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and Le-independent FUTs may be involved [14,22]. In addition, a1-2-fucosylated HMOs have been
found in the milk of nonsecretor women near the end of lactation, and Newburg et al. suggested that
FUT1 might also participate in HMO fucosylation [22]. In addition, fucosylation in preterm milk is
not as well regulated as in term milk, resulting in higher within and between mother variation in
women delivering preterm vs term. In fact, of particular clinical interest, the «1,2-linked fucosylated
oligosaccharide 2'-fucosyllactose, which is an indicator of secretor status, is not consistently present
across the lactation of several mothers that delivered preterm [23].

The amount and composition of HMOs also vary over the course of lactation. Whereas, colostrum
contains as much as 20-25 g/L of HMOs, as milk production matures, HMO concentrations decline to
5-20 g/L, which still exceeds the concentration of total milk protein [4]. The milk of mothers delivering
preterm infants has higher HMO concentrations than term milk [14], whereas preterm milk contains
lower levels of fucosylated HMOs than term milk [24], and no differences in neutral and acidic HMOs
are found between preterm and term milk [25].

3. The Intestinal Inmune System

The intestinal immune system, also known as gut-associated lymphoid tissue (GALT), is a
secondary lymphoid organ that is responsible for the processing of the antigens that interact with the
intestinal mucosa and of the dissemination of the immune response [26]. There are two main locations
of lymphocytes in the intestine: the inductive sites, that is, where the immune response begins after
stimulation by an antigen, of which the Peyer patches are the most typical, and the effector sites, that is,
the ones that are responsible for executing and completing the response. There are also two main
lymphocyte populations in the gut: the lymphocytes of the lamina propria (LPL), located in the internal
part of the villus, and the intraepithelial lymphocytes (IELs), located among the enterocytes along the
villus. It is worth mentioning that, in addition to the Peyer patch lymphocytes (PPLs), the peritoneal
lymphocytes, particularly the B1 cells, are important precursors of one population of plasmatic cells
found in the lamina propria. Therefore, two main inductive populations may be found at the intestinal
level: the B2 cells, which reside in the Peyer patches, and the B1 cells, which reside in the peritoneum
(Figure 2) [27].

Figure 2. Main lymphocyte populations of the gut-associated lymphoid tissue (GALT). Modified with
permission from [26].
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The antigens that are present in the intestinal lumen are processed and transported into the
Peyer patches via the M cells, which are located among the enterocytes in the epithelium. Once in the
Peyer patches, the antigens interact with antigen-presenting cells (APCs), which are responsible for
presenting those antigens to immature B and T lymphocytes that are residing in both the germinal
centers and interfollicular regions. After their activation by antigens, the immature B and T cells
drain down the lymph nodes and migrate through the thoracic duct to the bloodstream. They may
circulate for a few days and later differentiate into mature effector cells that migrate to the lamina
propria or memory cells, which again travel to the Peyer patches [26,27]. The so-called dendritic cells
that are present in the Peyer patches and the lamina propria have been shown to form pseudopods
and interact directly with antigens that are present in the intestinal lumen, after which they process
the antigens and present them to other underlying cell lineages without the involvement of the
M cells [28,29]. Another population of effector cells consisting of IELs may interact with antigens
entering the gastrointestinal tract without following the course mentioned above. In recent years,
a new type of cells, innate lymphoid cells (ILCs), have been described along with their functions [30].
ILCs are present in the intestine and other mucosae and participate in tissue homeostasis, inflammation,
and autoimmunity, although their main function is the development of the gut barrier.

The potential beneficial effects of HMOs might be related to their capacity to interact with a
number of receptors that are located in intestinal immune cells [31].

4. Beneficial Effects of HMOs

Humans lack the enzymes (sialidases, fucosidases) that break down HMOs; therefore,
these compounds reach the colon intact, where they are digested by bacteria within the intestinal
microbiota. In this sense, HMOs are prebiotics and they promote the growth of a favorable microbiota.
Moreover, HMOs have been reported to confer additional benefits on the host, among which the three
main effects are described below.

4.1. Inhibition of Microorganism Adhesion to the Intestinal Mucosa

The formation of the gut microbiota ecosystem is a complex but continuous process that
is affected by endogenous and exogenous determinants of variability. An immediate effect
at the time of birth continues for several years during childhood through subsequent stages.
Streptococcus and Staphylococcus species are the most commonly identified bacterial genera in human
milk, followed by Bifidobacterium, Lactobacillus, Propionibacteria, Enterococcus, and members of the
Enterobacteriaceae family [32,33].

During early life, several external factors, such as delivery mode, feeding modality, environmental
influences, antibiotic exposure, and functional food intake can affect microbiota shaping and
composition [34]. The ability of the immune system to coevolve with the microbiota during perinatal
life allows for the host and the microbiota to coexist in a mutually beneficial relationship [34]. Metabolic
diseases are linked with disruption of both the innate and adaptive immune systems. There is
evidence that some cytokines (e.g., TNF-a and IL-1) contribute to insulin resistance, thereby promoting
diabetes [35] and leading to metabolic inflammation [36]. Likewise, Gram (—) lipopolysaccharide
(LPS) components [37] circulate in the blood transported by LPS-binding proteins and lipoproteins,
contributing to inflammation [34].

HMOs might protect breastfed infants against microbial infections due to their structural
similarities to cell surface glycoconjugates utilized by microbes [38-40]. Experimental results have
shown that oligosaccharides can provide protective effects through cell signaling and cell-to-cell
recognition events, the enrichment of protective gut microbiota, and the modulation of microbial
adhesion and invasion of the infant intestinal mucosa [41-45]. Most enteric pathogens use cell surface
glycans to identify and bind to their target cells, which is the critical first step in pathogenesis.
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Fucosylated HMOs have been reported to inhibit (i) the binding of several pathogens, such as
Campylobacter jejuni [46], Norwald-like virus [47], and Helicobacter pylori [48], and (ii) the heat-stable
enterotoxin of Escherichia coli [49] to intestinal cells.

The addition of HMOs was tested in T84 cell membranes to establish the inhibition of
enterotoxin-producing Escherichia coli. The administration of HMOs repressed E. coli guanylate cyclase
activity and cyclic GMP production in these cells [50]. Uropathogenic E. coli strains expressing P (Pap)
and P-like (Prs) fimbriae are responsible for infections of the urinary tract. The hemagglutination
that is mediated by these strains was inhibited by HMOs, especially by the sialylated fraction [51].
Fractions of HMOs were evaluated for their ability to inhibit the adhesion of E. coli serotype O119,
Vibrio cholerae, and Salmonella fyris in differentiated Caco-2 cells. The evaluated HMOs inhibited the
adhesion of these pathogens to epithelial cells [52]. Oligosaccharides from milk might block the action
of PA-IIL, a fucose-binding lectin of the human pathogen Pseudomonas aeruginosa, through competition
for the receptor and further binding [53]. In particular, a significant reduction in uropathogenic E. coli
internalization into HMO-pretreated epithelial cells was detected without observing any binding
to these cells [54]. HMOs from pooled human milk significantly reduced enteropathogenic E. coli
strain 2348/69 (serotype O127:H6) attachment to cultured epithelial cells [55]. Likewise, treatment
with HMOs reduced the invasion of human premature intestinal epithelial cells by C. albicans in a
dose-dependent manner [56].

Colonization and invasion require the attachment of trophozoites to the host’s mucosa.
HMOs reduce E. histolytica attachment and cytotoxicity; in fact, pooled HMOs detach E. histolytica
by more than 80%; moreover, HMOs rescue E. histolytica-induced destruction of human intestinal
epithelial HT-29 cells in a dose-dependent manner [57].

4.2. Short-Chain Fatty Acid Production by Bifidobacteria

Short-chain fatty acids (SCFAs) are an important source of energy for enterocytes and are key
signaling molecules for the maintenance of gut health. HMOs can indirectly increase the production of
SCFA, and these augmented levels are mediated by bifidobacteria species. SCFAs can interact with the
SCFA receptors GPR41 and GPR43, increasing the intestinal secretion of polypeptide YY (PYY) and
glucagon-like peptide 1 (GLP-1), respectively [58,59]. Propionate can increase free-fatty-acid uptake,
possibly by affecting the lipoprotein lipase (LPL) inhibitor angiopoietin-like 4 (ANGPTLA4). Acetate
and propionate might also attenuate intracellular lipolysis by decreasing the phosphorylation of the
hormone-sensitive lipase (HSL) through its interaction with the SCFA receptor GPR43. Propionate and
butyrate could reduce the secretion of proinflammatory cytokines and chemokines, likely by reducing
local macrophage infiltration [58].

Breastfed infants are typically colonized by strains of bacteria that are thought to protect,
feed, and communicate with the developing intestine [60]. In 1954, Gyorgy et al. [61] conducted
several studies that indicated a unique activity of HMOs as a growth factor for a Bifidobacterium
that was isolated from the feces of an infant. Ward et al. [62,63] first demonstrated the selective
growth of bifidobacteria species on intact HMOs in vitro. A number of studies have characterized the
bifidobacterial moieties that specifically bind and catabolize HMOs [64-67].

B. infantis possesses a gene cluster that encodes transport systems and intracellular glycosyl
hydrolases [41,68,69]. However, B. bifidum employs a different mode of catalytic activity toward
HMO consumption: it exports sialidases, fucosidases, and a lacto-N-biosidase to release lacto-N-biose
from HMO structures, and lacto-N-biose is then transported and metabolized [70]. Recently, a study
revealed a multicomponent transcriptional regulation system that controls the HMO metabolism
pathways in B. breve UCC2003 [71].

4.3. Inhibition of Inflammatory Genes

Although HMO-mediated changes in the infant microbiota composition or intestinal epithelial
cell response may indirectly affect the infant immune system, many in vitro studies suggest that

234



Nutrients 2018, 10, 1038

HMOs also directly modulate immune responses. HMOs may act either locally, on cells of the
mucosa-associated lymphoid tissues, or at a systemic level, as 1% of HMOs are absorbed and reach the
systemic circulation [4,72-74].

The transcriptional response of colonic epithelial cells that are treated with HMOs was investigated
in HT-29 cells. The expression of several cytokines (such as IL-1§3, IL-8, colony-stimulating factor 2,
IL-17C and platelet factor 4 (PF4)), chemokines (such as CXCL1, CXCL3, CXCL2, CXCL6, CCL5, CCL20,
and CX3CL1), and cell surface receptors (interferon y receptor 1, IFNGR1), intercellular adhesion
molecule-1 (ICAM-1), intercellular adhesion molecule-2 ICAM-2), and IL-10 receptor a (IL10RA)
in HT-29 cells was influenced by the administration of HMOs [75]. The aforementioned cytokines,
chemokines, and cell surface receptors are implicated in the development and maturation of the
intestinal immune response [75].

Using a cellular model with intestinal epithelial cells (T84/HCTS8/FHs74) and HeLa cells,
He et al. [76] investigated the effects of HMOs from colostrum in fetal human intestinal mucosa
cells. These authors identified networks controlling immune cell communication, intestinal mucosal
immune system differentiation, and homeostasis. HMOs treatment decreased cytokine protein levels,
such as IL-8, IL-6, monocyte chemoattractant protein-1/2 and IL-13, while increasing the levels of
cytokines that are involved in tissue repair and homeostasis [76].

Gram-negative pathogenic bacteria might activate mucosal inflammation through the binding of
LPS to intestinal toll-like receptor 4 (TLR4) in epithelial intestinal cells (IECs). Under in vitro conditions,
IECs were treated with a strain of enterotoxigenic E. coli to evaluate the inhibitory effect of HMO
treatment on the secretion of IL-8. Both treatments (a mixture of HMOs and 2'-FL alone) successfully
decreased the LPS-dependent stimulation of IL-8 through the attenuation of CD14 induction.
CD14 expression mediates the LPS-TLR4 stimulation of portions of the “macrophage migration
inhibitory factors” inflammatory pathway via suppressors of cytokine signaling 2/signal transducer
and the activator of transcription (STAT) 3/NF-«kB [76]. The effects of different oligosaccharide fractions
on leukocyte rolling and adhesion were determined. Two active compounds (3'-sialyl-lactose and
3'-sialyl-3-fucosyl-lactose) exhibit an inhibitory effect on leukocyte rolling and adhesion, decreasing
the incidence of inflammatory diseases due to their anti-inflammatory activities [77].

The administration of HMOs also demonstrated growth inhibition of Streptococcus agalactiae
(group B Streptococcus). This bacteriostatic activity was mediated through the action of a putative
glycosyltransferase that confers resistance to oligosaccharides [78]. The human epithelial cell lines
HEp-2 and HT-29 were infected with C. jejuni 81-176 and were treated with 2'FL to evaluate the degree
of infection and inflammatory response. Treatment with 2’-FL attenuated the majority of C. jejuni
invasion and decreased the release of IL-8 and IL-1b by 80-90% as well as decreasing the level of the
neutrophil chemoattractant macrophage inflammatory protein 2 (MIP-2) [79].

Bacterial strains are not the only pathogens that are inhibited by the action of HMOs. In addition,
some evidence suggests that HMOs act against viruses [6]. In particular, 2/-FL and 3-FL can
structurally mimic histo-blood group antigens and block the binding of norovirus, which can
cause acute gastroenteritis in humans [80]. The effects of 2'FL, 6'-sialyllactose, 3'-sialyllactose and
lacto-N-neotetraose on peripheral blood mononuclear cells (PBMCs) following respiratory viral
infection were investigated in vitro. The administration of 2/-FL significantly decreased the respiratory
syncytial viral load and cytokines that are associated with disease severity (IL-6, IL-8, MIP-1c) and
inflammation (TNF-«, MCP-1) in airway epithelial cells. Lacto-N-neotetraose and 6'-sialyllactose
treatments decreased the influenza viral load in airway epithelial cells, and only 6'-sialyllactose
decreased CXCL10 and TNF-« in respiratory syncytial virus-infected PBMCs [81]. Particularly,
HMOs containing more than one unit of fucose may exhibit stronger binding capacities when compared
with single fucose HMOs [82].
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5. Inmmunomodulation Mediated by HMOs: Animal Studies

The immunomodulatory effects of HMOs have also been demonstrated in animal studies.
The impact of HMOs on mucosal immunity and the response to rotavirus infection has been studied
in piglets by Li et al. [83]. The administration of HMOs to these animals decreased the duration of
diarrhea and enhanced the expression of IFN-y and IL-10. HMO treatment failed to prevent the onset
of rotavirus infection [83].

Colostrum-deprived newborn pigs were fed HMO formula (2'-FL, lacto-N-neotetraose, 6'-sialyllactose,
3'-sialyllactose, and free sialic acid) or formula containing short-chain galactooligosaccharides and
long-chain fructooligosaccharides, and were then inoculated with porcine rotavirus strain OSU at
day 10. Pigs that received the HMO treatment had nearly twice as many natural killer cells and five
times as many basophils as formula-fed pigs. The authors hypothesized that altered immune cell
populations may mediate the effects of dietary HMOs on rotavirus infection susceptibility through
the direct stimulation of immune cells, alteration of intestinal bacterial populations, modulation of
intestinal barrier function, and the alteration of viral pathogenicity [84].

2-FL is one of the most prominent short-chain oligosaccharides and it is associated with the
anti-infective capacity of human milk. A murine influenza vaccination model was used to determine
the effect of 2’-FL on vaccination responsiveness. 2'-FL treatment enhanced the delayed-type
hypersensitivity responses and increased the serum levels of immunoglobulin (Ig) G1 and IgG2a
and the expression of activation marker CD27 on splenic B cells. Finally, 2’-FL treatment had a direct
effect on the maturation status and antigen-presenting capacity of bone marrow-derived dendritic
cells [85]. Four-week-old male wild-type C57BL/6 mice were fed antibiotics to reduce their intestinal
microbiota and then inoculated with C. jejuni 81-176. The effect of treatment with 2’-FL on the resulting
acute transient enteric infection and immune response was evaluated. The ingestion of 2'-FL reduced C.
jejuni colonization and the induction of inflammatory signaling molecules of the acute-phase mucosal
immune response by 50-60% [79].

6. Effects of HMOs: Studies in Humans

The positive effects of HMOs found by in vitro and animal studies must be substantiated by
findings from clinical studies. The most reliable clinical studies for assessing the benefits of HMOs are
randomized, double-blinded, multicenter controlled trials (RCTs). To date, however, the number of
RCTs with HMOs is very scarce, and most have focused on aspects other than the immune response.

