFA score
(MD: —0.72, 95% CI: —1.67 to 0.23, p = 0.14, I? = 68%, 1,156
patients) ( ) (23, 32, 34, 35,
IVVC and those subjected to control treatments. Sensitivity analysis

) between patients receiving

revealed a lower SOFA score in the IVVC group compared to thatin
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TABLE 1 Characteristics of studies (n = 12).

References

Population

Age

(years)*

Male

(%)

Baseline SOFA
score®

Vitamin C group

Placebo group

Total N

Mortality (%)

Country

COVID-19

Ferrén-Celma et al. (27) Patients with sepsis 68 vs. 65 50 vs. 60 50 vs. 501 450 mg/day for 6 days 5% dextrose 20 60 vs. 40 Spain
Fowler et al. (28) Patients with severe sepsis 30-70 63 10 50 or 200 mg/kg/day for 4 days 5% dextrose 24 44vs. 63 USA
49-92 50 11
54-68¢ 506 13¢
Fowler et al. (29) Patients with sepsis and 54 vs. 57 54 vs. 54 9.8vs.10.3 200 mg/kg/day for 4 days 5% dextrose 167 30 vs. 46 USA
ARDS
JamaliMoghadamSiahkali Patients with severe 58 vs. 61 50 vs. 50 NA 6 g/day for 5 days Standard therapy$ 60 10vs. 10 Iran
etal. (30) COVID-19
Kumari etal. (31) Patients with severe 52vs. 53 56.90% NA 50 mg/kg/day and standard care | Standard therapy 150 9vs. 15 Pakistan
COVID-19
Lamontagne et al. (23) Patients with sepsis 65 vs. 65 65 vs. 60 10.2 vs. 10.1 200 mg/kg/day for 4 days 5% dextrose 863 35vs. 32 Canada
Mahmoodpoor et al. (32) Patients with severe 57 vs. 58 57vs. 58 12.5vs.10.7 60 mg/kg/day for 4 days Normal saline 80 15vs. 28 Iran
pneumonia
Nabil Habib and Ahmed (33) | Patients with septic shock 43 vs. 42 56 vs. 60 10.2vs. 11.4 6 g/day until ICU discharge Conventional sepsis 100 24vs. 36 Egypt
treatment
Rosengrave et al. (34) Patients with septic shock 69 vs. 66 80 vs. 55 8.5vs.9 100 mg/kg/day for 4 days 5% dextrose 40 30 vs. 35 New Zealand
Wacker et al. (35)+ Patients with septic shock 69vs.73 50 vs. 52 10vs. 9 1000 mg bolus followed by Normal saline 124 27 vs. 41 USA
250 mg/h for 4 days
Zabet et al. (36) Patients with septic shock 64 vs. 64 71vs.79 11.8vs. 12.4 100 mg/kg/day for 3 days 5% dextrose 28 14 vs. 64 Iran
Zhangetal. (37)t Patients with severe 66 vs. 67 56 vs. 76 14vs. 13 24 g/day for 7 days Bacteriostatic water 56 22vs. 34 China

tMulticenter trial; §placebo group; tPhysiological and Operative Severity Score for the enumeration of Mortality and morbidity (POSSUM); Slopinavir/ritonavir/hydroxychloroquine; ICU, intensive care unit; *presented as vitamin C vs. control groups.
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FIGURE 2
Risks of bias of the included randomized controlled trials.

the control group when one study (23) was removed (MD: —1.12,
95% CI: —1.98 to —0.25, p = 0.01, 12 = 31%, 295 patients). The
analysis of four studies providing information about serum vitamin
C level demonstrated a higher serum vitamin C level in the IVVC
group than that in the control group (SMD:1.7, 95% CI: 0.83 to 2.58,
p =0.0001, I? = 87%, 319 patients; sensitivity analysis: consistent)
(Figure 7C) (28, 29, 32, 34).
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3.2.4. Secondary outcomes: Hospital and ICU
length of stay

There were no differences in ICU (MD: —0.36 days, 95% CI:
—1.63 t0 0.92, p = 0.58, I2 = 62%, 1,382 patients) (Figure 8A) (23,
28, 30, 32-37) and hospital (MD: 0.21 days, 95% CI: —2.39 to 2.82,
p=0.87, I> = 78%, 1,292 patients) LOS (Figure 8B) (23, 30, 31, 34,
35, 37) between the IVVC and control groups. Sensitivity analysis
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Forest plot comparing risk of mortality between intravenous vitamin C and control groups. M-H, Mantel-Haenszel; Cl, confidence interval.
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Trial sequential analysis (TSA) showing no crossing between the cumulative Z curve and the trial sequential monitoring boundary or the required
information size, indicating insufficient and inconclusive evidence supporting the association of intravenous vitamin C supplementation with a

decreased risk of mortality.

showed consistent findings on these two outcomes. There was a low
risk of publication bias on ICU LOS (Supplementary Figure 3).

4. Discussion

Our updated meta-analysis of 12 trials including 1,712 critically
ill patients demonstrated an association between the use of IVVC
and a reduced mortality rate. Nevertheless, TSA analysis suggested
that further studies are required to provide conclusive evidence.
Interestingly, we found that the correlation between mortality
and IVVC may be influenced by the dosage of IVVC with a
favorable outcome being noted with a low dosage of IVVC (i.e.,
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<100 mg/kg/day or 10000 mg/kg/day). In addition, the durations
of vasopressor and mechanical ventilation use were shorter in the
IVVC group compared to those in the control group, while there
was no significant difference in other prognostic outcomes (i.e., risk
of renal replacement therapy, CRP level, SOFA score, hospital/ICU
LOS) between the two groups.

The unexpected finding in a recent large-scale RCT showing a
slightly higher risk of mortality and persistent organ dysfunction
in patients with sepsis receiving IVVC (23) highlighted the need
for updating and re-analyzing the pooled evidence. Compared with
the control group, the current meta-analysis showed that IVVC
monotherapy was associated with a lower mortality risk in critically
ill patients. Although our TSA suggested the requirement for more
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Subgroup analysis based on vitamin C dosage (cut-off value: 10000 mg/day or 100 mg/kg/day). M-H, Mantel-Haenszel; Cl, confidence interval.

trials to achieve a conclusive finding, our results demonstrated
that the benefits of IVVC could outweigh the reported risks in
the critically ill patients (23). Because previous meta-analyses
reported no beneficial effect on the risk of mortality in septic
patients subjected to vitamin C-based combination therapy and in
those who underwent cardiac surgeries receiving intravenous/oral
vitamin C monotherapies (15, 18), we only included the critically ill
population (i.e., mortality rate in the control group was more than
5%) receiving IVVC as a monotherapy with the exclusion of cardiac
surgical patients to minimize the potential bias. The I?> was only
36% in our primary outcome, suggesting a low heterogeneity in the
current meta-analysis. Overall, our research provided additional
information that could be used to guide clinical practice in the
critical care setting.

Our subgroup analysis revealed that a low dosage of IVVC was
associated with a reduced risk of mortality, while this benefit was
not noted with a high dosage of IVVC. The current meta-analysis
is the first to unveil this novel finding in the critically ill population.
Although the underlying mechanism for this finding remains
unclear, several previous observation studies and meta-analyses in
different clinical settings have shown that a low-to-moderate dose
of vitamin C may be more effective for decreasing the mortality

rate than a high dose ( ). For instance, a recent meta-analysis
involving 19 studies on adults with COVID-infection reported that
alow dosage (i.e., <1 g/day) of vitamin C could effectively decrease
1-month mortality, while no beneficial effect was observed with a
large dosage of vitamin C (i.e., >1 g/day) (38). Another previous
meta-analysis focusing on the use of IVVC monotherapy or vitamin
C-based combination therapy found that vitamin C treatment for

3-4 days significantly improved the mortality rate in septic patients,
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while the risk of mortality in patients treated for 1-2 or > 5 days was
not reduced (40). Consistently, another large prospective cohort
study (i.e., 28,945 participants) investigating the relationships
between individual-level dietary intakes of vitamins C and all-
cause mortality in the general population reported a lower all-cause
mortality in individuals with moderate vitamin C intake (e.g., third
and fourth quintiles) compared with those with the highest quintile
of vitamin C intake (i.e., fifth quintiles) (39). Therefore, the lack
of a dose-dependent effect between vitamin C supplement and the

reduction in risk of mortality in those studies (

) indirectly
supported the findings of the current meta-analysis. Regarding
the impact of treatment indications, our findings of subgroup
analysis suggest that while there may be some benefits of taking
vitamin C, the effect was not statistically significant when each
subgroup (i.e., sepsis/septic shock vs. COVID-19/pneumonia) was
considered separately, probably due to a relatively small number of
participants in each subgroup after being split.

Our results of shorter durations of vasopressor use in the IVVC
group compared to those in the control group were consistent
with those of previous meta-analyses (17, 19, 41). In contrast with
the findings of other studies (19, 41, 42), we demonstrated no
improvement in SOFA score associated with the monotherapeutic
use of IVVC. Nevertheless, because of the high heterogeneity and
inconsistent findings on sensitivity analysis of the three secondary
outcomes, we considered our findings to be inconclusive. Further
studies are required to address these issues. Another interesting
finding of the current study was a non-significant trend toward
a higher risk of renal replacement therapy linked to the use of
IVVC compared with that in the control group based on data from

four available trials that adopted relatively large IVVC dosages (i.e.,


https://doi.org/10.3389/fnut.2023.1094757
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

Hung et al.

Vitamin C
D

Control

Lfe] 9 UDgroup iean d ean d elg
Fowler 2014a 72.8 107.22 8 119.2 193 8 39%
Fowler 2014b 108.8 128.67 8 119.2 193 8 3.6%
Mahmoodpoor 2021 54.72  29.76 40 219.12 40599 40 5.3%
Nabil Habib 2017 552 288 50 156 61.68 50 21.1%
Rosengrave 2022 4833 21.54 20 5233 16.75 20 22.0%
Wacker 2022 29.63 25.83 60 29.57 21.84 64 223%
Zabet 2016 49.64 25.67 14 7157 1.6 14 21.8%
Total (95% CI) 200 204 100.0%

Heterogeneity: Tau? = 1252.04; Chi? = 101.46, df = 6 (P < 0.00001); I = 94%
Test for overall effect: Z = 2.24 (P = 0.03)

B

10.3389/fnut.2023.1094757

Mean Difference

1V, Random, 95% CI

Mean Difference
Random. 95% CI
-46.40 [-199.39, 106.59]
-10.40 [-171.14, 150.34]
-164.40 [-290.55, -38.25]
-100.80 [-119.67, -81.93]
-4.00 [-15.96, 7.96]
0.06 [-8.39, 8.51]
-21.93 [-35.40, -8.46]

-37.75 [-70.77, -4.73]

-200  -100 0 100 200
Favours [Vitamin C] Favours [Control]

Vitamin C Control Mean Difference Mean Difference
_Study or Subgroup Mean  SD Total Mean  SD Total Weight 1V, Random. 95% CI 1V, Random. 95% CI
Mahmoodpoor 2021 97.2 54.96 40 214.08 71.04 40 22.7% -116.88[-144.71, -89.05] i
Nabil Habib 2017 110.4 49.92 50 188.88 72.24 50 23.2% -78.48[-102.82, -54.14] -
Wacker 2022 20 45.57 60 17.67 36.4 64 24.4% 2.33[-12.25, 16.91] "
Zabet 2016 36.63 16.11 14  46.78 10.11 14 24.8% -10.15 [-20.11, -0.19] ™
Zhang 2021 164 356.9 27 176 299.42 29 49% -12.00[-185.20, 161.20]
Total (95% Cl) 191 197 100.0% -47.29 [-90.13, -4.45] -
i Tal? = . Chi2 = - .12 = 959 t t t t
Heterogeneity: Tau? = 1902.91; Chi? = 81.41, df = 4 (P < 0.00001); I> = 95% 200 100 0 100 200

Test for overall effect: Z =2.16 (P = 0.03)

Favours [Vitamin C] Favours [Control]

c Vitamin C Control Risk Ratio Risk Ratio
Study or Subgroup  Events Total Events Total Weight M-H. Random. 95% Cl M-H. Random. 95% CI
Lamontagne 2022 24 429 18 434 42.6% 1.35[0.74, 2.45]
Nabil Habib 2017 15 50 13 50 40.1% 1.15[0.61, 2.17]
Wacker 2022 10 60 2 64 11.6% 5.33[1.22, 23.35] - -
Zhang 2021 3 27 1 29 56% 3.22[0.36, 29.13]
Total (95% ClI) 566 577 100.0% 1.56 [0.91, 2.68] -
Total events 52 34

Heterogeneity: Tau? = 0.09; Chi? = 4.18, df = 3 (P = 0.24); I? = 28%
Test for overall effect: Z=1.62 (P =0.11)

FIGURE 6

0.05 0.2 1 5 20
Favours [Vitamin C] Favours [Control]
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intravenous vitamin C and control groups. Cl, confidence interval; IV, inverse variance; M-H, Mantel-Haenszel.

200 mg/kg/day, 6 g/day, 24 g/day) (23,
the criteria for a high dosage in this study. Despite the lack of

33, 35, 37) despite not fitting

robustness of evidence based on the small number of studies, our
finding may be in line with that of a previous cohort study on
1,390 critically ill patients showing that IVVC with a dosage >1.5 g
four times a day was associated with an increased risk of acute
kidney and in-hospital mortality compared with those receiving no
treatment or a single dose less than 1.5 g (43).

Consistent with the findings of several recent meta-analyses
focusing on patients with sepsis/septic shock or critical illnesses that
showed no difference in hospital/ICU stay with or without the use
of vitamin C (16, 18, 19), the current meta-analysis focused on a
similar population also demonstrated no difference in hospital/ICU
stay with the use of IVVC as a monotherapy. In contrast, a previous
meta-analysis on ICU patients reported a reduced ICU LOS with
the use of intravenous or orally administered vitamin C (44).
Such inconsistencies in findings may be attributed to the choice
of study population. In that meta-analysis (44), 13 out of 18 trials
enrolled patients undergoing cardiac surgery and the length of ICU
stay was relatively short compared with that of the present study,
suggesting a lower disease severity among patients in that study
than that in the current investigation. In fact, we only included
a population in whom the mortality risk was more than 5% in
the control group. In support of this suspicion, a previous meta-
analysis on cardiac surgical patients revealed an association of
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vitamin C use with a lower incidence of atrial fibrillation as well as
shorter ventilation time and ICU/hospital LOS without a positive
impact on in-hospital mortality (15). Therefore, such findings may
underscore a potential variation in the beneficial effects of vitamin
C in different populations.

A meta-analysis of RCTs and that focusing on retrospective
studies can sometimes produce conflicting outcomes. For instance,
a meta-analysis that included 27 RCTs and 21 observational
studies reported no significant impact of vitamin C on in-hospital
mortality based on the meta-analysis of the RCT subgroup (45).
However, the use of vitamin C was found to be associated with a
lower risk of in-hospital mortality compared to the control group
in the same meta-analysis based on the subgroup of observational
studies. Regarding 1-month mortality risk, although that study
found a borderline positive effect on the risk of mortality with the
use of vitamin C based on the meta-analysis of RCTs, there was
no significant difference based on the pooled data of observational
studies (45). Therefore, to better evaluate the causality by avoiding
confounding factors, only RCTs were included in the current meta-
analysis.

Judicious interpretation of the findings of the current
meta-analysis is required because of its limitations. First, the
heterogeneity from our inclusion of patients with and without
sepsis/septic shock as well as our definition of critically ill
individuals as those whose mortality rate was higher than 5% in
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Forest plot comparing the (A) length of stay in the intensive care unit (ICU) and (B) length of hospital stay between the intravenous vitamin C and

the control group based on a previous study (16) may bias our
findings. Nevertheless, the heterogeneity was low in our mortality
rate, indicating a low risk of bias. Second, the wide variation in
vitamin C dosage and frequency across our included study not
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only may bias our results but may also explain the lack of a

universal guideline for vitamin C use in the critical care setting.

Our subgroup analysis focusing on dosage suggested a favorable
outcome associated with a low dosage of vitamin C, highlighting a
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need for further research on this issue. Third, we did not investigate
the efficacy of vitamin C-based combination therapy as several
meta-analyses have addressed this issue (16). Finally, despite the
demonstration of a gender difference in the beneficial impact of
vitamin C on disease severity (i.e., acute respiratory tract infections)
(46), we are unable to analyze gender-related outcomes because of
a lack of relevant data.

In conclusion, this meta-analysis focusing on critically ill adults
showed a lower risk of mortality in those receiving intravenous
vitamin C as a monotherapy compared to those in the placebo or
standard care groups. Besides, monotherapeutic use of intravenous
vitamin C was associated with shorter durations of vasopressor use
and mechanical ventilation. Nevertheless, the correlation between
vitamin C supplementation and a reduction in mortality rate
remained inconclusive on trial sequential analysis, suggesting the
need for further research to verify our findings and to identify
the optimal dosage for decreasing patient mortality rate in the
critical care setting.
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Dissecting the causal effect
between gut microbiota,
DHA, and urate metabolism:
A large-scale bidirectional
Mendelian randomization
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Xiaoyun Zhang'?, Hong Lin*?, Shuangyuan Wang?, Mian Li*?,
Zhiyun Zhao™?, Jieli Lu™?, Yu Xu™?, Yuhong Chen'?,

Yanyun Gu™?, Jie Zheng'?, Tiange Wang™?, Weiqing Wang*?,
Yufang Bi*?, Guang Ning*? and Min Xu'*

‘Department of Endocrine and Metabolic Diseases, Shanghai Institute of Endocrine and Metabolic
Diseases, Ruijin Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China,
2Shanghai National Clinical Research Center for Metabolic Diseases, Key Laboratory for Endocrine
and Metabolic Diseases of the National Health Commission of the PR China, Shanghai Key Laboratory
for Endocrine Tumor, State Key Laboratory of Medical Genomics, Ruijin Hospital, Shanghai Jiao Tong
University School of Medicine, Shanghai, China

Objectives: Our aim was to investigate the interactive causal effects between gut
microbiota and host urate metabolism and explore the underlying mechanism
using genetic methods.

Methods: We extracted summary statistics from the abundance of 211
microbiota taxa from the MiBioGen (N =18,340), 205 microbiota metabolism
pathways from the Dutch Microbiome Project (N =7738), gout from the Global
Biobank Meta-analysis Initiative (N =1,448,128), urate from CKDGen
(N =288,649), and replication datasets from the Global Urate Genetics
Consortium (N gout =69,374; N urate =110,347). We used linkage
disequilibrium score regression and bidirectional Mendelian randomization
(MR) to detect genetic causality between microbiota and gout/urate. Mediation
MR and colocalization were performed to investigate potential mediators in the
association between microbiota and urate metabolism.

Results: Two taxa had a common causal effect on both gout and urate, whereas
the Victivallaceae family was replicable. Six taxa were commonly affected by both
gout and urate, whereas the Ruminococcus gnavus group genus was replicable.
Genetic correlation supported significant results in MR. Two microbiota
metabolic pathways were commonly affected by gout and urate. Mediation
analysis indicated that the Bifidobacteriales order and Bifidobacteriaceae family
had protective effects on urate mediated by increasing docosahexaenoic acid.
These two bacteria shared a common causal variant rs182549 with both
docosahexaenoic acid and urate, which was located within MCM6/LCT locus.
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Conclusions: Gut microbiota and host urate metabolism had a bidirectional
causal association, implicating the critical role of host-microbiota crosstalk
in hyperuricemic patients. Changes in gut microbiota can not only ameliorate
host urate metabolism but also become a foreboding indicator of urate

metabolic diseases.

KEYWORDS

gout, uric acid, docosahexaenoic acids, mendelian randomization, mediation,

gut microbiome

1 Introduction

Gout is a prevalent inflammatory condition characterized by a
sustained high serum urate concentration and intermittent episodes
of severely painful arthritis (gout flares) (1). It is the second most
common metabolic disease after type 2 diabetes and leads to an
increased rate of subsequent cardiovascular complications (2).
Epidemiological investigations showed gout prevalence ranging
from <1% to 6.8% worldwide, which was highly related to
patients’ genetics, lifestyles, and social and economic status (3).
Recently, gut microbiota was reported to be associated with the
pathogenesis of hyperuricemia. The abundance and composition
changes in gut microbiota might increase serum uric acid levels
through the dysfunction of uric acid degradation and increased uric
acid production (4). Meanwhile, gut microbiota also plays a crucial
role in treating metabolic diseases using probiotics and prebiotics
(5, 6). Therefore, the human microbiota is gradually recognized as a
novel target for a better understanding of the pathogenesis of gout
and hyperuricemia.

However, previous studies focusing on the bacteria-urate
interplay faced several obstacles, including inadequate
participants, cross-sectional design, and less evidence of causality,
as well as the fact that most of the studies were conducted within the
Asian population (7-10). In addition, the underlying mechanism
linking gut bacteria with urate metabolism has not been well
established. Gut microbiota and its metabolites were associated
with rheumatic diseases including gout, rheumatoid arthritis, and
osteoarthritis via fatty acids (11). An experimental study
investigated the impact of polyunsaturated fatty acids (PUFAs) in
the handling of urate by inhibiting urate transporters in vitro (12).
Some observational studies also suggested that -3 PUFAs,
especially DHA were highly related to hyperuricemia (13, 14).
However, a recent clinical trial found no significant difference in
the serum urate level between the 24-week ®-3 PUFAs supplement
group and the control group (15). Since gut microbiota might
confer an effect on the host health status by metabolizing PUFAs
(16), we hereby hypothesize a potential mediation effect of gut
microbiota on urate metabolism via PUFAs and their important
subtypes, such as DHA.

Given the ambiguous connection between gut bacteria and
urate metabolism, we used several genetic methods to investigate
the bidirectional causal effects between gut microbiota and urate
metabolism and further explored potential mediators. Lifelong
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exposure to genetic methods could draw stable conclusions about
the association and provide more evidence for probiotics treatment
on urate metabolic disorders.

2 Methods
2.1 Study design

Firstly, we extracted summary statistics of gut microbiota,
microbiota metabolism pathways, gout, urate level, and
docosahexaenoic acid percentage (DHA, a kind of polyunsaturated
fatty acid previously mentioned in clinical trials) from the respective
consortiums. Secondly, we performed a large-scale bidirectional
Mendelian randomization (MR) and bivariate linkage
disequilibrium score regression (LDSC) to explore the genetic
causality and correlation between microbiota phenotypes (gut
microbiota abundance and microbiota metabolism pathways) and
urate phenotypes (host gout and urate level). Finally, we used
mediation analysis and colocalization to investigate the interaction
of gut microbiota, DHA percentage, and urate metabolism (Figure 1).
The MR analysis was reported as per the STROBE-MR guidelines,
and we adopted several methods to follow the three fundamental
assumptions of MR (Table S1) (17).

2.2 Instrument variables selection

Summary statistics for gut microbiota abundance were
extracted from a genome-wide association study (GWAS) of host
genetic variation in 18,340 multiple-ancestries participants (85%
European-ancestry) from the MiBioGen consortium (Table S2)
(18). It included 211 taxa: 9 phyla, 16 classes, 20 orders, 35
families, and 131 genera determined by the 16S ribosomal RNA
gene sequencing. Summary statistics for microbiota metabolism
pathways were extracted from the Dutch Microbiome Project
(DMP) in 7738 European-ancestry participants, in which the
metabolism pathways were determined by shotgun metagenomic
sequencing (19). Included in the subsequent analysis were 205
bacteria metabolism pathways.

Summary statistics for gout were from the Global Biobank Meta-
analysis Initiative (GBMI) (20). It is a collaborative network of 19
biobanks from four continents representing more than 2.1 million
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Study design and flowchart. MR, Mendelian randomization; LDSC, Linkage disequilibrium score regression.

consenting individuals with genetic data linked to electronic health
records. We used the gout data of both multi-ancestry (N = 1,448,128,
72% European-ancestry, and N cases =37,105) and European-
ancestry (N = 1,069,839; N cases = 30,549). Summary statistics for
urate level were from the CKDGen Consortium, including 288,649
European participants (21). We also used phenotypes of both gout (N
=69,374 participants) and urate level (N =110,347 participants) from
GUGC Consortium as an independent replication analysis (22).
Summary statistics for blood DHA and PUFAs were from the
largest GWAS for metabolites in the UK Biobank, including
114,999 European participants (23). However, the summary
statistics of eicosapentaenoic acid or other specific subtypes of
PUFAs were not available for this study.

The IV selection of exposures in bidirectional MR followed the
following criteria. For each microbiota taxon and pathway, variants
with genome-wide significance P <1x107> and effect allele
frequency (EAF) >0.01 were included. All these genetic variants
were clumped to a linkage disequilibrium threshold of r* <0.001
using the 1000 Genomes European reference panel. We also
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calculated the F-statistics to avoid weak instrument bias. Due to
the different genotyping platforms of the GWAS, some single
nucleotide polymorphisms (SNPs) representing gut microbiota
might be missing in the GWAS outcome, which might cause
statistical bias if we simply discarded those missing SNPs.
Therefore, we used proxy SNPs with LD r* >0.8 as substitutes for
these missing SNPs (24, 25). Finally, the remaining genetic variants
were used as IVs to model the effect of specific taxa and pathways of
gut microbiota. For gout and urate level, SNPs with genome-wide
significance P <5x10® and EAF >0.01 were included. All SNPs
were clumped to an LD threshold of r* <0.001 using the 1000
Genomes European reference panel (26).

2.3 Genetic causality and correlation of
microbiota and urate metabolism

We obtained the MR estimates for the causal effect using the
inverse-variance weighted (IVW) method (27). The estimate was
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provided as effect size () with a 95% confidence interval (CI). MR
results of a specific taxon or pathway which were significant
(P <0.05) in both gout and urate level with the same direction
were defined as “common”. To control type 1 error, a significant
taxon (P <0.05) that could be replicated in the independent GUGC
cohort was defined as “replicated”; other significant MR results
(P <0.05) were defined as nominally significant. Results of taxa were
mapped in the dendrograms to investigate the distribution of
significant inferior and superior taxa. The heterogeneity of effects
was assessed by Cochran’s Q test. We performed several sensitivity
analyses using the weighted median, mode-based, MRPRESSO, and
contamination mixture methods to validate the results from the
IVW method (28-32). We also used the MR-Steiger filtering to
determine an actual causal direction. The MR-Egger intercept was
used to assess the horizontal pleiotropy. Any results whose P value
of Egger intercept was <0.05 were excluded.

We also used single-variate LDSC to estimate the heritability of
211 microbiota taxa, gout, and urate level. LD scores were calculated
for all high-quality genetic variants (i.e., INFO score > 0.9 and EAF
> 0.01) from each GWAS. To further understand the genetic
correlation, we conducted a pair-wise genetic correlation analysis
of the 211 microbiota taxa and both gout and urate level using
bivariate LDSC based on the GWAS summary statistics. The genetic
correlation between gout and urate level was also calculated to
estimate the genetic similarity in two independent cohorts.

2.4 Mediation analysis and colocalization
of microbiota, DHA, and gout/urate level

To estimate the effect of DHA acting on gut microbiota, we
performed mediation analysis using multivariable MR. Firstly,
we conducted an MR of DHA on gout and urate level. Secondly,
we performed MR of 19 microbiota (significant effect on gout or
urate level) on DHA ($1). Finally, we performed multivariable MR
to determine the mediation effect of the DHA in bacteria on gout
and urate. The multivariable Mendelian randomization (MVMR)
estimated the effect of DHA on gout and urate adjusting for bacteria
(B2) and the effect of bacteria on gout and urate adjusting for
bacteria. To calculate the indirect mediation effect of bacteria on
disease outcomes, we used the product of coefficients method as our
primary method, which is the casual effect of bacteria on outcomes
via DHA (B1xP2). Thus, the proportion of the total effect mediated
by DHA was estimated by dividing the indirect effect by the total
effect (33, 34).

We then conducted colocalization analysis to test whether the
significantly mediated microbiota shared a common causal variant
with both DHA and gout/urate level. The posterior probability of
the specific variant ( = 5000 bp) was colocalized with summary
statistics of DHA and gout/urate levels.

All MR analyses were based on the TwoSampleMR package in
R, version 4.1.2 (24); LDSC was based on LDSC software in Python,
version 1.0.1 (35); the colocalization test was performed by the coloc
package in R, version 5.1.0.1 (36).
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3 Results

For 211 taxa in the MiBioGen consortium, the genetic variants
used as IVs for each taxon exposure ranged from four to 26 SNPs
(median 13 SNPs; F-statistics =21). For 205 metabolism pathways
in the DMP, the genetic variants ranged from one to 20 SNPs
(median 11 SNPs; F-statistics =25). Additionally, we used 54 SNPs
as IVs for gout in GBMI and 88 SNPs for urate level in CKDGen
(Tables S3-S5).

3.1 Bidirectional causal association of gut
microbiota and urate metabolism

In the MR analysis, we identified 13 and 9 taxa that causally
affected gout and urate level, respectively, whereas two taxa were
common in both gout and urate level (Tables S6, S7). Conversely, 16
taxa were causally affected by gout and 19 taxa by urate level,
whereas 6 taxa were common (Tables S8, S9).

