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Abstract

The metabolism of macro and micronutrients is a complex and highly regulated biological process.
An imbalance in the metabolites and their signaling networks can lead to non-resolving
inflammation and consequently to the development of chronic inflammatory-associated diseases.
Therefore, identifying the accumulated metabolites and altered pathways during inflammatory
disorders would not only serve as ‘real time’ markers, but also help in the development of
nutritional therapeutics. In this review, we explore recent research that has delved into elucidating
the effects of carbohydrate/calorie restriction, protein malnutrition, lipid emulsions and
micronutrient deficiencies on metabolic health and inflammation. Moreover, we describe the
integrated stress response in terms of amino acid starvation and lipemia, and how this modulates
new age diseases such as inflammatory bowel disease and atherosclerosis. Lastly, we explain the
latest research on metaflammation and inflammaging. This review focuses on multiple signaling
pathways, including, but not limited to, the FGF21-B-hydroxybutryate-NLRP3 axis, the GCN2-
elF2a.-ATF4 pathway, the von Hippel-Lindau/Hypoxia-inducible transcription factor pathway and
the TMAO-PERK-FoxO1 axis. Additionally, throughout the review, we explain how the gut
microbiota responds to altered nutrient status and also how antimicrobial peptides generated from
nutrient-based signaling pathways can modulate the gut microbiota. Collectively, it must be
emphasized that metabolic starvation and inflammation are strongly regulated by both
environmental (i.e. nutrition, gut microbiome) and non-environmental (i.e. genetics) factors, which
can influence the susceptibility to inflammatory disorders.
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1. Introduction

The metabolism of calorie-rich macronutrients (carbohydrates, fats, and proteins) in
coordination with zero calorie micronutrients (vitamins and minerals) is a complex and
highly regulated biological process. In addition to the major pathways of macronutrient
metabolism, the existence of alternate pathways, such as the salvage and anaplerotic/
cataplerotic pathways, adds another layer of complexity. Any imbalance of these delicate
signaling networks can lead to non-resolving, sterile inflammation and consequently to the
development of chronic inflammatory-associated metabolic diseases. While acute
inflammation is characterized by elevated pro-inflammatory cytokines and acute phase
proteins, which can induce classic symptoms of inflammation such as calor (i.e. heat) and
rubor (i.e. redness), low-grade chronic inflammation is largely asymptomatic with no clear
signs of inflammation at either systemic or histological levels. Consequently, the lack of
clear symptoms can cause long-lasting, irreversible inflammatory damage to tissues,
building up to the new age disorders such as insulin resistance, hyperlipidemia, obesity,
hypertension, and non-alcoholic steatohepatitis, which are hallmark symptoms of metabolic
syndrome. Therefore, identifying the metabolites accumulated and the derailed pathways
during inflammatory disorders would not only serve as ‘real time’ markers, but would also
provide avenues for the incorporation of nutritional therapeutics to curtail inflammation.
This review delves into the various signaling mechanisms and metabolic adaptations that
arise due to nutrient excess and deficiencies. Additionally, we explore how those responses
affect multiple disease states, including inflammatory bowel disease (IBD) and metabolic
syndrome, and also how an altered nutrient status can perturb the gut microbiota. Lastly, this
review describes several nutritional therapeutics that are being implemented to dampen
inflammation and to treat chronic diseases.

2. Engineering Personalized Macronutrient Diets

2.1 Carbohydrate Starvation: The FGF21-B-hydroxybutryate-NLRP3 Axis

Fasting is frequently advertised as one of the ‘best medicines’ and therapeutic options for
promoting weight loss and longevity. This voluntary, behavioral practice can include dry/
intermittent fasting, which involves either the complete abstention of food and water for a
given period of time or the partial restriction of only particular substances. Metabolically, the
rate of gluconeogenesis significantly increases during early fasting, whereas prolonged
fasting progresses toward a state of ketosis. Hepatic p-oxidation of fatty acids into acetyl
CoA, the precursor for ketone bodies (i.e. B-hydroxybutryate), is the adaptive mechanism to
replace glucose as the primary energy source for the central nervous system and to spare
protein catabolism during carbohydrate restriction [1]. More specifically, ketone bodies are
transported to extrahepatic tissues, like skeletal and heart muscles, and are then oxidized by
mitochondrial enzymes in the tricarboxylic acid (TCA) cycle to generate ATP [2].
Intriguingly, the liver itself is unable to utilize ketone bodies due to the absence of the
enzyme, succinyl-CoA:3-ketacid CoA transferease, which emphasizes how the liver acts as
an altruistic organ [3]. In addition to prolonged fasting, enhanced exercise performance can
promote ketonemia (i.e. elevated systemic ketone bodies) as a fuel source for the muscles
[4]. Comparatively, ketoacidosis is a common characteristic that is exhibited in severe and
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uncontrolled diabetes, which subsequently results in hypoglycemia [5, 6]. Likewise,
prolonged exposure of ketone bodies in the brain results in insulinemia and a decrease in
glucose production, thus dysregulating overall energy homeostasis [7]. This emphasizes that
acute ketogenesis can have beneficial effects, whereas chronic exposure to ketone bodies can
negatively alter host physiology.