6.1. Observational Studies

HMOs containing «1,2-fucosyl linkages have been shown to promote the growth of bifidobacteria.
B. longum subsp. infantis and B. bifidum possess glycosyl hydrolase family 95 (GH95) fucosidases
that act on 2'-fucosylated HMOs [68,86,87]. Mothers with FUT2 (secretor mothers) and nonsecretor
mothers (with the nonfunctional enzyme) were recruited to evaluate the effects of maternal secretor
status on the developing infant microbiota. Bifidobacteria colonize earlier in infants that are fed by
secretor mothers than in infants fed by nonsecretor mothers. In addition, the majority of bifidobacteria
were isolated from secretor-fed infants who consumed 2’-FL. Feces with high levels of bifidobacteria
contained lower milk oligosaccharide levels and higher lactate levels [86]. The known HMO consumer
Bifidobacterium were more abundant in the children of secretor mothers than those of nonsecretor
mothers. The relative abundance of Bacteroides plebeius, a bacterium capable of utilizing sulfated
polysaccharides for growth, was decreased in these children [88]. In addition, the FUT2 gene might be
related to allergic disease in breastfed infants later in life. At two years of age, but not at five years,
a lower incidence of IgE-associated eczema was detected in C-section-born infants who were fed
breast milk containing FUT2-dependent oligosaccharides [89]. Additionally, although data suggest
that higher lacto-N-fucopentaose III concentrations are associated with the lack of development of
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cow’s milk allergy, they are not required to prevent cow’s milk allergy. Therefore, other mechanisms
must be in play [90].

HMOs have multiple immunomodulatory functions that influence child’s health [91]. Kuhn et al.
evaluated the effects of HMO from breast milk on the survival of uninfected children born to
HIV-infected mothers. Higher maternal breast milk concentrations of 2-linked fucosylated HMOs
(2’-FL and lacto-N-fucopentaose I, as well as 3FL and lacto-N-fucopentaose 11/11I) were significantly
associated with reduced mortality [91].

Breast milk samples were analyzed to determine the levels of 2-linked fucosyloligosaccharides
and their relationship with the incidence of moderate-to-severe diarrhea. The incidence of diarrhea was
lower in infants fed milk containing high levels of total 2-linked fucosyloligosaccharides. Campylobacter,
and calicivirus-induced diarrhea occurred less often in infants whose mother’s milk contained high
levels of 2’-FL and lacto-N-difucohexaose [92].

6.2. Randomized Controlled Trials

Marriage et al. [93] carried out a prospective, randomized, controlled, multicenter study at
28 sites throughout the United States involving 424 healthy full-term infants enrolled by day five
of life to examine infant growth and the tolerance of infant formulas with a caloric density that is
closer to that of human milk supplemented with HMOs and to study HMO uptake [93]. Infants were
randomly divided into three formula feeding groups: (a) EF1, starter formula (64.3 kcal /100 mL) with
galactooligosaccharides (GOS) (2.2 g/L) and 2/-FL at 0.2 g/L (n = 105); (b) EF2, starter formula
(64.3 keal/100 mL) with GOS (1.4 g/L) and 2'-FL at 1 g/L (n = 111); and, CF, control formula
(64.3 kcal /100 mL) with only GOS (2.4 g/ L) (n = 101). A nonrandomized human milk-fed (HM) group
of infants was also enrolled as a reference (1 = 107). The study duration was 119 days, and the primary
outcome was weight gain per day. Secondary outcomes included measures of tolerance and other
anthropometric measures, formula intake, parent responses to questions that are related to satisfaction
with the formula and their infant’s behavior, concentrations of 2/-FL in human milk in infant plasma
and urine, and relative absorption. No significant differences were observed among any groups in
growth parameters (weight, length, or head circumference) over the four-month study period. 2’-FL
was present in the plasma and urine of infants fed the two formulas containing 2-FL (EF1, EF2).
No significant difference was observed in 2’-FL uptake relative to the concentration fed. All of the
formulas were well tolerated and comparable in terms of average stool consistency, number of stools
per day, and percentage of feedings associated with spitting up or vomiting. In conclusion, infants fed
a lower caloric formula with 2'FL show growth and 2'FL uptake like breast-fed infants [93].

The same authors investigated the effects of feeding formulas supplemented with the HMO
2'-FL on biomarkers of immune function in healthy term infants [94]. For this purpose, they used a
subpopulation of the infants that were enrolled in [93]. PBMCs were isolated for cellular phenotyping
and stimulated ex vivo with phytohemagglutinin to examine proliferation and cell cycle progression
or with respiratory syncytial virus (RSV). Cytokine concentrations were measured in plasma and in ex
vivo cultures. Both groups fed EF1 and EF2 exhibited significantly different inflammatory cytokine
profiles from those of the group fed the control formula (only GOS) (p < 0.05) but not different from
those of breastfed infants or from each other. The plasma concentrations of the inflammatory cytokines
IL-1x, IL-1B, IL-6, and TNF-«, and the anti-inflammatory IL-1 receptor antagonist were significantly
higher in the control group (only GOS) than in breastfed infants or the groups fed EF1 and EF2
(p <0.05). In ex vivo RSV-stimulated PBMC cultures, breastfed infants were not different from either
of the groups fed the experimental formulas (EF1 and EF2), but they had lower concentrations of
inflammatory cytokines TNF-« and IFN-Y (p < 0.05) and tended to have lower IL-1ra, IL-6 and IL-13
than infants fed the control formula. This study suggests that infants fed a formula containing 2'FL
have lower inflammatory cytokines, although being similar to those of breastfed infants [94].

Kajzer et al. [95] evaluated the gastrointestinal tolerance of infants fed infant formula
supplemented with 2’-FL and short-chain fructo-oligosaccharides (scFOS) in a prospective, randomized,

237



Nutrients 2018, 10, 1038

multicenter, double-blinded, controlled study involving 131 full-term infants enrolled between 0 and
8 days of age [95]. Infants were randomly allocated to receive either milk-based infant formula not
containing oligosaccharides (n = 42) or milk-based infant formula containing 2’-FL (0.2 g/L) and
scFOS (2 g/L) (n = 46). A group of 43 breastfed infants were also included. The intervention was
performed for 35 days. The primary outcome was the average mean rank stool consistency (MRSC)
from study day 1 to visit 3, calculated from stool records. From study day 1 to visit 3, no difference in
stool consistency was observed. At visit 3, there were no differences between groups in the average
volume of study formula intake, the number of study formula feedings per day, anthropometric data,
or percentage of feedings with spitting up or vomiting. The conclusion of this study was that the
formula containing 2'FL was well tolerated in infants as evidenced by stool consistency, formula intake,
anthropometric data and percent feedings with spitup/vomit similar to that of infants fed a formula
without oligosaccharides or breast milk [95].

The effects of feeding infant formulas supplemented with two human milk-identical oligosaccharides,
2'FL, and lacto-N-neotetraose (LNnT), on infant growth, tolerability, gut microbiota, and medication
use were investigated in a randomized, controlled, multicenter trial in Italy and Belgium [96-98].
One hundred and seventy-five healthy, full-term infants were randomly allocated after birth (between
0-14 days of age) to one of the two formula feeding groups: intact cow’s milk-based whey-predominant
infant formula with the addition of 2/-FL (1.0 g/L) and LNnT (0.5 g/L) (test group, n = 88) or intact
cow’s milk-based whey-predominant infant formula (control group, n = 87). The formulas were given
up to six months of age (exclusive formula feeding up to four months). A group of 38 exclusively
breastfed infants were enrolled at three months as a reference (breastfed group). The primary endpoint
was weight gain through four months of age. The secondary endpoints were anthropometry, stool
characteristics, stool microbiota (at 3 and 12 months of age, obtained using 16S rRNA gene sequencing
and metagenomics), stool metabolic signature (at 3 and 12 months of age, obtained using proton
NMR-based metabolic profiling,), digestive tolerance, and morbidity (reported by parents) through
12 months of age. The weight gain up to four months of age of infants fed formula supplemented with
2'-FL and LNnT was not inferior to the weight gain of infants fed unsupplemented formula. The mean
weight, length, head circumference, and BMI up to 12 months of age of infants fed formulas with or
without 2’-FL and LNnT were close to the WHO Growth Standards and did not differ between the two
groups. Digestive tolerance was similar between the two groups. Infants receiving formula containing
2'-FL and LNnT had significantly fewer parental reports of lower respiratory tract infections (19.3% vs.
34.5%; OR 0.45, 95% CI 0.21-0.95; p = 0.027), particularly bronchitis (10.2% vs. 27.6%; OR 0.30, 95% CI
0.11-0.73; p = 0.004), up to 12 months of age (42% vs. 60.9%; OR 0.47, 95% CI 0.24-0.89; p = 0.016),
and lower medication (antibiotics up to 12 months of age, antipyretics (15.9% vs. 29.9%; OR 0.44; 95%
C10.2-0.98; p = 0.032) up to four months of age) than infants fed formula without 2'FL and LNnT [96].
In conclusion, feeding infant formula containing two HMOs (2'FL and LNnT) during the first six
months of age are safe, well-tolerated, and supports age-appropriate growth [81]. Also, the observed
effects on reduced morbidity and medication use in infants up to 12 months of age, when feeding
formula with HMOs, suggest that 2'FL and LNnT may provide immune benefits [81].

In a second work, these authors reported the effects of 2’-FL and LNnT on the infant gut
microbiota [97]. The microbiota composition of infants that were fed formula containing 2’-FL and
LNnT was significantly different from that of infants fed nonsupplemented formula (p < 0.001) at
the genus level and closer to that of breastfed infants at three months of age. Three main bacterial
genera (Bifidobacterium, Escherichia, and Peptostreptococcaceae) showed significant differences in infants
fed formula with or without 2 ‘FL and LNnT at three months of age: greater abundance of beneficial
Bifidobacterium (p < 0.01); and, lower abundance of potentially pathogenic Escherichia (p < 0.01) as well
as of unclassified Peptostreptococcaceae (p < 0.05) were observed in infants fed formula containing 2/-FL
and LNnT as compared to infants fed nonsupplemented formula. These values were closer to the levels
that were observed in breastfed infants. The biochemical composition of the stools was explored by the
quantitative profiling of major metabolites to gain additional information on the compositional aspects.
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The stool contents of some amino acids (phenylalanine, tyrosine, isoleucine), some SCFAs (propionate,
butyrate), and some organic acids (lactate) in infants fed formula with 2’-FL and LNnT tended to be
closer to those that were observed in breastfed infants than those in infants fed nonsupplemented
formula [97]. This study shows that a formula supplemented with 2'FL and LNnT shifts stool microbiota
and metabolic signatures of infants born at term closer to that of breastfed infants [97].

Finally, in a third work, the same authors found that, at three months, the microbiota composition
in the test group appeared closer to that of the breastfed group than to that of the control group
according to alpha (within group) and beta (between groups) diversity analyses of the microbiota
and the distribution of microbiota community types (A, B, and C). Supplementation with both HMOs
decreased the number of infants with formula-specific C-community (fecal community type/FCT C)
and increased those with the breastfed-specific B-community (FCT B). Cumulative antibiotic use up to
12 months was associated with the FCT distribution at three months. Infants with FCT B at 3 months
were less likely to be treated with antibiotics (OR 0.4 (95% CI, 0.17-0.93; p = 0.033)), while infants
with FCT C were more likely to be treated with antibiotics during the first 12 months (OR 3.3 (95% CI,
1.54-7.02; p = 0.0025)). The microbiota community type at three months was not associated with other
parent-reported infection-related morbidities [98]. This study confirms the microbiota results of the
previous one [97] and shows that infants with a breastfed specific microbiota community type (FCT B)
are less likely to need antibiotics.

7. Conclusions and Future Perspectives

HMOs have been described to exert immunomodulatory effects. Many in vitro studies suggest
that HMOs directly modulate immune responses, acting either locally on cells of the mucosa-associated
lymphoid tissues or systemically to inhibit the expression of inflammatory genes, mainly cytokines.
Studies in animals have shown that the administration of HMOs decreases the duration of diarrhea
and enhances the expression of cytokines. Observational studies in humans have documented that
certain HMOs promote the growth of bifidobacteria, which in turn affect the production of lactate and
SCFAs that mediate systemic effects, including immunomodulation. Likewise, the intake of 2-linked
fucosylated HMOs is associated with a reduced incidence of eczema, as well as reduced mortality
in children whose mothers were infected with HIV. Moreover, HMOs play a protective role against
bacterial and viral acute diarrhea. HMOs seem to protect breastfed infants against microbial infections
due to their structural similarities to pathogen cell surface molecular patterns, and the protective effect
has been found to be exerted through cell signaling and cell-to-cell recognition events, enrichment of
the protective gut microbiota, and the modulation of microbial adhesion and invasion of the infant
intestinal mucosa. Finally, infants fed formula supplemented with selected HMOs exhibit a pattern of
inflammatory cytokines that is closer to that of exclusively breastfed infants.

Although new analytical systems that take advantage of the separation of complex carbohydrates
by HPLC and identification by mass spectrometry have been developed in recent years, there is a
need for a simpler standardized methodology to estimate the HMO patterns and contents in human
milk worldwide.

Concerning the potential mechanisms of action of HMOs on immunity, new experimental
approaches using human cell intestinal lines and animal models are necessary. In particular, there is a
need to know how HMOs, either directly or indirectly though signaling cascade interactions, affect the
expression of genes that are involved in antigen tolerance, the development of the GALT, and the
response to pathogens, both bacteria and viruses.

A recent development in infant formulas is the incorporation of selected HMOs, mainly
neutral, due to new biotechnological processes that are can incorporate human mammary gland
glycosyltransferases. However, these formulas lack acidic HMOs, which are known to play relevant
biological roles in the inhibition of pathogen and toxin adhesion to the intestine.

The number of RCTs that have evaluated the influence of HMOs on infant health is very
scarce, and the number of subjects was calculated to determine the safety and tolerance of the
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HMO-supplemented formulas but not to generate actual evidence of the potential preventive effects of
HMOs against infectious diseases. Therefore, new RCT studies in infants with the appropriate power
should be designed to ascertain the roles of HMOs in the prevention of diarrhea, pneumonia, and other
respiratory diseases.
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Abstract: Sepsis, defined as a “life-threatening organ dysfunction caused by a dysregulated
host-response to infection” is a major health issue worldwide and still lacks a fully elucidated
pathobiology and uniform diagnostic tests. The trace element zinc is known to be crucial to ensure an
appropriate immune response. During sepsis a redistribution of zinc from serum into the liver has
been observed and several studies imply a correlation between zinc and sepsis outcome. Therefore the
alterations of zinc concentrations in different tissues might serve as one part of the host’s defense
mechanism against pathogens during sepsis by diverse mechanisms. It has been suggested that zinc
is involved in nutritional immunity, acts as a hepatoprotective agent, or a differentiation signal for
innate immune cells, or supports the synthesis of acute phase proteins. Further knowledge about
these events could help in the evaluation of how zinc could be optimally applied to improve treatment
of septic patients. Moreover, the changes in zinc homeostasis are substantial and correlate with the
severity of the disease, suggesting that zinc might also be useful as a diagnostic marker for evaluating
the severity and predicting the outcome of sepsis.

Keywords: zinc; sepsis; biomarker; supplementation; homeostasis

1. Introduction

Zinc is of fundamental importance for the immune system and is involved in different pathologies.
In recent years, indications have appeared that zinc homeostasis might be an important factor
during sepsis. The following review focuses on the alterations of zinc homeostasis during sepsis
and possible physiological functions of this process. It further discusses potential risks and benefits of
zinc supplementation as well as a possible approach for using serum zinc as a biomarker for sepsis.

1.1. Sepsis

The term “sepsis” in relation to a disease has already been used by Hippocrates, but to this day it
remains a challenge to compile a definition comprising its complexity [1]. This results from the fact
that sepsis is rather a syndrome than an illness, showing a not yet fully elucidated pathobiology, and
with uniform diagnostic tests still lacking [2]. Sepsis is responsible for about 6 million deaths per year,
making it a critical illness and one of the major causes of mortality worldwide [3,4]. Its epidemiological
burden is assumed to be much higher in low- and middle-income countries and the mortality rate is
affected by the global national income [3,5].

There is an urgent need for an easily understandable definition in order to establish public
awareness, as well as for improved and uniform diagnostic guidelines for an early recognition of
sepsis [2,3]. In the past, different task forces have approached these issues [6,7]. A recent consensus
defined sepsis as a “life-threatening organ dysfunction caused by a dysregulated host-response to
infection” (Sepsis-3) [2]. To diagnose organ dysfunction in the clinical setting, Singer et al. recommend
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the Sequential Organ Failure Assessment (SOFA) score. It includes parameters to evaluate the functions
of respiration, the liver, the cardiovascular system, the central nervous system, the kidneys, and
coagulation. An elevation of the total SOFA score of 2 points or more indicates organ dysfunction [2,8].