In evaluating the causal effect of microbiota on gout and urate
level, we found that the increase in abundance of the
Lachnospiraceae ND3007 group genus commonly had a positive
causal effect on both gout and urate level; the Victivallaceae family
commonly had a negative causal effect on both phenotypes
(Table 1). The MR-Steiger test supported the direction of
significant MR estimates. Other taxa with significant causal effects
on gout or urate level are shown in Figure S1. We then mapped the
MR results of 203 taxa (except for eight unknown taxa) into
dendrograms. According to the bacteria taxonomy, Figures 2A, B
showed that genetically predicted 20 gut microbial taxa had causal
effects on urate metabolism. We found that both the
Bifidobacteriaceae family and its superior Bifidobacteriales order
had significant causal effects on urate level (since they had the
same IVs).

In evaluating the causal effect of gout and urate level on
microbiota, we found that both gout and urate level commonly
had a positive causal effect on the Lachnoclostridium genus and
Ruminococcus gnavus group genus; gout and urate level commonly
had a negative causal effect on Coriobacteriia class, Coriobacteriales
order, Coriobacteriaceae family, and Lachnospiraceae FCS020 group
genus. The MR-Steiger test supported the direction of significant
MR estimates (Table 1). Other taxa affected by gout or urate level
such as the Bacteroides genus, Lachnoclostridium genus, and
Eubacterium hallii group genus can be found in Tables S8, S9 and
Figure S2. Figures 2C, D show that urate metabolism had a causal
effect on 29 gut microbial taxa.

Finally, replicated MR analysis in the independent GUGC
cohort further validated our finding. In all common taxa, the
effect of the Victivallaceae family on both gout and urate level
could be replicated in GUGC; the effect of both gout and urate level
on the Ruminococcus gnavus group genus could also be replicated in
GUGC (Table 2).

Bivariate LDSC supported the genetic correlation of the
Eubacteriumruminantium -group genus with gout (regression
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TABLE 1 Bidirectional MR analysis of the causal effect between gut microbiota and gout/urate level.

Gout Urate level

Taxonomy

Effect size P
B (95% CI) value

Effect size P
B (95% ClI) value

P for Steiger
pleiotropy test

P for Steiger
pleiotropy test

Direction: microbiota — gout/urate level

family.Victivallaceae -0.04 (-0.08, -0.01) 0.033 0.074 True -0.02 (-0.04, -0.01) 0.025 0.519 True
genus.Lachnospiraceae ND3007 group 0.25 (0.06, 0.43) 0.009 0.942 True 0.09 (0.01, 0.19) 0.044 0.843 True
Direction: gout/urate level — microbiota

class.Coriobacteriia -0.04 (-0.08, -0.01) 0.039 0.836 True -0.07 (-0.14, -0.01) 0.025 0.524 True
order.Coriobacteriales -0.04 (-0.08, -0.01) 0.039 0.836 True -0.07 (-0.14, -0.01) 0.025 0.524 True
family.Coriobacteriaceae -0.04 (-0.08, -0.01) 0.039 0.836 True -0.07 (-0.14, -0.01) 0.025 0.524 True
genus.Lachnoclostridium 0.05 (0.01, 0.09) 0.015 0.725 True 0.07 (0.01, 0.14) 0.028 0.113 True
genus.Lachnospiraceae FCS020 group -0.05 (-0.09, -0.01) 0.038 0.999 True -0.08 (-0.15, -0.01) 0.039 0.326 True
genus.Ruminococcus gnavus group 0.09 (0.02, 0.15) 0.012 0.649 True 0.12 (0.01, 0.23) 0.028 0.275 True

The definition of “common” means a significant (P <0.05) result of a specific taxon that could be found in both gout and urate level in the same direction. P for pleiotropy was from the inverse-
variance weighted method and meant less pleiotropy in MR analysis if P >0.05. The MR Steiger test was used to ensure the right causal direction (not confounded) from microbiota to gout/urate

or gout/urate to microbiota.

coefficient [Rg]: 0.28, P = 0.041) and the Lachnoclostridium genus
with urate level (Rg: 0.28, P = 0.008), which were consistent with the
MR results. Gout and urate level were highly genetically correlated
(Rg: 0.89, P <0.001) (Tables S10, S11).

Since few significant taxa appeared in the phylum, class, and
order level, we further compared the results of gout with the urate
level of each taxon in the family and genus level (Figure 3). In the
genus level, five genera (one was common) in the Lachnospiraceae
family had a significant causal effect on either gout or urate level;
gout or urate level had a significant causal effect on five genera in the
Lachnospiraceae family (two were common) (Figure S3). Totally,
nine genera of the Lachnospiraceae family had a significant causal
association with gout or urate level, whereas the Lachnospiraceae
NC2004 group genus could significantly affect host urate level and
be affected by host urate level.

3.2 Bidirectional causal association of
microbiota metabolism pathways and
urate metabolism

Based on the MR results (Tables S12, S13), we identified that a
per unit increased abundance of eight pathways had causal effects
on gout and 14 pathways had causal effects on urate level, including
1,4-dihydroxy-2-naphthoate biosynthesis (gout: B: 0.07, 95% CI:
[0.01, 0.12], P = 0.014) or flavin biosynthesis (urate level: : -0.06,
95% CI: [-0.10, -0.01], P = 0.013) (Figure 4).

For gout and urate level on microbiota, we found that both gout
presence and urate level had a causal effect on bacterial L-rhamnose
degradation (gout: : 0.08, 95% CI: [0.02, 0.14], P = 0.008; urate
level: B: 0.09, 95% CI: [0.01, 0.17], P = 0.043) and glycogen
degradation (gout: 3: 0.08, 95% CI: [0.01, 0.15], P = 0.031; urate
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level: B: 0.11, 95% CI: [0.02, 0.19], P = 0.013). Other five bacterial
metabolism pathways affected by gout and nine pathways affected
by urate level can be found in Tables S14, S15.

Among all 1654 analyses, 80 non-significant results with Egger
intercept P <0.05 were excluded. Little pleiotropy remained in the
remaining significant results (Table S16). Among all 3318 analyses,
196 non-significant IVW results with Cochrane’s Q test P <0.05
were excluded. Little heterogeneity remained in the significant
results (Table S17).

3.3 Mediation analysis of microbiota, DHA,
and gout/urate level

Firstly, DHA had a significant causal effect on both gout (B: -0.09,
95% CI: [-0.17, -0.01], P =0.021) and urate level (: -0.07, 95% CI:
[-0.11,-0.03], P <0.001). Secondly, given the protected effect of DHA,
among 19 taxa causally associated with gout or urate level,
Bifidobacteriales order and Bifidobacteriaceae family (both B: 0.06,
95% CI: [0.01, 0.13], P =0.044) were positively associated with DHA
level and negatively associated with urate level (B: -0.06, 95% CI:
[-0.11, -0.01], P =0.020) (Table S18). In the mediation analysis, the
indirect effect of Bifidobacteriales order on urate level via DHA was
(B: -0.004, 95% CIL: [-0.003, -0.01]) and the proportion of DHA
mediation was 7.6% (P =0.016). Consistent with DHA, PUFAs level
also had a causal effect on both gout (f: -0.40, 95% CIL: [-0.62, -0.18],
P <0.001) and urate level (B: -0.21, 95% CI: [-0.29, -0.12], P <0.001),
while the Bifidobacteriales order and Bifidobacteriaceae family had a
significant causal effect on serum PUFAs level (both B: 0.04, 95% CI:
[0.01, 0.08], P =0.010) (Table S19). However, the indirect effect of the
Bifidobacteriales order on urate level via PUFAs was not statistically
significant (B: -0.0097, 95% CI: [-0.020, 0.034], P =0.667).
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FIGURE 2

Dendrograms showing the taxonomy structure of the association between gut microbiota and host gout/urate level. Four dendrograms compared
with the MR results of inferior and superior taxa according to the taxonomy structure. We included 203 taxa in the figures and excluded eight taxa
named unknown. Taxa with significant MR results were listed at the bottom of the figure: the first column showed eight common taxa in both gout
and urate level; the other four columns showed significant taxa in the respective figures. (A). MR results from microbiota to gout; (B). MR results
from microbiota to urate level; (C). MR results from gout to microbiota; (D). MR results from urate level to microbiota.

We then estimated the causal effect of the Bifidobacteriales
order and Bifidobacteriaceae family on urate level under a stricter
significance threshold of IVs (P <1x10°®). The Wald ratio showed
the only remaining rs182549 (P =5.9x107%°) had a significant causal
effect on DHA level (B: 0.22, 95% CIL: [0.15, 0.30], P <0.001).
We then accessed the colocalization evidence to the 5000 bp
region encompassing the SNP rs182549 at MCMG6 locus
using the summary statistics from Bifidobacteriales order and
Bifidobacteriaceae family, DHA, and urate level. The
colocalization posterior probability (H4) of COLOC is high with
0.999 in both DHA and urate, which indicated the Bifidobacteriales
order and Bifidobacteriaceae family shared a specific common
variant rs182549 with both DHA and urate. We then searched
the PhenoScanner database for rs182549 and mapped this variant in
the MCM6 gene combined with LCT in the pQTL analysis.
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4 Discussion

In the present study, we found that 20 genetically predicted taxa
significantly affected urate metabolism, and 29 taxa were affected by
urate metabolism, followed by supportive genetic correlation from
LDSC. Two taxa had a common causal effect on both gout and
urate, whereas the Victivallaceae family was replicable in the
independent GUGC cohort. Six taxa were commonly affected by
both gout and urate, whereas the Ruminococcus gnavus group genus
was replicable in the GUGC. DHA may mediate the protective effect
of Bifidobacteriales order and Bifidobacteriaceae family on the host
urate level. Bifidobacteriales order and Bifidobacteriaceae family
shared a common causal variant rs182549 associated with MCM6/
LCT with both DHA and urate level. To our knowledge, this is the
first study to comprehensively examine the genetic association
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TABLE 2 Replicated significant taxa of bidirectional MR supported the causal effect between gut microbiota and gout/urate level.

10.3389/fimmu.2023.1148591

Gout Urate level
Taxonomy P P
Population =~ Methods Effect size Population Methods Effect size
value \CIT
Direction: microbiota — gout/urate level
-0.04 (-0.08, -0.02 (-0.04,
I . vw .02
VW 001) 0.033 001) 0.025
-0.02 (-0.08, -0.03 (-0.06,
M 1492 WM .057
w 0.04) 049 0.00) 0.05
Primary: Primary:
Gout from -0.04 (-0.08, Urate from -0.02 (-0.04,
MRPRESSO 0.040 MRPRESSO 0.030
GBMI -0.01) CKDGen -0.01)
-0.01 (-0.17, -0.03 (-0.05,
Con-mix ( 0.697 Con-mix ( 0.052
0.04) 0.00)
Steiger test True <0.001 Steiger test True <0.001
-0.05 (-0.09,
Victivallaceae Family VW 0.07 (-0.15, 0.29) 0.548 Ivw 0 (()1) 0.025
-0.05 (-0.10,
WM 0.09 (-0.19, 0.38) 0.518 WM 0 (§0) 0.053
Replication: Replication:
Gout from Urate from -0.03 (-0.06,
MRPRE .07 (-0.15, 0. . MRPRE .
GUGC SSO 0.07 (-0.15, 0.00) 0.567 Guac SSO 0.00) 0.090
-0.04 (-0.10,
Con-mix 0.22 (-0.48, 0.62) 0.177 Con-mix 0 00 ((]10) 0 0.051
Steiger test True <0.001 Steiger test True <0.001
-0.02 (-0.04, -0.01 (-0.02,
Meta-analysis 0.02 (-0.0 0.047 Meta-analysis 0.01 (-0.0 0.003
-0.01) -0.01)
Direction: gout/urate level — microbiota
IVW 0.09 (0.02, 0.15) 0.012 Ivw 0.12 (0.01, 0.23) 0.028
WM 0.07 (-0.02,0.17) = 0.133 WM 0.24 (0.07, 0.41) 0.005
Primary: Primary:
Gout from MRPRESSO 0.09 (0.02, 0.15) 0.016 Urate from MRPRESSO 0.08 (0.02, 0.15) 0.016
GBMI CKDGen
Con-mix 0.09 (0.02, 0.18) 0.023 Con-mix 0.12 (0.03, 0.30) 0.021
Steiger test True <0.001 Steiger test True <0.001
Rumi
HIMINOCOCCLLS graviis group vw 009 (0.02,0.16) | 0.009 VW 0.16 (0.05,028)  0.004
Genus
WM Insufficient SNPs / WM 0.15 (0.01, 0.30) 0.039
Replication: Replication:
Gout from MRPRESSO | Insufficient SNPs / Urate from MRPRESSO 0.16 (0.05, 0.27) 0.010
GUGC GUGC
Con-mix 0.09 (0.03, 0.18) 0.021 Con-mix 0.20 (0.08, 0.30) 0.005
Steiger test True <0.001 Steiger test True <0.001
Meta-analysis 0.04 (0.02, 0.06) <0.001 Meta-analysis 0.06 (0.03, 0.09) <0.001

The MR Steiger test was used to ensure the right causal direction (not confounded) from microbiota to gout/urate or gout/urate to microbiota. The meta-analysis integrated the effect size of IVW
methods based on a random-effect model. The bold form showed the results of meta-analysis.
IVW, inversed-variance weighted; WM, weighted median; MRPRESSO, Mendelian Randomization Pleiotropy RESidual Sum and Outlier; Con-mix, contamination mixture; GBMI, Global
Biobank Meta-analysis Initiative; GUGC, Global Urate Genetics Consortium.

between gut microbiota and urate metabolism. Our findings
implicated the critical role of gut microorganisms in host-
microbiota crosstalk of urate metabolism disorders, underlying
the importance of modulating host-microbe balance in the
prevention and treatment of hyperuricemia diseases.
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Gut microbiota plays an essential role in the production,
catabolism, metabolism, and excretion of host uric acid. It could
either convert purines to uric acid by secreting active enzymes or
accelerate uric acid degradation by synthesizing urate-metabolizing
enzymes (37). However, most studies focusing on the interaction of
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Gout and urate level on 35 microbiota families

FIGURE 3

10.3389/fimmu.2023.1148591

Gout and urate level on 131 microbiota genera

Heatmap showing bidirectional causality of 35 families and 131 genera. Four heatmaps comparing the results of gout with the urate level of each
taxon in 35 families and 131 genera. The outer ring represents urate level and the inner ring represents gout. (A). 35 microbiota families on gout and
urate level; (B). 131 microbiota genera on gout and urate level; (C). Gout and urate level on 35 microbiota families; (D). Gout and urate level on 131

microbiota genera. * means significant results.

gut microbiota and uric acid metabolism were cross-sectional
studies, which could hardly determine the chronological order of
the change in uric acid level and microbiota abundance (7-10). For
example, elevated serum urate level could be related to the change in
abundance of both purine-decomposition and purine-synthesis
bacteria (5). Whether this change in abundance is pathogenic or
compensatory for hyperuricemia remains unclear. The present
study used bidirectional MR and MR Steiger direction tests to
ensure the right causal direction between microbiota and urate
metabolism (38). We found that the Victivallaceae family and
Lachnospiraceae ND3007 group genus had a causal effect on both
gout and urate level. The former taxon has not been well
investigated, while the latter taxon belonged to an important
disease-inducing family, the Lachnospiraceae family (39). Our MR
results indicated five genera in this family had causal effects on gout
or urate metabolism. However, the negative results of other taxa in
the Lachnospiraceae family were not insignificant. Due to the
controversial role of different inferior genera, function-dependent
cluster analysis or taxon-to-taxon ratio on urate metabolism is
warranted for further investigation (39).

Frontiers in Immunology

In turn, gout and hyperuricemia could also trigger variations in
gut microbiota abundance and metabolism. Consistent with
observatory studies, the abundance of the Coriobacteriaceae
family, Prevotellaceae family, Lachnoclostridium genus, and
Bacteroides genus changed in patients with gout during treatment
(9, 40-42). Therefore, similar to biomarkers of specific diseases,
microbial dysbiosis and metabolic disorders serve as a profound
reference for future studies in uric metabolism. Patients’ fecal
microbiome could be considered a pre-diagnostic target of gout
and hyperuricemia (43).

Our results highlighted the different profiles of significant taxa
in gout and urate level. Hyperuricemia and gout share common
characteristics but also have differences. While a large proportion of
individuals with hyperuricemia have never had a gout flare, some
patients with gout can have a normuricemia status (44, 45).
Hyperuricemia is generally considered to be the pathophysiologic
basis of gout flares, and uric acid has dual effects in vivo with
antioxidant properties as well as being an inflammatory promoter,
which places it in a delicate position in balancing metabolisms (46).
On the other hand, gout is a multifactorial metabolic disease, and its
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A Causal effect of microbiota metabolism pathways on gout and urate level.

10.3389/fimmu.2023.1148591

Exposure Outcome Effect size (95% Cl) P value
Superpathway of phospholipid biosynthesis I,bacteria  Gout J— 0.10(-0.18,-0.02)  0.019
Superpathway of phospholipid biosynthesis | bacteria Urate R -0.02 (-0.05, 0.00) 0.099
Flavin biosynthesis |, bacteria and plants Gout —— -0.09 (-0.18, 0.00) 0.061
Flavin biosynthesis |, bacteria and plants Urate — -0.06 (-0.10, -0.01) 0.013
Heme biosynthesis Il, anaerobic Gout +—.— 0.06 (-0.01, 0.14) 0.098
Heme biosynthesis Il, anaerobic Urate - 0.04 (0.01, 0.08) 0.047
1,4-dihydroxy-2-naphthoate biosynthesis Il, plants Gout —— 0.07 (0.01, 0.12) 0.014
1,4-dihydroxy-2-naphthoate biosynthesis Il, plants Urate - 0.02 (0.00, 0.05) 0.092
T 1
-0.2 0 0.2
Effect size (95% Cl)
B Causal effect of gout and urate level on microbiota metabolism pathways.
Exposure Outcome Effect size (95% Cl) P value
Gout Superpathway of L-serine and glycine biosynthesis | “m !l 006(012001) 0096
Urate Superpathway of L-serine and glycine biosynthesis | —a— -0.12 (-0.19, -0.05) 0.001
Gout Thiamin salvage I —— -0.08 (-0.15, -0.02) 0.013
Urate Thiamin salvage Il —i— -0.07 (-0.15, 0.00) 0.054
Gout Pyrimidine deoxyribonucleosides salvage —— -0.06 (-0.12, 0.01) 0.091
Urate Pyrimidine deoxyribonucleosides salvage —i— -0.07 (-0.15,-0.01) 0.045
Gout L-rhamnose degradation | —— 0.08 (0.02, 0.14) 0.008
Urate L-rhamnose degradation | —— 0.09 (0.01, 0.17) 0.043
Gout Glycogen degradation Il, eukaryotic —— 0.08 (0.01, 0.15) 0.031
Urate Glycogen degradation Il, eukaryotic —— 0.11(0.02, 0.19) 0.013
Tt 1
-0.2 0 0.2

FIGURE 4

Effect size (95% CI)-

Bidirectional MR suggestive causal association between microbiota metabolism pathways and gout/urate level. (A). Causal effect of microbiota
metabolism pathways on gout and urate level. (B). Causal effect of gout and urate level on microbiota metabolism pathways. We included
“suggestive” significant pathways in Figure 4 (P <0.05 in gout or urate level and P <0.1 with the same direction in the other phenotype).

pathogenesis should not rely solely on hyperuricemia or
monosodium urate crystals (46). Thus, the spectrum of significant
taxa, combined with the mediation effect of DHA of hyperuricemia
was quite different from that of gout; this might explain the
difference between gout and urate metabolism in the MR analysis.

Bifidobacteria is a well-known probiotic to treat hyperuricemia,
which is consistent with our MR (47). Studies indicated that
Bifidobacteria supplement could elevate DHA levels in animal
experiments and DHA supplement could improve hyperuricemia
in humans (12, 48). We found that both the Bifidobacteriales order
and Bifidobacteriaceae family had a protective effect on urate
metabolism partially through DHA level, whereas rs182549 in
MCM6 was the most predominant variant. MCM6 could be
activated by both DHA supplements in the human body and
hyperuricemia status in mice (49, 50). The complex MCM6/LCT
variation also participated in several diseases’ progress such as
obesity, lactose intolerance, and irritable bowel syndrome (51,
52). This suggested that rs182549, which is related to
Bifidobacteria, might play a critical role in the interplay of gut
microbiota, unsaturated fatty acid, and urate metabolism.
Furthermore, MCM6/LCT might be a potential therapeutic target
for treating hyperuricemia.

Although gut microbiota was previously thought to be
influenced by host health status, the GWAS significant variants
representing the microbiota phenotype were relatively not largely
confounded (19). Also, we assessed the genetic effect of microbiota
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in both gout and urate level. These two statistics were highly
correlated but were derived from two independent populations.
This not only avoided sample overlap but also replicated MR results
in a related phenotype.

This study has several limitations. Firstly, a relatively non-
significant heritability of the gut microbiota of the MiBioGen and
DMP GWAS might impair the detective power of MR. However,
owing to the sufficient sample size of publicly available data from
the largest GWAS such as MiBioGen, DMP, and GBMI, the weak
instrument bias could be somewhat complemented. Thus, we had
adequate power to detect significant lifelong causality. Secondly,
due to the difference between gout and urate, it is predictable that
some bacteria related to one phenotype could not be replicable in
the other phenotype. Therefore, some significant taxa in gout might
not be associated with the urate level but might be associated more
with systematic inflammation and intestinal transportation (53, 54).
This could partly explain the different significant taxa in the
two phenotypes.

In conclusion, this is the first study comprehensively assessing
the association between gut microbiota and urate metabolism based
on genetic methods. Our findings underlined the critical role of gut
microorganisms in host hyperuricemia pathogenesis and progress.
Taking advantage of host-microbiota crosstalk in urate metabolism
could not only indicate directions of clinical prediction and the
monitoring of gout but also draw a future blueprint for a cutting-
edge therapeutic method based on fecal bacteria transplantation.
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Introduction: Dietary tryptophan (Trp) has been shown to influence fish feed
intake, growth, immunity and inflammatory responses. The purpose of this study
was to investigate the effect and mechanism of Trp on immune system of
juvenile northern snakehead (Channa argus Cantor, 1842).

Methods: A total of 540 fish (10.21 + 0.11 g) were fed six experimental diets
containing graded levels of Trp at 1.9, 3.0, 3.9, 4.8, 5.9 and 6.8 g/kg diet for 70
days, respectively.

Results and Discussion: The results showed that supplementation of 1.9-4.8 g/
kg Trp in diets had no effect on the hepatosomatic index (HSI) and renal index
(RI), while dietary 3.9 and 4.8 g/kg Trp significantly increased spleen index (SI) of
fish. Dietary 3.9, 4.8, 5.9 and 6.8 g/kg Trp enhanced the total hemocyte count
(THC), the activities of total antioxidant capacity (T-AOC) and superoxide
dismutase (SOD). Malondinaldehyde (MDA) levels in the blood were
significantly decreased by consuming 3.9 and 4.8 g/kg Trp. Fish fed with 3.0
and 3.9 g/kg Trp diets up-regulated interleukin 6 (il-6) and interleukin 8 (i(-8)
MRNA levels. The expression of tumor necrosis factor o (tnf- ) was highest in fish
fed with 3.0 g/kg Trp diet, and the expression of interleukin 1 (i(-1) was highest
in fish fed with 3.9 g/kg Trp diet. Dietary 4.8, 5.9 and 6.8 g/kg Trp significantly
decreased il-6 and tnf-oo mRNA levels in the intestine. Moreover, Trp
supplementation was also beneficial to the mRNA expression of interleukin 22
(il-22). Additionally, the mRNA expression levels of target of rapamycin (tor), toll-
like receptor-2 (tlr2), toll-like receptor-4 (tlr4), toll-like receptor-5 (tlr5) and
myeloid differentiation primary response 88 (myd88) of intestine were
significantly up-regulated in fish fed 1.9, 3.0 and 3.9 g/kg Trp diets, and down-
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regulated in fish fed 4.8, 5.9 and 6.8 g/kg Trp diets. Dietary 4.8 and 5.9 g/kg Trp
significantly increased the expression of inhibitor of nuclear factor kappa B kinase
beta subunit (ikkf)) and decreased the expression of inhibitor of kappa B (ikba),
but inhibited nuclear transcription factor kappa B (nf-xb) mRNA level.
Collectively, these results indicated that dietary 4.8 g/kg Trp could improve
antioxidant capacity and alleviate intestinal inflammation associated with TOR
and TLRs/MyD88/NF-«B signaling pathways.

KEYWORDS

tryptophan, antioxidant capacity, TOR signhaling pathway, TLRs/MyD88/NF-«kB signaling
pathway, northern snakehead Channa argus

1 Introduction

Amino acids play a significant role in regulating growth,
immunity and intestinal health of animals (1, 2). As the lowest
concentration of essential amino acids in most common protein
sources (3), dietary tryptophan (Trp) has been found to influence
the feed intake, growth, immunity and inflammatory responses of
fish (4-12), while the regulatory mechanisms need to be
further studied.

When fish are subjected to oxidative stress, the content of reactive
oxygen species (ROS) in fish increases (13, 14), which can attack
macromolecules such as proteins and nucleic acids in the organism,
leading to oxidative damage (15). In addition, the lipid peroxidation
of ROS with polyunsaturated fatty acids (PUFA) in the cell
membrane, and the end products of peroxidation, such as
malondialdehyde (MDA), have toxic effects on cells (16, 17). Total
antioxidant capacity (T-AOC), superoxide dismutase (SOD) and
catalase (CAT) are important components of the antioxidant
defense system in fish, which can remove excess ROS in the body,
and maintain normal physiological and life activities (16, 18).
Supplementation of amino acids in the diet has improved
antioxidant capacity and reduced oxidative stress in several fish
(19-21). Study has been demonstrated that dietary Trp improved
the activity of plasma antioxidant enzymes in juvenile blunt snout
bream (Megalobrama amblycephala) (22). Dietary Trp has been
reported to prevent the increase of MDA content in grass carp
(Ctenopharyngodon idella) (23). However, the effect of dietary Trp on
the enzymatic and nonenzymatic antioxidant capacity of northern
snakehead, Channa argus (Cantor, 1842) remains to be investigated.

Intestine performs multiple functions, including digestion and
absorption of nutrients, recognition of external factors, and signal
transduction related to innate and adaptive immunity (24). As is
well-known, intestinal cytokines are closely related to intestinal
health (25). According to the research, the production of pro-
inflammatory cytokines, such as interleukin 1 (IL-1), interleukin 6
(IL-6), and tumor necrosis factor-a. (TNF-ou), play a significant role
in the development of intestinal inflammation (26). Accumulating
evidence indicates that amino acids have powerful regulatory roles
in cell signaling and mRNA translation (27, 28). Trp was reported
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to exert beneficial regulatory function in mucosal growth or
maintenance, as well as alleviation of intestinal inflammation by
5-hydroxytryptophan (5-HT) (29). Target of rapamycin (TOR) and
nuclear factor-kappa B (NF-xB) signaling pathways have been
considered to have momentous functions in cell proliferation,
differentiation, growth, and metabolism (30, 31). In addition, a
large number of studies have shown that various amino acids can
regulate intestinal inflammation through the TOR or NF-xB
signaling pathway (32-34). Glutamine was found to attenuate
intestinal inflammation dependent on its function via the
mechanistic target of rapamycin (mTOR) and NF-xB signaling
pathways (35, 36). Studies have shown that when the TLRs/MyD88/
NE-xB signal pathway is inhibited, the inflammatory response in
Oreochromis niloticus decreases (37). However, there are few
reports on the effects and mechanisms of dietary Trp on
immunoregulation of Channa argus, which need to be
further investigated.

C. argus is one of the main economic species in China, due to its
rich edible and medicinal value (38). The production of C. argus in
2021 was about 548,500 tons (39). To our knowledge, limited
information about the nutritional immunity of C. argus is
available (40, 41). In our previous research, based on the second-
degree polynomial regression analysis of specific growth rate and
feed efficiency against dietary Trp levels, the optimum dietary Trp
requirements for C. argus were respectively estimated to be 4.6 and
4.5 g/kg (42). Therefore, in the present study, we investigated the
effects of different dietary Trp levels on the antioxidant capacity and
intestinal health of C. argus, and discussed its possible mechanisms
of immune regulation by analyzing the expressions of related genes
of the signaling pathways.

2 Materials and methods
2.1 Experimental diets
The formulation and proximate composition of the basal diet

are shown in Table 1. Fish meal, poultry by-product meal and
mixed L-amino acids were chosen as the main protein sources, fish
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TABLE 1 Formulation and proximate analysis of the basal diet (g/kg diet).