As an alternative method to transiently raise systemic ketone body levels, most individuals
practice the ketogenic diet (KD), which involves stringently limiting carbohydrate intake but
increasing dietary fat and protein consumption. This carbohydrate-restricted diet is widely
recommended as an intervention against non-alcoholic fatty liver disease (NAFLD), as this
dietary approach can (i) decrease hepatic de novo lipogenesis, (ii) alleviate low-grade
chronic inflammation, (iii) abate hyperglycemia, (iv) elevate systemic p-hydroxybutryate
levels, which reflects an increase in B-oxidation, and (v) promote the abundance of folate-
producing Streptococcus in the gut, which further upregulates folate-dependent one-carbon
(-CHs) metabolism (Figure 1A) [8, 9]. Additionally, KD is highly prescribed to treat
individuals with refractory epilepsy (as reviewed in [10]), where it has been recently shown
that the KD-induced neuroprotective effects are mediated by the gut microbiota diminishing
v-glutamyltranspeptidase activity and y-glutamyl acid levels, which subsequently increases
y-Aminobutyric acid inhibitory neurotransmission signaling [11]. Likewise, KD has been
shown to shift the gut microbiota profile toward ‘beneficial bacteria’ (i.e. Akkermansia
muciniphila, Lactobacillus), which was associated with increased cerebral blood flow and f-
amyloid peptide clearance (Figure 1A), both of which can reduce the risk for Alzheimer’s
disease [12]. Alongside, a modified Mediterranean-KD formula shifts the gut microbiota
composition to an increased abundance of Enterobacteriaceae and Akkermansia, but reduced
Bifidobacterium, which was associated with improved cerebrospinal fluid biomarkers in
Alzheimer’s disease patients [13]. Recently, KD has been recognized as a possible co-
therapeutic with the glutamine antagonist, 6-diazo-5-oxo-L-norleucine, [14] and also as an
adjuvant during standard chemoradiation [15] to restrict glucose availability to glioblastoma
cancer cells. Considering that glioblastoma is associated with immunosuppression [16] and
that certain gut bacteria (i.e. Bacteroides fragilis) also exhibit immunosuppressive abilities
[17], it would be intriguing to explore whether the KD-mediated neuroprotective effects
could also be due to modifications in immune responses directed from the gut microbiota.