Sepsis is initiated by an infection [2]. The pathogen triggers an immune response, comprising
pro-inflammatory mechanisms to defeat the pathogen and regenerate the affected tissue, as well
as subsequent anti-inflammatory mechanisms to counteract the pro-inflammatory actions in order
to limit collateral damage in healthy tissue [9,10]. A dysregulation of this immune response, as
it appears during sepsis, leads to an over-reaction of the immune system, which can affect both
mechanisms described. Hyper-inflammation in the form of a systemic inflammatory response
syndrome (SIRS) can lead to a damage of the host’s own tissue. Immune-suppression, also known
as compensatory anti-inflammatory response syndrome (CARS), leaves the host more vulnerable
to secondary infections [2,11,12]. A wealth of literature is provided about sepsis and its symptoms,
diagnostics, and possible medical treatment approaches (e.g., [10,11,13,14]), to which the reader is
referred for more detailed information on these aspects of sepsis.

1.2. Zinc

Zinc is an essential trace element [15,16]. In the body it functions, for example, as a co-factor for a
high number of enzymes or as a structural element for a variety of proteins [17]. Zinc deficiency can
result in growth retardation, dermatitis, and hypogonadism, or symptoms such as delayed wound
healing, thymic atrophy or lymphopenia, and high incidence of infection; the latter points are due
to its particular importance for the immune system [18-20]. Consequently, zinc deficiency results
in multiple immunological changes, including what seems to be a shift toward a predominantly
innate immune response when the availability of zinc is limited [21]. One particularly important
effect of zinc is a modulation of the production of inflammatory cytokines [22]. Moreover, zinc is
crucial for the functioning of virtually all immune cells. For example, the differentiation of immature
T-cells depends on zinc, because thymulin, a hormone involved in T-cell differentiation, depends
on zinc as a co-factor [23,24]. In addition, the maturation of T-cells is influenced by their zinc
status. On the one hand a deficiency results in altered ratios of Th1l- and Th2-cells, an increased
apoptosis-rate of immature T-cells, and consequently a decrease in T-cells in total [21,25-27]. On the
other hand, zinc supplementation has also been shown to promote regulatory T-cell development
and to suppress the maturation of Th17-cells, therefore having an inhibitory effect on Th17-mediated
autoimmune-diseases [28-30].

On the molecular level, some functions of zinc have been linked to its role as a second messenger
in immune cells. It has been shown that alterations in the intracellular free zinc-concentration function
as a “zinc signal”. Such a change in the intracellular free zinc concentration is induced by the binding
of various ligands to their respective receptors, such as lipopolysaccharide (LPS) to Toll-like receptor
4 (TLR-4), or the corresponding antigens to immunoglobulin E when it is present on the high-affinity
immunoglobulin E-receptor (FceRI). Different kinds of immune cells vary in their expression of
receptors that utilize zinc; consequently zinc signals mediate diverse events, for example, formation
of pro-inflammatory cytokines by monocytes [31], presentation of major histocompatibility complex
(MHC) class II molecules at the surface of dendritic cells [32], formation of neutrophil extracellular
traps by neutrophil granulocytes [33], or proliferation of T-cells [34].

The essentiality of zinc for the immune system has been known since the 1960s and the
corresponding mechanistic knowledge has been expanding ever since. Its importance for the immune
system is based on various different mechanisms, each in its own way essential to ensure the
functionality of the immune system and the accurate processes of immune response, especially for
inflammatory processes. As a complete summary would exceed the scope of this article, the reader
is referred to recent review articles on the subject of zinc and immunity for more comprehensive
information [35,36] as well as to a recent review on the protective role of zinc during sepsis [37].
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2. Zinc Homeostasis during Sepsis

Zinc has not only a crucial role in ensuring a proper immune response. Another observation
in the context of zinc and the immune system is an altered zinc homeostasis of the host during an
infection, which is discussed below.

2.1. Changes in Zinc Homeostasis

The host’s response to an infection or injury is referred to as an acute phase reaction (APR).
This process aims to defeat the insult, take actions against ongoing tissue damage, and re-establish
homeostasis. One of the characteristics of APR is hypozincemia. To study the time course of
hypozincemia and examine possible underlying mechanisms, Gaetke et al. injected LPS to healthy
volunteers in order to induce an inflammatory response. Subsequently, an increase in serum tumor
necrosis factor « (TNF-) and interleukin-6 (IL-6) was observed, followed by a decrease in serum
zinc concentrations. To explain hypozincemia in their model of infection the authors suggested an
internal redistribution of zinc, mediated by cytokines [38]. The analysis of serum from sepsis patients
in the intensive care unit (ICU) revealed that serum zinc concentrations were reduced compared
to a healthy control group or the normal physiological range [39-41]. Probably these differences
were not caused by a zinc-deficient state due to malnutrition, but redistribution of zinc within the
patients’ bodies. Consistently, a study by Hoeger et al. showed a time-dependent decline of the
serum zinc concentrations after induction of sepsis in a porcine model [42]. In order to reveal the
mechanisms responsible for the observed hypozincemia, Luizzi et al. used a mouse model and
induced inflammation either by turpentine or LPS. Zrt-, Irt-like protein (ZIP)14 mRNA was the
transporter transcript that was upregulated the most. This upregulation was liver-specific and an
increase of ZIP14 on the plasma membrane of hepatocytes was shown. Further studies indicated a
role of the inflammatory cytokines IL-6 and IL-1f3 in the upregulation of ZIP14. Also, an increase in
metallothionein (MT)-1 mRNA in the liver has been observed [43,44]. This observation of enhanced
MT expression has been described before in the context of APR [45-47]. As reviewed in detail before,
MTs function as intracellular metal-binding proteins and are crucial to maintain the intracellular zinc
homeostasis. Their expression is induced by a number of metals, one of them zinc [48]. The increased
liver zinc concentrations accompanying hypozincemia lead to an enhanced need for zinc-binding
proteins in order to ensure the intracellular zinc homeostasis. The production of MT in the liver
seems to be regulated by cytokines as well as zinc [49]. Using a murine model, the already-described
decline in serum zinc concentration and an increase in liver zinc level were observed after induction
of sepsis. The analysis of the time-course of mRNA expression in the liver first showed a successive
upregulation of ZIPs 4, 6, and 10 within the first day, which then returned to near normal levels at 72 h
after induction of sepsis. The mRNA expression of ZIP14 increased at 9 h and stayed upregulated for
the time of the investigation (72 h), which is in line with the observations described previously and
supports a major role for ZIP14 in the redistribution of zinc during sepsis [50]. Taken together, the
APR comprises a fundamental change in liver zinc homeostasis and apparent zinc deficiency in the
serum [50,51].

The studies mentioned so far aimed, among other things, on understanding the mechanisms
responsible for the observed hypozincemia and to track the redistribution of zinc in the body.
An alternative approach to broaden the understanding of how certain processes are changed during
sepsis is gene expression analysis. The method allows insights into the impact of sepsis at the
translational level. The analysis of blood samples from pediatric septic shock patients showed a
regulation of genes that are involved in a large number of signaling pathways and gene networks,
especially those related to immunity and inflammation. Also, it has been shown that up to 12% of
the gene probes that showed a significantly decreased expression compared to the control group
are associated with the categories of “zinc, zinc finger, metal-binding and zinc-ion binding” [52].
These results suggest a repression of genes involved in zinc homeostasis, or depending on an intact
zinc homeostasis, as a significant feature of pediatric septic shock [52-55]. Further, the question arises
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as to whether differences in gene expression in pediatric septic shock survivors and non-survivors
can be observed. Regarding zinc homeostasis, two isoforms of MT have been identified that showed
an increased expression in non-survivors compared to survivors. In addition, non-survivors had a
significantly lower serum zinc concentration compared to survivors. Considering the zinc-binding
properties of MT, Wong and colleagues interpret these results to indirectly imply that increased MT
expression in non survivors might affect zinc homeostasis and thereby serum zinc concentration [53].

Taken together, different approaches imply a contribution of zinc and its altered homeostasis to
the pathobiology of sepsis.

2.2. Possible Reasons for the Redistribution of Zinc

With respect to the considerable differences of serum zinc concentrations between sepsis patients
and the corresponding control groups, as well as the finely tuned alterations of zinc homeostasis, it
can be assumed that these are part of a directed process that aims to benefit the host in defeating the
pathogen. This process includes a decrease in serum zinc concentration as well as an increase in liver
zinc concentration, whereas both aspects seem to benefit the host’s defense against pathogens. Figure 1
gives a brief overview of the processes causing the alterations in zinc concentrations, as well as the
possible beneficial effects.

Pathogen

Inflammatory

Production of inflammatory cytokines response/ APR

(TNF-a, IL-6, IL-1B)

Upregulation of zinc import proteins (mainly ZIP14)
and MT in the liver

Serum Liver

Decrease in serum zinc concentration Increase in liver zinc concentration

- Nutritionalimmunity - Production of cytokines
- Signal to induce reprogramming of the - Production of APP

immune system - Protection of liver tissue
- Maturation signal for monocytes

Figure 1. Possible functions of zinc in sepsis. During the APR of sepsis zinc is redistributed from serum
to liver. This process results in decreased serum zinc concentration and increased liver zinc. The altered
zinc concentrations seem to serve different functions and to be a part of the host’s defense against
pathogens. APR: acute phase reaction; IL: interleukin; TNF: tumor necrosis factor; MT: metallothionein;
APP: acute phase proteins.

Research on zinc homeostasis in the context of sepsis delivered a variety of explanations for the
beneficial effects of a redistribution of zinc. The respective studies are discussed below.

One of the main effects of the redistribution of zinc is an accumulation of zinc in the liver.
Hence, it seems as is if a higher liver zinc level might benefit the host during infection. Among other
things, the APR is not only characterized by the previously mentioned redistribution of zinc, but also
by production of acute phase proteins (APP) and the release of cytokines [56,57]. Zinc serves as an
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important structural element for many proteins and is required by enzymes involved in transcription
and translation. Therefore, the higher synthesis rate of APP in the liver could cause an increased
requirement for zinc during APR [56-58]. With respect to cytokine production a knockout (k.0.) of
ZIP14 in mice, a transporter important for the regulation of zinc homeostasis in hepatocytes, showed
lower mRNA expression of TNF-«, IL-6, IL-1f3, and IL-10 in the liver compared to wild-type (w.t.)
mice after induction of sepsis in a murine model. Simultaneously, plasma levels of TNF-«, IL-6,
and IL-10 were significantly higher in k.o. than in w.t. mice. The results indicate a disadvantage of
the ZIP14 k.o. mice during sepsis based on increased markers of inflammation and an influence of
zine, transported by ZIP14, on the production of cytokines during APR. However this observation is
surprising, because a decrease in mRNA expression would be expected to result in lower cytokine
levels. Possible explanations would be elevated cytokine expression elsewhere in the body, or an
impact on mechanisms mediating the expression of antagonists of the pro-inflammatory cytokines [50].

Other studies suggest that the altered zinc supply during endotoxemia has a major influence
on energy production in the liver. Injection of LPS caused an increase in hepatic zinc and MT in w.t.
mice, whereas zinc levels stayed unchanged in MT k.o. mice. At the same time the liver glucose of the
former stayed unchanged while the levels in MT k.o. mice decreased significantly. These results imply
a lack of hepatic gluconeogenesis in the MT KO mice and a role for MT, and most likely also for zinc,
in maintaining glycaemia after induction of an infection [59].

A protective role of zinc for the liver has also been suggested. Using murine models it was shown
that after injection of endotoxin, zinc-deficient nutrition resulted in enhanced lipid peroxidation in
the liver compared to the zinc adequate group [60]. Another study showed that zinc pre-treatment of
mice resulted in an increased intracellular availability of zinc in liver cells and was accompanied
by decreased accumulation of superoxide and necrotic cell death in the liver after injection of
LPS [61]. Both experimental observations support a protective role of zinc in the liver during infection.
Interestingly, after injection of endotoxin, Sakagouchi et al. saw an increase in MT only in the zinc
adequate group, but not in zinc-deficient animals, and therefore suggested a relation between zinc
concentration, endotoxin-induced MT and lipid peroxidation [60]. In contrast, Zhou et al. observed the
protective effects of zinc pre-treatment on liver cells in w.t. mice as well as MT k.o. mice, leading them
to propose an effect of zinc independent of MT [61]. These results are not necessarily contradictory,
but could imply that the protective effect of zinc on the liver could work in more than one way.
Further studies on this topic would be useful, since organ dysfunction is one of the hallmarks of
sepsis and a better understanding of its mechanisms is the basis of a possible prevention. In summary,
studies show multiple and diverse functions of zinc in the liver during the onset of sepsis, suggesting
a physiological basis for the accumulation of zinc.

The redistribution of zinc and accumulation in the liver is accompanied by a decrease in serum
zinc concentration. With regard to the host’s defense against pathogens, this effect might have some
benefits as well. One protective mechanism of the host is referred to as nutritional immunity. Pathogens,
just like all living organisms, require transition metals for their survival. The host’s strategy is to restrict
the pathogens’ access to essential transition metals, for example by lowering their concentrations in
the serum or secretion of metal ion binding proteins. This process is not limited to zinc but has been
described for other micronutrients, such as iron or manganese [62].

A decrease in the serum zinc concentration has also been shown to influence the respective
number and maturation of immune cells. Therefore, the alteration of serum zinc during the APR might
function as a signal. Using a murine model of zinc deficiency, a downregulation of lymphopoiesis
and upregulation of myelopoiesis was found [19,21,27,63]. In line with this observation, a decrease
of intracellular zinc occurred as a result of homeostatic changes during monocytic differentiation of
HL60 cells. Moreover, experiments simulating zinc deficiency showed that lower zinc levels promoted
the development of HL-60 cells along the myeloid lineage into functionally mature macrophages [64].

The immune cells that benefit from a decline of serum zinc are part of the innate immune system.
They represent the first line of host defense and provide a faster response than the cells of the adaptive
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immune system. Fraker and King proposed the hypothesis of a “reprogramming of the immune
system” during zinc deficiency in the form of a shift from adaptive immunity to predominantly innate
immunity [65]. Here, limited resources would be directed toward an immediate defense on the expense
of long-term protection. In the context of sepsis, the reduction of serum zinc as a promoting signal for
the innate immune system might be an attempt to focus the defense mechanisms toward a fast innate
immune reaction in the face of a potentially overwhelming infection.

The various aspects by which zinc homeostasis seems to be involved in the body’s defense
against pathogens suggest that the redistribution of zinc in the course of sepsis could serve multiple
physiological purposes. However, further research will be required to evaluate the physiological
significance of the different processes, thereby widening our understanding of the zinc-dependent
endogenous defense mechanisms. This knowledge is required to develop medical approaches in order
to support the host’s body and its defense during sepsis.

2.3. Possible Adverse Effects of Zinc-Redistribution

Despite the potential physiological roles of the redistribution of zinc, this process might also
cause some adverse effects, especially the decrease in serum zinc concentration. Possible symptoms
of a low serum zinc concentration due to zinc deficiency caused by malnutrition are higher levels of
pro-inflammatory cytokines, higher markers of oxidative stress, and oxidative damage to proteins,
lipids, and DNA [66-70]. Notably, zinc deficiency and sepsis show several parallels in addition to low
serum zinc concentrations. The severe effects of zinc deficiency on the functionality of the immune
system have already been described in the introduction, including a decrease in T-cell numbers
and function [20]. Dysfunction and apoptosis of T-cells have also been observed in the context
of sepsis [71-73]. Other symptoms of zinc deficiency have been found during sepsis as well, for
example the overproduction of pro-inflammatory cytokines and SIRS, which is a hallmark of sepsis
and a major factor in the host’s dysregulation to an infection during sepsis [11]. Furthermore, effects
such as lipid peroxidation and oxidative damage of DNA, proteins, and mitochondria have been
observed [74-76]. In light of the parallels between symptoms of zinc deficiency and sepsis, further
research should elucidate the question whether the body’s reaction to an infection might cause a
decrease in bioavailable zinc severe enough to contribute to, or maybe even cause, these common
symptoms during sepsis.

In this context it is of interest to mention that several studies have shown a correlation between a
patient’s serum zinc concentration and the severity of the inflammatory response or sepsis. In critically
ill patients, those with a high SOFA score showed a significantly lower serum zinc concentration
than patients with a low SOFA score, whereby a higher SOFA score was associated with higher
mortality [2,58]. In line with these results serum zinc concentrations were found to be inversely
correlated with the SOFA score in other studies, as well [39,77]. Yet another study revealed a
significantly lower serum zinc concentration in sepsis patients who developed a recurrent sepsis
compared to those that did not. Additionally, sepsis non-survivors had a significantly lower serum
zinc concentration than survivors [41]. Because zinc fulfils a great number of crucial functions in the
body, and especially the immune system, it seems reasonable that a decrease of bioavailable zinc in the
serum could contribute to some adverse effects, thereby aggravating sepsis.