Fish meal (70.2% crude protein) 105.00
Poultry by-product meal (66.5% crude protein) 200.00
Wheat meal (12.0% crude protein) 150.00
Gelatin (97.5% crude protein) 40.00
Yeast powder (58.2% crude protein) 30.00
Wheat bran (18.6% crude protein) 110.00
Fish oil 25.00
Soybean oil 30.00
Vitamin mixture * 15.00
Mineral mixture ° 15.00
Amino acid mixture 150.00
Calcium dihydrogen phosphate 10.00
Choline chloride 10.00
Cellulose 99.00
Dimethyl-B-propiothetin 1.00
Composition (% dry weight basis)

Moisture 7.00
Crude protein 48.56
Crude lipid 10.38
Crude ash 10.04
Carbohydrate' 24.02
Gross energy’, kJ/g 19.72

a.Vitamin premix (mg/kg diet): vitamin B;, 25 mg; vitamin B,, 45 mg; vitamin B;,, 10 mg;
vitamin Bg, 20 mg; vitamin K, 10 mg; vitamin A, 32 mg; vitamin C, 2000 mg; vitamin D3, 5 mg;
vitamin E, 240 mg; niacin acid, 200 mg; folic acid, 20 mg; biotin, 60 mg; calcium pantothenate,
60 mg; micocrystalline cellulose 12273 mg.

b Mineral premix (mg/kg diet): inositol, 800 mg; MgSO,-H,0, 1200 mg; CuSO,-5H,0, 10 mg;
FeSO,-H,0, 80 mg; ZnSO,-H,0, 50 mg; MnSO4-H,0, 45 mg; CoCl,-6H,0, 50 mg; Ca(105),,
60 mg; Na,SeOs, 20 mg; zeolite powder, 12685 mg.

¢ Amino acid mixture (g/kg diet): arginine, 9.98 g; histidine, 3.37 g; isoleucine, 9.91 g; leucine,
18.60 g; lysine, 23.52 g; methionine, 6.27 g; cysteine, 10.27 g; phenylalanine, 7.57 g; threonine,
10.79 g; valine, 8.48 g; aspartic acid, 28 g; glycine, 14 g.

1 Carbohydrate (%) = 100 - (% crude protein + % crude lipid + % moisture + % ash).

2 Calculated based on 17.2 kJ g' carbohydrate; 23.6 kJ g™ protein and 39.5 kJ g* lipid
according to the method described in a previous study (43).

oil and soybean oil were chosen as the main lipid sources. 1.0, 2.0,
3.0, 4.0 and 5.0 g/kg diet Trp (Sinopharm Chemical Reagent Co.,
Ltd, SHH, CHN) were added into the basal diet to produce five
experimental diets, respectively. Trp supplement is balanced with
glutamate, accounting for 1% of the diet. Prior to the addition of oil
and water, all raw ingredients were ground through a 246-micron
sieve, then were fully mixed and extruded into particles with
diameter of 2.0 x 3.0 mm. Finally, all diets were dried at 40°C
and stored at -20°C until use.

Amino acid contents of diets were analyzed with automatic amino
acid analyzer (L-8900, Hitachi, Japan). The amino acid profile of the
basal diet is presented in Table 2. The final Trp content in six diets are
1.9, 3.0, 3.9, 4.8, 5.9 and 6.8 g/kg, respectively.
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TABLE 2 The amino acid profile of the basal diet (% dry weight).

Amino acid Amino acid composition of basal diet

Essential amino acids (EAASs)

Lysine 429
Methionine 0.99
Arginine 2.89
Phenylalanine 2.18
Histidine 1.01
Isoleucine 2.04
Leucine 3.93
Threonine 221
Valine 2.10
Tryptophan 0.19

Non-essential amino acids (NEAAs)

Aspartic acid 5.06
Glutamic acid 4.65
Serine 1.22
Glycine 4.15
Alanine 2.01
Tyrosine 0.87
Cysteine 1.10

2.2 Fish and culturing conditions

Healthy C. argus were purchased from a commercial hatchery
in Guangdong, China. Before the trial, fish were acclimated to
experimental conditions in the greenhouse in Yangzhou University
with a water-recirculating system, and fed with the basal diet for two
weeks. Then, 540 fish with initial weight of 10.21 + 0.11 g were
randomly assigned to 18 cages (1 m x 1 m x 80 cm) with 30 fish in
each cage, and three cages of fish were randomly provided for each
experimental diet. During the feeding trial, all fish were fed at 8:00
and 17:00 daily at apparent satiation level. Feed consumption and
fish mortality were recorded every day. The water dissolved oxygen
was 6.2-6.6 mg/L and the temperature was 25.5-28.5°C. All
experimental protocols were approved by the Animal Care
Advisory Committee of Yangzhou University.

2.3 Sample collection and analysis

After 70 days feeding trial, all C. argus were fasted for 24 h, then
anaesthetized by MS-222 solution (250 mg/L, Sigma). Liver, head
kidney and spleen samples were collected from 10 fish in each cage
and weighed to calculate the hepatosomatic index (HSI), renal index
(RI) and spleen index (SI). Blood samples were collected in heparin
sodium-anticoagulant tubes from 10 fish in each cage and divided
into two parts, one part was prepared for the determination of
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malondinaldehyde (MDA) value and the antioxidant enzymes
activity, including superoxide dismutase (SOD), catalase (CAT) and
total antioxidant capacity (T-AOC), another part was prepared for
the determination of total hemocyte count (THC). The whole
intestine samples were collected from 5 fish in each cage for
determination of the relative mRNA levels of genes, including
tumor necrosis factor o (tnf-or), interleukin 1B (il-1f), interleukin 6
(il-6), interleukin 8 (il-8), interleukin 22 (il-22), target of rapamycin
(tor), toll-like receptor-2 (tlr2), toll-like receptor-4 (tlr4), toll-like
receptor-5 (tlr5), myeloid differentiation factor 88 (1myd88), inhibitor
of nuclear factor kappa B kinase beta subunit (ikkf}), inhibitor of
kappa B (ikbe), nuclear transcription factor kappa B (nf-kb).

The proximate composition of the ingredients and diet,
including the moisture, crude protein, crude lipid and crude ash
were determined using standard procedures of the AOAC (44).
The content of amino acids in ingredients and diet was
determined by the method of Rajendra (45). THC was measured
and calculated according to Sierra et al. (46). MDA value and the
antioxidant enzymes activity were measured using commercial kits
provided by Jian Cheng Bioengineering Institute, Nanjing, China.
The relative mRNA level of genes was analyzed by RT-gPCR
method according to Miao et al. (47). The cDNA sequences of
the relevant genes were queried in the NCBI, and all primers were
designed using Primer Premier 6. All specific primers for
genes are provided in Table 3. B-actin was chosen as the internal
reference gene based on the preliminary tests and Norm Finder
algorithms (48, 49).

2.4 Calculations and statistical analysis

Hepatosomatic index (HSI), spleen index (SI), and renal index
(RI) were calculated as following:

TABLE 3 Primers sequence for RT-qPCR.

10.3389/fimmu.2023.1149151

HST (%) =100 x 2
Wy

SI (%) =100 x =
Wp

RI (%) =100 x -~
Wp

W,,: fish weight (g); Wy.: liver weight (g); W: spleen weight (g);
W.: head kidney weight (g)

After homogeneity variance tests by SPSS 18.0 (SPSS Inc.,
Chicago, IL, USA), the data (means + S.D.) were subjected to a
one-way analysis of variance (ANOVA) by Tukey’s multiple
comparison test to assess the significant differences among the
treatments at P < 0.05. In addition, to determine if the effect was
linear and/or quadratic, a follow-up trend analysis using orthogonal
polynomial contrasts was performed (50).

3 Results
3.1 Organ index

The effects of dietary Trp on organ index and THC of C. argus
are shown in Figure 1. The HSI and RI in fish fed the 1.9, 3.0, 3.9
and 4.8 g/kg Trp diets were significantly higher than that in fish fed
the 5.9 g/kg Trp diet (P < 0.05), and there was no significant
difference among fish fed the 1.9, 3.0, 3.9 and 4.8 g/kg Trp diets (P >
0.05). The SI and HSI of fish increased at first and then decreased as
Trp content increased. Fish fed 3.9 and 4.8 g/kg Trp diets had the
highest SI. There were significantly negative linear and positive
quadratic trends between the dietary Trp levels and the dependent
variables including HSI, SI and RI (P < 0.05).

Gene Forward primer (5'-3') Reverse primer (5'-3')

B-actin CACTGTGCCCATCTACGAG CCATCTCCTGCTCGAAGTC

tor GAGCCTCTCTCATCCTCACCAC GATTCATTCCTTTCTCTTTAGCCA
tlr-2 CTGGACGAATCATCGAATCACCT AACTTTGGCTTCCTCTTGGCTCT
tlr-4 GGAGGAGACAGAAGGTGTAGATTTG AGGTTGTGATCTTGGGCTGAGTG
tlr-5 ACCTCTTCCGCTGTTGTTTCG AGTGAGCCACCTTCCCTACCA
mydss TGTCCGAGGTGGAAAGAAGTG TCAAAGTCGCTCTGGCAGTAG
ikkp ATCACAGAGCAACCCCTTTT CCACTGTAGTTAGGGAAGGA
ixbor AAAATGTTACCGTGCCAGGAC ATGTATCACCGTCGTCAGTC
nf-xb CAGCCAAAACCAAGAGGGAT TCGGCTTCGTAGTAGCCATG
tnf-o ACAATACCACCCCAGGTCCCA ACGCAGCATCCTCTCATCCAT
il-1B ATGACATGCAATGTGAGCAAAAT TTAACTCGTATGCTGAATGGTGA
il-6 CATGGAGCACTCAAAGAGGATAG CTGAGGTGGAGGTAGTGTTGTCG
il-8 GAGTCTGAGCAGCCTGGGAGT CTGTTCGCCGGTTTTCAGTG

il-22 CAGGCTGTGCAGACGGAGGAAGA GCGTGGTGATGGTCGTGATAGTGAG
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Effects of dietary tryptophan with different levels on organ index of C. argus (means + S.D. of three replications). Bars with different letters indicate
significantly among the treatments (P < 0.05). (A) Hepatosomatic index (HSI); (B) Spleen index (Sl); (C) Renal index (RI).

3.2 Total hemocyte count and hematologic
antioxidant-related parameters

The effects of dietary Trp level on THC and the hematologic
antioxidant-related parameters are shown in Figure 2. The THC
levels in C. argus increased as Trp levels increased until the dietary
Trp level reached 3.9 g/kg, then began to decrease when the dietary
Trp level exceeded 4.8 g/kg, and had significantly positive linear and
negative quadratic trends with dietary Trp levels (P < 0.05).

With the increase of Trp, the activities of SOD, CAT and T-
AOC were increased first and then decreased. SOD reached the
highest activity in fish fed the diet with 3.9 g/kg Trp, and T-AOC
reached the maximum activity in fish fed the 3.9 and 4.8 g/kg Trp
diets (P < 0.05). However, the highest CAT activity was showed in
fish fed the diet with 3.0 g/kg Trp (P < 0.05), but there was no
significant difference between the fish fed the 1.9 and 3.9 g/kg Trp
diets (P > 0.05), and the activities of CAT in fish fed the 1.9-3.9 g/kg
Trp diets were significantly higher than that in other fish (P < 0.05).
There were significantly linear and positive quadratic trends
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between the dietary Trp levels and the dependent variables
including SOD, T-AOC and CAT (P < 0.05). However, the MDA
contents had positive quadratic trend with dietary Trp levels (P <
0.05). The MDA contents in fish fed the 3.9 and 4.8 g/kg Trp diets
were significantly decreased compared with those in fish fed the 1.9,
3.0 and 6.8 g/kg Trp diets (P < 0.05), and there was no significant
difterence with fish fed the 5.9 g/kg Trp diet (P > 0.05).

3.3 Relative mRNA expression of genes
related to intestinal inflammatory factors

As shown in Figure 3, dietary Trp level significantly affected the
relative expressions of genes related to intestinal inflammatory
factors, including interleukins and TNF-o. (P < 0.05).

The expressions of tnf-o; il-6 and il-8 increased first and then
decreased with dietary 1.9-4.8 g/kg Trp. There were significantly
negative linear trends between the dietary Trp levels and the
dependent variables including tnf-c and il-6 (P < 0.05). For il-6
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Effects of dietary tryptophan different levels on total hemocyte count and hematologic antioxidant parameters of blood in C argus (means + S.D. of
three replications). Bars with different letters differ significantly among the treatments (P < 0.05). (A) Total hemocyte count (THC); (B) Superoxide
dismutase (SOD); (C) Catalase (CAT); (D) Total antioxidant capacity (T-AOC); (E) Malondialdehyde (MDA).

and il-8, the expressions of them in fish fed the 4.8 g/kg Trp diet were
significantly lower than those fed with 1.9, 3.0 and 3.9 g/kg Trp diets
(P <0.05), and the expressions of them were higher in fish fed the 3.0-
3.9 g/kg Trp diets compared with 1.9 g/kg Trp diet group (P < 0.05).
The expression of tnf-or was highest in fish fed 3.0 g/kg Trp diet
and significantly decreased in fish fed 3.9 and 4.8 g/kg Trp diets
compared to fish fed the basal diet (P < 0.05). The expression of il-1/3
in fish fed diets with 3.0, 4.8, 5.9 and 6.8 g/kg Trp showed a
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decreasing trend compared with the control group, but there
was no significant difference except for dietary 6.8 g/kg Trp
(P > 0.05). There were significantly negative quadratic trends
between the dietary Trp levels and the dependent variables
including il-1B, il-6 and il-22 (P < 0.05). The higher expression of
il-22 was found in fish fed diets with 3.0-4.8 g/kg Trp (P < 0.05), and
there was no significant difference between the fish fed diets with 3.0-
4.8 g/kg Trp (P > 0.05).
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Effects of dietary tryptophan with different levels on the relative mRNA expression of genes related to intestinal inflammatory factors of C argus
(means + S.D. of three replications). Bars with different letters differ significantly among the treatments (P < 0.05). (A) Tumor necrosis factor o (tnf-
0); (B) Interleukin 8 (il-8); (C) Interleukin 1B (il-1); (D) Interleukin 6 (il-6); (E) Interleukin 22 (il-22).

3.4 Relative mRNA ex

pression of

genes related to the intestinal target

of signaling pathways

As shown in Figure 4, there were significantly linear
and positive quadratic trends between the dietary Trp levels and
the expressions of tor, tlr-2, tir-4, tlr-5, myd88, ixkbo and ikkf3

(P < 0.05).
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The expressions of tor, tIr-2, tlr-4, tir-5 and myd88 were all
significantly increased with the dietary Trp increasing from 1.9 to
3.9 g/kg, and then decreased (P < 0.05). The expressions of tIr-2, tlr-
5, myd88 and ikbarin fish fed the 4.8 g/kg Trp diet were significantly
lower than those in fish fed the basal diet (P < 0.05). Moreover, the
lowest tor, tlr-2, tlr-5 and myd88 gene expressions were found in fish
fed the 5.9 and 6.8 g/kg Trp diets (P < 0.05). The expression of ikkf3
increased with increasing dietary Trp up to 4.8 g/kg (P < 0.05) and
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decreased with increasing dietary Trp up to 6.8 g/kg (P < 0.05). The
expression of ixkba showed a positive linear except for that in the
fish fed diet with the 3.9 g/kg Trp. At the same time, the expressions
of ixba were lower in the fish fed with 4.8, 5.9 and 6.8 g/kg Trp diets
(P < 0.05), compared with the fish fed with basal diet. The
expressions of nf-xb in the fish fed with 4.8, 5.9 and 6.8 g/kg Trp
diets were lower than those in fish fed the basal diet, but there was
no significant difference (P > 0.05). The expression of nf-xb was
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highest in the fish fed with 3.0 g/kg Trp diet (P < 0.05), and had
significantly positive linear trend with dietary Trp levels (P < 0.05).

4 Discussion

The organ index usually reflects the development of organs and
the general nutritional status of animals (51). The liver, spleen and
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kidney are the main immune organs of fish, which can reflect the
immune state of fish to some extent (52). In the present study,
HSI, SI and RI decreased significantly in linear and quadratic
curves with dietary Trp increasing, but there was no significant
difference in fish fed with 1.9-4.8 g/kg Trp diets. Sharf et al. (53)
showed that HSI and viscera somatic index of fingerling Channa
punctatus decreased with the increase of dietary 0.9-9.1 g/kg Trp.
However, studies have shown that dietary supplemented with 0.4-
0.6 g/kg Trp could significantly increase SI of ducks (54). Carrillo-
Vico et al. (55) also proved that melatonin (the metabolic product of
Trp) could positively stimulate the development of spleen. In the
present study, although dietary 3.9 or 4.8 g/kg Trp couldn’t
significantly improve the development of spleen, it has shown a
significantly negative quadratic trend, which may be due to the
differences in culturing time and breeding subjects. These results
provide a hint that the optimum supplementation of Trp in feed
was between 3.9 and 4.8 g/kg, which may be beneficial to the
development of spleen and had no negative effect on the liver and
head-kidney.

The function of blood is closely related to maintaining the
stability of various physiological environments in the fish, such as
eliminating invading bacteria, phagocytosis of foreign body particles
and participating in immune response (56, 57). In this study, the
THC in C. argus increased at first and then decreased with the
increase in dietary Trp level, and there was a significant linear and
quadratic relationship. Studies have shown that changes of THC are
related to the health status of spleen, liver and other hematopoietic
organs (58). This phenomenon was also observed in this study,
when inclusion of 3.9-4.8 g/kg Trp in the diets, the SI of C. argus
showed an upward trend, accompanied by the highest THC. In
aquatic animals, antioxidant systems served as the first line of
defense against oxidative damage (59). SOD, CAT, T-AOC are
commonly used to evaluate the antioxidant capacity and immune
response of aquatic animals (11, 32, 59, 60). The present study
showed that the activities of SOD and T-AOC in blood were
significantly increased when fish fed with 3.9-4.8 g/kg Trp. These
results are similar to the findings in the liver of pigs (61), intestine of
young grass carp (32). Meanwhile, MDA levels in tissues can be
used to estimate lipid peroxidation (62). In this study, the MDA
contents in the blood of C. argus were significantly decreased with
dietary 3.9-4.8 g/kg Trp. Similar results also have been observed in
hybrid catfish (Pelteobagrus vachelliQ xLeiocassis longirostris3)
(11). In this study, the activity of CAT in blood was highest in
fish feed with 3.0 g/kg Trp diet. However, dietary 4.0 g/kg Trp
significantly increased the activity of CAT in juvenile blunt snout
bream (22). The reason may be caused by different kinds of fish.
These findings suggested that dietary 3.9 and 4.8 g/kg Trp can
enhance the antioxidant capacity of C. argus by increasing of SOD
and T-AOC activities and decreasing the contents of MDA in
the blood.

Intestinal cytokines, such as interleukins (ILs) and tumor
necrosis factors (TNFs), are important components of the fish
mucosal immune system (63). Pro-inflammatory cytokines
including TNF-a, IL-1B, IL-6 and IL-8 can promote the
occurrence of inflammatory reactions (64, 65), and anti-
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inflammatory cytokines such as IL-22 can promote host immune
defense against bacterial pathogens (66). In the present study,
when dietary Trp reached 4.8 g/kg, the relative expressions of tnf-
o, il-1f3, il-6 and il-8 in intestine of C. argus decreased, whereas the
relative expression of il-22 increased significantly. Trp have been
shown to have a similar effect in other study (67). The TOR
signaling pathway plays a critical role in the immune system of
monocytes (68). And the TOR signaling pathway may improve the
innate immune system of fish and human by regulating the
transcription of cytokines (69, 70). In the present study, we
observed that the expressions of for, il-1f, il-6 and il-8 were
significantly increased when the dietary Trp was up to 3.9 g/kg,
but the opposite results were observed when dietary Trp reached
4.8 g/kg. Meanwhile, recent studies have shown that dietary Trp
may up-regulate anti-inflammatory factors and down-regulate
pro-inflammatory factors of fish partly by regulating the
transcription of TOR (5, 22). These results demonstrated that
the optimum dietary Trp level could alleviate intestinal
inflammation partly by down-regulating the expressions of tnf-
o, il-1f3, il-6 and il-8, and up-regulating the expression of il-22 in
fish intestine via regulating the expression of tor. However, the
underlying mechanism by which dietary Trp attenuates
inflammatory responses through the TOR signaling pathway
remains to be further studied.

Furthermore, the NF-xB translocates to the nucleus and
upregulates the expression of genes linked with inflammation, cell
survival, proliferation, invasion, and angiogenesis (71), and
mediated the proinflammatory action of TOR (70). The increased
expression of IKK complex (including IKKo, IKKB and IKKY)
promotes the phosphorylation and degradation of IxBo, which in
turn activates NF-kB, which suppresses the relative expression of
anti-inflammatory cytokines and up-regulates the relative
expression of pro-inflammatory cytokines (72). In the present
study, the relative expression of ikkf3 increased and the expression
of ikbor decreased significantly with dietary Trp up to 5.9 g/kg, but
there was no difference in nf-xb. These immune responses may be
caused by multiple pathways regulating NF-xB (73), such as TLRs/
MyD88/NF-xB signaling pathway. TLRs (including TLR2, TLR4
and TLR5) are transmembrane proteins that can recognize a variety
of related molecules (such as lipopolysaccharide, sodium urate
crystal, viral double-stranded RNA, etc.) and cause inflammatory
immune response. TLRs can activate the MyD88-dependent
pathways, thus activating NF-kB and resulting in the release of
inflammatory mediators and cytokines (74, 75). In the present
study, the relative expressions of tIr2 and tlr4 showed a certain
positive correlation with that of myd88 when dietary Trp 1.9-4.8 g/
kg. At the same time, dietary 4.8 g/kg Trp inhibited the relative
expression of nf-xb, which is consistent with the relative expressions
of tnf-04, il-1, il-6 and il-8. Li et al. (52) also observed similar results
in the kidney of juvenile blunt snout bream fed with 2.8 or 4.0 g/kg
Trp. These results implied that the optimum dietary Trp may
regulate inflammatory cytokines through the TLRs/MyD88/NF-
KB signaling pathway.

In conclusion, the present study provided evidence that dietary
3.9-4.8 g/kg Trp could improve total hemocyte count, antioxidant
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enzyme activity in blood, and decrease the content of MDA in
blood, but have no effect on the development of liver, spleen and
head-kidney. Furthermore, dietary 4.8 g/kg Trp could alleviate
intestinal inflammation partly by down-regulating the expression
of tnf-a, il-13, il-6 and il-8 and up-regulating the expression of il-22
in fish intestine via the TOR and TLRs/MyD88/NF-xB signaling
pathways (Figure 5).
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Aging is a biological process of progressive deterioration of physiological
functions, which poses a serious threat to individual health and a heavy burden
on public health systems. As population aging continues, research into anti-
aging drugs that prolong life and improve health is of particular importance. In
this study, the polysaccharide from stems and leaves of Chuanminshen
violaceum was obtained with water extraction and alcohol precipitation, and
then separated and purified with DEAE anion exchange chromatography and gel
filtration to obtain CVP-AP-I. We gavaged natural aging mice with CVP-AP-I and
performed serum biochemical analysis, histological staining, quantitative real-
time PCR (gRT-PCR) and ELISA kit assays to analyze inflammation and oxidative
stress-related gene and protein expression in tissues, and 16SrRNA to analyze
intestinal flora. We found that CVP-AP-I significantly improved oxidative stress
and inflammatory responses of the intestine and liver, restored the intestinal
immune barrier, and balanced the dysbiosis of intestinal flora. In addition, we
revealed the potential mechanism behind CVP-AP-| to improve intestinal and
liver function by regulating intestinal flora balance and repairing the intestinal
immune barrier to regulate the intestinal-liver axis. Our results indicated that C.
violaceum polysaccharides possessed favorable antioxidant, anti-inflammatory
and potentially anti-aging effects in vivo.

KEYWORDS

Chuanminshen violaceum, polysaccharide, antioxidation, antiinflammatory, gut-liver
axis, gut microbiota
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1 Introduction

Aging is a process of deterioration of the body’s tissues and
organs over time, with a decline in the function of all systems,
eventually leading to cellular and even individual death. With age-
related diseases such as Alzheimer’s disease, Parkinson’s disease,
cardiovascular disease as well as cancer increasing exponentially
worldwide in recent years (1-3), there is a constant desire to slow or
even reverse aging. Aging is a multifaceted biological process
resulted from the combined effect of many factors, and the most
widely accepted theory of aging is the free radical theory of aging
(4). The free radical theory suggests that increased oxidative stress is
an important driver of aging. Under normal physiological
conditions, redox levels remain in balance. As we age, the body
produces more free radicals (mainly ROS), but the reduced activity
of enzymes involved in scavenging free radicals leads to oxidative
stress damage (5, 6) and chronic inflammation (7, 8), thus
exhibiting the characteristics of aging. One of the main features of
aging is the decline in intestinal digestive functions, manifested by
disturbances in the intestinal flora, atrophy of the intestinal mucosa
and destruction of intestinal immune function (9, 10). This
intestinal dysfunction allows microorganisms (or derived
metabolites) and toxins (LPS) to enter the circulation and reach
the liver, causing or worsening a range of liver diseases (11, 12).
Similarly, aging-induced decreases in the metabolic and
detoxification functions of the liver affect the intestinal tract
through bile acids (13, 14). This bidirectional relationship
between the gut and liver via the portal vein, known as the gut-
liver axis, was first proposed in 1988 and has attracted widespread
attention (15). Accumulated studies show that liver and intestinal
diseases can be treated through the gut-liver axis theory (16, 17),
which shows that the gut-liver axis balance is so important for a
healthy body. The gut microbes, which are part of this two-way
communication between the gut and liver, are essential for
maintaining the homeostasis of the gut-liver axis (18, 19). In
recent years, there has been an increasing amount of research
into the use of microbiota-targeted dietary and probiotic
interventions and novel therapeutic applications such as faecal
microbiota transplantation in the prevention and treatment of
ageing-related diseases (20). Therefore, screening and identifying
potential therapeutic molecules that balance the gut microflora
against aging is of great significance.

Chuanminshen violaceum Sheh et Shan (CVSS), mainly
distributed in Sichuan and Hubei provinces, traditionally used as
a medicine from the roots, it is both a bulk Chinese herb and a
premium nutritional health product, mostly used as a fitness tonic
and as an edible ingredient in folklore for hundreds of years (21).
Natural polysaccharides have attracted great interest due to their
wide range of sources, low toxicity, few side effects and diverse
biological activities (22). Pharmacological studies have shown that
polysaccharides are the main active ingredients of CVSS and have
various activities such as antioxidant (23), immunomodulatory (24)
and antiviral (25). In the industrial production of traditional
Chinese medicine, non-medicinal parts, such as stems and leaves
of traditional root-based medicines, are generally discarded,
resulting in a waste of resources and environmental pollution.
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These plant parts may be suitable plant resources for the
production of phytochemicals (26). Numerous studies have
shown that non-medicinal parts of traditional Chinese herbs have
the same biological activity as their medicinal counterparts (27, 28).
Therefore, in this study, we aimed to evaluate whether CVSS
polysaccharide can alleviate oxidative stress injury and
inflammatory response in the gut and liver of naturally aging
mice, and to investigate the potential function of CVSS
polysaccharide in the gut-liver axis and their correlation with gut
microbiota to provide evidence for the further development and
utilization of CVSS.

2 Materials and methods

2.1 Materials

The stems and leaves of Chuanminshen violaceum were
collected from Bazhong City, Sichuan Province, in April 2022 and
identified by Dr Yuan-Feng Zou, College of Veterinary Medicine,
Sichuan Agricultural University. The fresh stem leaves are treated in
an oven at 105°C for 15 minutes to destroy and blunt the oxidase
activity in the leaves by high temperature, inhibit the enzymatic
oxidation of tea polyphenols etc. in the fresh leaves and evaporate
some of the water in the fresh leaves, then dried at 55°C to constant
weight and sheared into flakes then dried at 55°C to constant weight
and sheared into pieces

2.2 Isolation, chemical composition,
monosaccharide composition and
average-molecular weight of

CVSS polysaccharides

The extraction of polysaccharides was carried out based on the
previous method (29). Briefly, the dried stems and leaves of
Chuanminshen violaceum (100g) were pre-treated by 90% ethanol
(v/v) to remove impurities until colorless, then the dried residues
were treated with boiling water under the following conditions: 100°
C, 2 h, solid-liquid ratio 1:20, 2 times. The extract was extracted by
filtration, alcohol precipitation, dialysis (cut off 3500 Da) and
loaded to a lyophilizer (LGJ-10G, Beijing Sihuan Qihang
technology Co., Ltd., Beijing, China) to obtain CVSS crude
polysaccharide (CVP) powder. For further purification, CVP (400
mg) was dissolved in distilled water (20 mL), centrifuged, filtrated
(0.45 um) and applied into an anion-exchange column packed with
DEAE- Sepharose Fast Flow (50 mm x 40 cm; Beijing Rui Da Heng
Hui Science Technology Development Co., Ltd, Beijing, China).
The neutral and acidic fractions were eluted with 2 L distilled water
followed by 0-1.5 mol/L NaCl solution at a flow rate of 2 mL/min,
respectively. The elution profiles of acidic fractions were monitored
by the phenol-sulfuric acid method (30), and the acid
polysaccharide fraction was collected according to the elution
profiles, followed by dialysis (cut off 3500 Da) to remove NaCl,
concentrating and freeze-drying, named as CVP-AP. Finally, CVP-
AP was further purified by gel filtration (Sepharose 6FF, 2.5 cm X
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100 cm, Beijing Rui Da Heng Hui Science Technology Development
Co. Ltd) to obtain a purified fraction (31), named CVP-AP-1,
because it was more purified than CVP-AP, CVP-AP-I was
collected and lyophilized for subsequent studies.