In line, it has been suggested that the gut microbiota is required for hepatic ketogenesis, as
fasted germ-free mice that lack the gut microbiota exhibit impaired ketogenesis [18]. In
particular, Crawford et al. [18] show that gut microbiota-dependent ketogenesis is associated
with peroxisome proliferator activated receptor a (PPARa), a nuclear transcription factor
that regulates central metabolic processes, including fatty acid metabolism and phospholipid
homeostasis [19]. PPARa networks with nutrient sensors, such as AMP-activated protein
kinase (AMPK), mammalian target of rapamycin (nTOR), and PPAR-y coactivator 1la
(PGC-1a); coordinates with cCAMP responsive element-binding protein 3-like 3
(CREB3L3); and induces the hepatokine, fibroblast growth factor 21 (FGF21). Firstly,
inhibition of MTORCL1 is required for the fasting-induced activation of PPARa [20], where
then, in an auto-loop manner, CREB3L3 and PPARa synergistically activate FGF21, which
stimulates lipolysis in white adipose tissue (WAT) and ketogenesis in the liver, while also
promoting topor, a short-term hibernation-like state that conserves energy (Figure 1A) [21-
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23]. Moreover, FGF21 augments hepatic PGC-1a expression and enhances hepatic fatty
acid oxidation, TCA flux and gluconeogenesis (Figure 1A) [24]. Despite these short-term
benefits, long-term KD results in impaired FGF21 signaling, followed with the development
of dyslipidemia, glucose intolerance, insulin resistance, hepatic macrophage infiltration, and
steatosis [25, 26]. Interestingly, senescence-accelerated prone mice fed a carbohydrate-
restricted diet for 50 weeks exhibited an elevated abundance of inflammatory-inducing gut
bacteria (i.e. Enterobacterid) and an increase rate in aging [27]. Additionally, feeding KD to
mice with liver-specific knockout of carnitine palmitoyltransferase 2 (Cpt2-~/~, obligate
enzyme in mitochondrial long chain fatty acid B-oxidation), results in hepatomegaly, liver
damage, complete absence of adipose triglyceride stores, and a shortened lifespan [28].
Moreover, activation of ketogenesis in Cpt2L-~/~ mice through fasting results in hepatic
oxidative stress and steatosis mediated by PPARa target genes, including FGF21 [28]. These
recent reports emphasize that, during times of nutrient restriction, lack of hepatic fatty acid
oxidation results in escalated adipocyte lipolysis through procatabolic hepatokines like
FGF21, which redefines the role of p-oxidation and thus, ketone bodies, on metabolic and
hepatic health. Unlike the liver, though, KD reduces inflammation and does not impact
insulin responsiveness in WAT [25, 29], suggesting that KD benefits could be tissue specific.

Compared to acetoacetate and acetone, p-hydroxybutryate (B-OHB) is the central ketone
body that is elevated from KD, fasting and exercise. Numerically, implementing KD can
raise serum B-OHB levels above 2 mM, prolonged fasting can have p-OHB levels reach 6-8
mM, and 90 min of intense exercise can elevate p-OHB to 1-2 mM levels [30]. Similar to
KD being utilized as a therapeutic for NAFLD and neuronal disorders, exogenous
supplementation of sodium B-OHB is the only therapeutic available for those with multiple
acyl-CoA dehydrogenase deficiency, which is a severe form of inborn errors of metabolism
with impaired mitochondrial fatty acid oxidation [31, 32]. Administration of exogenous f3-
OHB has also been shown to boost global histone acetylation and thus, expression, of
oxidative stress reliving genes due to its histone deacetylase (HDAC) inhibitory property
[33, 34]. Additionally, B-OHB has been demonstrated to antagonize the short chain fatty
acid receptor, GPR41, further suppressing Gpy-PLCB-MAPK signaling, sympathetic
activity and overall metabolic rate [35]. Notwithstanding, B-OHB is highly known for its
unique ability to suppress activation of the Nod-like receptor family pyrin domain containing
3 (NLRP3) inflammasome [36]. Specifically, Youm et al. [36] show that p-OHB, but not
acetoacetate nor structurally-related short chain fatty acids (SFCASs; i.e. butyrate), prevents
potassium efflux and reduces oligomerization of the apoptosis-associated speck-like protein
with a caspase-recruitment domain, thus attenuating caspase-1 activation and interleukin
(IL)-1p secretion. Recently, Feng et al. demonstrate that gut microbiota ablation via
antibiotics treatment lowers intestinal barrier function, which is associated with enhanced
NLRP3 activiation and autophagy [37]. Comparatively, Yao et al. report that mutation of
NLRP3 results in reshaping of the gut microbiota through the elevation of antimicrobial
peptides, which further induces regulatory T cells and protects against gut inflammation
[38]. Considering that the structurally-related, gut metabolite, butyrate, has been
demonstrated to promote the differentiation of regulatory T cells [39], it would be intriguing
for future studies to explore whether p-OHB is capable of alleviating intestinal inflammation
by modulating the gut-lymphatic system.
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Since NLRP3 is one of the hallmark targets against many inflammatory disorders, this has
opened the door for supplementing -OHB into the diet, instead of inducing ketonemia
through KD (as reviewed in [40]). Additionally, B-OHB is indicated as a novel therapeutic
candidate for the treatment of stress-related mood disorders and to act as an antidepressant
through its inhibition of NLRP3 [41]. This coincides with exogenous p-OHB possessing
multiple neuroprotective effects, such as minimizing oxidative stress, maintaining
mitochondrial function, and promoting brain-derived neurotrophic factor-mediated neuronal
regeneration (as further reviewed in [42]). Furthermore, it has also been shown that g-OHB
exerts anti-hypertensive effects by blocking renal NLRP3 activity, where intake of a high-
salt diet actually lowers circulating p-OHB levels (Figure 1B) [43]. This may be due, at least
in part, to high-salt intake elevating insulin levels and promoting insulin resistance [44],
where increased levels of insulin can suppress the rate of ketogenesis by inducing ketone
body clearance (Figure 1B) [45]. Likewise, increased insulin can lead to mTOR
overactivation, and thus inhibition of ketogenesis (Figure 1B) [46]. Comparatively, Wilck et
al. demonstrate that high-salt intake depletes Lactobacillus murinus in the gut, which is
associated with elevated Thy7 cells and blood pressure (Figure 1B) [47], thus suggesting that
this could be another plausible mechanism for how overconsumption of salt increases
hypertension risk. Since metabolic syndrome constitutes of hyperinsulinemia, insulin
resistance, and gut dysbiosis, this may also explain the inability for ketogenesis in obese and
NAFLD patients. Despite the benefits reported regarding p-OHB, Chriett et al. recently
suggest for a reassessment on $-OHB as they observe that this ketone body does not exhibit
the property of HDAC inhibition and might actually be a pro-inflammatory molecule, at
least, in comparison to the structurally-related SCFA, butyrate [48].