3. Zinc Supplementation

The correlation between low serum zinc concentrations and a higher mortality rate or chance of
recurrence raises the question, if supplementation of zinc might be a treatment option to improve the
outcomes of sepsis. Table 1 gives an overview of zinc supplementation studies in the context of sepsis in
humans. In these studies zinc supplementation took place after the onset of sepsis. Some of them show
a beneficial effect of zinc in form of a lower mortality rate and a better neurological development of
neonates [78-80]. However, it was also observed that supplementation did not result in any significant
differences between the zinc group and the control group [81] or even showed a harmful effect [82].
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The published animal studies mostly examined the effects of prophylactic zinc supplementation
(Table 2). In several of them the supplementation of zinc prior to induction of sepsis showed beneficial
effects, such as improved survival, lower serum concentrations of pro-inflammatory cytokines, lower
bacterial burden or improved pulmonary function compared to the control-group [50,83-85]. However,
for the animal studies the results are also not consistent and a missing effect of zinc supplementation is
reported [86] as well as a harmful outcome in a case where zinc was applied during the acute phase [87].
The negative results of zinc supplementation may be explained by the fact that the reduction of zinc
levels during sepsis may occur for a reason, such as the above-mentioned physiological functions.
High doses of zinc were shown to have a pro-inflammatory effect [88] and might therefore aggravate
inflammation, or zinc supplementation could potentially interfere with nutritional immunity, one of
the endogenous defense mechanisms based on a shortage of zinc in the serum [62].

Another important factor is the bioavailability of serum zinc. Albumin is the major zinc-buffering
protein [89] as well as a negative APP [56,90]. Its concentration decreases during sepsis, leading to a
decreased zinc-binding capacity of the serum [42]. As a consequence, supplementing sepsis patients
until the “normal” total serum zinc concentration is restored would result in a supraphysiological
concentration of free, and thereby bioavailable, zinc in these patients.

Correcting zinc deficiency prior to sepsis is certainly beneficial, but difficult to realize, as in
most cases sepsis cannot be predicted. Moderate supplementation during sepsis might, in some
cases, turn out to be helpful, as well. This may be particularly so in patients with pre-existing zinc
deficiency that is so pronounced that the liver cannot accumulate sufficient amounts to exert the
abovementioned protective effects of zinc. However, as the reduction of serum zinc seems to be a
necessary physiological process, in these cases extreme care needs to be taken in order not to exceed
the zinc-binding capacity of the serum to avoid negative effects, such as counteracting nutritional
immunity or aggravating inflammation.

The endogenous processes, which are supposed to be affected by the supplementation of zinc,
are quite complex and fine-tuned. As illustrated by the divergence of the study results, effective zinc
supplementation has to be just as elaborate with regard to timing as well as dosage in order to achieve
optimal results.
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4. Serum Zinc Concentration as a Possible Biomarker for Sepsis

In addition to a potential therapeutic value of zinc supplementation, the altered zinc homeostasis
could have potential to be utilized for establishing a biomarker based on the serum zinc level of a
patient. In a porcine model of sepsis, the decline of the serum zinc concentration was the first marker
of inflammation, already statistically significant one hour after induction of sepsis. Thereby, it was an
earlier indicator for inflammation than the increase of the pro-inflammatory cytokines IL-6 and TNF-«,
which reached statistical significance two hours after induction of sepsis [42]. However, hypozincemia
is activated in non-infectious as well as infectious inflammation. The ability to discriminate between
the different causes for hypozincemia would be relevant for a use of zinc as a biomarker for sepsis.
So far the studies vary in their results as to whether there is a significant difference in the serum
zinc concentration of sepsis patients and a critically ill control group, surgical control group, or
trauma patients [39,41,91]. Further studies would be required to evaluate the potential of serum zinc
concentration as a biomarker for sepsis, including large clinical studies and the evaluation of clinical
data sets to proof its validity and prospective value.

According to Singer et al., a diagnostic marker for sepsis should be easily to obtain and available
promptly at reasonable cost [2]. Provided the evaluation studies on serum zinc concentration as a
biomarker for sepsis turn out to be positive, this marker would fulfil Singer et al.’s demands [2]:
It would allow for early recognition, which is crucial to improve the patient’s outcome and decrease
the sepsis-related mortality rate. Also, patient serum is easily to obtain and the parameter could be
monitored closely once the patient is under medical supervision. If the required infrastructure is
available, an analysis of the serum zinc concentration delivers fast results at reasonable cost.

One hindrance for the use of zinc as a marker in sepsis might be the necessary infrastructure.
Presently, atomic absorption spectrometry or inductively-coupled plasma mass spectrometry are being
used to quantify zinc. Even with the required instruments available the quality of the results strongly
depends on the analytical abilities of the performing personnel or laboratory [92]. If this sophisticated
equipment is not available, e.g., in rural areas or countries with a less developed infrastructure, sending
the samples to external labs might cause significant delay in obtaining these time-sensitive results,
nullifying the advantage of an early diagnostic marker. Some basic work on easier point-of-care
devices to measure the serum zinc concentrations has been reported, but these still have to reach
clinical applications [93,94].

Other tools widely used to detect zinc in biological samples are fluorescent probes [95]. However,
they have only sparsely been used in the context of sepsis thus far. One example is the application of
Zinpyr-1 by Hoeger et al. in serum samples from a porcine model of sepsis [42]. It should be noted that
these probes do not measure total zinc, but determine the amount of free zinc in the sample. Still, this
parameter might be interesting to look at in the context of sepsis, because it represents the amount of
bioavailable zinc and has been suggested as an alternative biomarker for a person’s zinc status [96].

Some aspects regarding the mechanism mediating the redistribution of zinc have not been fully
revealed yet. Once understood, they might contribute to an even better use of zinc homeostasis as a
diagnostic parameter in sepsis. Hoeger et al. observed a continuous decline of serum zinc concentration
from one hour after induction of sepsis in vivo. However, for up to two hours no induction of mRNA
expression of MT-1, MT-2, and ZIP14 was observed in an in vitro model of hepatoma cells after
incubation with IL-1p, IL-6, or LPS [42]. Wessels et al. reported the lowest serum zinc concentration
in their sepsis model at 9 h after induction whereas the upregulation of ZIP14 in the liver and the
increase in liver zinc have been observed from hour 9 on after induction [50]. These studies raise
further questions, mainly as to how the decline of serum zinc concentration is mediated in the initial
phase, and if zinc may be located in some other part of the body in the period from its disappearance
from the serum until it is finally detected in the liver.
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5. Conclusions

Zinc is an essential trace element and has been shown to be crucial for ensuring an adequate
immune response. In the context of sepsis the host’s zinc homeostasis is altered. Various study results
imply some of the alterations to be part of the host’s defense mechanism against pathogens (Figure 1).
There are indications that a patient’s zinc supply and serum zinc concentration is associated with
severity, outcome, and recurrence of sepsis. Zinc seems to have potential to be used as a biomarker
or even as a starting point for a therapeutic approach. Further research is required to broaden the
understanding of zinc homeostasis during sepsis and the underlying mechanisms as well as to evaluate
the possible clinical applicability of this knowledge.
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Abstract: Immunomodulatory protein hydrolysate consumption may delay or prevent western
immune-related diseases. In order to purposively develop protein hydrolysates with an optimal
and reproducible immunomodulatory effect, knowledge is needed on which components in protein
hydrolysates are responsible for the immune effects. Important advances have been made on this
aspect. Also, knowledge on mechanisms underlying the immune modulating effects is indispensable.
In this review, we discuss the most promising application possibilities for immunomodulatory protein
hydrolysates. In order to do so, an overview is provided on reported in vivo immune effects of protein
hydrolysates in both local intestinal and systemic organs, and the current insights in the underlying
mechanisms of these effects. Furthermore, we discuss current knowledge and physicochemical
approaches to identify the immune active protein sequence(s). We conclude that multiple hydrolysate
compositions show specific immune effects. This knowledge can improve the efficacy of existing
hydrolysate-containing products such as sports nutrition, clinical nutrition, and infant formula.
We also provide arguments for why immunomodulatory protein hydrolysates could be applied to
manage the immune response in the increasing number of individuals with a higher risk of immune
dysfunction due to, for example, increasing age or stress.

Keywords: protein hydrolysate; bioactive peptide; immunomodulation; Toll-like receptor; functional
foods

1. Introduction

Protein hydrolysates are commonly used as an alternative protein source in commercial products.
They consist of a mixture of different proteins and peptides which is formed by the hydrolysis
of intact proteins. During this process, peptide bonds of intact proteins are broken (Figure 1A),
which results in the formation of a range of peptides of different sizes. Depending on their properties,
protein hydrolysates are applied in different products. Mildly hydrolyzed proteins are, for example,
used in clinical and sport nutrition to support digestibility, while extensively hydrolyzed proteins are
used in infant formulas as a hypo-allergenic alternative for intact cow’s milk proteins (Figure 1B).

Furthermore, protein hydrolysates are recognized as a potent source of bioactive peptides.
Different peptides with, for example, anti-thrombotic, anti-hypertensive, anti-microbial, anti-cancer,
anti-oxidative, and many immunomodulatory effects have been identified [1]. Consuming protein
hydrolysates containing these peptides might be helpful in the management of many western
diseases [2,3]. Since many of these diseases are immune-related, immunomodulatory products have
gained special attention from both academical and industrial researchers for the management and
amelioration of, for example, inflammatory bowel diseases, allergies, and diabetes [4,5].
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Figure 1. The process of protein hydrolysis and its products. (A) chemical reaction of protein hydrolysis;
(B) different hydrolysates serve different purposes.

Purposively deploying the immunomodulating effects of protein hydrolysates in existing or
new dietary products is an attractive opportunity to manage immune-related diseases. In order
to achieve this, the identification of specific peptides and a better understanding of their working
mechanisms is required. This review aims to provide an overview of studies on reported in vivo
immune effects of hydrolysates in both local intestinal and systemic organs. The current insights
in underlying mechanisms are also discussed. As the design of effective protein hydrolysates may
benefit from the identification of specific bioactive peptides, we review current knowledge and
physicochemical approaches to identify the protein sequence(s). Based on the discussed topics,
we provide our view on the possible application of immunomodulatory protein hydrolysates or
peptides in specific target groups.

2. Immune Effects of Hydrolysates

In 1984, immune effects were detected for the first time in a fraction of a casein hydrolysate [6].
The studied protein fraction was found to both increase the production of hemolytic antibodies in
mice splenocytes, and to enhance the phagocytic capacity of murine macrophages against sheep
red blood cells in vitro. In vivo, the protein fraction protected mice against a lethal infection with
Klebsiella pneumoniae. Since then, measuring lymphocyte proliferation and macrophage phagocytosis
capacity have been the main in vitro assays used to study the immune effects of protein hydrolysates.

An increase in lymphocyte proliferation was observed after stimulation with other protein
hydrolysates which were derived from soy, wheat, whey, casein, and mollusk [7-13]. Not all protein
hydrolysates were found to stimulate proliferation. Hydrolysates derived from egg white were shown
to decrease instead of enhance lymphocyte proliferation [14]. Different hydrolysates from casein were
found to possess either proliferation increasing [10] or inhibiting effects [15], showing that individual
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protein hydrolysates from the same protein source also have remarkably different immunomodulating
properties. Phagocytosis modulation was source dependent as well. Most protein hydrolysates were
found to increase macrophage phagocytosis capacity in vitro, for example, soy, egg, wheat, and casein
hydrolysates had such an effect [9,12,16,17]. However, a rice protein hydrolysate was found to inhibit
the phagocytic activity of RAW264.7 macrophages [18].
These early in vitro experiments investigating the immune effects of protein hydrolysates have

led to many more in vitro and in vivo studies on the effects of protein hydrolysates on immunity.
In the sections below, these in vivo studies are reviewed (an overview of the studies is given in Table 1).

In this part, a distinction was made between local intestinal immune effects and systemic effects.

All effects discussed below are also visualized in Figure 2. To start with, protein hydrolysates have an

effect on the epithelial cells aligning the gut and by that induce crosstalk between the epithelial cells

and immune cells [5].
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Figure 2. Overview of immune effects induced by protein hydrolysates on the (A) intestinal epithelial
cells; (B) intestinal immune cells; (C) mesenteric lymph nodes; (D) systemic immune system.
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3. Effects of Protein Hydrolysates on the Gut Barrier

Epithelial cells form a first layer of defense against harmful pathogens and molecules in the
intestinal lumen. These cells are covered by a layer of mucus. Together, this forms a physical barrier
between the luminal content and the human body [46]. Protein hydrolysates and bioactive peptides in
the lumen of the intestine were found to affect barrier function in multiple ways (Figure 2A). First,
protein hydrolysates are able to strengthen the epithelial barrier. Second, they enhance the production
of mucus and so-called anti-microbial proteins that delete pathogens.

Barrier enhancing effects by protein hydrolysates were shown by Visser et al., [19,20], who fed
diabetes prone rats casein hydrolysates for up to 150 days and measured the barrier function by
determining the lactulose-mannitol ratio in urine. They showed that casein hydrolysate intake
decreased the epithelial permeability compared to a diet with sole amino acids. In the ileum of
diabetic rats on the casein hydrolysates, a normalization of the tight junction mRNA expression,
including myosin IXb, claudin-1, and claudin-2, was observed, together with an upregulation of the
regulatory cytokine Interleukin (IL)-10. Multiple other dairy derived peptides have been found to
increase the amount of goblet and Paneth cells in the intestine [21-23], which are specialized epithelial
cells regulating the production of mucus and anti-bacterial peptides. The consumption of yoghurt
peptides did not only increase the amount of these cell types, but also increased the expression of
Muc2 and 4, as well as the anti-bacterial factors lysozyme and rdefa5 [21].

Another function of epithelial cells is sampling the lumen and skewing the differentiation of
immune cells in the lamina propria accordingly, mainly by basolateral cytokine secretion [47]. In a
healthy situation, egg yolk peptide digest consumption in mice was able to increase IL-6 production
in epithelial cells ex vivo [24]. IL-6 has been described to affect both innate and adaptive immune
responses [48,49], meaning that protein hydrolysates might influence the immune system via epithelial
cells in this way. However, due to the pleiotropic nature of this cytokine [50], its impact is different in
different cell types and conditions, and the overall effect of increased IL-6 is difficult to predict.

4. Effects of Protein Hydrolysates on the Intestinal Inmune System

One of the most studied immune effects in the intestine after hydrolysate administration
invivo is the level of IgA (Figure 2B). This typical intestinal immunoglobulin can easily be
measured in the faeces and is instrumental in the clearance of toxins, pathogens, and other harmful
molecules [51]. Hydrolysate intake can cause an increase in IgA, as shown for a common carp egg
hydrolysate [25]. Corresponding to this, studies investigating intestinal immunity after pacific whiting,
shark hydrolysate, and yellow field pea hydrolysate consumption in mice detected an increased
amount of IgA* B cells [26-28]. Leblanc et al. studied IgA secretion in an infection mouse model
fed Lactobacillus helveticus-fermented milk, and found an increase of IgA both in the intestinal fluid
and blood, together with an increased amount of IgA* cells in the lamina propria [29]. Increased IgA
levels seem to be a general effect of hydrolysate intake and seem to be independent of the hydrolysate
protein source.

Besides enhancing IgA production, protein hydrolysates have more effects on the immune system
which might lead to a more matured and developed immune response. Levels of multiple cytokines,
including IL-4, IL-10, IL-6, IFN, IL-12, and TNF«, have been found to be elevated in healthy mice
after consuming egg yolk, fish, and yellow pea hydrolysate [24,26,27]. For the shark hydrolysate,
these increased cytokine levels were associated with a better response of the mice against E. Coli
infection [28]. The enhancement of IL-4, IL-10, IENY, and IL-12 suggests that T cells in the intestine are
activated by the hydrolysate. To understand what the administration of protein hydrolysates could
mean in situations such as pathogenic infections or inflammatory bowel disease, it would be helpful to
know which types of T cells are stimulated. To this end, Leblanc et al., compared the amount of IL-4
(Th2) and IENY (T helper (Th)1) in the intestine of a mouse model fed Lactobacillus helveticus-fermented
milk, and found a predominant Th2 response after feeding the milk peptides [29].

269



Nutrients 2018, 10, 904

Anti-inflammatory properties are another often observed feature of protein hydrolysates. This is a
characteristic mainly attributed to the hydrolysates of bovine milk. To study these effects, experimental
models with colitis and ileitis have been used. In all cases, oral pretreatment of the animals with casein
hydrolysate or a casein glycomacropeptide reduced damage to the intestine, leading to a decrease in
weight loss [30-33]. They also observed a decrease in the pro-inflammatory cytokines IL-13, IL-17,
TNF«, and IFNy, while in one study, an increase of the regulatory cytokine IL-10 was observed [31].
Similar outcomes were observed when egg white peptides were administered to pigs with dextran
sodium sulphate (DSS) induced colitis [34].