The total carbohydrate content of CVP-AP-I was determined
by the phenol sulfuric acid method (30), the total amounts of
phenolic compounds and proteins of CVP-AP-I were determined
by Folin-Ciocalteu (32) and Bio-Rad protein assay (33). Referring to
previous research methods (34), the monosaccharide composition
of CVP-AP-I was determined by HPLC (Agilent Technologies,
1260 Infinity II, USA). Briefly, CVP-AP-I was dissolved in TFA
(trifluoroacetic acid) and then hydrolyzed at 100°C for 8 h. After
repeated evaporation and concentration with methanol to remove
excess TFA, the sample was then derivatized with NaOH and PMP
(1-phenyl-3-methyl-5-pyrazolone) -methanol at 70°C for 100 min,
and finally the pH was adjusted to neutral and extracted with
chloroform to obtain the sample derivative. the standard
monosaccharide mix including mannose (Man), ribose (Rib),
Rhamnose (Rha), glucuronic acid (GlcA), galacturonic acid
(GalA), glucose (Glc), galacturonic (Gal), xylose (Xyl) and
arabinose (Ara) were derivatized at the same manner. All
derivatives were chromatographed on HPLC equipped with C18
column (250 nm x4.6 mm, 5 um), with following settings: mobile
phase: 0.05 mol/L phosphate buffer (NaH2PO4-Na2HPO4,
pH6.8)-acetonitrile (82:18, V/V); flow rate: 1.0 mL/min; column
temperature 30°C; detection wavelength of DAD was 250 nmyj
injection volume: 20 pL.

The molecular weight (Mw) of CVP-AP-I was determined by gel
permeation chromatography method (Waters 515 liquid
chromatography pump, Waters 2410 differential detector
(Refractive Index), Waters Ultrahyrdogel Linear gel column (300 x
7.8 mm) (34, 35). The Mw control dextran (2.5-5348 Da) and CVP-
AP-T were dissolved in the mobile phase. Sample solutions were
injected after the system was stable, and the resulting chromatogram
was recorded. The weight-average molecular weight (Mw), number-
average molecular weight (Mn) and their distribution equivalents

Adaptation
period

Control
CVP-AP-I(L)

-

CVP-AP-I(H)

Day-7 Day0

FIGURE 1
Schematic overview of experimental design.
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were obtained by the standard curve. The chromatographic
conditions are as follows: the mobile phase was 0.2 mol/L NaNO3
solution, pH = 6.0; flow rate was 0.6 mL/min; the column
temperature: 40°C; the injection volume was 20 pL.

2.3 Animal care and experimental design

All animal studies were conducted in accordance with the Animal
Care and Use Committee guidelines of Sichuan Agricultural
University. Thirty male specific-pathogen-free C57BL/6 mice (48
weeks old) were purchased from Beijing Vital River Laboratory
Animal Technology Co., Ltd (Beijing China), and housed in a
pathogen free environment and free access to standard chow and
water for 7 days, with an automatically controlled 12 h light/dark
cycle, the temperature was 25 + 2°C and the humidity was 60%. After
the acclimatization period, as shown in Figure 1, all mice were
randomly divided into three groups (10 mice in each group), and
received a daily gavage of solution (same volume of saline), 10 mg/kg
polysaccharide, or 20 mg/kg polysaccharide group for 14 consecutive
days. Food intake was recorded daily and body weight was measured
every 2 days. At the end of the experiment, all mice were fasted
overnight, blood was collected from the eyeballs the next day. Finally,
they were euthanized and dissected quickly, then the main organs of
liver, intestine tissue, and cecum contents were collected rapidly. All
tissue samples were divided into two parts, one was frozen in liquid
nitrogen, and then stored at -80 °C for gene expression analysis
and biochemical analysis, the other one was fixed in 4%
paraformaldehyde for subsequent histopathological examination.

2.3.1 Blood biochemical test

The biochemical indexes of serum, including alanine
aminotransferase (ALT), aspartic aminotransferase (AST),
triglyceride (TG) and total cholesterol (TC), were detected by
automatic hematology analyzer (Shenzhen Icubio Biomedical
Technology Co., Ltd.).

Treatment  Sampling time

(Gavage/day) I F
0.9% NaCl ) Serum

: 5]
1
)

10 mg/kg : Liver '
)
j

20 mg/kg : Intestine w
! ,

Dayl4
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2.3.2 Histological staining

The duodenum, jejunum, ileum and liver tissue fixed in 4%
paraformaldehyde solution were cut into appropriate size. The
tissues were embedded in paraffin and cut into 5um sections,
then stained with hematoxylin and eosin according to the
manufacturer’s instructions (H&E, G1260, Solarbio, Beijing,
China). Brightfield images at 200 x magnification were captured
on Nikon Eclipse Ti microscope (Melville, NY, USA).

2.3.3 Quantitative realtime PCR

The intestine (duodenum, jejunum, ileum) and liver tissues
were ground under liquid nitrogen. The total RNA was extracted
with TRIzol reagent (Biomed, Beijing, China) from the tissue
powder, then the RNA (5 pg/uL) was reverse transcribed into
cDNA using M-MLV 4 First-Strand cDNA Synthesis Kit (Biomed,
RA101-12, China) and further applied to qRT-PCR in a step
Oneplus System (Biosystems, Foster City, CA, USA) using
determine double-stranded DNA. The procedure conditions
were one cycle of 30s at 95°C for pre-denaturation, 40 cycles of
95°C (10 s) and optimum annealing temperature (30s) for
denaturation and annealing/extension, respectively. The gene
expression levels were calculated according to the regulative
relevant quantification method followed by the AACT method
(34). The relative gene expression was normalized to internal
control as B-Actin. The primer sequences (Tsingke Biotechnology
Co., Ltd, China) for genes expression detection in this study are
listed in Table 1.

TABLE 1 primer sequences for qRT-PCR.

10.3389/fimmu.2023.1159291

2.3.4 Determination of oxidative stress indicators,
inflammatory factors, LPS and slgA

The concentrations of inflammatory factors (IL-6, IL-13, TNF-cx)
and LPS in serum, liver and jejunum, and sIgA in jejunum were
determined by ELISA kits according to the manufacturer’s instructions
(MlBio, Shanghai, China). The levels of SOD (superoxide dismutase),
CAT (catalase), GPX (glutathione peroxidase) and MDA
(malondialdehyde) in serum, jejunum and liver tissues, as well as
ROS (reactive oxygen species) and T-AOC (total antioxidant capacity)
levels in tissues were analyzed with biochemical kits according to the
manufacturer’s instructions (Nanjing Jiancheng Biotechnology
Institute, China). the total protein concentration was assessed
according to the BCA assay kit (Beyotime, Shanghai, China).

2.3.5 Gut microbiota analysis

Fresh digesta isolated from the cecum was quickly sent to
Novogene Technology Co., Ltd. (Beijing, China), under dry ice
conditions for gut microbiota analysis. The DNA was extracted
using CTAB/SDS (cetyltrimethylammonium bromide/sodium
dodecyl sulfate) Bromide method, and diluted to 1 ng/uL using
sterile water. The V4 region of 16S rRNA was amplified by PCR
using specific primers (515F: CCTAYGGGRBGCASCAG; 806R:
GGACTACNNGGGTATCTAAT), followed by mixing and
purification of PCR products, and library construction using
TruSeq® DNA PCR-Free Sample Preparation Kit. The libraries
were quantified by Qubit and Q-PCR, and then sequenced using
NovaSeq 6000.

Primer sequence 5’ to 3’ PubMed no.
) F: TCACGGTTGGCCTTAGGGTTC
B-actin R COCTOOTTOCCAATAGTC NM_001259638.1 71
L1p F: CCTGTGTTTTCCTCCTTGCCT NM. 0083614 15
R: AGTGCGGGCTATGACCAATTC - ’
F:CTCTTCTCATTCCTGCTCGT
TNF- M_012675. 2
¢ R: ACCCCGAAGTTCAGTAGACA NM_012675.3 6
e F: AAATATGAGACTGGGGATGTC NM 001314054 %
i R: TCAGTCCCAAGAAGGCAAC -
F: ACCAGATACTCCAAGGCAAA
CAT R: TAAAATTTCACTGCAAACCCC INM_009804.2 137
soD1 F: GAACCATCCACTTCGAGCAG NM. 0114342 65
R: ATCACACGATCTTCAATGGAC - i
apx F: TGCTTGCCTCCTAAATGCTG NM. 001329860.1 ol
R: CCCAGAATGACCAAGCCAA - :
Nif2 F: AACCTCCCTGTTGATGACTTC NM. 001399226.1 -
R: CTGTCGTTTTCTCCCTTTTCTC - :
F: TCATCAACCTTCACTACCCCA
Muc2 R: TTTTGCACACTAACCCAAC NM_023566.4 27
F: TCGATCAAATCATTACGACCCT
z0-1 R: GCTCTCAAAACTTCTTCGGTCAA NM_001352638.1 >
) F: TTGAAAGTCCACCTCCTTACAGA
Occludin NM_001360536.1 129

R: CCGGATAAAAAGAGTACGCTGG

Frontiers in Immunology 120

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1159291
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zou et al.

2.4 Statistical analysis

Data represent the mean + standard deviation (SD) or mean +
standard error of the mean (SEM). One-way ANOVA with LSD
post-hoc test was performed by using SPSS 27.0 software. The p-
value of 0.05 or less was considered with statistically significance.

3 Results

3.1 Isolation, chemical composition,
monosaccharide composition and
average-molecular weight of

CVSS polysaccharide

Crude polysaccharide (CVP) was obtained from the stems and
leaves of CVSS by water extraction and alcohol precipitation, with a
yield of 5.06%. There are no previous reports related to
polysaccharides from the stems and leaves of CVSS, but the
extraction rates of crude polysaccharides from CVSS leaves were
reported to be in the range of 4.73%-5.41% (36), which were similar
to our extraction rates. CVP was separated by DEAE anion
exchange chromatography to obtain an acidic component CVP-
AP (Figure 2A), but the neutral component isolation was less than
1%, so it was not included in the follow-up study. CVP-AP was
further purified by gel filtration to obtain CVP-AP-I with a yield of
81.93% (Figure 2B). The monosaccharide composition of CVP-AP-
I was determined by HPLC and the results (Figure 2C) showed that
the monosaccharides present in CVP-AP-I were mainly
galacturonic acid (GalA), galactose (Gal), arabinose (Ara),
rhamnose (Rha), and a small amount of mannose (Man). The
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total carbohydrate content of the CVP-AP-I was 89.91%, the total
protein was 4.51%, and the total polyphenol content was 0.98%
(Figure 2C). Compared with the reported polysaccharides from the
roots and leaves of CVSS, the monosaccharide types and molar
ratios of CVP-AP-I were different (36, 37). The weight-average
molecular weight (Mw) of CVP-AP-I was 118.2 kDa, as determined
by gel permeation chromatography, and a single symmetric peak
was observed, as shown in Figure 2D.

3.2 CVP-AP-I protects naturally aging mice
from oxidative stress and inflammation

As we all know, aging is the inevitable process of life. It is
characterized by progressive irreversible degenerative changes in
the structure and function of the organs with age, under the
influence of multiple factors, accompanied by oxidative stress and
inflammatory reactions (7, 8, 38, 39). Therefore, drugs that reduce
oxidative damage are the first choice for anti-aging. A mouse’s life
cycle is typically 18 ~ 24 months, with aging-related biomarkers
slowly appearing in mice from the 10th month onwards. The mice
used in the experiments were nearly 12 months of age, when most of
the biomarkers had already started to show changes. Therefore, we
used naturally aging mice as a model to study the roles of the CVP-
AP-T in the natural aging process of the organism. After two weeks
of polysaccharide intragastric administration, the body weight of
mice in the polysaccharide group was greater than that in the
control group (Figure 3A). Finally, there was a significant increase
in body weight in the 20mg/kg polysaccharide group, and no
difference in food intake was observed between the three groups.
In addition, in the aging process, the activities of liver function

Chemical compositions CVP-AP-1 RT (min)
Man 0.96 20.722
Rha 6.84 30.385
GalA 76.28 38.340
Gal 9.05 51.148
Ara 6.87 54.926
Total carbohydrate (%) 89.91%

Total polyphenol (%)

Total protein (%) 4.51%

0.98%

Auto-Scaled Chromatogram

T
500
Sice Log MW

dw/d(logM)
—— Cumulative %

Isolation, chemical composition, monosaccharide composition and average-molecular weight of CVSS polysaccharides. (A) The elution curve of
CVP-AP on DEAE anion exchange chromatography. A single component is obtained. (B) CVP-AP-| elution profile was obtained after gel filtration
purification. (C) The chemical compositions of CVP-AP-I including monosaccharide composition (mol %), total carbohydrate (%), protein content (%),
polyphenol content (%). (D) The molecular weight determination of CVSS polysaccharide by gel permeation chromatography.
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FIGURE 3

Effects of CVP-AP-I on body weight and serum levels of ALT, AST, pro-inflammatory factors (IL-6, IL-1B, TNF-a), antioxidant enzymes (SOD, CAT,
GPX) and MDA in aging mice. (A) Changes in body weight of mice (Relative to initial body weight; n=10); (B) Quantification shows the serum levels
of ALT and AST in the mice of different groups (n=4); (C) Quantification shows the inflammatory factor IL-1, TNF-a, IL-6 level in the serum from
different groups mice(n=6). (D) Quantification shows the activity of the antioxidant enzymes SOD, CAT and GPX and the level of MDA in the serum
of the mice in the different groups (n=6). All data are represented as means + SD.*p<0.05, **p<0.01, and ***p<0.001 as compared with Control

Group. ##p<0.01 and ###p<0.001 as compared with CVP-AP-I (L) group

indicators ALT and AST will continue to rise with the decline of
liver function (40). We quantified the activities of ALT and AST in
serum, and found that the activities of ALT and AST significantly
decreased in polysaccharide group, especially in CVP-AP-I(H)
group (Figure 3B). In order to further illustrate the effect of CVSS
polysaccharides on aging mice, the serum indicators of
inflammation and oxidative stress were quantitatively analyzed.
Compared with the aging group, the levels of inflammatory
factors IL-13, TNF-o and IL-6 (Figure 3C) and MDA in serum
(Figure 3D), significantly decreased in the polysaccharide treatment
group, while the activities of antioxidant enzymes SOD, CAT and
GPX in serum significantly increased (Figure 3D). Previous studies
on anti-aging drugs mainly focused on their antioxidant activity,
such as astragalus polysaccharide inhibiting D-galactose-induced
oxidative stress in mice by upregulating antioxidant factors (41).
Inflammation induced by oxidative stress is also another
characteristic change of aging. CVSS polysaccharide not only up-
regulated serum levels of antioxidant factors but also down-
regulated levels of inflammatory factors. All these data indicated
that different doses of CVSS polysaccharide interventions in
naturally aging mice exhibited great antioxidant activity and anti-
inflammatory activity, and may had some ameliorative effects on
liver function.
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3.3 CVP-AP-I| attenuates oxidative stress
and inflammation in the gut and liver of
naturally aging mice

Systemic chronic inflammatory responses and oxidative stress
are the main features of aging, with a decline in intestinal digestive
function, which in turn affects the function of other organ tissues
(42). Although, CVP-AP-I could significantly reduce the levels of
serum inflammatory factors and liver function indicators ALT and
AST, and significantly increase the activity of serum antioxidant
enzymes. However, polysaccharides as macromolecules may mainly
relay on its indirect effect to liver and the intestine, as reported by
our group and other researchers (43, 44). Therefore, we further
evaluated the effect of CVP-AP-I on antioxidant and anti-
inflammatory capacity of gut and liver in naturally aging mice.
We observed a decrease trend in the expression of pro-
inflammatory genes (IL-1B, TNF-o. and IL-6) and an increase
trend in the gene expression of antioxidant enzyme (SOD, CAT
and GPX) in the liver, duodenum, jejunum and ileum of aging mice
in the polysaccharide-treated groups (Figures 4A, B). Nrf2, an
important transcription factor that widely exists in various organs
of the body, is considered to be a key transcription factor in
regulating cells against xenobiotics and oxidative damage (45, 46);
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FIGURE 4

Effects of CVP-AP-| on antioxidant and anti-inflammatory capacity of int

estine and liver in naturally aging mice. (A) gRT-PCR results show the

relative expression levels of inflammatory factors IL-1B, TNF-o and IL-6 genes in liver and intestinal tissues (duodenum, jejunum and ileum) of
different groups of mice (n=>5); (B) gRT-PCR results show the relative expression levels of the antioxidant enzymes SOD, CAT and GPX genes in liver

and intestinal tissues (duodenum, jejunum and ileum) of different groups

of mice (n=5); (C) gRT-PCR results show the relative expression levels of

transcription factor Nrf2 gene in liver and intestinal tissues (duodenum, jejunum and ileum) of different groups of mice (n=5); (D) Quantitative results
show the protein expression levels of antioxidant enzymes SOD, CAT, GPX and T-AOC in jejunum and liver of mice in different groups (n=6);

(E) Quantitative results show the protein expression levels of inflammato
groups (n=6); (F) Quantitative results show the protein expression of RO

ry factors IL-1B, TNF and IL-6 in jejunum and liver of mice in different
S and MDA in jejunum and liver of mice in each group (n=6); All data are

represented as means + SD. *p<0.05, **p<0.01, and ***p<0.001 as compared with Control Group. #p<0.05 and ##p<0.01 as compared with

CVP-AP-I (L) group.

and on the other hand, scholars have found that Nrf2 also plays a
key role in inflammatory repair (47, 48). Polysaccharides have been
shown to reduce oxidative stress and inflammatory responses by
activating Nrf2 (49, 50). We found that the relative expression of the
Nrf2 gene was significantly higher in the jejunum and liver of the
CVSS polysaccharide group (Figure 4C), and that the increased
expression of antioxidant enzymes and reduced pro-inflammatory
factors could be associated with the increase in Nrf2. Although there
was a tendency for the polysaccharide-treated groups to alleviate
aging-induced oxidative stress and inflammation in the duodenum
and ileum, the effect was not significant, so we speculated that the
site of utilization of CVSS polysaccharides in the small intestine was
primarily in the jejunum. To further illustrate the anti-

Frontiers in Immunology

inflammatory and antioxidant effects of CVP-AP-I, we then
quantified the protein levels of inflammatory factors and
antioxidant enzymes in jejunum and liver. As shown in
(Figures 4D, E), at the protein level, compared with the control
group, CVP-AP-I significantly increased the activities of
antioxidant enzymes (SOD, CAT, GPX) and T-AOC in jejunum
and liver, and significantly decreased proinflammatory factors (IL-1
B, TNF- o, IL-6) levels, which was consistent with the qRT-PCR
results. Finally, we quantified ROS and MDA protein levels in the
jejunum and liver. Specific increases of ROS level have been
demonstrated as potentially critical for induction and
maintenance of cell senescence process (51, 52). And the MDA
content is an important parameter reflecting the body’s potential
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antioxidant capacity, which can amplify the effect of reactive oxygen
species and can reflect the rate and intensity of lipid peroxidation in
the body, as well as indirectly reflecting the degree of tissue
peroxidative damage (53). Additionally, we found that ROS and
MDA were significantly lower in the jejunum and liver of the
polysaccharide-treated group compared to the control group, and
showed a polysaccharide concentration dependence (Figure 4F).
These data collectively show the benefits of the CVSS
polysaccharide in improving oxidative stress and inflammatory
responses in the gut-liver axis of aging mice.

3.4 CVP-AP-| ameliorates liver and
intestinal tissue defects and repairs
the intestinal immune barrier of
naturally aging mice

Our experimental results show that CVP-AP-I not only alleviates
intestinal inflammation and oxidative stress, but also has a similar effect
on the liver. While the target organ of polysaccharides is the intestine,
the intestinal microbiota, intestinal immune response and intestinal
permeability are also related to the function of polysaccharides (54).
The intestinal tract has been considered an important target organ
mediating the body’s lifespan extension due to its immune and
nutritional intake functions. The decline of digestive and absorption
functions in the elderly is caused by histological degeneration of the
gastrointestinal tract (55), so we speculate that the protective effects of
CVP-AP-I on the gut and liver are mediated through the gut-liver axis.
To confirm this speculation at the histopathological level, we first
performed H.E staining of the liver and intestine. Subsequently, we
found that the livers of aging control mice were structurally
disorganized and showed aging features, with inflammatory necrosis
of hepatocytes, multinucleated cells and mild steatosis. In contrast, the
hepatocytes of the two groups supplemented with CVSS
polysaccharide, especially the high-dose group, were neatly arranged
in a cord-like arrangement with clear hepatic sinusoidal structures
(Figure 5A). In many previous studies, triglyceride (TG) and
cholesterol (TC) metabolism disorders and accumulation have been
reported to be closely related to aging (56, 57). For example, increased
ROS during aging has been reported to play an important role in the
accumulation of cholesterol in the liver by increasing cholesterol and
glucose uptake to increase cholesterol synthesis (58). Given the
previous improvement in hepatocyte steatosis by CVP-AP-I, we
subsequently quantified TG and TC in serum, and found that the
CVP-AP-I(H) group similarly reduced serum levels of TG and TC
(Figure 5E), which was consistent with the results of hepatic H.E
staining. In the intestinal tissues, we noted significant histopathological
structural defects in the duodenum, jejunum and ileum of the control
mice, including fewer and wide villus and reduced number and depth
of crypt. Unsurprisingly, we found that the histopathological structure
of the intestine (duodenum, jejunum and ileum) of mice supplemented
with polysaccharides was more normal, especially in the jejunum of the
CVP-AP-I(H) group (Figures 5B-D, F-H).

The small intestinal epithelium is composed of a single layer of
cells, associated with each other by tight junctions, and a mucus layer
that protects the intestinal epithelial cells surface (59). In
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physiological situations, it carries out the exchange and transfer of
nutrients and acts as a physical barrier, together with intestinal
microorganisms and the host immune system, to maintain intestinal
homeostasis (60). Therefore, tight junctions mediated by the integral
membrane proteins, peripheral membrane proteins and
mucoprotein are essential for the function of the intestinal
epithelial barrier, and their defects lead to impaired intestinal
permeability and possible translocation of toxic compounds or
pathogenic bacteria within the lumen, causing further local or
systemic inflammation and many human diseases (61, 62).
Intestinal barrier function decreases with age (63, 64), with qRT-
PCR results we found that the gene expression of integral membrane
protein (Occludin), peripheral membrane protein (ZO-1), and
mucoprotein (Muc2) were all elevated in the small intestine of
mice in the polysaccharide consumption group (Figure 5I),
indicating that CVP-AP-I had an ameliorative effect on intestinal
permeability in aging mice. Consistent with this, we detected that
CVP-AP-I decreased LPS content in serum and liver (Figure 5]), and
promoted the production of sIgA (Figure 5K), a basic and essential
enteroendocrine immune antibody. These results suggest that CVSS
polysaccharides can improve intestinal and hepatic structural defects
and promote the development of the intestinal mucosal
immune system.

3.5 CVP-AP-I regulates gut-liver axis
through modulating gut microbiota

Intestinal microbial-host interactions are critical in the
development and maintenance of body immunity (65). During
aging, oxidative stress affects the living environment of intestinal
microbes and disrupts the structure and function of intestinal flora,
leading to the dysregulation of intestinal flora, and further exacerbates
oxidative damage and lipid metabolism disorders (66), thereby
aggravating the morbidity and mortality of various chronic diseases.
Accumulated studies show that anti-aging can be achieved by
regulating the structure and composition of intestinal microbiota (67,
68). As CVSS polysaccharides are not directly available to the organism
as macromolecules, we evaluated whether the gut flora was its target
and assessed the composition of the gut flora by sequencing the 16S
rRNA V4 region of the gut bacteria. The previous data showed that the
high-dose polysaccharide administration group had the best anti-aging
effect, so the intestinal flora analysis was conducted only for the control
group and the high-dose group (named CVP group). As shown in
Figure 6A, we first calculated the sample Rarefaction Curves, where the
gradual flattening of the curves indicated a reasonable amount of
sequencing data and indirectly reflected differences in the abundance of
species in different groups respectively (69). Venn diagram analysis
revealed 3825 and 1709 OTUs each in the control and CVP groups,
with their respective unique OTUs numbers being 2538 and 422,
indicating differences in the structure of the gut microflora between the
two groups (Figure 6B). Then, we calculated the Chaol and Shannon
indices (70) to assess the richness and diversity of the gut microbiota,
and found that they both decreased in the CVP group and Chaol
significantly decreased (Figures 6C, D). To determine the differences in
gut microbiota structure between the different groups, Unifrac
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FIGURE 5
Effects of CVP-AP-I on liver and intestinal histology and intestinal immune barrier in naturally aging mice. (A) Representative images of H.E staining
show that CVP-AP-I improves age-induced liver lesions. (“—" Inflammatory cell necrosis of the liver; "—" Multinucleated hepatocytes; “—" Mild
steatosis of hepatocytes); (B-D) Representative images of H.E staining show that CVP-AP-I reverses aging-induced villus and crypt defects in the
ileum, jejunum and duodenum; (E) Quantification shows the levels of TG and TC in the serum of different groups of mice(n=4); (F-H) Quantitative
show of CVP reversal of aging-induced intestinal villus and crypt defects in the ileum, jejunum and duodenum. Error bars indicate Mix to Max (n = 6);
() gRT-PCR results show the expressions of Occludin, ZO-1 and Muc?2 in duodenum, jejunum and ileum of mice from different groups (n=4);
(J) Quantification shows LPS levels in the serum and liver of different groups of mice (n=4); (K) Quantification shows sIgA levels in the jejunum of
different groups of mice (n=6). All data are expressed as mean + SD. *p<0.05, **p<0.01, and ***p<0.001 as compared with Control Group. #p<0.05,
##p<0.01, and ###p<0.001 as compared with CVP-AP-I(L) group.

distance-based Principal Co-ordinate analysis (PCOA) (71), Bray-
Curtis distance-based metric-free multidimensional calibration
method analysis (NMDS) (72) and UPGMA cluster analysis (73)
were performed. We found that the CVP group was completely
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separated from the control group in both the PCoA and NMDS
analyses (Figures 6E, F), and the community composition of the
samples was more similar. Similarly, in the UPGMA cluster tree
analysis, we found that samples from the polysaccharide group
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tended to cluster together, while samples from the control group were
scattered or clustered (Figure 6G).