2.2 Protein Malnutrition, Colitis and Hypertension

Similar to individuals with NAFLD that are recommended to implement KD, those with
chronic kidney disease that are prone to protein intolerance are strategically suggested to
practice protein-restricted diets [49]. Likewise, a low-protein diet is a newly suggested
concept to alleviate obesity and type 2 diabetes, as restraining the consumption of amino
acids improves glucose sensitivity and normalizes body weight [50], which was reported to
be independent of alterations in the gut microbiota induced by a low-protein diet [51].
Recently, Li et al. demonstrate that a periodized low-protein, high carbohydrate diet regimen
promotes the abundance of Bacteroidetes and Akkermansia, which is associated with
improved metabolic health [52]. Similarly, Fan et al. observe that, in an adult pig model,
moderate protein restriction improves intestinal health through the increased abundance of
‘beneficial’ bacteria and preserved gut permeability; yet, they also show that when protein
intake decreases below the ‘moderate’ protein consumption that bacterial richness
diminishes in the ileum [53]. This overall suggests that the gut microbiota does play some
part in the metabolic benefits when consuming a low-protein diet, but there is a certain range
where restricting protein intake becomes beneficial.

Comparatively, those with ulcerative colitis have diminished L-arginine levels, where
administration of this semi-essential amino acid helps alleviate ulcerative colitis (Figure 2)
[54, 55], which suggests for a protein-enriched diet. Similarly, tryptophan degradation is
more prone in those with IBD, where its product, quinolinic acid, and overall tryptophan
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deficiency could be aggravating disease activity [56], further supporting for amino acid
supplementation as a possible therapeutic. Other tryptophan metabolites, including
kynurenine, indole-3-aldehyde, and indole-3-acetic acid, can act as ligands for the aryl
hydrocarbon receptor (AhR), a critical regulator of immunity, inflammation, and intestinal
barrier function (as reviewed in [57]). Lanis et al. [58] identify that tryptophan metabolism
mediates interferon-ry-induction of indoleamine 2,3-dioxygenase 1, an enzyme that catalyzes
the conversion of tryptophan to kynurenine, where kynurenine subsequently activates an
AhR response element on the promotor region of the 1L-10 receptor 1. The upregulation of
IL-10 signaling, specifically in intestinal epithelia, exerts anti-inflammatory effects, which
further alleviates IBD (Figure 2) [58]. Alongside, Lactobacilliin the gut microbiota has been
shown to preserve gut mucosa health by crosstalking with tryptophan metabolism.
Specifically, Qi et al. show that the production of L-Ornithine from arginine-consuming
Lactobacilli promotes kynurenine levels and subsequently AhR signaling (Figure 2) [59].