The effects of protein hydrolysates in the Peyer’s patches (PP), which are part of the gut-associated
lymphoid tissue, have been studied to a lesser extent but are essential as this tissue is the central
immune sampling and signaling site in the gut. Egusa et al. studied the effects of a specific soybean
protein digest in the PP [35]. After five weeks of feeding mice a soybean hydrolysate enriched diet,
the genome wide gene expression of PP derived cells was examined. They found that several genes
related to innate immunity and host defense were upregulated. They observed the upregulation of
Igh-4 and Agp8, which enhance phagocytosis, and of Dmbt1, Slpi, and Mx1, which are anti-bacterial
and anti-viral components [52-54]. When looking at adaptive responses in the PP, we found in our
own study that sensitization with a partially hydrolyzed whey protein prevented the increase of Th1,
Th17, and regulatory T cells (Treg) in the PP after a challenge with intact whey [36].

5. Effects of Protein Hydrolysates on the Mesenteric Lymph Nodes (MLN)

Tolerance induction and other antigen presenting dependent processes occur predominantly
in the MLN [55]. Antigen loaded dendritic cells from the PP and lamina propria in the intestine
migrate to the MLN and subsequently activate T and B cells. Depending on the nature of the antigen,
either an immune response is evoked or tolerance is induced via the formation of Treg. A number
of studies investigating the effects of bovine milk hydrolysates or peptides in murine sensitization
models assessed which cell types were present in the MLN of the mice after hydrolysate consumption
(Figure 2C). When mice were fed milk peptides, either alone or in combination with indigestible
oligosaccharides, before the start of the sensitization against intact whey, the number of Treg in the
MLN increased [37,38]. One study showed that the number of dendritic cells responsible for the
transport of antigens from the lamina propria to the MLNSs, i.e., the CD11b* and CD103* dendritic cells,
was increased [37]. Casein derived glycomacropeptide consumption increased ex vivo tolerogenic
IL-10 production in MLN cells of a DSS induced colitis mouse model [32], which also suggests an
increase in Treg here. However, in a rat model for ileitis, the glycomacropeptide did not influence
MLN cytokine levels [33]. This might be explained by differences in species, inflammation models,
or glycomacropeptide dosing.

Not only T cell responses are induced in the MLN, but also B cells can be activated, after which
they expand in specialized follicles. It was found that sensitization with a partially hydrolyzed whey
protein increased the number of IgA* B cells [36]. However, since the role of the MLN in intestinal IgA
production is still under debate, more research is needed to evaluate the contribution of this observed
phenomenon to intestinal and systemic IgA levels [56].

6. Effects of Protein Hydrolysates on Systemic Inmunity

Protein hydrolysates do not only affect the immune response locally in the intestine, but also
have effects on the systemic immunity, mostly measured in splenic and peritoneal cells, and in the
blood (Figure 2D). Small peptides are probably able to pass through the gut barrier and have been
detected in the blood of volunteers who consumed dairy and soy products, [57,58] allowing a direct
impact on immune cells in the systemic circulation. Administration of many protein hydrolysates
made from casein and other milk products, oyster, salmon, and fish [17,27,39-41] increased the ex vivo
phagocytotic capacity of macrophages isolated from the peritoneal cavity of mice. Oyster, salmon,
and common carp egg were furthermore found to increase NK cell activity in the spleen [25,39,41].
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Similar to results after direct in vitro stimulation of splenocytes, oral administration of protein
hydrolysate derived from oyster, tuna cooking drip, salmon, and multiple common carp egg
hydrolysates increased ex vivo splenocyte proliferation [25,39,41,42]. Some of these studies looked
into the cell types present in the spleens of these animals in more detail. Alcalase common carp egg
hydrolysate was found to increase CD4" and CD8" cells in the spleen [25], while salmon hydrolysate
only increased CD4" [41]. These cells were expected to be both Th1 and Th2 cells, since both Th1 (IL-2,
IFNYy) and Th2 (IL-4, IL-5) cytokines were detected in the blood of these animals. These effects might
differ between protein hydrolysates, since a tuna cooking drip hydrolysate was found to increase IL-2
and IL-10 [42], and sensitization with a partial whey hydrolysate increased Treg in the spleen [36].

Together with an increase in Treg, an increase in regulatory B cells (Breg) was observed in the
spleen after whey hydrolysate administration [36]. Breg are increasingly recognized to be important in
regulatory immune responses and induce the differentiation of T cells into Treg [59]. Another study
also found an increase in IL-10 producing Breg when inducing oral tolerance using intact casein in
casein-allergic mice [60]. Here, casein might be digested in the intestine of the mice, after which the
newly formed bioactive peptide(s) derived from casein increased Breg. An adoptive transfer of these
Breg could even prevent the onset of allergy in recipients [60], demonstrating the importance of this
cell type in tolerance induction.

Other evidence that hydrolysate consumption affects B cell responses is the observation of
increased antibody levels observed in the blood. A soy protein hydrolysate was found to induce IgG
and IgA in the blood of rats [7], while the common carp egg hydrolysate increased IgA in mice [25].
Therefore, it is likely that protein hydrolysates not only affect B cell differentiation, but also induce
class-switching and antibody production.

Only a few studies investigated the effects of protein hydrolysates on immune parameters in the
blood of humans. The effect of a single dose of soybean hydrolysate was studied in a small group of
volunteers, and it was found to change leukocyte numbers and increase granulocytes. More specifically,
it significantly increased CD11b* (macrophages and/or dendritic cells) and CD56* cells (NK cells)
in blood [43]. When nine subjects were fed a wheat hydrolysate for six days, an increase in NK
cell activity was observed [44]. A larger group of undernourished Indian children was given a fish
hydrolysate for 120 days. After this period, the CD4/CDS8 ratio and antibody levels were measured,
but no significant differences were detected [45]. These studies show that protein hydrolysates
have immunomodulatory effects in humans, which are similar to some of the previously mentioned
in vitro and in vivo effects, although the protein hydrolysates used are different. However, in these
studies, only a few immunological parameters were measured, and/or only included a small group of
volunteers, which makes it difficult to draw firm conclusions. Well-designed, extensive human studies
are lacking at the moment, but are needed to better understand the effects of protein hydrolysates
in humans.

7. Understanding Hydrolysate Compositions

A mandatory assignment for the coming years for researchers in the field is to identify the
exact peptide sequence(s) responsible for the reported effects described above. This will make
the design of formulations possible for specific health effects. Currently, protein hydrolysates are
mainly characterized by determining their degree of hydrolysis (DH). The DH is a measure for
how extensively a protein has been hydrolyzed, and therefore gives an indication of the size of the
peptides present in the hydrolysate. The DH is calculated by determining the amount of cleaved
peptide bonds [61]. Different methods have been developed to obtain the DH, including the pH-stat,
trinitrobenzenesulfonic acid (TNBS), o-phthaldialdehyde (OPA), trichloroacetic acid soluble nitrogen
(SN-TCA), and formol titration methods [62].

However, the DH does not give any indication of the presence or absence of specific bioactive
peptides. Protein hydrolysates with a similar DH can still have a different peptide composition.
Therefore, protein hydrolysates are often further characterized by using techniques to separate the
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peptides in the hydrolysate based on their physicochemical properties, mainly size, hydrophobicity,
or a combination thereof. Techniques which are often used to characterize peptide composition are,
for example sodium, dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), size exclusion
chromatography, and High Performance Liquid Chromatography (HPLC) [63]. All these techniques
are used to obtain a molecular weight distribution, which gives an overall indication of the hydrolysate
composition based on size. One can focus on a specific fraction of the protein hydrolysates by choosing
the most appropriate technique and optimizing the settings used.

HPLC, especially Reverse Phase-HPLC, has, for a long time, been found to be useful in separating
peptides from protein hydrolysates based on their size and hydrophobicity [64]. When this method
is coupled to a mass spectrometer (MS), it is also possible to determine the amino acid sequence of
the detected peptides [65]. In this way, a very detailed characterization of the hydrolysate can be
obtained, which can be used to identify structure-effector relationships between, for example, immune
effects and specific peptides in a hydrolysate. However, protein hydrolysates consist of thousands of
different peptides, which will all be detected by HPLC-MS when a complete hydrolysate is analyzed.
Therefore, studies aiming for the identification of bioactive peptides often compare the bioactivity
of size-based fractions of the hydrolysate first [66,67], after which the bioactive fraction alone can be
further analyzed using HPLC-MS. Ultimately, the peptides present in the bioactive fraction should be
tested individually for bioactivity in order to obtain the peptide responsible for the observed effect [65].

Using this and similar methods has led to the discovery of a range of bioactive peptides from
protein mixtures, as reviewed by Sanchez et al., and Lafarga et al., [1,68]. However, most of the identified
bioactive peptides possess anti-hypertensive, anti-microbial, or anti-oxidative effects, but peptides with
immunomodulatory properties have not widely been identified yet. Comparing the characteristics of the
immunomodulatory peptides that have been identified generated new knowledge about which peptide
properties are associated with immune effects. It is known that immunomodulatory peptides are mostly
two to 20 amino acids long and hydrophobic [61]. Chalamaiah et al., concluded by listing known
peptides with immunomodulatory effects that glycine (Gly), valine (Val), leucine (Leu), proline (Pro),
phenylalanine (Phe), negatively charged amino acid glutamic acid (Glu), and aromatic amino acid
tyrosine (Tyr) were most frequently present in peptides with immune effects [69].

Recently, we also found that larger fractions in whey and soy protein hydrolysates can have
immunomodulatory effects. These fractions have a size of over 1000 kDa and were composed of
aggregates which are formed during the hydrolysis process [66]. In this process, the proteins are
heated, which is a known cause of protein denaturation and aggregation [70]. By performing PAGE
under different conditions, it was found that these aggregates were formed due to electrostatic forces
and disulfide bridges between single proteins and induce responses in human dendritic cells. The fact
that these aggregates were found in both a whey and soy hydrolysate suggests that aggregate formation
is not protein source specific and might be present in a wide range of different protein hydrolysates.

8. Underlying Mechanisms of Inmunomodulatory Effects

In order to understand the immune effects that can be induced by protein hydrolysates and to
ultimately apply protein hydrolysates in specific conditions, it is of crucial importance to understand
exactly how the observed immune effects come about. Up to now, only a few studies have focused
on elucidation of the underlying mechanisms of immunomodulatory effects by protein hydrolysates
and are reviewed below. Recent research suggests that hydrolysate peptides bind to specific
immune-receptors and that multiple receptors might be involved (Figure 3A).
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Figure 3. Overview of mechanisms described in the literature via which peptides can exert
immunomodulatory effects in the cell. Peptides can (A) directly stimulate receptors; (B) be taken
up in the cell via a peptide transporter and interfere with inflammatory signaling pathways; or (C) be
taken up into the cell via endocytosis and inhibit inflammatory signaling pathways.

9. Receptor Binding

One of the most studied receptor types in immune signaling is Toll-like receptors (TLRs). This is a
family of pathogen recognition receptors. They are not only expressed by most immune cells [71,72],
but also by epithelial cells [73]. Multiple protein hydrolysates were found to affect TLRs, but the
effects were very hydrolysate dependent. By studying a range of cow’s milk hydrolysates in a TLR
reporter cell platform, we previously found that especially mildly hydrolyzed whey hydrolysates were
able to activate multiple TLRs, including TLR2, 3, 4, 5, 7, 8, and 9 [74]. This activation does lead to
the production of TNF«, IL-10, and IL-8 in human peripheral blood mononuclear cells (PBMCs).
The protein source of the hydrolysates was crucial for its final effects, as it was observed that
casein hydrolysates only inhibited TLR activation. Which TLRs were inhibited also differed per
hydrolysate, but TLR5 and 9 were the most profoundly inhibited. Other studies focused mainly on
TLR2 and 4. Tobita et al., described that a casein phosphopeptide was able to induce proliferation
and IL-6 production in CD19" cells from mice after stimulation in vitro. This effect was gone after the
administration of an anti-TLR4 antibody, suggesting that the effects were induced via TLR4 [75].
A primary culture of murine intestinal epithelial cells was also thought to secrete IL-6 via the
stimulation of both TLR2 and TLR4 when the mice were fed with yellow pea hydrolysate [26] and shark
protein hydrolysate [28]. A pressurized whey hydrolysate was able to suppress lipopolysaccharide
(LPS) induced IL-8 production in respiratory epithelial cell lines, likely via binding to TLR4 [76].

There is evidence that other transmembrane receptors are also involved in immune effects by
protein hydrolysates. Tsuruki et al., described that a peptide derived from the soybean [3-conglycinin
A’ subunit, which stimulated phagocytosis in human neutrophils, showed a low affinity for the
N-formyl-methionyl-leucyl-phenylalanine (fMLP) receptor [77]. The phagocytosis stimulating effect
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disappeared when this receptor was blocked. The authors discuss that its low affinity for the fMLP
receptor allows it to stimulate the immune response in a safe way, without causing inflammation.
Peptides derived from many different food protein sources are known to bind opioid receptors [78].
Although endogenous opioid peptides have a main function as neurotransmitters, they are also known to
modulate innate and acquired immune responses [79]. Opioid receptor signaling can, for example, skew T
cell differentiation, increase antibody production in B cells, and affect phagocytosis in macrophages [80-82].
These effects have also been described in immune cells after hydrolysate administration. Therefore,
it cannot be excluded that protein hydrolysates also modulate the immune system via opioid receptors.

10. PepT1 Dependent Intracellular Effects

Multiple bioactive tri- and tetrapeptides derived from soy and whey have been found to induce
anti-inflammatory effects after being taken up into the cell [83-85]. This cellular uptake, and therefore
the anti-inflammatory effects of the peptides, depends on the peptide transporter PepT1 (Figure 3B).
PepT1 is an H* coupled oligopeptide transporter, mediating the uptake of a broad range of di-and
tripeptides in intestinal epithelial cells in order to transport the peptides into the bloodstream.
Normally, it is expressed in the small intestine, but during inflammation, it is also upregulated
in the colon [86]. Treatment with the soy peptides KVP and VPY and the whey peptide IPAV all
showed a decrease in the production of the pro-inflammatory cytokines IL-6, IL-8, and TNFa in Caco2
cells. This effect disappeared when PepT1-activity was inhibited, indicating that transport via PepT1 is
necessary for the anti-inflammatory effects. Once taken up in the cytosol, the peptides were shown
to inhibit the main inflammatory signaling pathways in order to decrease the pro-inflammatory
cytokine secretion. A decrease in phosphorylated nuclear factor kappa-light-chain-enhancer of
activated B cells (NFkB), mitogen-activated protein kinase (MAPK), extracellular signal-regulated
kinase (ERK)1/2, c-Jun N-terminal kinase (JNK)1/2, p38, and spleen tyrosine kinase (SYK) was
observed after pretreatment with the bioactive peptides.

As described above, gut epithelial cells can influence the immune response in the intestine [47].
Therefore, an anti-inflammatory status of the epithelial cells is expected to also regulate the underlying
immune cells [87]. Furthermore, the soy and whey proteins can be transported over the epithelial
barrier and interact directly with immune cells. The soy peptide VPY was also found to induce
anti-inflammatory effects in THP-1 human monocytes [84], while the soy peptide KVP showed
anti-inflammatory effects in T cells [83]. Interestingly, both monocytes and T cells express the PepT1
transporter [88], suggesting that the bioactive peptides might induce anti-inflammatory effects in
innate and adaptive immune cells via a similar mechanism as described for epithelial cells.

The relevance of these effects in vivo was shown by treating mice with DSS and TNBS induced
colitis with the bioactive soy peptides [83,84]. In these models, KVP and VPY were shown to reduce
colitis symptoms, reduce body weight loss, and decrease pro-inflammatory cytokines in the intestine.

11. Endocytosis

Once immunomodulatory peptides are taken up in epithelial or immune cells, they can exert their
effects by interfering with signaling pathways. However, not all peptides and protein can be internalized
via the PepT1 transporter, since this transporter is specific for di- and tripeptides. Larger food derived
peptides, which are too large for the PepT1 transporter, can also be taken up into the cell by fluid phase
endocytosis (Figure 3C), which is a non-specific form of vesicle mediated internalization. In this type of
endocytosis, hydrophobic interactions between the peptide and the cell membrane are involved in the
internalization of the peptide [89]. Differences in physicochemical properties of peptides, including size,
hydrophobicity, and charge determine the kinetics of uptake of individual peptides.

The involvement of this type of peptide uptake in immunomodulation by peptides was confirmed
by Regazzo et al., [90]. They showed that a relatively large, hydrophobic casein peptide which
showed multiple stimulating effects in immune cells, could be taken up in a layer of Caco2 cells via
endocytosis. They did not see a difference in casein peptide uptake when they used an inhibitor for
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the PepT1 transporter or cytochalasin D to open the tight junctions (and increase the paracellular
route), but found a significant inhibitory effect on peptide uptake after treatment with wortmannin,
which inhibits endocytosis [90]. When the peptide is translocated over the epithelial cells via this
mechanism, it may affect immune cell functioning in the lamina propria or in the blood.