Furthermore, we studied the taxonomic distribution of abundant
bacteria at three levels: phylum, genus and species. At the phylum level
(Figure 7A), the control group was mainly composed of Bacteroidota
(33.80%), Firmicutes (32.07%), Proteobacteria (18.45%),
unidentified_Bacteria (3.58%) and Actinobacteria (2.86%), while the
CVP group consisted of Bacteroidota (50.25%), Firmicutes (36.64%),
Proteobacteria (4.69%), unidentified_Bacteria (2.11%), and
Actinobacteriota (1.33%). Studies have shown that phylum horizontal
actinomycetes, Proteobacteria and Verrucomicrobia increased
significantly and Firmicutes decreased during aging (74, 75).
However, CVSS polysaccharide could reverse this phenomenon, and
the abundance of Bacteroidetes(p<0.01) and Firmicutes(p>0.05) in our
polysaccharide group increased, while the abundance of Proteobacteria
(p<0.01) and actinomycetes (p>0.05) decreased. We then calculated the
abundance ratio of Firmicutes/Bacteroidetes (Figure 7D), which tended
to increase with age and has been suggested as a possible marker of
senescence (76). The abundance ratio of Firmicutes/Bacteroidetes
significantly decreased in CVP group (p=0.023). The analysis of the
relative abundance of microbes at the genus level is shown in Figure 7B.
Bacteroides (7.63%) was the most enriched genera in Control group,
followed by Staphylococcus (3.96%), Acinetobacter (3.52%),
Lactobacillus (1.97%), Parasutterella (1.90%), Lactobacillus (1.97%)
and Lachnospiraceae_NK4A136_group (1.53%). Dubosiella (6.29%)
and Bacteroides (6.27%) were the most abundant genera in the CVP
group, followed by Candidatus_Bacilloplasma (5.38%),
Lachnospiraceae_NK4A136_group (2.84%), Lactobacillus (2.75%) and
Parasutterella (2.42%). At the species level,we observed higher relative
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“*" stands for the comparation with Control; **p<0.01 by one-way ANOVA.

abundance of Lactobacillus_reuteri and Faecalibaculum_rodentium
and lower relative abundance of Acinetobacter_Ilwoffii,
Cercis_gigantea, and Corynebacterium_glutamicum in the CVP
group compared to the control group (Figure 7C). In addition to
Dubosiella and Candidatus_Bacilloplasma, which increased
significantly in the CVP group at the genus level, there were also
some increases in the abundance of the genera Lactobacillus and
Parasutterella. Of these, Lactobacillus was widely used as one of the
most common probiotics (77). Our results showed that
Lactobacillus_reuteri was the most abundant at the species level in
the genus Lactobacillus, which protected the micro-ecological balance
of the gut by producing reuterin, short-chain fatty acids (SCFA), and
lactic acid (78). In addition, Parasutterella has been shown to be
involved in the maintenance of bile acid homeostasis and cholesterol
metabolism (79). All these data indicate that CVSS polysaccharide can
regulate the composition and structure of intestinal microorganisms.
To identify key phylotypes of the gut microbiota associated with
CVSS polysaccharide function, we used linear discriminant analysis
(LDA) to assess cecum microbes in the control and CVP groups.
Figure 7E shows species with significant differences, indicated by LDA
scores > 4.0, reflecting the degree of impact of species that differed
significantly between the two groups. At the genus level, the CVP group
significantly increased the abundance of Dubosiella and
Candidatus_Bacilloplasma and significantly decreased the abundance
of Staphylococcus and Acinetobacter. Dubosiella is isolated and cultured
from mouse intestinal contents (80) but there are few studies on its
efficacy. It has been reported that Dubosiella significantly improves the
state of dysglycemia and lipid metabolism in mice and prolongs the life
span of nematodes. Surprisingly, in the treatment of high-fat diet-
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induced obesity (81), alcoholic fatty liver (82), and inflammatory bowel
disease (83) with polysaccharides, the abundance of Dubosiella was also
increased, in the same way as our results, and in some cases
predominantly. To further analyse the differences in species
abundance, a heat map was generated using the top twenty bacteria
in abundance at the genus level for species composition analysis. We
found that 19 genera changed in the CVP group compared to the
control group, with a trend towards enrichment in 11 genera and a
decrease in abundance in 8 genera (Figure 7F). Among the genera with
increased abundance, Dubosiella (80, 84), Candidatus_Bacilloplasma
(85), Lachnospiraceae_NK4A136_group (86), Faecalibaculum (87),
Limosilactobacillus (88, 89), Lactobacillus (77) and Parasutterella (79)
were associated with intestinal homeostasis. Some of the genera with
reduced abundance were associated with intestinal inflammation and
oxidative stress, such as Staphylococcus (90, 91), Acinetobacter (92, 93),
Corynebacterium (94, 95). Therefore, CVSS polysaccharide may
regulate the homeostasis of the intestinal flora by increasing the
abundance of potentially beneficial bacteria such as Dubosiella and
Candidatus_Bacilloplasma, as well as common beneficial bacteria such
as Lactobacillus, Lactobacillus_reuteri and Parasutterella, and
decreasing the abundance of harmful bacteria such as Staphylococcus
and Fusobacterium, thereby protecting the normal function of
the intestine.

Finally, we performed a heatmap correlation analysis using the
top ten abundances of intestinal microorganisms at the genus level
with pro-inflammatory factors, antioxidant enzymes, MDA, LPS
and sIgA in serum (Figure 8A), jejunum (Figure 8B) and liver
(Figure 8C). We found that Dubosiella, Candidatus_Bacilloplasma,
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Lachnospiraceae_ NK4A136_group, Lactobacillus, Parasutterella,
and Limosilactobacillus were negatively correlated with the levels
of pro-inflammatory factors (IL-6, IL-1B, TNF-ct), LPS (serum),
and MDA in serum, jejunum, and liver, and positively correlated
with the levels of antioxidant enzymes (CAT, SOD, GPX) and sIgA
(jejunum). Staphylococcus, Acinetobacter, and Ligilactobacillus were
positively correlated with the levels of pro-inflammatory factors
(IL-6, IL-1B, TNF-), LPS (serum), and MDA in serum, jejunum,
and liver, and negatively correlated with the levels of antioxidant
enzymes (CAT, SOD, GPX) and sIgA (jejunum). Seven of the top
ten genera in abundance were significantly correlated with
inflammatory, oxidative, and other factors, which further verified
the above speculated that intestinal flora alleviated oxidative stress
and inflammatory response and delayed aging through the gut-liver
axis. As shown in Figure 9, during the aging process, under the
action of ROS, the intestine and liver were damaged by oxidative
stress, the intestinal barrier was damaged, the intestinal flora was
disturbed, and inflammation was triggered. LPS produced by
Gram-negative bacteria and metabolites produced by other
microorganisms, and inflammatory factors entered the liver
through the intestinal epithelial layer through the portal vein,
aggravating the oxidative stress damage in the liver. By promoting
the expression of transcription factor Nrf2, CVSS polysaccharide
enhanced antioxidant capacity, reduced inflammatory response,
repaired intestinal immune damage and regulated dysbiosis,
thereby improving oxidative stress damage and inflammatory
response in the intestine and liver of naturally aging mice
through the intestine-liver axis. The protective effects on the
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intestine and liver exhibited by the polysaccharide from the stems
and leaves of Chuanminshen violaceum indicated that the
polysaccharides from the stems and leaves had the same good
pharmacological activity as the polysaccharides from the medicinal
parts of the root, suggesting a predictable application in vivo against
oxidative stress-related intestinal and liver diseases. In order to
further develop and utilize the non-medicinal parts of the ground,

more in-depth research is needed.

4 Conclusion

In this study, we used DEAE anion-exchange chromatography and
gel filtration to obtain a homogeneous acidic polysaccharide, CVP-AP-
I, from the stems and leaves of Chuanminshen violaceum. The results of
chemical composition studies showed that CVP-AP-I is mainly
composed of GalA, Gal, Ara, and Rha, and its average molecular

the abovegroud partsof ___,, CVP- m
Chuanminshen violaceum Aty #“

weight is 118.2kDa. Subsequently, different doses of CVP-AP-I were
orally administered to naturally aging mice, and benefits in terms of
oxidative stress and inflammation in the intestine and liver were
reported. CVP-AP-I not only improved intestinal function by down-
regulating ROS levels and pro-inflammatory factor expression, up-
regulating antioxidant enzymes and total antioxidant capacity,
repairing structural damage to intestinal tissues and modulating
intestinal flora structure, but also has the same effect in liver tissue.
These results suggest that CVSS Polysaccharide is an effective
modulator and contributes to the homeostasis of the intestinal
microbiota and its associated intestinal functions. With improved
intestinal flora and intestinal immune barrier, LPS-producing Gram-
negative bacteria such as Acinetobacter decrease, Lactobacillus_reuteri,
Parasutterella, and possibly the potentially beneficial bacterium
Dubosiella increase. CVSS polysaccharide reduces serum and hepatic
LPS levels, thereby improving oxidative stress and inflammatory
responses in the gut and liver through the gut-liver axis.
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Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-COV-2) may cause
infammation and increased cytokine secretion. Dietary factors may play an
important role in enhancing the immune responses against infectious diseases
such as SARS-COV-2. This narrative review aims to determine the effectiveness
of macronutrients and probiotics to improve immunity in SARS-COV-2 patients.
Dietary proteins may boost pulmonary function in SARS-COV-2 patients through
inhibitory effects on the Angiotensin-converting enzyme (ACE) and reduce
Angiotensin (ANG-II). Moreover, omega-3 fatty acids may improve oxygenation,
acidosis, and renal function. Dietary fiber may also produce anti-inflammatory
effects by reducing the level of high-sensitivity C-Reactive Protein (hs-CRP),
Interleukin (IL-6), and Tumor necrosis factor (TNF-a). In addition, some evidence
indicates that probiotics significantly improve oxygen saturation which may
enhance survival rate. In conclusion, the consumption of a healthy diet including
adequate macronutrients and probiotic intake may decrease inflammation and
oxidative stress. Following this dietary practice is likely to strengthen the immune
system and have beneficial effects against SARS-COV-2.

protein, lipid, carbohydrate, probiotic, immune system, SARS-CoV-2

Introduction

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-COV-2) is a viral infectious
disease that in the previous 2 years has caused a worldwide pandemic (1). In December 2019
(Wuhan, China) SARS-COV-2 was first reported and characterized as a pandemic in March
2020 by the World Health Organization (WHO) (2). Millions of people worldwide have been
infected with SARS-COV-2, while over six million people have died from this disease (3). The
symptoms of COVID-19 vary from asymptomatic to mild upper respiratory tract symptoms
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and can progress to pneumonia. Patients with severe pneumonia
rapidly deteriorate over a short period and require advanced medical
support (4-6). SARS-COV-2 colonizes the respiratory tract but can
also invade the gastrointestinal tract, neurological system, kidneys,
and other organs (7, 8). SARS-COV-2 utilizes the host cell membrane
receptor ACE2 to enter the virus into lymphocytes, monocytes,
pulmonary alveoli, and esophageal epithelial cells (9). The cytokine
storm can be induced by increases in the production of
pro-inflammatory cytokines, such as IL-6, IL-1, and TNF-q, in which
a hyperactive immune response is experienced. The effects of this
response include vessel and lung alveoli damage, and systemic organ
failure, such as acute respiratory syndrome (ARDS), which has been
associated with high rates of mortality (10).

Immunity to viruses can be influenced by several factors such as
genetics (11), vaccination history (12), illness, medications, sex (13),
stage of life (e.g., pregnancy, infancy, and old age) (14), and diet (15).
Specifically, an adequate intake of some dietary components is
essential for developing, supplying, and expressing immune responses
(16). A balanced diet of macronutrients (i.e., carbohydrates, protein,
and fats) has anti-inflammatory effects and can affect different stages
of the immune response. Consequently, an unbalanced diet of
macronutrients can affect innate and adaptive immunity, hence
making people more susceptible to infections and severe clinical
conditions (17).

Recent studies reported that critically ill patients with SARS-
COV-2 are at high risk for malnutrition (18). In this context, a recent
study emphasized the supportive role of dietary supplementation in
SARS-COV-2 patients (19). Therefore, following a well-balanced diet
in combination with certain dietary supplements may strengthen and
optimise the function of the immune system (20). Particular types of
supplements shown to have antiviral activities against common
respiratory viruses are probiotics. These dietary supplements can
regulate cytokine secretion and affect the immune response (20, 21).
At present there is limited evidence on macronutrients and probiotics
intake in patients with SARS-COV-2. The aim of this narrative review
was to examine the effects of macronutrients and probiotics on the
immune system in patients with SARS-COV-2.

Protein

Proteins are essential to life because they facilitate biochemical
reactions and enzyme production. They also act as cellular signals in
the form of hormones and cytokines (22). An adequate protein intake
is necessary for antibody production in the body. An adult requires
0.8g of protein per kg of body weight to meet the recommended
dietary allowance (RDA) (23). Key amino acids for stimulating the
immune system include arginine and glutamine (24). Arginine serves
as the vital substrate for synthesizing nitric oxide by macrophages and
endows them with pro-inflammatory and microbicidal properties
(25). As for glutamine, this amino acid is used as an energy source for
the immune cells similar to glucose (26).

The immunomodulatory role of protein in
SARS-COV-2

To defeat the barrier and bind the host cells in the alveoli, SARS-
COV-2 utilizes ACE2 (membrane-bound enzyme localized on type II
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pneumocystis) and cellular serine protease transmembrane protease,
serine 2 (TMPRSS2) to prime and replicate in infected organisms (27).
ACE?2 is expressed in endothelial cells including the heart, kidneys,
and intestines (28). When the SARS-COV-2 has entered ACE2-
positive cells, there is a down-regulation of the enzyme (29). ACE2
usually binds angiotensin II, a molecule recently certified as a critical
player in the conventional renin-angiotensin system (RAS) which
promotes inflammation, oxidative stress, and apoptosis (23, 30). The
pro-inflammatory angiotensin II is converted into the anti-
inflammatory angiotensin 1-7 by binding the enzyme to angiotensin
receptors, which exerts a pro-inflammatory effect (23). Therefore,
higher production of angiotensin 1-7 can protect the endothelial
barriers of the lungs, kidneys, heart, and intestines supporting patients
with viral respiratory tract infections from harmful inflammation
(31). Dietary peptides with inhibitory effects on the angiotensin-
converting-I enzyme (ACE-I) can significantly reduce angiotensin
(ANG-II). Dietary-derived peptides can contribute to the downstream
ANG-II function. The lactoferrin-released tetra-peptide RPYL (62%
of concentration 300 pmol/l) has been found to have inhibitory effects
on ANG-II vasoconstriction (32). Additionally, lysine has been found
to down-regulate the level of ANG-II (33).

Asymptomatic and mild SARS-COV-2 patients treated with
lactoferrin (a milk-derived 80-kDa glycoprotein) had faster clinical
recovery compared to untreated patients (34). Therefore, lactoferrin
(Lf) may be a safe treatment combined with other therapies for
COVID-19 patients. A retrospective study focused on the antiviral
activity of Lf found that SARS-CoV-2 RNA was negativized faster in
Lf treated versus untreated patients (35).

Evidence from previous review studies indicates that a diet that
positively impacts immune function contains adequate amounts of
protein, particularly glutamine, arginine, and branched-chain amino
acids (BCAAs) (36, 37). Dietary intake of anserine, carnosine, and
4-hydroxyproline has been shown to improve the body’s
immunological defenses against bacteria, fungi, parasites, and viruses
(38). Soy protein enhances cellular immunity through a reduction in
TNEF-a concentrations (39). However, primary sources of amino acids
include fish, meat, and poultry. Therefore ensuring that the intake of
peptides is optimised may improve respiratory function, symptoms,
and fatigue in SARS-COV-2 patients (40). Support for this
recommendation is shown by impaired immunity with protein-
deficient diets, which would increase the risk of COVID-19 infection
(26) (Figure 1).

Patients with SARS-COV-2 receiving enteral nutrition for >7 days
where consistent levels of adequate protein and energy are received
have a lower death rate compared to patients with suboptimal protein
intake (32). Additionally, patients who died of SARS-COV-2 in the
hospital were found to have a lower protein and energy intake
compared to patients that survived (41). It could be postulated that the
intake of protein and energy in critical status patients with SARS-
COV-2 hospitalized in ICU are suboptimal. Therefore, it would
be prudent that patients with SARS-COV-2 consumed higher protein
and energy intake in the early acute phase increasing their chances of
survival and lowering the risk of in-hospital mortality.

Lipid

Dietary intake of fatty acids positively influences the immune
response. The two essential fatty acids include omega-3 and omega-6
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The immunomodulatory role of protein in SARS-COV-2.

fatty acids. Additionally, long-chain polyunsaturated fatty acids
(PUFA) need to be obtained from foods in the diet since they cannot
be synthesized by the human body (42). The omega-3 fatty acids
essentially comprise of a-linolenic acid (ALA) from plant sources and
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) from
fish and seafood sources (43). Anti-inflammatory responses in the
body have been shown with the consumption of omega-3 fatty acids
(44). In contrast, omega-6 fats mainly provide energy to the body, but
the population should ideally receive more omega-3 fats (45). The
ratio of omega-6 and omega-3 fatty acids in diets should be between
1:1-4:1.

The immunomodulatory role of lipids in
SARS-COV-2

EPA and arachidonic acid (ARA) compete with the lipoxygenase
and cyclooxygenase enzymes to synthesize eicosanoids [prostaglandins
(PG), thromboxane (TXA), leukotrienes (LT), hydroxylated fatty
acids, and lipoxins] and lipid mediators. ARA is a precursor for
pro-inflammatory eicosanoids that are both immunosuppressive and
thrombotic (46). EPA converts eicosanoids to antithrombotics.
EPA-derived LTB5 has a less chemotactic effect on neutrophils than
ARA-derived LTB4. Therefore, EPA has a lower pro-inflammatory
response than ARA. LTB4 is a critical pro-inflammatory mediator in
cell proliferation and immune response (16).

Omega-3 fatty acids alter the phospholipid bilayer of the cell
membrane, thus preventing viral entry. EPA gets incorporated into the
plasma membrane and affects the clumping of toll-like receptors. This
results in inhibiting signals that activate NF-kB, producing fewer
pro-inflammatory mediators, and finally, reducing complications of
SARS-COV-2 infection (33, 38). Another mechanism by which
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Omega-3 fatty acids reduce inflammation levels is via the inhibition
of leukocyte chemotaxis, expression of adhesion molecules, and
interaction between leukocytes and endothelial (26, 40). They also
have antiviral effects through the inhibition of influenza virus
replication. Furthermore, the use of omega-3 fatty acids is shown to
improve oxygenation in SARS-COV-2 patients (47). Consistent with
this finding is evidence that omega-3 fatty acids via parenteral and
enteral means could improve oxygenation in SARS-COV-2 patients,
although currently, the evidence is insufficient (48).

Supplementing with omega-3 fatty acids might be beneficial in
managing inflammation-mediated clinical symptoms in SARS-COV-2
patients (49). Omega-3 fatty acids are precursors of specialized
pro-resolution mediators (SPMs) that present long-lasting analgesic
and anti-inflammatory effects (50). As such, omega-3 fatty acids are
used for the clinical management of patients with SARS-COV-2.
Resolvins, protecting, and maresins of omega-3 fatty acids can
inactivate polymorphonuclear leukocytes and stimulate the movement
of non-inflammation leukocytes, thereby eliminating programmed
cell death (32). Omega-3 supplementation was found to have
promising effects on acidosis and renal function, possibly improving
clinical outcomes in SARS-COV-2 patients (51). a systematic review
and meta-analysis of randomized controlled trials on the effect of
Omega-3 fatty acids supplementation in patients with SARS-COV-2
have reported that Omega-3 supplementations have been associated
with alleviating the inflammatory response by the CRP level
reduction (52).

A study found that omega-3 fatty acids from marine food were
correlated with lower SARS-COV-2 mortality rates. Omega-3 fatty
acids could reduce SARS-COV-2 medical complications by limiting
the entry of the virus into human cells via a mechanism that involves
fatty acids binding to viral spike proteins (53). Hathaway et al.
proposed that omega-3 fatty acids supplementation might inhibit
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entry of the virus through changes to the lipid composition in a cell’s
bilipid membrane. Moreover, the omega-3 fatty acids role is critical in
mediating inflammatory processes and producing a modulation effect
on innate and acquired immune responses (54) (Figure 2).

Caution has been warranted with the use of omega-3 fatty acids
in SARS-COV-2 patients. This is due to evidence of a counter-intuitive
increase in oxidative stress and inflammation because of a higher
susceptibility to damage to cell membranes (55). However, the
correlation between omega-3 fatty acids and recovery in SARS-COV-2
patients is still controversial.

Carbohydrates

Carbohydrates are mostly found in plants and used to support
parts (fiber) of the plant, for plant growth, while the remaining part is
for food storage (i.e., starch or sugar). Rich food sources of
carbohydrates include bread, grains, vegetables, fruits, and legumes
(56, 57). Carbohydrates intake should comprise 45 to 65% of total
daily calories (58). Furthermore, the recommended daily fiber intake
for males and females is 25g and 38 g, respectively. A recent review
study reported that the consumption of dietary fiber has anti-
inflammatory effects by producing short-chain fatty acids, mucosa
protection, and lower glycemic index (36). Diets with a high glycemic
index produce inflammatory cytokines, TNF-a, IL-6, and C-reactive
protein. Dietary fibers reduce inflammation, hs-CRP, IL-6, and
TNF-a. Production of short-chain fatty acids occurs through the
fermentation of carbohydrates in the gut and causes anti-inflammatory
effects with up-regulated IL-10 production in monocytes (36, 57)
(Figure 3). The effect of dietary fiber and prebiotic oligosaccharides is
greater and typically promotes the growth of lactobacilli and
bifidobacteria which benefits immunity (57). There is no evidence
suggesting that carbohydrates influence SARS-COV-2 prevention and
improvement (59).

10.3389/fnut.2023.1161894

Probiotics

The human body hosts many bacteria and organisms that colonize
the skin, mouth, and gut. When there is a community of organisms
within a particular location is referred to as the microbiota. The colon
is the site of the most significant number and variety of bacterial
species (60, 61). The usual diet strongly affects the intestinal
microbiota. Probiotics including lactobacillus and bifidobacterium are
live microorganisms with long-term effects as part of a typical diet
through fermented foods. These foods include traditionally cultured
dairy products, some fermented products (dairy and non-dairy), or
supplements for their beneficial effects on gut microorganisms (62).
Furthermore, both aging and health significantly affect the microbiota
composition. An abnormal intestine microbiota, called dysbiosis, is
commonly seen in obesity and adults with various human diseases
(63). Probiotics have been investigated to prevent and treat various
diseases (64). It has been suggested that probiotics are beneficial for
human health through their effects on strengthening the immune
system (40).

The immunomodulatory role of probiotics
in SARS-COV-2

Beneficial effects from probiotics are likely the result of immune
regulation, and controlling proinflammatory and anti-inflammatory
cytokines (65). Studies have reported that microbiota improves
resistance to viruses or pathogenic attacks of respiratory mucosa (66,
67). The results of the network and meta-analysis study showed that
probiotics have therapeutic effects through many procedures such as:
limiting virus entry via ACE2 receptor, mitigating the adverse effects
of dysregulated RAS system, improving the systemic immune
response, mediating Toll-like receptors (TLRs) innate immune
response, improving cardiovascular complications, and reducing
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The immunomodulatory role of carbohydrates in SARS-COV-2.

nitric oxide (NO) production, hypertension, and oxidative stress (68).
Furthermore, another meta-analysis reported a positive correlation
between probiotics intake and a reduction in COVID symptoms,
especially cough, headaches, and diarrhea (69). Some specific
mechanisms that explain the health benefits of probiotics include the
activation of the immune reaction by interleukins and natural killer
cells. Additionally, probiotics with macrophages lead to the formation
of IL-12 which activates the generation of interferon-y, considered a
principal antiviral cytokine (70).

Probiotics enhance mucosal protection via increasing IgA
production and the differentiation of CD8" T cells into cytotoxic
T-cells as well as CD4* T cells into Th1 and Th2 cells (71). Different
trials have demonstrated that probiotics exert positive effects on the
gut and lungs through increases of regulatory T cells, improving anti-
viral defense, and reducing pro-inflammatory cytokines during
systemic and respiratory infections. Immunomodulatory benefits are
crucial for SARS-CoV-2 patients or people at risk of contracting
SARS-CoV-2 (72). This effect is likely the result of the gut-lung axis,
which can form immune responses and disrupt respiratory diseases
(73). The probiotics also affect the junction’s integrity and maintenance
of the respiratory and gastrointestinal tract epithelium enterocytes,
hence limiting the risk of SARS-CoV-2 entry (74). Furthermore,
several probiotics especially lactic acid bacteria (LAB) produce
peptides with an ACE inhibitory effect, which binds to the site of
SARS-CoV-2.

A cross-sectional study on COVID-19 patients, influenza patients,
and healthy controls (HC) examining gut microbiota reported that
COVID-19 patients had lower gut microbiota diversity compared to
HC, which was related to respiratory viral infectious diseases.
Moreover, disease-specific shifts in microbiota composition were
found between COVID-19 patients and HC (75). The studies on
SARS-CoV-2 found significantly decreased gut bacterial diversity
compared to HC, while it was increased in numerous bacterial species,
such as Collinsella aerofaciens, Morganella morganii, and Streptococcus
infantis (76, 77).
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Several randomized controlled trials are underway investigating
the effect of probiotic strains on SARS-CoV-2 severity, which may
directly affect patients (78, 79). A study comparing probiotic-enriched
formulas with placebo formula in adult symptomatic Covid19
outpatients reported that the probiotic-enriched formulas reduced
symptom duration, viral load, and lung infiltrates while increasing
SARS-CoV2-specific IgM and IgG in Covid19 outpatients (80). In a
randomized trial, adults with symptomatic SARS-CoV-2 outpatients’
consumed probiotic formula (strains Lactiplantibacillus Plantarum
KABP022, KABP023, and KAPBO033, plus strain Pediococcus
acidilactici KABP021, totaling 2 x 10° colony-forming units (CFU)) or
placebo for 30days. The results showed a reduction in symptom
duration, viral load, and lung infiltrate while increasing SARS-CoV-2
specific IgM and IgG (81).

A randomized controlled clinical trial was conducted with eighty
SARS-CoV-2 patients in stages III. The control group received a
hospital diet and medical treatment. The intervention group received
a hospital diet, medical treatment, and the NSS (vitamins, minerals,
fiber, omega-3, amino acids, B-complex, and probiotics). In the
intervention group, a significant increase in survival and a decrease in
mortality were observed compared to the control group (82)
(Figure 4).

The authors of this study assumed that this probiotic might
primarily help the gut-lung axis (GLA) by interfering with the host’s
immune system. However, with the lack of evidence that probiotics
affect fecal microbiota, it seems that this hypothesis cannot
be confirmed. More studies are needed to confirm this hypothesis.

Conclusion

The adequacy of globally considered macronutrients and
microbiota is always fundamental for health in general and the ability
of the immune system to respond adequately, not only to SARS-
CoV-2, but to any other aggression by microorganisms. This article
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highlights the influential role of macronutrients and probiotics against
SARS-CoV-2. Boosted immunity properties of macronutrients have
opened a new window for their potential use for SARS-CoV-2
treatment and prognosis. Immunomodulatory agents, including
macronutrients and probiotics, are among the current therapies
applied in clinical settings for SARS-CoV-2. There is evidence that a
diet high in protein and amino acids facilitates antibody production
(83). Furthermore, a healthy balanced diet enriched in proteins,
dietary fiber, and omega-3 fatty acids is highly reccommended during
the pandemic. Malnutrition, such as macronutrient deficiencies, is
common in vulnerable groups, especially in elderly patients with
multiple comorbidities and also in those groups of subjects who
voluntarily submit to specific nutritional indications (for example
vegan diets, ketogenic diets, vegetarian diets, food exclusion diets,
etc...), or in patients affected by particular pathologies (anorexia,
celiac disease, bulimia, etc...). As a result of the comorbidities and
associated drugs, this may lead to tissues depleted of valuable
nutrients, increase urinary excretion, or reduce nutrient absorption
(37). These conditions conflict with an upcoming cytokine storm.
Currently, no definitive recommendations for macronutrient and
micronutrient supplementation in patients with SARS-CoV-2 exist.
However, it is advised that SARS-CoV-2 patients be monitored to
assess risk factors for nutrient depletion, i.e., inadequate intake and
nutrient-depleting drugs. Education would also be imperative
concerning depletion symptoms for laboratory monitoring
of nutrients.

With numerous research groups currently involved in developing
vaccines, and novel therapeutics against SARS-CoV-2, a healthy diet,
balanced macronutrient status, and probiotics that reduce
inflammation and oxidative stress may be an important strategy for
managing SARS-CoV-2. This review highlights the role of
macronutrients and probiotics in reducing inflammation, cytokine
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storm, and strengthening the immune system in SARS-CoV-2 patients
(Supplementary Table S1).
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Purpose: The gastrointestinal (GI) microbiotais a complex and dynamic ecosystem
whose composition and function are influenced by many internal and external
factors. Overall, the individual Gl microbiota composition appears to be rather
stable but can be influenced by extreme shifts in environmental exposures. To
date, there is no systematic literature review that examines the effects of extreme
environmental conditions, such as strict isolation and confinement, on the Gl
microbiota.

Methods: We conducted a systematic review to examine the effects of isolated
and confined environments on the human Gl microbiota. The literature search
was conducted according to PRISMA criteria using PubMed, Web of Science
and Cochrane Library. Relevant studies were identified based on exposure to
isolated and confined environments, generally being also antigen-limited, for a
minimum of 28 days and classified according to the microbiota analysis method
(cultivation- or molecular based approaches) and the isolation habitat (space,
space- or microgravity simulation such as MARS-500 or natural isolation such
as Antarctica). Microbial shifts in abundance, alpha diversity and community
structure in response to isolation were assessed.

Results: Regardless of the study habitat, inconsistent shifts in abundance of
40 different genera, mainly in the phylum Bacillota (formerly Firmicutes) were
reported. Overall, the heterogeneity of studies was high. Reducing heterogeneity
was neither possible by differentiating the microbiota analysis methods nor by
subgrouping according to the isolation habitat. Alpha diversity evolved non-
specifically, whereas the microbial community structure remained dissimilar
despite partial convergence. The Gl ecosystem returned to baseline levels
following exposure, showing resilience irrespective of the experiment length.

Conclusion: An isolated and confined environment has a considerable impact
on the Gl microbiota composition in terms of diversity and relative abundances
of dominant taxa. However, due to a limited number of studies with rather small
sample sizes, it is important to approach an in-depth conclusion with caution,
and results should be considered as a preliminary trend. The risk of dysbiosis
and associated diseases should be considered when planning future projects in
extreme environments.