A study investigating the well-characterized soy peptide lunasin showed that endocytosis is
also used by immune cells to take up immunomodulatory peptides [91]. Lunasin is a 43-amino
acid peptide which was shown to interact with the «V3 integrin, which led to inhibiting V33
integrin-mediated pro-inflammatory markers and to downregulation of the Akt-mediated NF-xB
pathway. By using different inhibitors, it was found that lunasin was mainly taken up by endocytic
mechanisms that involve integrin signaling, clathrin-coated structures, and macropinosomes [91].
Interestingly, this lunasin uptake was increased under inflammatory conditions.

12. Possibilities for Hydrolysate Application

Since immune effects were found to be hydrolysate specific, many immune-related conditions
could potentially benefit from hydrolysate administration by selecting specific protein hydrolysates.
However, up to now, research has mainly focused on the discovery of immune effects in vitro and
animal studies, while follow up studies in humans are rare. To develop an immunomodulatory
product containing a hydrolysate, these studies are indispensable in order to investigate the safety,
bioavailability, and inducible immune effects in the human body. Protein hydrolysates with the most
promising effects should be chosen for further research. Based on the knowledge on immune effects
and the underlying mechanisms involved, of which an overview was given above, protein hydrolysates
can be selected for application in specific products.

13. Existing Products

Existing hydrolysate containing products can benefit from applying a different protein hydrolysate
with the same nutritional value as the currently used protein hydrolysates, but with an additional
immune modulating effect (Figure 4). Hypo-allergenic infant formulas are the main market for protein
hydrolysates nowadays. By hydrolyzing proteins, epitopes which are recognized by the immune
system of allergic infants are destroyed. Therefore, infant formulas containing extensively hydrolyzed
proteins can be tolerated by allergic infants [92]. However, allergic reactions may also be reduced
by modulating the immune system [5]. When the allergic reaction develops, the intestinal immune
system induces an inappropriate immune response against a harmless food molecule [93], which is
characterized by an increased Th2 response [94] (Figure 5). Since multiple cow’s milk hydrolysates
have been described to induce Treg cell differentiation in the MLN and spleen [36,38] which reduces
the Th2 response [95], these protein hydrolysates might help to reduce allergic symptoms.

T cell differentiation can be regulated via TLRs [96,97]. Therefore, protein hydrolysates might
affect the T cell response via TLRs, as they have been found to modulate TLR signaling [74].
This knowledge could help in selecting allergy reducing protein hydrolysates, since TLR signaling of
protein hydrolysates can be measured in reporter cell platforms [74]. Furthermore, protein hydrolysates
have also been found to reduce the permeability of the intestinal epithelial barrier [19]. This might
provide an alternative mechanism for reducing the allergic reaction, since it reduces the uptake of
antigens and prevents the interaction of lamina propria immune cells with antigens.

Another product in which protein hydrolysates are already used is clinical nutrition. In general,
a high protein intake was found to decrease mortality in hospitalized patients [98]. Protein hydrolysates
are used instead of intact proteins because of their ease of digestion. Anti-inflammatory protein
hydrolysates might have an additional benefit in patients consuming clinical nutrition because of
intestinal inflammation, because many studies have found beneficial effects of anti-inflammatory
protein hydrolysates in multiple colitis mouse models [30-33]. Therefore, anti-inflammatory protein
hydrolysates may be expected to reduce symptoms of, for example, inflammatory bowel disease and
irritable bowel syndrome in patients.
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Intestinal inflammation is also a common side-effect of chemotherapy [99]. Therefore, individuals
undergoing chemotherapy could be another target group for anti-inflammatory protein hydrolysates.
Interestingly, some chemotherapeutic agents induce inflammation via specific TLRs [100,101].
During chemotherapy, intestinal epithelial cells are damaged, which leads to the release of Damage
associated molecular patterns (DAMPs). DAMPs are able to activate TLR activation, which initiates an
inflammatory response [102,103]. Therefore, inhibiting TLR signaling protects against chemotherapy
induced inflammation. It was indeed found that the intake of food molecules could reduce the
inflammation caused by the chemotherapeutic agent doxorubicin, by the inhibition of TLR2 [104].
Since protein hydrolysates can also inhibit TLRs [74], they might elicit similar effects.

Protein hydrolysates are also applied in sport nutrition. Proteins are known to be essential
in the recovery after exercise [105], and peptides are more rapidly taken up compared to intact
protein [106]. Reducing inflammatory responses was found to reduce muscle pain and aid in the
recovery after exercise. This can be done by taking anti-inflammatory food products, for example,
tart cherry juice, which decreased pain and increased muscle recovery after running long distances
when ingested prior to the exercise [107,108]. Protein hydrolysates with an anti-inflammatory effect
could therefore simultaneously provide a protein source needed for muscle anabolism, and aid in
the recovery due to anti-inflammatory effects. Some studies indeed suggest that the administration
of whey protein hydrolysate or wheat gluten hydrolysate prior or after exercise decreased muscle
damage, improved muscle repair, and improved the performance [109-111]. Furthermore, excessive
exercise may result in impaired immunity [112]. Immune modulating protein hydrolysates could also
be beneficial for athletes in this respect.

14. Target Groups for New Products

Protein hydrolysates could also be used to develop completely new products with immunomodulatory
effects (Figure 5). Many studies showing a new immunomodulating effect of a hydrolysate suggest that
the hydrolysate could be used as a nutraceutical or functional food. Both terms are used for food products
with an additional health effect besides their nutritional value. As outlined in the introduction, we
and others feel that immunomodulating products will be particularly useful in modern Western society,
since the occurrence of immune-related diseases is currently increasing [113].

As mentioned before, protein hydrolysates have a good chance of ameliorating symptoms in
local intestinal diseases like inflammatory bowel disease and irritable bowel syndrome. In addition,
patients suffering from systemic immune diseases are likely to benefit from hydrolysate consumption.
Type 1 diabetes is an example of an autoimmune disease with a rapidly increasing prevalence [114].
Animals studies suggest that casein hydrolysate can prevent autoimmune diabetes by modulating
multiple immune responses in the intestine [19,20]. Management of autoimmunity to delay or prevent
disease may therefore be another promising field of application for specific protein hydrolysates.

In our view, some specific target groups might also specifically benefit from specific
immunomodulatory protein hydrolysates in order to delay or prevent disease. The number of elderly
in the population is increasing. With increasing age, the immune system deteriorates and becomes
more proinflammatory. This leads, for example, to more infections, and therefore a higher mortality
rate [115]. The innate immune response is affected in multiple ways during immunoscenesence.
An altered cytokine production by monocytes and macrophages has been found, together with a
decreased phagocytotic capacity and a reduced TLR expression [116,117]. Since it was found that
specific protein hydrolysates are able to modulate these immune aspects [27,74], protein hydrolysates
might be beneficial in keeping the elderly healthy for a longer period of time. This improves quality of
life and reduces health care costs.

Stress is another common cause of immune dysfunction [118]. Currently, an increasing number
of people experience significant levels of stress, leading to more immune-related diseases [119,120].
Both acute and chronic stress has been found to induce immune dysfunction, resulting in inflammatory,
autoimmune, and allergic diseases [121,122]. Effects associated with the development of immune diseases
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due to stress are increased pro-inflammatory cytokines, more Th2-related cytokines, and changes in
leukocyte number and distribution [123-126]. As described above, specific protein hydrolysates are able
to counteract these effects. Therefore, functional food containing protein hydrolysates may contribute to
healthy immunity in people experiencing significant stress levels.

15. Conclusions

A wide range of protein hydrolysates have immunomodulatory capacities. However, before
protein hydrolysates can serve as functional foods, physicochemical approaches to identify the protein
sequence(s) are needed to be able to design effective protein hydrolysates. Also, specific target groups
have to be identified. In this way, specific protein hydrolysates can be designed to ameliorate, delay,
or prevent the onset of a wide variety of Western immune-related conditions.
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Abstract: Obesity leads to an inflammatory condition that is directly involved in the etiology of
cardiovascular diseases, type 2 diabetes mellitus, and certain types of cancer. The classic inflammatory
response is an acute reaction to infections or to tissue injuries, and it tends to move towards
resolution and homeostasis. However, the inflammatory process that was observed in individuals
affected by obesity and metabolic syndrome differs from the classical inflammatory response in
certain respects. This inflammatory process manifests itself systemically and it is characterized by a
chronic low-intensity reaction. The toll-like receptor 4 (TLR4) signaling pathway is acknowledged as
one of the main triggers of the obesity-induced inflammatory response. The aim of the present review
is to describe the role that is played by the TLR4 signaling pathway in the inflammatory response
and its modulation by saturated and omega-3 polyunsaturated fatty acids. Studies indicate that
saturated fatty acids can induce inflammation by activating the TLR4 signaling pathway. Conversely,
omega-3 polyunsaturated fatty acids, such as eicosapentaenoic acid and docosahexaenoic acid,
exert anti-inflammatory actions through the attenuation of the activation of the TLR4 signaling
pathway by either lipopolysaccharides or saturated fatty acids.

Keywords: inflammation; toll-like receptor 4; obesity; fatty acids

1. Obesity

Obesity is a multifactorial and polygenic condition that has become a very concerning public
health issue that is affecting both developed and developing countries [1-3]. Overweight individuals
(defined as body mass index (BMI) > 25 kg/m?) account for approximately 30% of the global
population, i.e., 2.1 billion people, of whom more than 600,000 are classified as obese (defined as
BMI > 30 kg/m?) [4]. The analysis conducted by the Global Burden of Disease Study 2013 showed
that the overweight prevalence increased to 27.5% of adults and 47.1% of children in the past three
decades [5]. The prevalence of obesity is currently higher in developed countries; nevertheless,
approximately two-thirds of the obese population lives in developing countries [6]. Based on the
current scenario, it is estimated that up to 50% of the global population will be classified as overweight
or obese by 2030 [7]. Approximately 35% of adult individuals and 17% of children and adolescents
(2 to 19 years old) are considered to be obese (defined by values above the 95th percentile of the BMI
curve of these age groups) in the United States. It is estimated that approximately 300,000 people die
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due to obesity in the United States (U.S.) every year, which is the second highest cause of preventable
death [8].

Cardiovascular diseases, type 2 diabetes (DM2), non-alcoholic fatty liver disease, and cancer
stand out among the main health issues that are responsible for morbidity related to the obesity [9].
Obesity treatment and the treatment of its associated complications in developing countries has led
to significant cost increases in healthcare. Costs that are linked to DM2, in particular, stand out,
since 20-30% of overweight people present with a DM2 diagnosis, while 85% of diabetic patients are
overweight or obese [10]. Calle et al. [11] conducted a prospective study of more than one million
men and women and found that the lowest mortality rates, for all causes, in both men and women,
occur in individuals with BMIs that are between 23.5 and 24.9 and 22.00 and 23.4 kg/ m?, respectively.
Another study including 900,000 adult individuals found that BMIs that were above 25 kg/m? were
associated with a 30% increase in general mortality rate per each 5 kg/m? increase [12].

Obesity results from the interactions of different factors, including genetic, metabolic, behavioral,
and environmental ones. Accordingly, the dramatic increase in obesity prevalence rates suggests
that behavioral and environmental components are the main factors that are responsible for obesity,
with an emphasis on eating habits and exercise. With regard to eating, modern societies converge to an
eating pattern called the Western diet, which is characterized by the intake of foods with high energy
densities. Such densities derive from the high contents of fat and carbohydrate, especially sugars, that
are found in these food types, a fact that contributes to obesity development [13,14].

The profile of fatty acids that are present in a diet may also be relevant to obesity. It is
worth highlighting that, according to anthropological and epidemiological studies, humans from
the Paleolithic Era—40,000 years ago—consumed a ratio of omega-6 (w-6) to omega-3 (w-3)
polyunsaturated fatty acids of approximately 1, mainly due to a high intake of marine and vegetable
sources of w-3 polyunsaturated fatty acids (PUFAs). However, there was a significant increase in
the intake of lipids, trans fatty acids, and w-6 PUFAs after the Industrial Revolution, as well as a
small increase in the intake of w-3 fatty acids; meanwhile, intakes of vitamins C and E decreased.
Such changes are particularly relevant if one takes into account the participation of these nutrients
in the inflammatory response, which is linked to the physiopathology of different non-transmissible
chronic diseases, such as obesity, DM2, cardiovascular diseases, hypertension, and cancer [15-17].

2. Inflammation, Adipose Tissue and Obesity

Inflammation is a central component of innate immunity, and microorganism destruction is the
prime function of the inflammatory response, which is a process that involves the participation of
effector cells in contact with pathogens that are living in the infected tissue. Microbial components,
such as lipopolysaccharides (LPS) that are found in the cell wall of Gram negative bacteria, can trigger
an inflammatory response through their interactions with cell-surface receptors found, for instance,
in cells from the immune system, such as macrophages and neutrophils. Inflammation in response to
microorganisms involves the increased synthesis and secretion of a number of mediators, including
chemokines and cytokines. The latter include tumor necrosis factor (TNF)-« and interleukin (IL)-1,
which act on endothelial cells and leukocytes to promote the recruitment and activation of leukocytes
in the inflammatory area [18,19].

Inflammation can be classified as acute or chronic. Acute inflammation presents via three
principal components: (i) changes in the vascular caliber, which result in increased blood flow
in the inflammatory focus; (ii) structural changes in the microcirculation, which favor the exit of
plasma proteins and leukocytes from the blood to the tissue; and, (iii) adhesion and transmigration of
leukocytes from the microcirculation to the tissue, as well as their further activation, which allows the
elimination of harmful agents. As soon as the infection is eliminated, or at least controlled, mechanisms
are activated that act to limit any type of aggression against the host and to initiate the tissue repair
process. Such a process aims to reduce the inflammation and it is termed resolution. Resolution is
now known to be an active process involving the activation of negative feedback mechanisms, such as
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anti-inflammatory cytokine secretion, a reduction in receptor expression, activation of regulatory cells,
and the production of pro-resolving lipid mediators [20-22].

Histamine, bradykinin, neuropeptides, prostaglandins, thromboxanes, leukotrienes, and
platelet-activating factor stand out among the non-cytokine/chemokine mediators that are involved
in the inflammatory response. The generation of eicosanoids initially occurs due to activation of
phospholipase A2, which hydrolyzes membrane phospholipids to yield a free fatty acid. Arachidonic
acid, an w-6 PUFA, is predominant among the fatty acids released by phospholipase A2. The released
fatty acids are used as a substrate by the cyclooxygenase enzymes (COX), which catalyze the synthesis
of prostaglandins and thromboxanes, as well as by lipoxygenase (LOX) enzymes, which catalyzes
the synthesis of leukotrienes. Such mediators are responsible for many aspects of the inflammatory
response, such as vasodilation (prostaglandin E;) and leukocyte migration (leukotriene B4) [23-25].

Chronic inflammation involves the progressive changes in inflammatory cells as well as in tissue
destruction and repair due to the on-going inflammatory process. Accordingly, inflammation can
become pathologic because of the loss of tolerance or regulatory processes. As a result, there is an
increase the plasma concentrations of many inflammatory biomarkers and in the number of activated
inflammatory cells in the bloodstream as well as in the primary lesion area. Such changes can be
easily observed, for instance, in patients with frank chronic conditions, like rheumatoid arthritis and
inflammatory bowel diseases [26,27].

Chronic inflammation can also be present at lower intensities than has been seen in the classic
inflammatory diseases. Evidence that obesity results in inflammation started emerging in the 1990s.
This inflammation is directly involved in the etiology of cardiovascular diseases, DM2, and certain
cancer types [28]. Hotamisligil et al. [29] found that genetically obese rodents, such as db/db and ob/ob
mice and fa/fa rats, had increased expression of the TNF-a« gene in white adipose tissue. They identified
that the neutralization of TNF by anti-TNF-« antibodies mitigated the resistance of these animals
to insulin action, establishing a link between inflammation, insulin resistance, and hyperglycemia.
Macrophages from the stromal vascular fraction of adipose tissue appear to be the main cell type that
is responsible for TNF-« and IL-6 release from the adipose tissue. The increased concentration of
cytokines in this tissue is mostly derived from the infiltration of M1 macrophages, which are activated
in the classical way and are characterized by the high expression of pro-inflammatory cytokines,
like TNF-¢, IL-13 and IL-6 [30-32] (Figure 1). It should be noted that macrophages correspond
to about 40% of total white adipose tissue cells in obese mice and humans, as compared to only
18% in lean controls [33]. In the white adipose tissue, the expression of monocyte chemoattractant
protein (MCP)-1 correlates positively with adiposity, and it is also higher in visceral adipose tissue
when compared to subcutaneous adipose tissue [34,35]. The receptor for MCP-1, C-C chemokine
receptor type 2 (CCR?2), is expressed on monocytes present in peripheral blood and on adipose tissue
macrophages. This implies that obesity favors the process of migration of blood monocytes into the
visceral adipose tissue of obese individuals, which then differentiate into macrophages. This process
is regulated by colony stimulating factors, such as macrophage-specific growth factor, called colony
stimulating factor 1 (CSF-1) or macrophage colony-stimulating factor (M-CSF) [36].

In mammals, there are two types of adipose tissue: white and brown adipose tissue (BAT).
BAT is specialized in the production of heat (thermogenesis) and, therefore, actively participates
in the regulation of body temperature. BAT deposits are found in fetuses and newborns. In adult
humans, there is a small volume of BAT in the cervical supra-clavicular, supra-adrenal, and para-spinal
regions [37,38]. Brown and white adipocytes appear to have different physiology and opposing
functions [39] Beiging /browning of white adipose tissue promotes energy expenditure by triggering
thermogenesis, which suppresses diet-induced weight gain, as well as enhancing the efficiency of
BAT activity [40]. In this context, individuals with low amounts of BAT would be prone to the
development of obesity. Studies in animals lacking BAT or uncoupling protein 1 (UCP1) have clearly
demonstrated the involvement of BAT thermogenesis in the protection against diet-induced obesity
(DIO) [41]. Decreasing BAT activity or the removal of BAT in mice provokes increased glycemia and
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plasma triglyceride concentration and promotes insulin resistance [42]. Also, in humans, BAT activity
was found to be inversely related to BMI and fat mass [43]. Furthermore, visceral adipose tissue
inflammation may also be linked to the lower BAT volume, since TNF-o has been shown to induce
brown adipocyte apoptosis and to hamper BAT differentiation [44].

Obesity is a relevant causal factor in the etiology of insulin-action resistance. Thus,
obese patients present with reduced insulin action in the skeletal muscle due to lower
phosphorylation of the tyrosine residues of the insulin receptor substrate (IRS)-1 and the reduced
phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) activity in this tissue. Such an outcome can
cause a further reduction in insulin-induced glucose transport into the muscle tissue [45].
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Figure 1. Interaction between M1 and M2 macrophages and adipocytes. Abbreviations: IL, interleukin;
MCP, monocyte chemotactic protein; NEFAs, non-esterified fatty acids; TNF, tumor necrosis factor.

An increased inflammatory response is an important factor in the etiology of insulin-action
resistance in obese patients. Such a response triggers the activation of protein kinases related to Toll
signaling pathways and TNF-« receptors, such as the inhibitor of kappa B kinase (IKK) and c-jun
N-terminal kinase (JNK)-1, which are capable of phosphorylating IRS-1 at the serine 307 residue.
This reduces IRS-1 interaction with the insulin receptor beta subunit, and, consequently, causes
decreased insulin signal transduction [46,47]. JNK knockout mice show lower adiposity, enhanced
sensitivity to insulin and an increased capacity for insulin receptor signaling even when they are fed a
lipid-rich feed. These findings suggest that activation through JNK is an important mechanism linked
to insulin resistance in obese patients [48].

Among the inflammatory biomarkers that are related to obesity, IL-6 favors insulin-action
resistance in obese individuals due to the induction of the cytokine signaling suppressor protein
3 (SOCS3), which physically associates itself with tyrosine phosphorylated proteins, such as the
insulin receptor. In addition, SOCS3 decreases the phosphorylation of IRS-1 tyrosine, which weakens
the IRS-1 coupling to the insulin receptor and the subsequent association between IRS-1 and
phosphatidylinositol-3 kinase (PI3K). These findings suggest that SOCS3 is a relevant inhibitor of
the insulin signaling pathway, as well as allowing a better understanding of the IL-6 effect on the
insulin-action resistance that is induced by obesity [49].

Understanding that the immune system and different metabolic pathways are closely related
to each other, as well as that they are functionally dependent, is essential for studies that are
focused on obesity and on its possible metabolic repercussions. Thus, signaling pathways that
are responsive to nutrient intake and the presence of pathogens are evolutionarily conserved and
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greatly integrated [50]. The excessive intake of obesity-associated nutrients can be detected by innate
recognition receptors, and this results in the activation of pro-inflammatory signaling pathways as
well as in stress responses in many parts of the body. This causes low-intensity chronic inflammation,
defined by Hotamisligil et al. [30] as metabolic inflammation or as meta-inflammation, which is
different from the classic inflammatory response. Moreover, the genesis of this inflammation is closely
related to lifestyle and mainly to the quality of diet and exercise [51].

Meta-inflammation development is associated with a wide and integrated network of intracellular
signal pathways, among which inhibitor of nuclear factor kappa-B kinase subunit beta (IKK-f3) and
c-Jun N-terminal kinase 1 (JNK-1) stand out. These proteins induce the synthesis of inflammatory
mediators in different cell types. IKK-f and JNK-1 activation results in activating the transcription
factors nuclear factor kappa B (NF-«B) and the activating protein (AP)-1, which translocate to the
cell nucleus and activate the transcription of many genes encoding the proteins that are involved
in inflammation, including TNF-a and COX-2. This process allows for the continuity of the
inflammatory reaction, which is associated with conditions, such as atherogenesis and insulin-action
resistance [52,53].

This systemic inflammatory response mainly originates from adipose tissue, which produces
a wide variety of pro-inflammatory cytokines and chemokines, called adipokines [23]. However,
currently, it is known that there are other tissues involved in meta-inflammation, such as the liver [54],
pancreas [55], hypothalamus [56,57], and skeletal muscle [58]. It seems likely that the chronic low-grade
inflammation that develops in adipose tissue with obesity is “transferred” to these other tissues through
the appearance of active inflammatory mediators in the bloodstream.

In the context of inflammation and obesity, the role of gut microbiota in the development of
metabolic disease should be noted. Studies have shown that certain bacteria populations produce
enzymes that increase the efficiency of nutrient digestion, leading to an improved nutrient supply to
the host, therefore, contributing to increased energy storage in the adipose tissue. The resulting increase
in body adiposity can trigger the development of insulin resistance. There is also evidence that the gut
microbiome can modulate that genes that are involved in energy storage and expenditure [59-62].

In 2004, Backhed et al. [61] reported that conventionally reared mice had a 42% increase in body fat
and a 47% increases in periepididymal adipose tissue when compared to germ-free mice. Furthermore,
transfer of the microbiota from the bowel of the conventional mouse to the gut of the germ-free
mouse resulted in a 57% increase in body fat in two weeks, although feed consumption decreased.
This result highlights the important role that the intestinal microbiota plays in energy homeostasis
and its potential involvement in the etiology of obesity. Germ-free mice are resistant to diet -induced
adiposity, which is associated with increased activity of AMP-activated protein kinase (AMPK) in liver
and muscle and increased expression of adipose factor that is induced by fasting (Fiaf) in the small
intestine [62]. On the other hand, the inoculation of the microbiota of conventional mice fed with this
diet into germ-free animals results in an increase in adiposity [59].

It should also be noted that the dysbiosis that is associated with consuming a high-fat diet has
been shown to increase intestinal permeability, which results in a greater translocation of LPS from
the intestinal lumen to the blood circulation. This metabolic endotoxemia is associated with increased
body fat, glucose intolerance, and increased expression of proinflammatory mediators and macrophage
infiltration in white adipose tissue [60].

3. Toll-Like Receptor 4 and Inflammatory Response

The innate immune systems of mammals—which encompasses cells such as neutrophils and
macrophages—use different strategies to recognize microorganisms. One of these strategies is based on
recognizing general aspects of molecules associated with pathogens (pathogen-associated molecular
patterns, or PAMPs) that result from microbial metabolism that is conserved throughout the evolution
of the species. These molecules are widely distributed among pathogens; for instance, the LPS molecule
is common in all Gram-negative bacteria, although it is not produced by the host [63-65].
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Innate immune system receptors that are capable of recognizing PAMPs are called pattern
recognition receptors, and these induce the expression of pro-inflammatory cytokines—for example,
TNF-« and IL-13—as well as activating the host’s antimicrobial defense mechanisms, such as the
synthesis of reactive oxygen and nitrogen species, including hydrogen peroxide and nitric oxide (NO),
respectively [66,67]. PAMP recognition can induce cluster of differentiation 80 (CD80) and cluster of
differentiation 86 (CD86) costimulatory molecules on the surface of cells, presenting antigens, as well
as inducing small antigenic peptides that are linked to major histocompatibility complex (MHC) class
IT molecules in cell membranes that present antigens to CD4" T lymphocytes so activating adaptive
immune responses [68].

The innate immune system recognizes PAMPs through toll-like receptors (TLRs) that are a family
of transmembrane proteins that are responsible for playing an essential role in the innate immune
system [69]. The main function of the TLR protein lies in controlling inflammatory and immunological
responses. TLRs can recognize a whole variety of microbial PAMPs. Eleven different TLRs have been
identified in humans and thirteen among all mammals [70]. TLRs belong to the IL-1 receptor (IL-1R)
superfamily, which have a significant homology in their cytoplasmic regions, such as in the Toll /IL-1IR
(TIR) domain. The TIR domain is needed for the interaction and recruiting of many adaptive molecules
that are involved in the activation of signaling pathways [67].

TLRs are expressed in different cell compartments and are recognized by many PAMPs deriving
from viruses, pathogenic bacteria, fungi, and protozoa. TLR1, TLR2, TLR4, TLR5, TLR6, and TLR11
are expressed in the cellular membrane, whereas TLR3, TLR7, TLR8 and TLRY are expressed in
intracellular compartments, such as the endosome and the endoplasmic reticulum. Based on the amino
acid sequence and on the genomic structure, TLRs can be divided into five subfamilies: TLR2, TLR3,
TLR4, TLR5, and TLR9. The subfamily TLR2 comprises TLR1, TLR2, TLR6, and TLR10, whereas the
subfamily TLR9 encompasses TLR7, TLRS, and TLR9 [71-73].

TLR4 was the first TLR reported in humans; it is expressed in innate immune cells, including
monocytes, macrophages, and dendritic cells, as well as in other cell types, like adipocytes, enterocytes,
and muscle cells. As indicated above, LPS is the primary agonist for TLR4 [74]. LPS is an integral
structural component that is found in the external membrane of Gram-negative bacteria as well as
representing one of the most powerful microbial inflammation indicators. It is a complex glycolipid
composed of one hydrophilic polysaccharide and one hydrophobic domain called lipid A [75].
There is some evidence that saturated fatty acids can also bind to TLR4 and activate TLR4-mediated
signaling pathways [76,77]. Also, there are other endogens ligands for TLR4, like heat shock protein
(Hsp) 60, Hsp 70, type III repeat extra domain A of fibronectin, oligosaccharides of hyaluronic acid,
polysaccharide fragments of heparan sulfate, and fibrinogen [78]. In the context of obesity, the increase
in the plasma fibrinogen levels, which represents a positive acute phase protein, acts as a factor that
is involved in the activation of the TLR4 pathway, and, consequently, in the amplification of the
inflammatory response [79].

The interaction between LPS and TLR4 induces the synthesis of pro-inflammatory cytokines, such
as TNF-«, IL-1p3, IL-6, IL-8, and IL-12, which, in turn, work as endogenous inflammatory mediators
by interacting with receptors found in different target cells. In addition to cytokines, macrophages
release a whole variety of biological mediators in response to LPS, including platelet activation factor,
prostaglandins, enzymes, and reactive oxygen and nitrogen species, such as superoxide anion and
nitric oxide (NO). The synthesis of these pro-inflammatory mediators by monocytes and macrophages
is designed to inhibit the growth and the dissemination of pathogens and to eliminate them either
directly or through induction of adaptive immune responses [63,80].

LPS initially binds to the LPS-binding protein (LBP), which is found in the blood or in extracellular
spaces. This protein promotes LPS binding to the CD14 molecule, which, in turn, is moored to the
lipid bilayer by means of a glycophosphatidylinositol group that is found in most cells, except for
endothelial ones. CD14 can also exist as a soluble protein, and, in this case, can lead LPS to the
cell surface. The CD14 molecule is not found in transmembrane and intracellular domains; thus,
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it cannot trigger signal transduction processes on its own. When LPS binds to CD14, LBP dissociates
itself and the LPS-CD14 complex physically associates with TLR4. Such a receptor needs an additional
molecule, the so-called extracellular accessory protein (MD2), which binds to the TLR4 extracellular
complex in order to recognize LPS [71].

Following ligand binding, TLRs dimerize and undergo conformational changes that are required
for the subsequent recruitment of cytosolic TIR domain-containing adaptor molecules, including the
cytoplasmic adapter protein MyD88. The association between TLR4 and MyD88 gathers proteins
from the IL-1 receptor associated kinase (IRAK) family. Two members (IRAK4 and IRAK1) are
phosphorylated in sequence, and this disrupts them from the receptor complex and promotes their
association with TNF receptor associated factor 6 (TRAF6). TRAF6 then activates mitogen activated
protein kinase (MAPK) proteins. These kinases can activate the AP-1 transcription factor [81].

The transcription factor NF-kB, which is found in a dimeric form in the cytoplasm of
non-stimulated cells, is inactive when it is associated with kB inhibitors (IkB) (Figure 2). The family of
IkB proteins includes IkBe, IkBf, IkBe, and Bcl-3, as well as the carboxy-terminal regions of NF-kB1
(p105) and NF-kB2 (p100). The IkB proteins bind to different NF-kB dimers, although they have
different affinities and specificities; therefore, besides the different NF-«B dimers that are found in a
specific cell type, there are a large number of combinations of the IkB and the NF-«B dimers [82,83].

TNF-a
IL-18
WAPR L6

cox-2
IKB degradation @ iNOS

AKKAKKP

Figure 2. Toll-like receptor 4 (TLR4) induced signaling activates the transcription factor NFkB.
LBP: LPS-binding protein; LPS: lipopolysaccharides; IRAK: IL-1 receptor associated kinase; TRAF6:
TNF receptor associated factor 6; MAPK: mitogen activated protein kinase; IKK: inhibitor of nuclear
factor kappa-B kinase; iNOs: inducible nitric oxide synthase.

Via MAPK, TRAF6 activates the IkB kinase complex (IKK), which is composed of two catalytic
subunits (IKK« and IKKf) and one regulatory subunit (IKKy), and has the capacity to induce
IkB phosphorylation. This phosphorylation results in IkB dissociation from the NF-«kB complex
and its subsequent polyubiquitination, which, in turn, leads to IkB degradation (mediated by the
26S proteasome) [73,81]. This process allows for the NF-kB dimer to translocate into the nucleus and
to activate the transcription of many kB-dependent genes, such as the genes of pro-inflammatory
cytokines, including TNF-«, IL-1§3, IL-6, COX-2, and inducible nitric oxide synthase (iNOS) (Figure 2).
NF-«B also stimulates the synthesis of IkB. Accordingly, the newly synthesized IkB binds to NF-xB
and suppresses its activity, providing a feedback inhibition mechanism [74,81]. There are five members
of the family of NF-«B transcription factors in mammals: NF-kB1 (p105/p50), NE-kB2 (p100/p52),
RelA (p65), RelB, and c-Rel, which can dimerize to form homodimers and heterodimers that, in turn,

291



Nutrients 2018, 10, 432

are associated with specific transcriptional responses to different stimuli. NF-kBland NF-«B2 do
not contain transcriptional activation domains and their homodimers work as repressors. On the
other hand, Rel-A, Rel-B, and c-Rel drive the transcriptional activation domain, and, except for Rel-B,
are capable of forming homodimers and heterodimers along with other members of this family
of proteins. Consequently, the balance between different NF-kB homodimers and heterodimers
regulates the transcriptional activity level. It is worth highlighting that these proteins are expressed
in a specific cell and tissue pattern, which leads to an additional level of regulation. NF-«B1 (p50)
and RelA, for example, are broadly expressed, and, therefore, the p50/RelA heterodimer is the most
common NF-«B-binding activity inducer [82,83].

Human monocytes express TLR1, TLR2, TLR4, TLR5, TLR6, TLRS, and TLR9; but TLR2 and TLR4
are the receptors that are most commonly expressed in these cells. The expression of TLR2 and TLR4 in
the plasma membrane of monocytes has been confirmed by flow cytometry; TLR2 and TLR4-binding
(by peptidoglycan and LPS, respectively) generates pro-inflammatory cytokine secretion in these cells.
Moreover, TLR2 and TLR4 activation recruits monocytes and forms foam cells in murine models of
atherosclerosis [30,84].

Studies that were conducted in vitro with cell cultures showed the negative effects of
pro-inflammatory cytokines deriving from TLR4 signal pathway activation on glucose uptake and
on the metabolism of fatty acids [33,85,86]. TLR4 gene deletion in mice has a protective effect against
adipose tissue inflammation and against the resistance to insulin action that is induced by the intake of
a high fat diet, a fact that points towards the causal role played by TLR4 in metabolic changes driven
by over-eating and obesity [87,88].