Systematic review registration: https://www.crd.york.ac.uk/prospero/, identifier
CRD42022357589.
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1. Introduction

The indigenous microbiota of the human is known to be closely
with the
gastrointestinal (GI) microbiota in particular playing a prominent role

associated with various physiological functions,
in the protection against infection (1, 2), in the digestion of food (3),
or in the production of neurotransmitters (4). There is also evidence
that intestinal microbes affect energy metabolism (5), intestinal
epithelial proliferation (6) and immune response in the host (1). As a
consequence, there is increasing evidence of a link between GI
dysbiosis and the development of metabolic (obesity), infectious and
immune-mediated diseases (allergies, inflammatory bowel
diseases) (7).

There are significant interindividual variations in GI microbiota
composition, with each individual harboring a unique combination of
microbial species (8, 9). The microbiota richness, diversity and
community structure are quantified using various ecological measures
and indices. Alpha diversity refers to both the number of different
species and their distribution (evenness) within a given microbial
habitat, and is therefore divided into richness and biodiversity (10).
Beta-diversity compares the structure of microbial communities and
is determined by the degree of similarity/dissimilarity between
communities within different microbial habitats (11).

Generally, the microbiota composition is dependent of
environment and food intake in early childhood but is considered to
be rather stable in adulthood (12, 13). However, extreme hin diet (14,
15), bariatric surgery (16, 17), the use of medications (especially
antibiotics) (18-20) and high hygiene (21) can significantly affect the
composition and the function of the indigenous microbiome, and
could contribute considerably to a dysbiosis between beneficial and
potentially harmful bacteria. Besides environmental factors, genetic
background (22, 23) and local immunity (24) also have an important
impact on the composition of the microbial community; however,
studies suggest that external factors may have a greater impact on
dysbiosis than genetic factors (22, 25).

Current literature supports changes in intestinal microbiota due
to extreme environmental conditions such as extreme temperatures
(26, 27), high altitudes (28-30) or radiation (31-33). Studies in mice
have demonstrated that the gut microbiota changes significantly
during both real spaceflights and simulated microgravity (34, 35).
Additional changes in the microbiota occurred during a real
spaceflight that were beyond those observed in ground-controlled
animals. This suggests that the space experience has unique features
that cause changes in the microbiome (36, 37).

If environmental bacterial load influences the gut microbiota, what
happens in case of poor bacterial diversity exposure? The effects of
antigen-limited or poor environments on the human gut microbiota
have to date received rather little attention. There is evidence that
spaceflights can cause dysbiosis in humans, with a reduction in
symbiotic microbes and a rise in opportunistic pathogens, affecting
both microbial diversity and community structure significantly (25,
37). Several space mission experiments have detected changes in GI
bacterial species composition and function (25, 38-40), bacterial gene
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expression and protein regulation (41) suggesting a potential host-
microbial interaction that may contribute to a decline in protein
metabolism in the host (35) during spaceflight and after its completion,
but results remain conflicting (42). Another long-term spaceflight
found neither a reduction in richness nor a change in community
structure in the in-flight samples compared to the pre-flight and post-
flight samples. The highly variable core microbiome is expected to
be present in both spaceflight astronauts and ground-based controls
with fecal microbial communities differing significantly between
spaceflight astronauts and ground-based controls and remaining
distinct over the time (25). Along with the host immune system, the
core microbiome is thought to be pivotal in the maintenance of human
health even during and after spaceflights (39).

Terrestrial ways to limit antigen exposure include exposure to
environmental conditions that are highly challenging for humans,
such as in Antarctica, or in specialized facilities known as space
simulation units. These units simulate the conditions of spaceflights,
including weightlessness, increased radiation, and other factors. The
stay of a healthy subject in an environment with altered parameters is
accompanied by dysbiotic changes resulting in a decrease in
colonization resistance of the intestine and integumentary tissues (43).
Within the MARS-500 experiment (44), stool samples were collected
and analyzed during a long-term stay (520 days) in a facility simulating
spaceflight. Data showed significant changes in the taxonomic
composition during the initial stages of the experiment, but the basic
composition of the intestinal ecosystem remained unchanged in all 5
individuals without changes in the enterotypes of individual
taxonomic groups. After the confinement the taxa tended to reverse
to their original state. By clustering the gut microbiota of subjects into
two enterotypes, Chen et al. (45) suggested that the composition of the
gut microbiota is a crucial factor in the adaptability of individuals to
antigen-limited environment exposure, as subjects showed either no
significant differences in health indicators before and after
confinement or experienced several health problems after
confinement, such as increased uric acid, anxiety, and constipation,
and lack of sleep. Similarly, another simulation experiment (46)
reported mixed results: The data showed increased abundances of the
genera Roseburia, Prevotella, Lachnospira, and Phascolarctobacterium,
while abundances of the genera Faecalibacterium, Parabacteroides,
Bacteroides, Bifidobacterium, and Anaerostipes dropped. However, it
remains unclear whether these effects result from exposure to an
antigen-limited or antigen-poor environment or from microgravity,
which has already been linked to changes in virulence factors,
bacterial stress responses and biofilm formation (47).

Although there have been various studies on the changes or stability
of microbiota in response to antigen-limited or poor environments, the
underlying mechanisms behind these observations are not yet fully
understood and remain an active area of scientific inquiry. Effect of
exposure is time dependent and long-term experiments on a sufficient
number of volunteers are rare. A systematic investigation of the impact
of a long-term residence (>28 days) in such an environment on the
composition, diversity and stability of the GI microbiota has not yet
been conducted. Therefore, we aim to fill this gap in knowledge through
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a comprehensive review of the available literature and a systematic
search for relevant studies. We ask for two questions:

1. What is the effect of long-term residence (>28 days) in an
antigen-limited or poor environment on the relative
abundances of key bacterial taxa, and what happens to GI
microbiota in terms of richness and biodiversity (alpha
diversity) and community structure?

2. How reversible are the isolation-induced effects on the relative
abundances, alpha diversity and community structure after the
exposure to an antigen-limited or poor environment?

2. Materials and methods

2.1. Literature information sources and
search strategy

This review was developed and executed according to the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines (48). To identify all relevant studies examining
the effect of isolation and confinement on the human gut microbiota
the databases PubMed, Web of Science, Cochrane Library (Wiley) and
EBM-Reviews (Ovid) Cochrane Library were searched on September
27 2022. The protocol of this systematic review is registered on the
PROSPERO platform with the registration number CRD42022357589.
The full search strategy was conducted in assistance with a specialized
librarian and is documented in the supporting information
(Supplementary Text S1). It consists of three models: isolation
condition, human gut microbiota and exclusion of animals. For the
search, a very specific search term was chosen to represent the
isolation conditions as best as possible. Broader search terms were also
tested, but not all relevant studies were found.

2.2. Eligibility criteria

Inclusion criteria were established based on the five PICOS
dimensions, i.e., participants, interventions, comparator, outcome and
study design (49).

Participants: Healthy adults, regardless of sex, age, or weight
status, who had been under isolation conditions for at least 28 days
were included.

Intervention: Isolation in an environment with constant / reduced
antigen exposure. Such isolation conditions are found (a) in space
missions; (b) in isolation simulations, such as MARS-500, SIRIUS and
Lunar Palace-1 or in bed-rest studies; (c) in extreme environmental
conditions, such as in Antarctica, Arctic and Siberia. The intake of
probiotics was allowed. Studies that focused on the use of antibiotics
for preventing infectious and inflammatory diseases in humans
were excluded.

Comparator: Studies with or without control groups met
eligibility criteria.

Outcome: Assessment of the microbiota of the human GI tract.

Study design: Randomized controlled trials or non-randomized
controlled trials with any publication date and written in English,
German and Russian. Only original articles were included.
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2.3. Study selection and organization

To identify eligible studies, the search results of the databases were
combined, and the duplicates were removed. Two authors (BK and
CS) independently screened titles and abstracts to identify relevant
trials. Full-text articles were evaluated regarding their eligibility (BK,
CS), with uncertainties being discussed between the authors (<3%
cases). A third author (IM) was involved if the discrepancy persisted.

Throughout the decades, the methods of microbial analysis changed
from cultivation and cell counting to molecular-based approaches like
next-generation sequencing, micro-arrays or quantitative polymerase
chain reaction. Due to the huge diversity between the method
procedures and the associated heterogeneity of the outcomes, the results
were assessed separately from each other. The studies were classified
into two groups according to microbiota analysis method:

Group 1-Cultivation-based approaches for microbiota analysis.

Group 2-Molecular-based approaches for microbiota analysis.

Additionally, subgroups were created to provide a more
homogenous summary of findings.

Subgroup 1-Isolation caused by space missions.

Subgroup 2-Isolation caused by spaceflight- or gravity simulators,
e.g., MARS-500, bioregenerative life support systems (BLSS) or bed
rest-studies.

Subgroup 3-Isolation in a natural, earth-bound habitat, e.g.,
Antarctica.

Certain experiments may have resulted in multiple publications
concerning the GI microbiota. As the outcomes may differ in detail and
description, all publications are listed in the tables. However, a summary
of these studies is provided in the text and data evaluation sections.

2.4. Data items and statistics

The following information was extracted from each included
article for groups 1 and 2: study characteristics, conditions of isolation,
methods of GI microbiota analysis and outcomes. Each study’s
characteristics are reported using the original data and summarized in
tabular form. Characteristics across the studies are presented as mean,
minimum and maximum for sample size, age, body mass index (BMI)
and study length.

Primary outcomes concerning the GI microbiota were alpha
diversity (richness and biodiversity), community structure/beta
diversity and significant shifts in the abundance of individual
microbial taxa (according to the current version of the International
Code of Nomenclature of Prokaryotes (50)). Significant differences for
alpha diversity, community structure, and taxonomy abundances at
both phylum and genus level were summarized for isolation/
in-mission and post-isolation/post-mission. We also described
conclusions on a pre/post comparison if this was possible. For the
microbial abundance outcomes in studies using molecular based
methods which were not specifically referred to in text, no effect was
presumed and written as unchanged (). If data was only presented
graphically, the abundance shifts were extracted as best as conceivable.
The graphical representation of relative abundance shifts was limited
to the phylum level to avoid over- or underreporting of data.
Non-isolated control subjects were not considered in further analysis.
The data were analyzed separately for groups and subgroups. Finally,
data was summarized across the habitats. Secondary outcomes
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FIGURE 1
PRISMA flow chart for study inclusion.

including anthropometric, clinical, behavioral, psychological changes
were also retrieved.

2.5. Risk of bias

For the included studies, a risk of bias assessment was performed
using Risk of Bias In Non-randomized Studies of Interventions
(ROBINS-I) tool (51). As only non-randomized isolation interventions
were included in this systematic review, we chose the Cochrane tool as
this tool views each study as an attempt to emulate a hypothetical
pragmatic randomized trial and covers seven distinct domains through
which bias might be introduced. In the first two domains, issues related
to confounding and selection of participants are addressed before the
interventions to be compared (“baseline”), while the third domain
discusses intervention classification. In the remaining four domains,
the following issues are addressed after the start of interventions: biases
due to deviations from intended interventions, missing data,
measurement of outcomes, and selection of the reported result.

The rating ranged between “Low risk;,” “Moderate risk,” “Serious
risk” and “Critical risk” of bias. The authors declare that “Low risk”
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corresponds to the risk of bias in a high-quality trial, however, due to the
limited number of studies found, no study was excluded for risk of bias.

3. Results

The literature search process for identification of eligible studies
is shown in Figure 1. Out of 218 identified studies, 19 studies remained
for qualitative analysis. Six articles were categorized in group 1
(cultivation-based approaches for microbiota analysis) and 13 articles
in group 2 (molecular-based approaches for microbiota analysis).

3.1. Summary of the study characteristics

A detailed overview of the characteristics for the single trials is
presented in Table 1 for cultivation methods and Table 2 for molecular-
based approaches. The characteristics across the studies are
summarized in the text.

The 19 included studies ranged from 1964 to 2021 and data was
mainly published by Asian researchers (n=15), otherwise from
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TABLE 1 Characteristics of studies using cultivation methods, characteristics are split according to corresponding isolation habitats.

Study = Author - n Length = Sample size Age Sex, Pre-BMI = Sampling - Data Additional
Origin | Isolation S o 2 . Cultured microbes - :
ID (year) (days) (participants) (years) % f (kg/m?) time derivation intake
Subgroup 1: Isolation caused by space missions
Ligk . Salute 4' Sojus 17 30 2 43 Staphylococcus, Streptococcus, Proteus, E. coli, No
izko et al.
1 USSR 0 N.R. Pr/Du/Po Lactobacillus, Bacteroids, Bifidobacteria, Text N.R. Yes (not further
62) Salute 4' Sojus 18 63 2 32,40 Spore_forming bacteri
pore-forming bacteria, Yeast described)
Subgroup 2: Isolation caused by spaceflight- or gravity simulators
Chen et al. Controlled, but
2 CHN 6 ° HDBR? 45 7 26.13+4.05 0 21.7 Pr/Du/Po N.R. Text N.R.
(53) no special diet
Coliforms, Proteus, Salmonellae,
Compressed
Cordaro Staphylococci, Enterococci, Streptococcus
3 USA Oxygen chamber® 56 4 27-29 0 239 Pr/Du/Po Graphic freeze-dried N.R
etal. (54) salivarius, Yeasts, Diphtheroids, Bacteroids, b
cubes
Clostridia, Lactobacilli
Space-type
Staphylococci, Streptococci, Lactobacilii, freeze
Gall and Experimental Haemophilus, Neisseria, Enterobacteriaceae, dehydrated diet
4 USA 45 4 21-34 0 N.R. Du Text N.R
Riely (55) activity facility Shigella, Salmonella, E. coli, Klebsiella, Yeast, (60 foods) and
Proteus, Pseudomonas equivalent fresh
food
Rerberg
5 SIB BIOS-3* 120-180 4 N.R. N.R. N.R. Du N.R. Text N.R. N.R.
etal. (56)
Bifidobacteria, Lactobacilli, E. coli, Common mixed
Shilov et al. Hermetic
6 7 RUS hamb, 365 3 N.R. N.R. N.R. Pr/Du/Po Streptococci, Clostridia, Staphylococci, Yeast, | Text + graphic diet from N.R.
o Cchamber
' Protea natural products

“Isolation”: Isolated and confined extreme environments. “Length”: length of the isolation intervention, no pre/post surveys are considered. The sampling times are either before the start of the intervention (“Pre”), during the isolation itself (“During”), after the isolation

(“Post”), or a combination of more than one of these times. “Additional intake”: intake of pro/pre/antibiotics during the isolation period.

'A Soviet space station. *Gravity simulation. *Oxygen chamber has an oxygen content of 70%, a helium content of 30%. ‘Experimental project of a closed ecosystem. 6°HDBR, —6° head-down bed rest; CHN, China; Du, During; f, female; N.R., not reported; Po, Post; Pr,

Pre; RUS, Russia; SIB, Siberia; USA, United States of America; USSR, Union of Soviet Socialist Republics; BMI, Body Mass Index.
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TABLE 2 Study characteristics of studies using molecular-based approaches, characteristics are split according to corresponding isolation habitats.

Study Author
ID (Year)

Length Sample Age @ Sex, Sampling Microbiota @ Data

(days) Size (years) % f. point Al 2 e classification = derivation feliterel g

Origin | Isolation

Subgroup 1: Isolation caused by space missions

Garret-Bakelman

1 LC9) USA Spaceflight 340 1 50 0 N.R. Pr/Du/Po WMGS (Illumina) N.R. Text + graphic Restricted diet N.R.
etal. (25
2 Liu et al. (40) CHN Spaceflight 35 2 N.R. N.R. N.R. Pr/Po WMGS (Illumina) N.R. Text + graphic Similar with ground life N.R.
16S rRNA gene (V4
Voorhies et al. RUS/
3 67 Us Spaceflight 180-360 5 N.R. N.R. N.R. Pr/Du/Po hypervariable region) OTUs Text + graphic | N.R. none
37
(Illumina)

Subgroup 2: Isolation caused by spaceflight- or gravity simulators

Brereton et al. Streptococcus thermophilus
4 - 29-40 Du 168 rRNA gene (V3-V4 ESVs Text + graphic i
G8) 25.5(23.0~ . . Tinned foods similar to via yoghurt
520 6 0 hypervariable region)
31.8 31.3) ) those used in ISS, by RUS/
5 Turroni et al. (59) Pr/Du/Po (MMumina) OTUs Text N.R.
RUS Mars-500'-unit (27-38) EUR/KOR/CHN firms,
168 rRNA gene (V3-V5 15.1% protein, 33.4% fat,
Mardanov et al. d51.2% CH Enterococcus faecium,
6 510 5 28-38 N.R. N.R. Pr/Du/Po hypervariable region) N.R. Text + graphic and >1.
(44) Eubikor, Vitaflor
(Pyrosequencing)
21.3%3 165 rRNA gene (V3-V4
7 Hao etal. (60) Lunar Palace 1 8 Text Predesigned high-plant and
CHN 79-105 3 27-32 66.6 (19-24) Pr/Du/Po hypervariable region) OTUs N.R.
(BLSS) . high-fibre diet
8 Lietal. (46) N.R. (Mlumina) Graphic
Lunar Palace 1 NASA astronauts’ dietary
9 Mengetal. (61) CHN 63 4 26 50 N.R. Du WMGS (Illumina) N.R. Text N.R.
(BLSS) standards
WMGS (BGI-SEQ500
10 Chen etal. (62) CHN BLSS 60 4 23-27 50 18.5-22.9 Pr/Du/Po Jatform) N.R. Text 1 CH, | fat N.R.
plattorm,

in accordance with customs
16S rRNA gene (V3-V4
of Chinese population, 3

11 Dong et al. (63) CHN CELSS 180 4 26-36 25 18.6-24.6 | Pr/Du hypervariable region) OTUs Text + graphic NR.
meals/d, main composition:
(Illumina)
CH, protein, fat, fiber

Subgroup 3: Isolation in a natural, earth-bound habitat

16S rDNA (T-RFLP,
12 Jinetal. (64) JPN Antartica 60 6 37-55 0 N.R. Pr/Du/Po PCR) OTUs Text N.R. N.R.
rt

Lactobacillus casei Zhang,

Controlled, similar diet, Lactobacillus plantarumpP-8,
42 Buffet style, min. 2 staple Lactobacillus rhamnosus M9,
5 + : .
13 Zhang et al. (65) CHN Sea voyage 30 25+4.2 0 223+2.7 Du WMGS (Illumina) N.R. Graphic foods/d. 5 entrées/d, 2.3 Bifidobacterium lactis V9,
fruit/d Bifidobacterium lactis M8
40 no

“Isolation”: Isolated and confined extreme environments. “Length”: length of the isolation intervention, no pre/post surveys are considered. The sampling times are either before the start of the intervention (“Pre”), during the isolation itself (“During”), after the isolation
(“Post”), or a combination of more than one of these times. “Additional intake”: intake of pro—/pre—/antibiotics during the isolation period. Control groups are not shown.

'Project to simulate a manned flight to Mars. 16S rDNA, 16S ribosomal Deoxyribonucleic acid; 16S rRNA, 16S ribosomal Ribonucleic acid; BLSS, Bioregenerative life support systems; CELSS, Controlled (or closed) ecological life-support systems; CH, carbohydrates;
CHN, China; d, day; f, female; Du, During; JPN, Japan; N.R., not reported; Po, Post; Pr, Pre; rtPCR, reverse transcription polymerase chain reaction; RUS, Russia; T-RFLP, Terminal restriction fragment length polymorphism; USA, United States of America; WMGS,
Whole metagenome shotgun sequencing. BMI, Body Mass Index; OTU, Operational taxonomic unit; ESV, exact sequence variants; KOR, Korea; EUR, Europe; NASA, National Aeronautics and Space Administration; ISS, International Space Station.
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American (n=3) or by multiple institutions working together (n=1).
Shifts in microbial abundance as a consequence of residency in space
(n=4) or long-term confinement in natural, terrestrial habitats
(n=2) have been reported. However, the alterations of the human
GI microbiota by isolation was mainly studied in spaceflight- and
gravity simulation facilities (n =13 via 9 different units). There are
several publications on two of these experimental units: In the case
of the Mars-500 experiment, 3 publications were identified (44, 52,
53) that differed partly regarding sample size, methodology and
microbiota classification. Likewise, in case of the Chinese Lunar
Palace 1 experiment, 3 publications (46, 54, 55) were found showing
similar differences between each other. We thus examined a total of
142 participants being mainly men (exact number unclear). Most of
the studies were conducted exclusively in men (9 studies), in 5
studies both sexes were included while in 5 studies sex was not
reported. The median number of subjects involved in an intervention
was 4, ranging from 1 to 82, covering the ages between 21 and 50
years (median age 30.4 years). Due to the natural or artificially
created extreme conditions, all study subjects were of healthy
condition and predominantly of normal weight (median BMI
22.6kg/m?). The isolation intervention lasted on average 120 days

10.3389/fnut.2023.1214016

(covering 30-520 days) and was accompanied by pre- and/or post-
intervention measurements in >65% (n=13). In 10 experiments, the
diet was very tightly controlled and based on a typical space diet.
Furthermore, 4 studies investigated the possibility of maintaining
the GI microbiota composition by providing the volunteers with
supportive probiotics or prebiotics for either regular or intermittent
intake. Although all research groups collected stool samples to study
the microbiota composition, no study reported stool frequency and/
or consistency.

3.2. Summary of study outcomes

A detailed overview of the in-mission outcomes for the single
trials is presented in Table 3 for cultivation-based methods and
Table 4 for molecular-based approaches. The outcomes across the
studies are in the text and summarized in Figure 2. Further
outcomes of pre- and post-mission are provided in the
Supplements (Supplementary Table S1, 52).

In the cultivation
Bifidobacterium,

studies, changes in Lactobacillus,

(potentially  pathogenic)  Escherichia,

TABLE 3 Study outcomes of microbiota analysis by cultivation method in-mission, outcomes are split according to corresponding isolation habitats.

. Lactobacillus = Bifidobacterium  Escherichia
Author (year) Subject Other
spp. spp. spp.
Subgroup 1: Isolation caused by space missions
Sojus 17/1 1 N.R. N.R. N.R.
Sojus 17/2 - P P -
. Spore-forming bacteria
1 Lizko et al. (52) Sojus 18/1 1 1 1 P 6 !
Proteus spp. <
Spore-forming bacteria
Sojus 18/2 T T 1
Proteus spp. 1
Subgroup 2: Isolation caused by spaceflight- or gravity simulators
2 Chen et al. (53) > 1 1 N.R N.R.
Bacteroides spp. P
3 Cordaroetal. (54) | X - N.R. N.R. Enterococci spp. l
Coliforms P
Klebsiella spp. P
Citrobacter spp. 1
1 © N.R. L/ PP
Shigella boydii l
Corynebacteria spp. T
4 Gall and Riely (55) 2 - N.R. “ Corynebacteria spp. T
Klebsiella spp.
3 - N.R. < PP !
Corynebacteria spp. T
Klebsiella spp.
4 o N.R. 1 PP !
Corynebacteria spp. 1
Bacteroides spp. P
5 Rerberg et al. (56) > 1 1 N.R.
Clostridium perfringens 1
1 1 N.R. Clostridium perfringens ©
6 Shilov et al. (57) D 1 1 N.R. Clostridium perfringens T
o © N.R. Clostridium perfringens T

The arrows represent the direction of the microbial abundance shift. |: abundance reduction, 1: abundance increase, <> no change in abundance detected. The study subjects can be reported
individually, in groups or summarized for all study participants (}’). However, since this table summarizes multiple species within a genus (spp.), it is possible for the direction of shifts to vary

among participants. N.R., not reported; spp.: multiple species of a genus.

Frontiers in Nutrition

146

frontiersin.org


https://doi.org/10.3389/fnut.2023.1214016
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

UONRLIINN UI SI913U0.4

B10"uISIa1U0L

TABLE 4 Bacterial diversity and microbial abundance shifts in-mission analyzed by molecular-based techniques, outcomes are summarized on phylum level.

Study

Study
)

Author (Year)

Subject

a-D:

Microbial diversity shifts

a-D:

Richnéss Biodiversity

Subgroup 1: Isolation caused by space missions

Community
structure

Bacillota

Bacteroidota

Relative abundance shifts at phylum level

Actinomycetota

Pseudomonadota

Verrucomicrobiota

Garret-Bakelman

1 > - - Dis. Taxa shifts have not been assigned by name.
etal. (25)
Fusobacteria -
X Chlamydiae 1
A T Dis. ) 1 1 ) 1 .
Tenericutes 1
Aquificae Rad
2 Liu et al. (40)
Fusobacteria -
Chlamydiae 1
B ! Dis. 1 1 ! o 1
Tenericutes -
Aquificae 1
3 Voorhies et al. (37) ¥ 1 1 Dis. - - o - o o
Subgroup 2: Isolation caused by spaceflight- or gravity simulators
4 Brereton et al. (58) M P - N.R. - < - P o -
5 Turroni et al. (59) > N.R. N.R. Sim - - - - o -
A N.R. N.R. N.R. - - - < - -
B N.R. N.R. N.R. < <~ - P - Fusobacteria 1
6 Mardanov et al. (44) C N.R. N.R. N.R. < < - < | P
D N.R. N.R. N.R. < - 1 “ - <
E N.R. N.R. N.R. “ “ < - - <
7 Hao et al. (60) > 1 Dis. * 1 1 - - o o
8 Lietal (46) > N.R. N.R. N.R. - - - - o o
9 Mengetal. (61) > N.R. N.R. N.R. o o o o o PN
¥ N.R. - - - - - <
10 Chen et al. (62) f 1 Dis. * < - - - o PN
m 1 “ “ - “ = =
11 Dongetal. (63) ¥ 1 | N.R. 1 1 - - - Fusobacteria 1
Subgroup 3: Isolation in a natural, earth-bound habitat
12 Jin et al. (64) > N.R. N.R N.R - - o - o -
Plac. < - Dis. - - - - < <
13 Zhang et al. (65)
Pro. - < Sim. - - - “ - -

The arrows represent the direction of the microbial abundance shift. |: abundance reduction, 1: abundance increase, <> no change in abundance detected, *: Trend to converge. The study subjects can be reported individually, in groups or summarized for all study
participants (})). a-D, alpha-Diversity; Dis, dissimilar; f, female; m, male; N.R., not reported; Plac., Placebo group; Pro., Group taking additional probiotics during the intervention; Sim., similar.
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restored to baseline levels.

Bacteroidota

Microbial shifts in studies using molecular-based approaches for microbiota analysis [%] summarized in the genera-related phyla assuming that all
shifts were reported, but everything else remained unchanged. Shifts that occured during isolation (in-mission, (A), after isolation (post-mission, (B) and
reported in the before-after comparison (pre/post-mission, (C) are presented. Summarized are Bacillota-, Bacteroidota- and other Phyla-related
genera. |, white bar: Genus/species abundance [%] decreased during intervention; 1, light grey bar: Genus/species abundance [%] increased during
intervention; <, dotted bar: Genus/species abundance [%] remained unchanged; R, dark grey bar: Genus/species frequency [%] restored or partly
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Bacteroides, Enterococcus,
Klebsiella, Citrobacter, Shigella, Corynebacterium and, in simulated

spore-forming bacteria, Proteus,
emergency situations, changes in Clostridium perfringens were
detected. One study found that the Bacteroides were the most
numerous and stable, whereas severe fluctuations occurred in the
transit microbiota (mentioned Staphylococcus and yeast) (56).
Another study also reported alterations, which, however, tended to
return normal after the end of the confinement (58). Finally, one
study examined the aerobic and anaerobic flora in four young men
over a six-week period. As the subjects had been on the space-diet
for a longer period of time, differences in both the aerobic and
anaerobic flora began to appear. Seven new types of organisms
became prevalent, which had not been described before, mostly
gas-forming, black slime-producing, and proteolytic organisms. It
was assumed that the specialized space-diet (not further reported)
was a contributing factor (59). Due to the different cultivation
conditions, the cultivated bacterial groups observed were
heterogeneous between studies.

The introduction of molecular-based approaches led to a better
assessment of the microbiota allowing for a comprehensive
description of microbial communities. Out of 13 studies, alpha
diversity was reported to be reduced (richness: n=3; biodiversity
n=3), to remain stable (richness: n=4; biodiversity n=4) or to
increase (richness: n=4; biodiversity n=4). Richness and
biodiversity were not reported separately in 3 studies (40, 56, 60).
More dissimilarities were reported in microbial community
structure (n=7) with a tendency towards convergence observed
repeatedly (54, 60). However, in a study that reported the differences
between control subjects, the scale of microbiota changes in
microbial diversity in the test subject during isolation was relatively
small (25).

At the phylum level abundances predominantly remained stable
following the confinement; in all but 4 of the 13 included studies
(n=14 participants) shifts in abundances were observed.