Humans with type I diabetes exhibit a greater expression of TLR2 and TLR4 in the cellular
membrane in monocytes, as well as greater MyD88 protein content and IRAK phosphorylation in
monocytes in the peripheral blood than in control groups [89]. Individuals with DM2 show increased
cellular membrane levels of TLR2 and TLR4 in blood monocytes, as well as a higher concentration of
IL-1B, IL-6, IL-8, and TNF-« in serum than in controls [90]. Similarly, TLR2, TLR4, and MyD88 are
more highly expressed in blood mononuclear cells and in the abdominal subcutaneous white adipose
tissue in obese and diabetic individuals than in patients with normal weight [63,80]. Also, overweight
and obese people showed increased expression of TLR2 and TLR4 on peripheral blood mononuclear
cells and in adipose tissue in comparison with lean people; the expression levels of TLR2 and TLR4
increased significantly with increasing body mass index [91].

Furthermore, insulin-action resistance in obese individuals can increase the expression of TLR4,
which depends on the designated PU.1 transcription factor, which, in turn, regulates the gene
expression that is related to the activation and the differentiation of myeloid cells, including the
TLR2, TLR4, and TLR9 receptors [92,93]. Insulin has a suppressive effect on the expression of TLR4 and
on the activity of the PU.1 transcription factor; however, the suppressive effect of the hormone would
be expected to be reduced due to the insulin-action resistance related to obesity. Such a reduction
would increase the expression of TLR4 in peripheral blood monocytes [94]. In view of this, it seems
that the increase of the inflammatory response favors the occurrence of resistance to the action of the
insulin, through the activation of the IKK-f and JNK kinases that reduce the activation of IRS-1 in
the insulin signaling pathway. Conversely, the presence of insulin resistance favors the expression of
TLR4, suggesting that insulin resistance promotes inflammation.

As described earlier, the TLR4 pathway increases the expression of pro-inflammatory cytokines,
such as TNF-«, IL-1, and IL-6, by activating the transcription factors NF-«B and AP-1. These cytokines,
in turn, increase the hepatic synthesis of CRP, which is the classic positive acute phase reactant and
the most studied and accepted inflammatory biomarker. CRP is often used in clinical practice due to
its high stability (mean half-life of 19 hours) and its rapid production in response to inflammatory
stimuli [95,96]. It is important to note that other inflammatory biomarkers, such as IL-6, TNF-«,
the intercellular adhesion molecule ICAM)-1, P-selectin, E-selectin, the monocyte chemotactic protein
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(MCP)-1, fibrinogen, and soluble CD40, have been characterized as predictors of cardiovascular disease,
regardless of other cardiovascular risk factors [19,26].

Dietary lipids can cause changes in the expression patterns of TLRs [97]. Ingestion of a high
calorie (910 kcal), high lipid (51 g), and high carbohydrate (88 g) meal by normal weight individuals
caused significant changes in TLR in the post-prandial period, with TLR2 and TLR4 increasing in blood
mononuclear cells. This reinforces the potential importance of postprandial inflammation for obesity,
DM2, and cardiovascular disease physiopathology [98,99]. A high-fat meal also leads to increased
NF-«B activation in the post-prandial period, as well as increased leucocyte activation, as assessed by
the surface expression of CD11a, CD11b, and CD62L [100], and metabolic endotoxemia (i.e., increased
plasma LPS levels) [101].

4. Fatty Acids, Toll-Like Receptors and Inflammation

4.1. Saturated Fatty Acids

Saturated fatty acids, particularly lauric acid and palmitic acid, are capable of stimulating an
inflammatory response through the TLR4 signaling pathway [102]. Lee et al. [103] published the first
study that demonstrated the effect of different fatty acids on the TLR4 signaling pathway. In this
study, it was verified that lauric, palmitic, and stearic acids could induce COX-2 expression through an
NFkB-dependent mechanism in a macrophage cell line. Among the saturated fatty acids that were
tested, lauric acid (C12:0) had the greatest activation capacity through TLR4. Different from saturated
fatty acids, monounsaturated and polyunsaturated acids did not lead to TLR4 signal activation.
Moreover, cell pretreatment in vitro for three hours with different polyunsaturated fatty acids,
particularly the w-3 fatty acid docosahexaeanoic acid (DHA: 22: 6 w-3), or oleic acid (w-9) significantly
reduced the subsequent pro-inflammatory effect induced by lauric acid [103].

Saturated fatty acids represent an essential component of bacterial endotoxins. The lipid A
portion of LPS has six saturated fatty acids coupled to this structure through ester or amide bonds.
The carbon chain length of these fatty acids in lipid A varies from 12 to 16 carbons. Interestingly,
the replacement of these saturated fatty acids by monounsaturated or polyunsaturated fatty acids
stops the pro-inflammatory activity of the LPS [104].

Saturated fatty acids can also induce an inflammatory response through the activation
of TLR2, which forms heterodimers in the plasma membrane, along with TLR1 or TLR6.
Diacylated and triacylated lipoproteins, peptidoglycans, and lipoteichoic acid are among this receptor’s
agonists [76,105,106]. Lee et al. [107] reported that lauric acid induced activation through NF-«B when
TLR2 was cotransfected with TLR1 or TLR6; however, this did not occur when TLR1, 2, 3, 5, 6, or 9 were
individually transfected. On the other hand, the omega-3 polyunsaturated fatty DHA suppresses
activation through the NF-«B signaling pathway, whether this is induced by LPS or by lauric acid [108].
Furthermore, the inhibition of TLR2 expression enhances the sensitivity to insulin action in the skeletal
muscle and in the white adipose tissue of mice that were fed on a high fat diet as well as inhibiting the
expression of this receptor. This process results in the partial reversal of palmitic acid-induced insulin
resistance [23,109].

Erridge and Samani [110] suggested that saturated fatty acids would not directly stimulate TRL2
and TLR4, but that this effect could result from the contamination of the bovine serum albumin that was
used to solubilize the saturated fatty acids in the studies conducted in vitro. However, Huang et al. [76]
demonstrated that saturated fatty acids activate the inflammatory response in vitro through TLR2
and TLR4. Lauric acid—which was not solubilized in bovine serum albumin—induced the activation
of the NF-kB signaling pathway through TLR2—which was dimerized with TLR1 or TLR6—and TLR4.
In addition, there are current propositions addressing TLR4 activation by saturated fatty acids that
depend on fetuin A, which is produced in the liver and works through endogenous TLR4-binding [77].

Palmitate acid that is bound to TLR4 activates the kinase proteins JNK and IKK-f, and
increases the expression and secretion of pro-inflammatory cytokines [86]. Palmitic acid also impairs
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insulin signaling pathways by inducing IRS-1 phosphorylation at serine residue position 307 [111].
This process reduces its interactions with the insulin receptor, and, consequently, diminishes the
insulin-induced signal transduction. Moreover, saturated fatty acids induce insulin-action resistance
due to the antagonistic action of the peroxisome proliferator-activated receptor-gamma coactivator
(PGC)-1 alpha. Such a process induces the expression of mitochondrial genes that are involved with
oxidative phosphorylation and with glucose capture, which is mediated by insulin [112,113].

4.2. Polyunsaturated Fatty Acids

Polyunsaturated fatty acids consist of two families (w-3 and w-6) that are characterized by the
double bond locations defined by the first double bond in relation to the methyl terminal group
in the fatty acid molecule. «-Linolenic and linoleic acids are examples of polyunsaturated fatty
acids belonging to the w-3 and w-6 families, respectively. These two fatty acids are not synthesized in
humans, and the lack of w-3 and w-6 intake causes signaling and symptom deficits, indicating that such
nutrients are essential to humans; therefore, they must be consumed through the diet [24,25,114,115].
However, studies have shown that the ratio of w-6 to w-3 fatty acids in the diet has implications for
health since increased ratios are associated with an increased risk of chronic disease incidence and
progression [116,117].

a-Linolenic acid is the precursor of the w-3 polyunsaturated fatty acids with a longer chain and
a high degree of unsaturation, such as eicosapentaenoic acid (EPA: 20: 5 w-3) and DHA, which are
found in seafood, especially fatty fish, and in fish oil supplements. It is important to note that the
a-linolenic concentration in the blood, cells, and tissues is significantly lower than that of the EPA and
DHA. This suggests that the primary biological function of a-linolenic is as a substrate in EPA and
DHA synthesis [118]. However, evidence shows that a-linolenic conversion into EPA and DHA in
humans is relatively low: conversion into EPA is estimated to only be around 8-12%, and conversion
into DHA is lower than 1% [119,120].

The beneficial effects resulting from an increased intake of w-3 fatty acids were originally
associated with the suppression of thrombosis. However, epidemiologic evidence suggests that
the intake of w-3 fatty acids reduces the morbidity and mortality rates due to cardiovascular diseases,
as well as reducing systemic blood pressure, triacylglycerol concentrations, and the risk of endothelial
dysfunction [27,121-126]. The capacity to lower triacylglycerol concentrations, which is related to
diminished hepatic VLDL secretion, stands out among the aforementioned possible metabolic effects
resulting from the intake of w-3 fatty acids. This effect is partially dependent on mechanisms that are
related to nuclear receptors, particularly the peroxisome proliferator activated receptor (PPAR)-« [127].

An increased intake of w-3 fatty acids results in the corresponding accumulation of these fatty
acids in cell membranes and circulating lipids. They replace w-6 fatty acids (such as linoleic and
arachidonic acids) in blood lipids and in cell membranes, and also modulate/activate different
signaling pathways [128].

The w-3 and w-6 polyunsaturated fatty acids generate relevant modulations in the inflammatory
response because they are precursors to different series of eicosanoids, which have different effects
on the intensity of the inflammatory response. Accordingly, w-6 arachidonic acid generates
even-series eicosanoids, such as prostaglandin E; and leukotriene By. These eicosanoids induce
pro-inflammatory effects, such as increased vascular permeability, vasodilation, fever, and chemotaxis.
It is important to note that prostaglandin E, also has anti-inflammatory effects, such as reduced IL-1
and TNEF-« production. EPA is the precursor for odd-series eicosanoids, such as prostaglandin E3,
thromboxane Aj and leukotriene Bs, which induce lower-intensity inflammatory responses.
Leukotriene Bs, for example, is 10 to 100 times less potent as a chemotactic agent in neutrophils
than leukotriene By [23,27,129]. EPA also competes with arachidonic acid for COX-2 and 5-LOX;
therefore, EPA reduces the synthesis of even-series eicosanoids [130]. In addition, higher EPA and
DHA concentrations in the plasma membrane favor the production of mediators, such as resolvins,
maresins, and protectins, which are involved in the resolution of inflammation and healing [21,25,131].
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The ingestion of alpha-linolenic acid can also modulate the inflammatory response in humans.
For example, Caughey et al. [132] observed a significant reduction of TNF-«, IL-1, TXB,, and PGE,
production by LPS-stimulated mononuclear cell cultures that were obtained from healthy subjects who
consumed approximately 14 g/day alpha-linolenic acid for four weeks as compared to baseline and to
a control group. The effect of «-linolenic acid may have been mediated through its conversion to EPA.

With regard to the molecular effects of EPA and DHA on inflammatory-response modulation,
studies have shown that these fatty acids inhibit the expression of inflammatory genes, such as COX-2,
iNOS, and IL-1 in macrophages [103,108]. In contrast to the stimulating effect of saturated fatty acids
on TLR2 and TLR4 activation, EPA and DHA are capable of mitigating the activation of the NF-xB
transcription factor pathway that is induced by various agonists [103,133,134]. Thus, DHA reduces
NF-kB pathway activation and the expression of cytokines and COX-2 induced by TLR agonists,
such as lipopeptides (TLR2) and LPS (TLR4) in macrophages [89]. In addition, there is reduced gene
expression of COX-2 that is induced by LPS in monocytes from the peripheral blood of individuals
who use fish oil supplements [103,108]. The synthesis of the cytokines IL-1, IL-2, and TNF-« was also
mitigated after stimulation with LPS in vitro by mononuclear cells from the peripheral blood from
individuals that were supplemented with 18 g of fish oil per day for six weeks [135].

In addition, EPA and DHA present another mechanism to modulate the inflammatory response
by binding to G-protein coupled receptor 120 (GPR120), which is also known as free fatty acid
receptor 4 (FFA4). GPR120 activation induced by EPA or DHA leads to 3-arrestin 2 recruitment to
the plasma membrane, where this protein binds to GPR120. Subsequently, the GPR120/ 3-arrestin
2 complex is internalized into the cytoplasmic compartment, where this complex binds to the
TAKI1-binding protein (TAB1). This process impairs the association between TAB1 and the kinase
activated by the growth factor beta (TAK1), and, consequently, results in reduced TAK1 activation
and in reduced activity of the IKK-f/NF-kB and JNK/AP-1 signaling pathways. Accordingly,
the TAB1/TAKI1 binding is a convergence point of stimuli that are induced by the TLR4 signaling
pathway and of the TNF receptor (TNFR). The mitigation of TAK-1 activation by DHA leads to the
reduced expression of genes with pro-inflammatory actions, such as TNF-« and IL-6 [136,137].

Other mechanisms that are related to the EPA and DHA effects concern their capacities to
bind to peroxisome proliferator activated receptors (PPARs), including the isoforms PPAR-alpha,
PPAR-gamma, and PPAR-beta/delta. PPARs are a group of nuclear receptors that are coded for by
different genes. PPAR isoforms form heterodimers with the retinoid X receptor (RXR) and bind to
peroxisome proliferator response elements (PPRE) in the region that is responsible for promoting the
target genes that are involved in lipid metabolism and in the inflammatory response; subsequently,
they modulate the expression of these genes [138]. PPAR-alpha and PPAR-gamma activations reduce
the expression of genes that code for proteins presenting pro-inflammatory actions through inhibition
of NF-kB activation. It is worth emphasizing that EPA and DHA directly interact with PPARs, and,
therefore, modulate the expression of genes that are involved in lipid metabolism and the inflammatory
response [139]. Furthermore, the anti-inflammatory effects of EPA and DHA on this signaling pathway
can occur due to diminished nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity,
which leads to lower TLR4 recruitment for lipid rafts and TLR4 dimerization [102]. Moreover, the
lower NADPH oxidase activity also decreases the production of reactive oxygen species, which, in turn,
are necessary to activate the TLR4 signaling pathway. Another possible mechanism of action of the
w-3 fatty acids concerns the capacity of incorporating DHA into the plasma membrane, which can
lead to reduced TLR4 translocation for lipid rafts formation. This decreases TLR4 pathway activation,
and, consequently, decreases NF-kB activation [102,140,141].

Figure 3 shows the main molecular mechanisms related to the effects of saturated and omega-3
fatty acids on the TLR4 pathway.
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* Insulin @
Insulin GPR120
receptor

GPR120

Increase Inflammation

Figure 3. Molecular mechanism of the effects of saturated (16:0) and omega-3 polyunsaturated fatty
acids (EPA, DHA) on the TLR4 and NFkB pathways. The arrows — indicate activation and the
arrows I indicate inhibition. Abbreviations: TNF«, Tumor necrosis factor, TNFR1, Tumor necrosis
factor receptor 1; LPS, Lipopolysaccharides; 16:0, palmitic acid; TLR4, Toll-like receptor 4; GPR120,
G-protein coupled receptor 120; EPA, eicosapentaenoic acid; DHA, Docosahexaenoic acid; IRS-1, Insulin
receptor substrate 1; Ser-P, phosphorylated serine residues; PPARy, Peroxisome proliferator-activated
receptor gamma; JNK, c-Jun N-terminal kinases; IKK {3, inhibitor of nuclear factor kappa-B kinase
subunit beta; IkB, NFKB Inhibitor; P, phosphate; AP-1, Activator protein 1.

5. Conclusions

The inflammatory process that occurs in obese people differs from the classical inflammatory
response in certain respects. This inflammatory process manifests itself systemically and is
characterized by a chronic low-intensity reaction. In this context, the TLR4 signaling pathway has
been recognized as one of the main triggers in increasing the obesity-induced inflammatory response.
This pathway responds to the increased exposure to saturated fatty acids and to LPS. Both of these
are relevant in the context of obesity, with saturated fatty acids arising from within the adipose
tissue triglyceride stores and the LPS arising from increased intestinal permeability perhaps due
to an altered gut microbiota. Adipose tissue driven inflammation increases insulin resistance, both
locally and systemically, so contributing to the co-morbidities of obesity, like DM2. Studies indicate
that omega-3 fatty acids, namely EPA and DHA, have an anti-inflammatory effect, which involves
attenuating the activation of the TLR4 signaling pathway. This has relevant implications for
reducing meta-inflammation, and, consequently, resistance to insulin action and the risk of DM2
and cardiovascular disease in obese individuals. The omega-3 fatty acids can oppose the action of both
classic TLR agonists (e.g., LPS) and saturated fatty acids in this regard.
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