Changes reported at genus (Table 5) and species level
(Supplementary Table S3) were not consistent across studies. Even
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more, Bacteroides (spp.), Eubacterium (spp.), Faecalibacterium (spp.),
Lactobacillus (spp.), Prevotella (spp.), Alistipes (spp.), Blautia (spp.),
Lachnospira, Ruminococcus (spp.), Bifidobacterium (spp.) and
Clostridium (spp.) were reported to be either increasing or decreasing
in their relative abundances in-mission. Across all studies, abundance
shifts were predominantly associated with the phyla Bacillota (67.5%)
and Bacteroidota (20.5%, Figure 2). Regardless of the taxonomic
ranking, two studies reported no shifts at all (25, 55). The proportions
of increasing and decreasing phyla decrease in Figures 2B,C due to the
diminishing number of reporting studies.

No isolation type provided an indication that the intensity of a
change is related to the length of the confinement.

3.3. Subgroup analyses

Due to the heterogeneity in outcome comparisons and microbiota
analysis techniques used, it was not feasible to summarize the findings
clearly in figures. This led to the breakdown into groups and
subgroups, as mentioned in the methods section.

3.3.1. Subgroup analysis 1: Gl microbiota under
isolation conditions in space

One study cultivated and analyzed the samples collected during a
space mission lasting 30 and 63days each with 2 astronauts
independent of one another (61). Most of the bacteria analyzed
remained stable in the pre/post comparison except for a decline in
Lactobacillus and a reduction of Escherichia and Proteus in
two individuals.

Three other studies (25, 37, 40) published data from space samples
(n=8 astronauts) using molecular-based techniques to analyze
microbiota changes.

Beta-diversity has consistently been described as dissimilar
in-mission (25, 37, 40), while both richness and evenness
demonstrated a rather heterogeneous distribution. In one study,
Shannon’s alpha diversity and richness significantly increased in space
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TABLE 5 Study outcomes for each subgroup at genus level for all studies and all sampling times (pre-intervention, during-intervention, post-intervention) for molecular-based analyses.

In-mission

Space
Post-mission

Pre/post

In-mission

Simulation
Post-mission

Pre/post

In-mission

Natural, earth-bound

Post-mission

Pre/post

Verrucomicrobiota Akkermansia (spp.)

Bacteroidota Alistipes (spp.) "
Bacillota Anaerostipes (spp.)

Bacteroidota Bacteroides (spp.) 8
Actinomycetota Bifidobacterium (spp.) 1=
Bacillota Blautia (spp.)

Bacteroidota Butyricimonas

Bacillota Christensenellaceae

Bacillota Clostridium (spp.) - - 12 12 1 = - mn
Bacillota Coprococcus (spp.) ¥

Bacillota Dialister o e -

Bacillota Dorea (spp.) 1 -

Pseudomonadota Enterobacter (spp.) e

Bacillota Enterobacteriales iz 2
Pseudomonadota Escherichia (spp.) 17 2 I” e

Bacillota Eubacterium (spp.) 2 1 - «?

Bacillota Faecalibacterium (spp.) 12 e 12 =0 7 -

Bacillota Flavonifractor "
Bacillota Fusicatenibacter -

Bacillota Kineothrix ‘

Pseudomonadota Klebsiella ‘ I®
Bacillota Lachnospira Jem 7

Bacillota Lachnospiraceae .

Bacillota Lactobacillus (spp.) 12 = - 7 I -
Bacillota Lactococcus I®
Fusobacteria Leptotrichia ?

Bacillota Megamonas -

Bacillota Megasphaera 1

Bacteroidota Parabacteroides

Pseudomonadota Parasutterella

Bacillota Phascolarctobacterium

Bacteroidota Prevotella (spp.) 1 = e
Bacillota Pseudobutyrivibrio IS

Bacillota Roseburia (spp.) 2 ijlLs
Bacillota Ruminiclostridium

Bacillota Ruminococcaceae

Bacillota Ruminococcus (spp.) 12 ‘ 19 Jem

Bacillota Streptococcus 12 - S
Bacillota Subdoligranulum

Bacillota Veillonella 1

Microbiota abundance fluctuations/continuities identified at genus level in (1) Subgroup 1: Isolation in Space [Study ID 1-3, molecular-based approaches (Tables 2, 4)], (2) Subgroup 2: Isolation in a simulation unit [Study ID 4-11, molecular-based approaches

(Tables 2, 4)], and (3) Subgroup 3: Natural earth-bound isolation [Study ID 12-13, molecular-based approaches, (1ables 2, 4)] either (i) through the intervention compared to baseline (in-mission) or (ii) after the isolation period compared to the intervention (post-

mission) or (iii) after the isolation compared to baseline (pre—/post-mission).

1, Relative abundance decreased; 1, Relative abundance increased; <>, No significant shifts in relative abundance. R, Restored back to baseline level. pR, partially restored back to baseline. Studies have reported only on genus level or also including some species (spp.).
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and returned to their baseline preflight levels after crew members
returned to earth (37). Another study reported that alpha diversity at
genus level did not fluctuate significantly, but the fluctuations between
each subject were dissimilar (40).

Phyla abundance remained rather stable; only Liu et al. (40)
observed changes during and after the isolation as well as significant
changes in the pre—/post-comparison. Over a 35-day space mission,
two study subjects were isolated and examined. The phyla of the two
study subjects conflicted; when a phylum of one subject changed, its
equivalent did not change or in the other direction. Bacillota and
Bacteroidota displayed a remarkable antagonistic behavior in both
subjects (Table 4). Additionally, two studies (37, 40) reported data on
shifts at the (Table 5;
Supplementary Table S3). Most changes in the abundance of genera

genus level for n=7 subjects
were related to Bacillota. Concurrent divergent shifts to either higher
or lower abundances of the same genera were described, confirming
heterogeneity. Almost all shifts were abolished after the spaceflight,
indicative of resilience. Further results are very heterogeneous and are

therefore not discussed here.

3.3.2. Subgroup analysis 2: Gl microbiota under
isolation conditions in experimental facilities

Isolations conducted in a controlled artificial environment or
similar unnatural unit using cultivation techniques predominantly
identified Lactobacillus. There was either no change or a drop in
Lactobacillus. Bacteroides was characterized to be one of the most stable
microbial groups. Bifidobacterium spp. was cultivated less commonly,
however, most subjects showed a reduction of the genus across studies.
Inconsistent changes were observed in Escherichia coli and Klebsiella
and unique shifts in Coliforms and Enterococcus, Corynebacterium,
Shigella boydii and Citrobacter. In the course of the experiment, some
subjects showed a prominent increase in toxigenic strains of Clostridium
perfringens, which is suspected of being related to lipid metabolism.

Eight other studies published data from simulation unit
experiments using molecular-based approaches to analyze microbiota
changes (Table 4). For this subgroup, it is hardly possible to comment
on diversity, as it was either rarely reported or, if reported, did not give
a conclusive trend. Several shifts occurred during isolation
(Supplementary Table S3) in Bacteroides (predominantly reducing),
Faecalibacterium (rather reducing) and Prevotella (no directional
tendency). Lachnospira and Ruminococcus also frequently showed
significant changes in their abundance during the intervention, but
these were very heterogeneous with tendencies towards reduction.
One study (44) further reported a follow-up time and compared the
pre- and post-measurements. Almost all of the investigated genera
showed a return to the baseline proportions or they were at least partly
restored to baseline levels.

3.3.3. Subgroup analysis 3: GI microbiota under
isolation conditions in natural isolated habitats
There was no data from natural habitats using cultivation methods.
Using molecular-based approaches, two studies provided data from
natural isolated habitats. During a period of 2 months, study subjects
(n=6) were stationed on a research station in Antarctica for 3 months
in the study of Jin et al. (62). The study results were presented in terms
of Operational Taxonomic Units (OTUs), showing mainly changes in
the abundance of Bacteroides and Bifidobacterium species, decreasing
during the expedition in four subjects and increasing in two subjects.
Furthermore, a comparison between pre- and post-residence in
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Antarctica was possible for OTUs, with predominantly Bacteroides spp.
showing no significant changes while all Bifidobacterium spp. increased,
decreased, or remained stable. The study found that the participants had
interindividual variability in their fecal microbiota, and cold, stress and
changes in food intake were possible factors affecting their microbiota.

The study by Zhang et al. (63) determined the effects of probiotics
on sailors (1=82) over the course of a 30-day cruise. Here, it needs to
be considered, that this study is different from the other with extreme
environments due to the large samples size. Probiotics were
administered to some but not all of the sailors in this study. None of the
described study models caused an increase or decrease in the abundance
of phyla; even with the administration of probiotics to sailors, no
differences were found. However, the administration of probiotics
indicated that the impact of a long sea voyage on the intestinal
microbiota were significant as beta diversity distances were significantly
larger in the placebo group than in the probiotic group. The result was
confirmed by alpha-diversity, which showed no significant differences
among groups, but a sharp decline between probiotic and placebo
groups while on mission. Only shifts in abundances at the species level
were found, whereby the ratio between declines and increases was
rather balanced with tendencies towards more increases.

3.4. Similarities and differences across
habitats

Studies in space and simulation units were more similar in both
genera and species profiles, while in the natural habitats the shifts were
reported to be more diverse (Table 5; Figure 3). However, 8 shifts in
genera or genus-specific species were shared by all three habitats.
Space and simulation experiments shared shifts in 11 genera or genus-
specific species.

There was a high degree of heterogeneity throughout all habitats
during the intervention. It has been observed that neither species that
exhibited abundance shifts across all three habitats showed the same
trend. Only some Streptococcus species shifted rather consistently in
abundance during the intervention (Supplementary Table S3).

3.5. Further outcomes

Besides GI microbiota responses to extreme environmental
conditions, significant reductions in body mass (25, 54, 55) as well as
energy intake (64) were found. In line with these results are blood
values for metabolism. Li et al. (46) and Hao et al. (54) reported that
the participants’ health parameters (heart rate, blood pressure and
BMI) were within the normal range throughout the study.

Furthermore, significant changes in several physiological
parameters were observed, accompanied by an increase in
inflammatory parameters (37, 53), changes in urinary metabolites
(65), a decrease in mineral bone density and in muscle turnover (65),
changes in respiratory minute volume (56), telomere elongation (25)
as well as disrupted glucose metabolism (53), affected antibiotic
resistance genes (40), genome instability, DNA methylation in
immune and oxidative stress-related pathways (25) and finally a
reduction in 25-hydroxyvitamin D levels (64). However, none of the
participants demonstrated symptoms of diseases associated with
considerable changes in the composition of the microbiota (44).
After the isolation, 25-hydroxyvitamin D levels (64), but also mean
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Enterobacteriales
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Bacteroides (sp.) Klebsiella sp.
Bifidobacterium (sp.) Lactococcus sp.
Clostridium (sp.)
Lactobacillus (sp.)
Prevotella (sp.) 4
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Streptococcus (sp.)
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Eubacterium sp. Dialister
SUBGROUP 1: Fusicatenibacter Enferobacter sp. SUBGROUP 2:
Space mission s 6 11 Kineothrix Spaceflight- or gravity
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Parasutterella Parabacteroides -y
Ruminoclostridium Phascolarcobacterium facilities
Akkermansia (sp.) Ruminococcaceae sp.
Blautia (sp.) Subdoligranulum
Coprococcus (sp.)
Dorea (sp.)
Escherichia (sp.)
Faecalibacterium (sp.)
Lachnospira
Lachnospiraceae
Pseudobutyrivibrio
Ruminococcus (sp.)
Veillonella (sp.)
FIGURE 3

Overlap of reported changes in genera across the habitats studied. Species-specific changes (sp.) are also mentioned.

telomere length and global gene expression converged to pre-flight
levels, with an increased number of short telomeres observed and the
expression of some genes still disturbed (25). However, it remains
unclear if these changes are in relation to confinement or in
association to microbiota shifts.

In contrast, some psychological parameters were reported to
be affected, e.g., an increase in the abundance of Faecalibacterium
spp. correlating negatively with mood (46). Scores of stress and
anxiety seemed to be lower (63), except when in the situation of
absence of natural light, where the incidence of anxiety and
depression increased (55). After the isolation period of 340 days, a
cognitive decline was observed (25).

However, many studies reporting different aspects of human
biology and health outcomes due to isolation and confinement have
been published elsewhere (42, 66) which is why only the changes that
have been reported in the context of our investigation are
mentioned here.

3.6. Risk of bias

The risk of bias for the studies included in the review conducted
via the ROBINS-I checklist is presented in Table 6 for all studies.
Among the 19 non-RCTs, 1 was considered to have critical risk of
bias due to confounding bias and 4 were at serious risk of bias. It
seems that the older studies have this increased risk. Only one study
was included providing a low risk of bias. A moderate risk of bias was
commonly attributed to bias in selection of the reported results,
which is why the highest number of studies provides a moderate
risk (68%).
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4. Discussion

This review included 19 articles and examined to what extent the
GI microbiota changes during and after a stay in an isolated, antigen-
limited or poor environment. Overall, changes in GI microbiota were
observed and reported following confinement; however, the type and
extent of the reported changes varied between studies. The data do not
point to a clear direction, but nevertheless, in line with the
assumptions, indicate to some extent trends in changes.

This review affirms that experimental isolation results in a
decrease in alpha diversity (richness and biodiversity) and does not
lead to increased similarity in the GI microbiota among subjects. A
systematic review examining the human GI microbiota during long-
term space missions confirms our results suggesting that space travel
may lead to microbial dysbiosis and metabolic changes in the human
gut, including a drop in alpha diversity (67). Similarly, a recent
experimental study investigating the impact of an enhanced
spaceflight diet on 16 subjects over a 45-day closed chamber mission
found that subjects eating a standard diet demonstrated a decline in
Shannon’s alpha biodiversity and richness during the mission, but
recovered fully by the end of it (68). However, these effects are not
evident and consistent across all participants of our review, as an
increase in richness and biodiversity has been observed in some test
persons, which is suspected in relation to an increased dietary fibre
intake (54) or merely due to individual differences (40). The increase
of alpha richness and biodiversity is discussed extensively with regard
to health protection (37, 54) since a biodiverse ecosystem is more
resistant and resilient to perturbations and has a lot more functional
redundancy (69). In the studies we know of involving additional
administration of probiotics (53, 63), both richness and biodiversity
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TABLE 6 ROBINS-I risk of bias for all studies.

Bias in
selection of
participants
into the
study

Bias in
classification
of
interventions

Bias due to

confounding

10.3389/fnut.2023.1214016

Bias in
selection
of the
reported
result

Bias due to
deviations
from
intended
interventions

Bias due
to
missing
data

Bias in
measurement
of outcomes

Overall
bias

Brereton et al. (53) Low Low Low Low Low Low Moderate Moderate
Chen et al. (65) Low Low Low Low Low Low Moderate Moderate
Chen et al. (60) Low Low Low Low Moderate Moderate
Cordaro et al. (58) Low Low Moderate Serious Moderate Serious
Dong et al. (64) Low Low Low Low Moderate Moderate
Gall and Riely (59) Critical Low Low Low Low Moderate Moderate Critical
Garret-Bakelman et al. (25) = Moderate Low Low Moderate Low Low Moderate Moderate
Hao et al. (54) Low Moderate Low Low Low Low Moderate Moderate
Jin et al. (62) Low Low Low Low Low Low Moderate Moderate
Lietal. (46) Low Serious Low Low Low Low Moderate Serious
Liu et al. (40) Low Low Low Low Low Low Low Low
Lizko etal. (61) Low Low Low Low Serious Moderate Moderate Serious
Mardanov et al. (44) Serious Low Serious Moderate Low Moderate Moderate Serious
Meng et al. (55) Low Low Low Low Low Low Moderate Moderate
Turroni et al. (52) Low Low Low Low Low Low Moderate Moderate
shilov et al. (57) Low Low Low Low Low Low Moderate Moderate
Rerberg et al. (56) _ Low Low Low Low Moderate Moderate
Voorhies et al. (37) Low Low Low Low Low Low Moderate Moderate
Zhang et al. (63) Low Low Low Low Low Low Moderate Moderate

A risk of bias is classified as “Low risk” (green coloured), “Moderate risk” (yellow coloured), “Serious risk” (orange coloured), or “Critical risk” of bias (red coloured). Some risks of bias could
not be assessed due to lack of information and are therefore marked with “No information (NI)” (grey coloured).

were rather preserved. However, in some studies (40, 54) alpha-
diversity is not reported separately for richness and biodiversity,
which can limit our understanding of the overall diversity of the
studied ecosystem. Alpha-diversity is a measure of diversity within a
particular habitat or community. By reporting alpha-diversity as a
single value without distinguishing between richness and evenness,
researchers may miss important patterns in the distribution of
diversity within their study system.

In contrast, hardly any significant changes in community structure
were observed. Overall, the community structures remained
heterogeneous and dissimilar between individuals, although a
convergence of the GI microbiota was reported in several cases.
Surprisingly, the effect of convergence was stronger in placebo groups
compared to groups supplemented with probiotics (63). This finding
is in line with more recent outcomes regarding maintaining GI
microbiota eubiosis by probiotics (70). Furthermore, it is speculated
that an enhanced spaceflight diet containing increased quantity and
variety of fruits, vegetables, fish and other foods rich in flavonoids and
omega-3 fatty acids, preserves community structure in the comparative
analysis between pre- and in-mission time points (68). To potentially
control or better mitigate negative effects better in the future, a diet-
based therapy including higher contents of fibre could possibly
provide an effective treatment (71, 72). We only know from Hao et al.
(54), that a high-fibre diet has been used for the experimental study.
The participants’ community structure remained dissimilar, however,
a convergence was apparent, sup-porting the possible importance of
fibre for GI microbiome homeostasis. Previous studies have even
highlighted the important effect of diet through the results of their
experiments (59). Besides, the administration of probiotic supplements
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could be considered as another approach to maintain the gut
microbiome homeostasis during the stay in isolated environments (70).

Changes in the abundance of a few specific microbiota taxa
were reported, supporting our first research question; however,
changes reported at the genus and species level were not consistent
across studies and at the phylum level abundances remained stable
during the mission. Most changes occurred in Bacillota and
Bacteroidota, which is consistent with other studies describing
microbial changes (14, 15, 17). Both other external and internal
parameters influencing the microbiota may induce changes at this
phylum level. The reason for this is the high relative abundance of
these phyla in the individual core microbiome (8, 9). In more detail,
notable changes were reported multiple times for genera Alistipes,
Bacteroides, Bifidobacterium, Faecalibacterium and Prevotella,
although there was no clear direction of development for these
either. Alterations in intestinal genus levels is often present in case
of intestinal microbiota dysbiosis, even more, a dysbiotic abundance
of those genera is associated with several diseases (73, 74).
Furthermore, the human microorganism ecosystem in an antigen-
poor environment, such as a spacecraft, space- or microgravity
simulators or Antarctica, has the potential for a loss of the barrier
function protecting against pathogens, which, together with a
potentially weakened immune system during spaceflight, poses the
risk of more severe infection during long-term spaceflight (42).
However, none of our included participants demonstrated
symptoms of diseases associated with considerable changes in the
composition of the microbiota. Thus, it can be assumed that
restructuring of the taxonomic composition occurred in their
intestinal ecosystems, reflecting their individual responses to the
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conditions of the experiment and a new balanced community was
formed (44). However, the sample sizes are overall quite low so it is
speculative but it can be suspected that the baseline microbiota
could play a role, some being more resistant than others to change
upon isolation.

A detailed analysis and thus an attempt to compare the results
was predominantly possible in the studies using molecular-based
approaches. Due to the difficulty in cultivating many types of gut
bacteria in laboratory conditions, studies of the GI microbiome
have been restricted in the past (75). We have gained a greater
understanding of the composition, diversity and roles of the gut
microbiome in human health and disease with the development of
molecular-based metagenomics (76). A summary of the changes
that were carried out via the cultivation method seems even more
difficult due to this. However, there appears to be a tendency
towards just as unspecific shifts as in the studies that were analyzed
using molecular-based approaches. A systematic literature search
reported that although still not conclusive, there is a wealth of
evidence suggesting that space travel may lead to microbial
dysbiosis and metabolic changes in the human gut, including a drop
in alpha diversity and changes in gene expression of culturable
bacteria (67).

Our second research question aimed to investigate the diversity
and abundance of the GI microbiota after experimental exposure.
Most of the included studies report a partial recovery after the
mission regarding both diversity analysis and microbial abundance
within a few weeks, although, studies investigating the recovery were
limited. Overall, the data show, that constant environmental factors
can partly influence the individual GI microbiota. However, the
great interindividual variety remains throughout the experiments
which can be attributed to intrinsic factors such as age, genetics and
immune system, constantly shaping the GI microbiota persistently.
Although resilience of the microbiota following stress such as a
course of antibiotics has been commonly observed (77, 78), it is now
suspected that harsh or chronic stress such as inflammation could
lead to an altered host-microbes relationship associated with a loss
of resilience (79). Our analysis would indicate that stress conditions
imposed by spaceflight or its simulations does not push the host-
microbes system beyond its ecological robustness but rather allows
expression of resilience.

4.1. Strengths and weaknesses of the
systematic review

Overall, this systematic review has several strengths and
limitations. A clear strength is the methodological approach taken
according to PRISMA and Cochrane criteria. In order to obtain as
broad as possible a knowledge of the current data situation, a very
specific search term was used which was superior to broader search
terms; however, only 19 articles could be included in the analysis.
Despite clear eligibility criteria, the heterogeneity of the studies was
high at the methodology (starting from sample preparation and
processing) and descriptive levels. To counter this problem, subgroup
analyses were performed which reduced heterogeneity to some degree.
Despite differences in analysis techniques, habitats, study designs and
frameworks for well-conducted studies, all studies were rather highly
controlled, which is also reflected in the risk of bias. Here, the
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ROBINS-I tool for assessing risk of bias in non-randomized studies of
interventions, recommended by the Cochrane Handbook, was used.

One of the main issues in the studies reviewed was the extremely
low sample sizes, making it challenging to conduct quantitative
analyses at the individual study level. Additionally, there were
inconsistencies in the study protocols and characteristics, making
comparisons between studies difficult. To address these limitations,
future studies should aim to increase their sample sizes to enhance
statistical power. Furthermore, most of the studies did neither analyze
immunological/biochemical parameters in parallel to the microbiota
analysis or, the data were published separately and not reported in
context. To better understand the effects of long-term isolation on the
human GI microbiota, researchers should consider internal and
external factors, such as nutrition, genetics, and the immune system.
This will enable a clearer differentiation between the effects of isolation
and those stemming from other variables. Finally, this systematic
review is the first of its kind, providing new insights into the effects of
isolation on the human GI microbiota.

5. Conclusion

Overall, our review highlights the complexity of the
relationship between the human GI microbiota and its
environment. While extreme conditions can affect the
composition of the GI microbiota, the internal factors that have
shaped the microbiota over time appear to be the primary drivers
of its composition and function in response to isolation in
antigen-deprived conditions. Maintaining and/or strengthening
the host’s fitness and immunity through diet, pre- and probiotics,
and favorable lifestyle factors may have a positive impact on the
human GI microbiota, especially under extreme conditions, and

promote GI health and prevent disease.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

IM and BK: conceptualization. BK and CS: methodology. BK, CS,
and JK: formal analysis. BK (80%) and IM (20%): writing—original
draft preparation. IM, PE, JP, JD, and CL: writing-review and editing.
BK: visualization. IM: supervision. All authors have read and agreed
to the published version of the manuscript.

Funding

IM acknowledges support by the German Aerospace Center
(DLR), grant number 50WB1920. This publication work was
supported in part by the European Commission in the context of
ERC-2017-AdG N°788191- Homo symbiosus. All authors thank the
Open Access Publishing Fund of Tiibingen University for support.

frontiersin.org


https://doi.org/10.3389/fnut.2023.1214016
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Klos et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Belkaid Y, Hand TW. Role of the microbiota in immunity and inflammation. Cells.
(2014) 157:121-41. doi: 10.1016/j.cell.2014403.011

2. Hooper LV, Littman DR, Macpherson AJ. Interactions between the microbiota and
the immune system. Science. (2012) 336:1268-73. doi: 10.1126/science.1223490

3. Nicholson JK, Holmes E, Kinross J, Burcelin R, Gibson G, Jia W, et al. Host-gut
microbiota metabolic interactions. Science. (2012) 336:1262-7. doi: 10.1126/
science.1223813

4. Cryan JE, O’'Mahony SM. The microbiome-gut-brain axis: from bowel to behavior:
from bowel to behavior. Neurogastroenterol Motil. (2011) 23:187-92. doi:
10.1111/j.1365-2982.2010.01664.x

5. Wang B, Yao M, Lv L, Ling Z, Li L. The human microbiota in health and disease.
Engineering. (2017) 3:71-82. doi: 10.1016/].ENG.2017.01.008

6. Viaud S, Saccheri F, Mignot G, Yamazaki T, Daillére R, Hannani D, et al. The
intestinal microbiota modulates the anticancer immune effects of cyclophosphamide.
Science. (2013) 342:971-6. doi: 10.1126/science.1240537

7. Weiss GA, Hennet T. Mechanisms and consequences of intestinal dysbiosis. Cell
Mol Life Sci. (2017) 74:2959-77. doi: 10.1007/s00018-017-2509-x

8. Tap J, Mondot S, Levenez F, Pelletier E, Caron C, Furet J-P, et al. Towards the human
intestinal microbiota phylogenetic core. Environ Microbiol. (2009) 11:2574-84. doi:
10.1111/j.1462-2920.2009.01982.x

9. Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, Manichanh C, et al. A human gut
microbial gene catalogue established by metagenomic sequencing. Nature. (2010)
464:59-65. doi: 10.1038/nature08821

10. Jost L. Partitioning diversity into independent ALPHA and BETA components.
Ecology. (2007) 88:2427-39. doi: 10.1890/06-1736.1

11. Tuomisto H. A diversity of beta diversities: straightening up a concept gone awry.
Part 1. Defining beta diversity as a function of alpha and gamma diversity. Ecography.
(2010) 33:2-22. doi: 10.1111/j.1600-0587.2009.05880.x

12. Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A, Ley RE, et al.
A core gut microbiome in obese and lean twins. Nature. (2009) 457:480-4. doi: 10.1038/
nature07540

13. Koenig JE, Spor A, Scalfone N, Fricker AD, Stombaugh J, Knight R, et al.
Succession of microbial consortia in the developing infant gut microbiome. Proc Natl
Acad Sci U S A. (2011) 108:4578-85. doi: 10.1073/pnas.1000081107

14. Seganfredo FB, Blume CA, Moehlecke M, Giongo A, Casagrande DS, Spolidoro
JVN, et al. Weight-loss interventions and gut microbiota changes in overweight and
obese patients: a systematic review: weight-loss impact on gut microbiota. Obes Rev.
(2017) 18:832-51. doi: 10.1111/0br.12541

15. Mack I, Cuntz U, Gramer C, Niedermaier S, Pohl C, Schwiertz A, et al. Weight gain
in anorexia nervosa does not ameliorate the faecal microbiota, branched chain fatty acid
profiles and gastrointestinal complaints. Sci Rep. (2016) 6:26752. doi: 10.1038/srep26752

16. Cook J, Lehne C, Weiland A, Archid R, Ritze Y, Bauer K, et al. Gut microbiota,
probiotics and psychological states and behaviors after bariatric surgery—a systematic
review of their interrelation. Nutrients. (2020) 12:2396. doi: 10.3390/nu12082396

17. Palmisano S, Campisciano G, Silvestri M, Guerra M, Giuricin M, Casagranda B,
et al. Changes in gut microbiota composition after bariatric surgery: a new Balance to
decode. ] Gastrointest Surg. (2020) 24:1736-46. doi: 10.1007/s11605-019-04321-x

18. Falony G, Joossens M, Vieira-Silva S, Wang J, Darzi Y, Faust K, et al. Population-
level analysis of gut microbiome variation. Science. (2016) 352:560-4. doi: 10.1126/
science.aad3503

19. Zhernakova A, Kurilshikov A, Bonder MJ, Tigchelaar EF, Schirmer M, Vatanen T,
et al. Population-based metagenomics analysis reveals markers for gut microbiome
composition and diversity. Science. (2016) 352:565-9. doi: 10.1126/science.aad3369

20. Weersma RK, Zhernakova A, Fu J. Interaction between drugs and the gut
microbiome. Gut. (2020) 69:1510-9. doi: 10.1136/gutjnl-2019-320204

Frontiers in Nutrition

10.3389/fnut.2023.1214016

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnut.2023.1214016/
full#supplementary-material

21.Spor A, Koren O, Ley R. Unravelling the effects of the environment and host
genotype on the gut microbiome. Nat Rev Microbiol. (2011) 9:279-90. doi: 10.1038/
nrmicro2540

22. Asnicar E, Berry SE, Valdes AM, Nguyen LH, Piccinno G, Drew DA, et al.
Microbiome connections with host metabolism and habitual diet from 1,098 deeply
phenotyped individuals. Nat Med. (2021) 27:321-32. doi: 10.1038/s41591-020-01183-8

23. Goodrich JK, Waters JL, Poole AC, Sutter JL, Koren O, Blekhman R, et al. Human
genetics shape the gut microbiome. Cells. (2014) 159:789-99. doi: 10.1016/j.
cell.2014.09.053

24.Shi N, Li N, Duan X, Niu H. Interaction between the gut microbiome and mucosal
immune system. Mil Med Res. (2017) 4:14. doi: 10.1186/s40779-017-0122-9

25. Garrett-Bakelman E, Darshi M, Green S, Gur R, Lin L, Macias B, et al. The NASA
twins study: a multidimensional analysis of a year-long human spaceflight. Science.
(2019) 364:144. doi: 10.1126/science.aau8650

26. Chevalier C, Stojanovi¢ O, Colin DJ, Suarez-Zamorano N, Tarallo V, Veyrat-
Durebex C, et al. Gut microbiota orchestrates energy homeostasis during cold. Cells.
(2015) 163:1360-74. doi: 10.1016/j.cell.2015.11.004

27. Lian P, Braber S, Garssen J, Wichers HJ, Folkerts G, Fink-Gremmels J, et al. Beyond
heat stress: intestinal integrity disruption and mechanism-based intervention strategies.
Nutrients. (2020) 12:734. doi: 10.3390/nu12030734

28.Li L, Zhao X. Comparative analyses of fecal microbiota in Tibetan and Chinese
Han living at low or high altitude by barcoded 454 pyrosequencing. Sci Rep. (2015)
5:14682. doi: 10.1038/srep14682

29. Mazel E. Living the high life: could gut microbiota matter for adaptation to high
altitude? Mol Ecol. (2019) 28:2119-21. doi: 10.1111/mec.15093

30.Li K, Peng W, Zhou Y, Ren Y, Zhao J, Fu X, et al. Host genetic and environmental
factors shape the composition and function of gut microbiota in populations living at
high altitude. Biomed Res Int. (2020) 2020:1482109-10. doi: 10.1155/2020/1482109

31. Casero D, Gill K, Sridharan V, Koturbash I, Nelson G, Hauer-Jensen M, et al.
Space-type radiation induces multimodal responses in the mouse gut microbiome and
metabolome. Microbiome. (2017) 5:105:105. doi: 10.1186/s40168-017-0325-z

32. Mclaughlin MM, Dacquisto MP, Jacobus DP, Horowitz RE. Effects of the germfree
STATE on responses of mice to WHOLE-body irradiation. Radiat Res. (1964) 23:333-49.
doi: 10.2307/3571614

33. Packey CD, Ciorba MA. Microbial influences on the small intestinal response to
radiation injury. Curr Opin Gastroenterol. (2010) 26:88-94. doi: 10.1097/
MOG.0b013e3283361927

34.Wang J, Han C, Lu Z, Ge P, Cui Y, Zhao D, et al. Simulated microgravity
suppresses MAPK pathway-mediated innate immune response to bacterial
infection and induces gut microbiota dysbiosis. FASEB J. (2020) 34:14631-44. doi:
10.1096/1j.202001428R

35. Jiang P, Green SJ, Chlipala GE, Turek FW, Vitaterna MH. Reproducible changes in
the gut microbiome suggest a shift in microbial and host metabolism during spaceflight.
Microbiome. (2019) 7:113. doi: 10.1186/s40168-019-0724-4

36. Ritchie LE, Taddeo SS, Weeks BR, Lima F, Bloomfield SA, Azcarate-Peril MA, et al.

Space environmental factor impacts upon murine Colon microbiota and mucosal
homeostasis. PLoS One. (2015) 10:e0125792. doi: 10.1371/journal.pone.0125792

37. Voorhies A, Ott C, Mehta S, Pierson D, Crucian B, Feiveson A, et al. Study of the
impact of long-duration space missions at the international Space Station on the
astronaut microbiome. Sci Rep. (2019) 9:9911. doi: 10.1038/s41598-019-46303-8

38. Saei A, Barzegari A. The microbiome: the forgotten organ of the astronaut’s body -
probiotics beyond terrestrial limits. Future Microbiol. (2012) 7:1037-46. doi: 10.2217/
FMB.12.82

39.Turroni S, Magnani M, Kc P, Lesnik P, Vidal H, Heer M. Gut microbiome and
space travelers’ health: state of the art and possible pro/prebiotic strategies for long-

frontiersin.org


https://doi.org/10.3389/fnut.2023.1214016
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnagi.2022.1049418/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2022.1049418/full#supplementary-material
https://doi.org/10.1016/j.cell.2014.03.011
https://doi.org/10.1126/science.1223490
https://doi.org/10.1126/science.1223813
https://doi.org/10.1126/science.1223813
https://doi.org/10.1111/j.1365-2982.2010.01664.x
https://doi.org/10.1016/J.ENG.2017.01.008
https://doi.org/10.1126/science.1240537
https://doi.org/10.1007/s00018-017-2509-x
https://doi.org/10.1111/j.1462-2920.2009.01982.x
https://doi.org/10.1038/nature08821
https://doi.org/10.1890/06-1736.1
https://doi.org/10.1111/j.1600-0587.2009.05880.x
https://doi.org/10.1038/nature07540
https://doi.org/10.1038/nature07540
https://doi.org/10.1073/pnas.1000081107
https://doi.org/10.1111/obr.12541
https://doi.org/10.1038/srep26752
https://doi.org/10.3390/nu12082396
https://doi.org/10.1007/s11605-019-04321-x
https://doi.org/10.1126/science.aad3503
https://doi.org/10.1126/science.aad3503
https://doi.org/10.1126/science.aad3369
https://doi.org/10.1136/gutjnl-2019-320204
https://doi.org/10.1038/nrmicro2540
https://doi.org/10.1038/nrmicro2540
https://doi.org/10.1038/s41591-020-01183-8
https://doi.org/10.1016/j.cell.2014.09.053
https://doi.org/10.1016/j.cell.2014.09.053
https://doi.org/10.1186/s40779-017-0122-9
https://doi.org/10.1126/science.aau8650
https://doi.org/10.1016/j.cell.2015.11.004
https://doi.org/10.3390/nu12030734
https://doi.org/10.1038/srep14682
https://doi.org/10.1111/mec.15093
https://doi.org/10.1155/2020/1482109
https://doi.org/10.1186/s40168-017-0325-z
https://doi.org/10.2307/3571614
https://doi.org/10.1097/MOG.0b013e3283361927
https://doi.org/10.1097/MOG.0b013e3283361927
https://doi.org/10.1096/fj.202001428R
https://doi.org/10.1186/s40168-019-0724-4
https://doi.org/10.1371/journal.pone.0125792
https://doi.org/10.1038/s41598-019-46303-8
https://doi.org/10.2217/FMB.12.82
https://doi.org/10.2217/FMB.12.82

Klos et al.

term space missions. (2020) 11:553929. doi: 10.3389/

fphys.2020.553929

40.Liu Z, Luo G, Du R, Sun W, Li J, Lan H, et al. Effects of spaceflight on the
composition and function of the human gut microbiota. Gut Microbes. (2020) 11:807-19.
doi: 10.1080/19490976.2019.1710091

41. Wilson JW, Ott CM, Zu Bentrup KH, Ramamurthy R, Quick L, Porwollik S, et al.
Space flight alters bacterial gene expression and virulence and reveals a role for global
regulator Hfq. Proc Natl Acad Sci U S A. (2007) 104:16299-304. doi: 10.1073/
pnas.0707155104

42. Siddiqui R, Akbar N, Khan N. Gut microbiome and human health under the space
environment. ] Appl Microbiol. (2021) 130:14-24. doi: 10.1111/jam.14789

Front  Physiol.

43.Ilyin VK, Kiryukhina NV. Disruption of the colonization resistance syndrome in
humans in altered habitats and its prevention. Acta Nat. (2014) 6:10-8. doi:
10.32607/20758251-2014-6-2-10-18

44. Mardanov AV, Babykin MM, Beletsky AV, Grigoriev Al Zinchenko V'V, Kadnikov
VYV, et al. Metagenomic analysis of the dynamic changes in the gut microbiome of the
participants of the MARS-500 experiment, simulating long term space flight. Acta Nat.
(2013) 5:116-25. doi: 10.32607/20758251-2013-5-3-116-125

45. Chen Z, Wang Z, Li D, Zhu B, Xia Y, Wang G, et al. The gut microbiota as a target
to improve health conditions in a confined environment. Front Microbiol. (2022)
13:1067756. doi: 10.3389/fmicb.2022.1067756

46.Li L, Su Q, Xie B, Duan L, Zhao W, Hu D, et al. Gut microbes in correlation with
mood: case study in a closed experimental human life support system. Neurogastroenterol
Motil. (2016) 28:1233-40. doi: 10.1111/nmo.12822

47. Green MJ, Aylott JW, Williams P, Ghaemmaghami AM, Williams PM. Immunity
in space: prokaryote adaptations and immune response in microgravity. Life. (2021)
11:112. doi: 10.3390/1ife11020112

48. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al.
Statement: an updated guideline for reporting systematic reviews. BM]J. (2020) 372:n71.
doi: 10.1136/bmj.n71

49. Schardt C, Adams MB, Owens T, Keitz S, Fontelo P. Utilization of the PICO
framework to improve searching PubMed for clinical questions. BMC Med Inform Decis
Mak. (2007) 7:16. doi: 10.1186/1472-6947-7-16

50. Oren A, Garrity GM. Valid publication of the names of forty-two phyla of
prokaryotes. Int ] Syst Evol Microbiol. (2021) 71:10. doi: 10.1099/ijsem.0.005056

51. Sterne JA, Herndn MA, Reeves BC, Savovi¢ J, Berkman ND, Viswanathan M, et al.
ROBINS-I: a tool for assessing risk of bias in non-randomised studies of interventions.
BM]J. (2016) 355:i4919. doi: 10.1136/bmj.i4919

52. Turroni S, Rampelli S, Biagi E, Consolandi C, Severgnini M, Peano C, et al.
Temporal dynamics of the gut microbiota in people sharing a confined environment, a
520-day ground-based space simulation, MARS500. Microbiome. (2017) 5:39. doi:
10.1186/540168-017-0256-8

53. Brereton NJB, Pitre FE, Gonzalez E. Reanalysis of the Mars500 experiment reveals
common gut microbiome alterations in astronauts induced by long-duration
confinement. Comput Struct Biotechnol ]. (2021) 19:2223-35. doi: 10.1016/j.
¢sbj.2021.03.040

54.Hao Z, Li L, Fu Y, Liu H. The influence of bioregenerative life-support system
dietary structure and lifestyle on the gut microbiota: a 105-day ground-based space
simulation in lunar palace 1. Environ Microbiol. (2018) 20:3643-56. doi: 10.1111/1462-
2920.14358

55.Meng C, Wang W, Hao Z, Liu H. Investigation on the influence of isolated
environment on human psychological and physiological health. Sci Total Environ. (2020)
716:136972. doi: 10.1016/j.scitotenv.2020.136972

56. Rerberg MS, Manukovskii NS, Somova LA. Intestinal autoflora of the test subjects
in a 6-month biological engineering experiment. Kosm Biol Aviakosm Med. (1977)
11:57-9.

57. Shilov VM, Lizko NN, Borisova OK, Prokhorov VY. Changes in the microflora of
man during long-term confinement. Life Sci Space Res. (1971) 9:43-49.

58. Cordaro JT, Sellers WM, Ball R], Schmidt JP. Study of man during a 56-day
exposure to an oxygen-helium atmosphere at 258 mm. Hg total pressure X Enteric
microbial flora. Aerosp Med. (1966) 37:594-6.

Frontiers in Nutrition

155

10.3389/fnut.2023.1214016

59. Gall LS, Riely PE. Effect of diet and atmosphere on intestinal and skin flora. I.
Experimental data. NASA CR-661. NASA Contract Rep NASA CR. (1967) 1:1-215.

60.Chen ], Wang Q, Hao Z, Li Z, Sahu S, Liu H, et al. Relationship between the
gut microbiome and energy/nutrient intake in a confined bioregenerative life
support system. Appl Environ Microbiol. (2020) 86:€02465. doi: 10.1128/
AEM.02465-19

61. Lizko N, Shilov V, Syrykh G, Legenkov V. Composition on the intestinal microflora
of cosmonauts before and after space missions. Kosm Biol Aviakosmicheskaya Med.
(1979) 13:9-13.

62.Jin J, Touyama M, Yamada S, Yamazaki T, Benno Y. Alteration of a human
intestinal microbiota under extreme life environment in the Antarctica. Biol Pharm Bull.
(2014) 37:1899-906. doi: 10.1248/bpb.b14-00397

63. Zhang J, Zhao ], Jin H, Lv R, Shi H, De G, et al. Probiotics maintain the intestinal
microbiome homeostasis of the sailors during a long sea voyage. Gut Microbes. (2020)
11:930-43. doi: 10.1080/19490976.2020.1722054

64.Dong H, Chen P, Yu Y, Zang P, Wei Z. Simulated manned Mars exploration:
effects of dietary and diurnal cycle variations on the gut microbiome of crew
members in a controlled ecological life support system. Peer/. (2019) 7:¢7762. doi:
10.7717/peerj.7762

65.Chen P, Yu Y, Tan C, Liu H, Wu E Li H, et al. Human metabolic responses to
microgravity simulated in a 45-day 6 degrees head-down tilt bed rest (HDBR)
experiment. Anal Methods. (2016) 8:4334-44. doi: 10.1039/c6ay00644b

66. Siddiqui R, Qaisar R, Goswami N, Khan N, Elmoselhi A. Effect of microgravity
environment on gut microbiome and angiogenesis. Life (Basel). (2021) 11:1008. doi:
10.3390/1ife11101008

67. Voorhies AA, Lorenzi HA. The challenge of maintaining a healthy microbiome
during long-duration space missions. Front Astron Space Sci. (2016) 3:23. doi: 10.3389/
fspas.2016.00023

68. Douglas GL, DeKerlegand D, Dlouhy H, Dumont-Leblond N, Fields E, Heer M,
et al. Impact of diet on human nutrition, immune response, gut microbiome, and
cognition in an isolated and confined mission environment. Sci Rep. (2022) 12:20847.
doi: 10.1038/s41598-022-21927-5

69. Vasiliev D. The role of biodiversity in ecosystem resilience. IOP Conf Ser: Earth
Environ Sci. (2022) 1072:012012. doi: 10.1088/1755-1315/1072/1/012012

70. Srivastava AK, Rohil V, Bhushan B, Eslavath MR, Gupta H, Chanda S, et al.
Probiotics maintain the gut microbiome homeostasis during Indian Antarctic expedition
by ship. Sci Rep. (2021) 11:18793. doi: 10.1038/s41598-021-97890-4

71. Turnbaugh PJ, Ridaura VK, Faith JJ, Rey FE, Knight R, Gordon JI. The effect of
diet on the human gut microbiome: a metagenomic analysis in humanized Gnotobiotic
mice. Sci Transl Med. (2009) 1:6ral4. doi: 10.1126/scitranslmed.3000322

72. Zeng H. Mechanisms linking dietary fiber, gut microbiota and colon cancer
prevention. World ] Gastrointest Oncol. (2014) 6:41-51. doi: 10.4251/wjgo.v6.i2.41

73. Tojo R. Intestinal microbiota in health and disease: role of bifidobacteria in gut
homeostasis. World ] Gastroenterol. (2014) 20:15163-76. doi: 10.3748/wjg.v20.i41.15163

74. Boursier J, Mueller O, Barret M, Machado M, Fizanne L, Araujo-Perez F, et al. The
severity of nonalcoholic fatty liver disease is associated with gut dysbiosis and shift in
the metabolic function of the gut microbiota. Hepatology. (2016) 63:764-75. doi:
10.1002/hep.28356

75. Lagier J-C, Armougom E Million M, Hugon P, Pagnier I, Robert C, et al. Microbial
culturomics: paradigm shift in the human gut microbiome study. Clin Microbiol Infect.
(2012) 18:1185-93. doi: 10.1111/1469-0691.12023

76.]Ji B, Nielsen J. From next-generation sequencing to systematic modeling of the gut
microbiome. Front Genet. (2015) 6:219. doi: 10.3389/fgene.2015.00219

77.Relman DA. The human microbiome: ecosystem resilience and health. Nutr Rev.
(2012) 70:S2-9. doi: 10.1111/j.1753-4887.2012.00489.x

78. Dethlefsen L, Relman DA. Incomplete recovery and individualized responses of
the human distal gut microbiota to repeated antibiotic perturbation. Proc Natl Acad Sci
US A. (2011) 108:4554-61. doi: 10.1073/pnas.1000087107

79. Van de Guchte M, Burz SD, Cadiou J, Wu ], Mondot S, Blottiere HM, et al. Alternative
stable states in the intestinal ecosystem: proof of concept in a rat model and a perspective of
therapeutic implications. Microbiome. (2020) 8:153. doi: 10.1186/s40168-020-00933-7

frontiersin.org


https://doi.org/10.3389/fnut.2023.1214016
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2020.553929
https://doi.org/10.3389/fphys.2020.553929
https://doi.org/10.1080/19490976.2019.1710091
https://doi.org/10.1073/pnas.0707155104
https://doi.org/10.1073/pnas.0707155104
https://doi.org/10.1111/jam.14789
https://doi.org/10.32607/20758251-2014-6-2-10-18
https://doi.org/10.32607/20758251-2013-5-3-116-125
https://doi.org/10.3389/fmicb.2022.1067756
https://doi.org/10.1111/nmo.12822
https://doi.org/10.3390/life11020112
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1186/1472-6947-7-16
https://doi.org/10.1099/ijsem.0.005056
https://doi.org/10.1136/bmj.i4919
https://doi.org/10.1186/s40168-017-0256-8
https://doi.org/10.1016/j.csbj.2021.03.040
https://doi.org/10.1016/j.csbj.2021.03.040
https://doi.org/10.1111/1462-2920.14358
https://doi.org/10.1111/1462-2920.14358
https://doi.org/10.1016/j.scitotenv.2020.136972
https://doi.org/10.1128/AEM.02465-19
https://doi.org/10.1128/AEM.02465-19
https://doi.org/10.1248/bpb.b14-00397
https://doi.org/10.1080/19490976.2020.1722054
https://doi.org/10.7717/peerj.7762
https://doi.org/10.1039/c6ay00644b
https://doi.org/10.3390/life11101008
https://doi.org/10.3389/fspas.2016.00023
https://doi.org/10.3389/fspas.2016.00023
https://doi.org/10.1038/s41598-022-21927-5
https://doi.org/10.1088/1755-1315/1072/1/012012
https://doi.org/10.1038/s41598-021-97890-4
https://doi.org/10.1126/scitranslmed.3000322
https://doi.org/10.4251/wjgo.v6.i2.41
https://doi.org/10.3748/wjg.v20.i41.15163
https://doi.org/10.1002/hep.28356
https://doi.org/10.1111/1469-0691.12023
https://doi.org/10.3389/fgene.2015.00219
https://doi.org/10.1111/j.1753-4887.2012.00489.x
https://doi.org/10.1073/pnas.1000087107
https://doi.org/10.1186/s40168-020-00933-7

Frontiers In
Immunology

Explores novel approaches and diagnoses to treat
immune disorders.

The official journal of the International Union of
Immunological Societies (IUIS) and the most cited
in its field, leading the way for research across
basic, translational and clinical immunology.

Discover the latest
Research Topics  trontiers

Frontiers in

Immunology

Frontiers

Avenue du Tribunal-Fédéral 34
1005 Lausanne, Switzerland
frontiersin.org

Contact us

+41(0)21 510 17 00
frontiersin.org/about/contact

& frontiers | Research Topics



https://www.frontiersin.org/journals/immunology/research-topics

	Cover

	FRONTIERS EBOOK COPYRIGHT STATEMENT

	Microbiota, nutrition and stress: Modulators of immunity

	Table of contents

	Editorial: Microbiota, nutrition and stress: modulators of immunity
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References

	The relationship between nutrition and the immune system
	Introduction
	The effect of nutrition on optimal immune response
	Nutrients involved in mediation of pro-and anti-inflammatory responses
	Vitamin A
	Vitamins B1, B2, B3, and B12
	Vitamin C
	Vitamin D
	The minerals-zinc and selenium
	Macronutrients: Amino acids arginine and tryptophan

	The role of cholesterol in the immune response
	The polyunsaturated fatty acids effects on immunomodulation
	Conclusion and future perspectives
	The nutrients which have major effects on normal immune cell function and immune homeostasis
	The nutrients implicated in inflammation and immunopathologies
	Perspectives on the role of nutrients in ameliorating severity of specific inflammatory diseases, autoimmunity

	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References

	Pasture intake protects against commercial diet-induced lipopolysaccharide production facilitated by gut microbiota through activating intestinal alkaline phosphatase enzyme in meat geese
	Introduction
	Materials and methods
	Ethical approval
	Animals, diets, and housing
	Sample collection
	Measurement of LPS, ROS, and ALP levels
	Bacterial growth conditions
	Measurement of gut permeability
	Measurement of antioxidant parameters
	Measurement of metabolic (plasma lipid) profiles
	Hematoxylin and eosin staining
	Paraffin embedding
	Slicing and imaging
	Localization of NF-κB and Nrf2 by immunofluorescence analysis
	Western blotting analysis of ALP
	RNA extraction and RT-qPCR
	DNA extraction and PCR amplification
	Illumina MiSeq sequencing
	Processing of sequencing data
	Statistical analysis

	Results
	Artificial pasture grazing system modulates gut microbiota to inhibit LPS synthesis induced by in-house feeding system
	Inhibitory effects of artificial pasture grazing system on in-house feeding system-induced ROS production via LPS/TLR4/MyD88 pathway in meat geese
	Inhibitory effects of artificial pasture grazing system on in-house feeding system deteriorated nutrient absorption
	Beneficial effects of artificial pasture grazing system on in-house feeding system-dependent apoptosis-induced gut permeability in meat geese
	Inhibitory Effects of artificial pasture grazing system on in-house feeding system-induced NF-κB pathway and its systemic inflammation
	Effects of artificial pasture grazing system on activation of Nrf2 pathway in meat geese
	Artificial pasture grazing system attenuates the in-house feeding system-induced endotoxemia, gut permeability, and chronic systemic inflammation of meat geese
	Long-term artificial pasture grazing system attenuates the manifestation of KEAP1-induced aging phenotypes in meat geese
	Long-term artificial pasture grazing system improved metabolic profile in meat geese
	Long-term Supplementation of artificial pasture grazing system impedes compositional changes in gut microbiota by stimulating intestinal ALP enzyme

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References

	β-hydroxybutyrate enhances bovine neutrophil adhesion by inhibiting autophagy
	Introduction
	Materials and methods
	Animals and sampling
	Detection of serum inflammatory factors
	Cell adhesion assay
	Isolation, culture, and treatment of neutrophils
	Protein extraction and Western blotting
	Transmission electron microscope
	Quantitative reverse-transcription PCR assay
	Immunofluorescence assay
	Statistical analysis

	Results
	Systemic inflammation of SCK cows
	BHB enhances the adhesion of bovine neutrophils in vitro
	BHB impairs autophagy in bovine neutrophils
	BHB enhances the adhesion of bovine neutrophils by inhibiting autophagy
	BHB inhibits the co-localization of CD11b and autophagosomes
	Autophagy is involved in BHB pro-inflammatory activation of bovine neutrophils

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References

	Overview of the effect of rumen-protected limiting amino acids (methionine and lysine) and choline on the immunity, antioxidative, and inflammatory status of periparturient ruminants
	1 Introduction
	2 Effect of rumen-protected first-limiting amino acids (methionine and lysine) and choline on the antioxidant, immunity, anti-inflammatory, and health status of ruminants
	2.1 Effect of rumen-protected first-limiting amino acids (methionine and lysine) and choline supplementation on the antioxidant status of ruminants
	2.1.1 Effect of methionine and choline supplementation on the antioxidant status of ruminants
	2.1.2 Effect of methionine and lysine supplementation on the antioxidant status of ruminants

	2.2 Effect of methionine and lysine supplementation on inflammation and immunity in ruminants
	2.3 Effect of methionine and choline supplementation on the inflammation and immunity of ruminants
	2.4 Rumen-protected limiting amino acids (methionine and lysine) and choline-regulated genes are associated with the immunity, antioxidant, and anti-inflammatory status of ruminants

	3 Conclusions
	Author contributions
	Funding
	Acknowledgments
	References

	Impact of intravenous vitamin C as a monotherapy on mortality risk in critically ill patients: A meta-analysis of randomized controlled trials with trial sequential analysis
	1. Introduction
	2. Methods
	2.1. Protocol and registration
	2.2. Data sources and search strategy
	2.3. Inclusion and exclusion criteria
	2.4. Study selection and data extraction
	2.5. Clinical outcomes
	2.6. Assessment of methodologic quality
	2.7. Data synthesis

	3. Results
	3.1. Characteristics of trials and risk of bias
	3.2. Outcomes
	3.2.1. Primary outcome: Risk of mortality
	3.2.2. Secondary outcome: Impact of vitamin C on vasopressor use, mechanical ventilation time, and risk of renal replacement therapy
	3.2.3. Impact of IVVC on CRP level, SOFA score, and serum vitamin C level
	3.2.4. Secondary outcomes: Hospital and ICU length of stay


	4. Discussion
	Data availability statement
	Author contributions
	Conflict of interest
	Publisher's note
	Supplementary material
	References

	Dissecting the causal effect between gut microbiota, DHA, and urate metabolism: A large-scale bidirectional Mendelian randomization
	1 Introduction
	2 Methods
	2.1 Study design
	2.2 Instrument variables selection
	2.3 Genetic causality and correlation of microbiota and urate metabolism
	2.4 Mediation analysis and colocalization of microbiota, DHA, and gout/urate level

	3 Results
	3.1 Bidirectional causal association of gut microbiota and urate metabolism
	3.2 Bidirectional causal association of microbiota metabolism pathways and urate metabolism
	3.3 Mediation analysis of microbiota, DHA, and gout/urate level

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References

	Effects of dietary tryptophan on the antioxidant capacity and immune response associated with TOR and TLRs/MyD88/NF-κB signaling pathways in northern snakehead, Channa argus (Cantor, 1842)
	1 Introduction
	2 Materials and methods
	2.1 Experimental diets
	2.2 Fish and culturing conditions
	2.3 Sample collection and analysis
	2.4 Calculations and statistical analysis

	3 Results
	3.1 Organ index
	3.2 Total hemocyte count and hematologic antioxidant-related parameters
	3.3 Relative mRNA expression of genes related to intestinal inflammatory factors
	3.4 Relative mRNA expression of genes related to the intestinal target of signaling pathways

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	References

	Polysaccharide from aerial part of Chuanminshen violaceum alleviates oxidative stress and inflammatory response in aging mice through modulating intestinal microbiota
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Isolation, chemical composition, monosaccharide composition and average-molecular weight of CVSS polysaccharides
	2.3 Animal care and experimental design
	2.3.1 Blood biochemical test
	2.3.2 Histological staining
	2.3.3 Quantitative realtime PCR
	2.3.4 Determination of oxidative stress indicators, inflammatory factors, LPS and sIgA
	2.3.5 Gut microbiota analysis

	2.4 Statistical analysis

	3 Results
	3.1 Isolation, chemical composition, monosaccharide composition and average-molecular weight of CVSS polysaccharide
	3.2 CVP-AP-I protects naturally aging mice from oxidative stress and inflammation
	3.3 CVP-AP-I attenuates oxidative stress and inflammation in the gut and liver of naturally aging mice
	3.4 CVP-AP-I ameliorates liver and intestinal tissue defects and repairs the intestinal immune barrier of naturally aging mice
	3.5 CVP-AP-I regulates gut–liver axis through modulating gut microbiota

	4 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	References

	Potential of macronutrients and probiotics to boost immunity in patients with SARS-COV-2: a narrative review
	Introduction
	Protein
	The immunomodulatory role of protein in SARS-COV-2

	Lipid
	The immunomodulatory role of lipids in SARS-COV-2

	Carbohydrates
	Probiotics
	The immunomodulatory role of probiotics in SARS-COV-2

	Conclusion
	Author contributions
	Conflict of interest
	Publisher’s note
	Supplementary material
	References

	Effects of isolation and confinement on gastrointestinal microbiota–a systematic review
	1. Introduction
	2. Materials and methods
	2.1. Literature information sources and search strategy
	2.2. Eligibility criteria
	2.3. Study selection and organization
	2.4. Data items and statistics
	2.5. Risk of bias

	3. Results
	3.1. Summary of the study characteristics
	3.2. Summary of study outcomes
	3.3. Subgroup analyses
	3.3.1. Subgroup analysis 1: GI microbiota under isolation conditions in space
	3.3.2. Subgroup analysis 2: GI microbiota under isolation conditions in experimental facilities
	3.3.3. Subgroup analysis 3: GI microbiota under isolation conditions in natural isolated habitats
	3.4. Similarities and differences across habitats
	3.5. Further outcomes
	3.6. Risk of bias

	4. Discussion
	4.1. Strengths and weaknesses of the systematic review

	5. Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References

	Back Cover


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