In addition to modulating IL-10 signaling, dietary tryptophan uptake into intestinal epithelia
can result in the activation of MTOR, either through nutrient sensing and/or through the
tryptophan nicotinamide pathway, where the production of antimicrobial peptides affects the
composition of the gut microbial community and reduces inflammation (Figure 2) [60].
Intriguingly, Hashimoto et al. [60] demonstrate that deficiency of angiotensin converting
enzyme 2 (Ace2) impairs intestinal tryptophan homeostasis and aggravates colitis, which is
most likely due to the susceptibility of low-grade chronic inflammation mediated by the gut
microbiota. As a side note, Pan et al. [61] recently show that FGF21 induces AceZ, which
promotes the conversion of angiotensin Il to angiotensin-(1-7), and thus, inhibits
hypertension and reverses vascular damage (Figure 1A). Coming full circle, FGF21
signaling initiates hepatic ketogenesis and prompts renal AceZ expression, both of which
alleviate hypertension through NLRP3 inhibition and diminished angiotensin 11, respectively
(Figure 1). Moreover, AceZ promoting tryptophan-activation of mTOR could possibily be a
regulative feedback system to properly modulate ketogenesis so that hyperketonemia is
impeded, while also preventing gut microbiota-induced intestinal inflammation. Future
studies are necessary to elucidate the interplay among FGF21, AceZand ketogenesis in
response to carbohydrate and protein-restricted diets.

2.3 Lipid Emulsions: Parenteral Nutrition and PNALD

So far, we have reviewed the acute vs. chronic effects of a carbohydrate-restricted diet, while
also emphasizing the dramatic outcomes that can occur from single amino acid deficiency.
Comparatively, the lifestyle intervention of restricting dietary fat intake, such as saturated
and trans fats, is known to improve overall metabolic health and to treat NAFLD [62, 63]. It
must be reminded, however, that fat is still an important macronutrient as they serve as a
dense source of cellular energy and are the building blocks of cell membranes, amongst also
influencing cellular communication, supplying essential fatty acids and much more. In fact,
patients with intestine failure abnormalities that are unable to assimilate nutrients are
succumbed to total parenteral nutrition (TPN), where intravenous lipid emulsions serve as
the alternative caloric and nutrient source [64, 65]. Despite these emulsions playing a critical
role to improve metabolic efficiency and to prevent essential fatty acid and fat soluble
vitamin deficiencies for TPN-treated patients, fats that are given intravenously bypass the

J Nutr Biochem. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Golonka et al.

Page 7

metabolism and packaging systems (i.e. chylomicrons) that naturally occur within the small
intestinal lumen; therefore, hypertriglyceridemia and hypercholesterolemia, along with lipid
and glucose intolerance, are common side-effects with long-term TPN [64, 66]. Collectively,
the hyperlipidemia generated from prolonged use of TPN can lead to parenteral nutrition-
associated liver disease (PNALD), which can progress to hepatic failure [67]. Likewise, PN
patients are more prone to parenteral nutrition-associated cholestasis, as manifested by
elevated bilirubin levels, which is further associated with transaminitis [67].

While there is less known about how parenteral nutrition-associated cholestasis affects the
gut microbiota, the relationship among TPN, PNALD and the microbiota has been emerging.
Generally, TPN induces gut dysbiosis and alters bacterial colonization in the intestinal tract,
resulting in reduced microbial diversity [68]. Alongside, TPN promotes bacterial
translocation due to an impaired mucosal barrier (as evident by reduced intestinal alkaline
phosphate levels) and also alters the bacterial composition, as described with an increase in
the abundances of Bacteroidetes and Tenericutes [69]. To study PNALD, El Kasmi et al.
[70] developed a murine model by using dextran sulfate sodium (DSS) followed by
continuous infusion of soy lipid-based TPN solution, which results in the upregulation of
lipopolysaccharide-toll-like receptor 4 (LPS-TLR4) signaling, and thereafter, the activation
of Kupffer cell-induced liver injury. The same group [71] performed microbiome analysis in
their PNALD murine model and observed that these mice have an increased abundance of
Erysipelotrichaceae, a Gram-positive bacteria generally associated with inflammatory-
related disorders of the gastrointestinal tract [72]. Noteworthy, removal of the soy lipid-
based emulsion reduces Erysipelotrichaceae and attenuates PNALD, whereas
supplementation of the soy-derived plant sterol to a fish-oil emulsion restores
Erysipelotrichaceae abundance and PNALD [71]. These opposite outcomes between soy-
and fish-oil emulsions are generally explained by their distinct fatty acid and phytosterol
compositions; fish-oil emulsions contain anti-inflammatory, omega-3 fatty acids and no
levels of phytosterols, whereas pro-inflammatory, omega-6 fatty acids and phytosterols are
highly abundant in soybean-based lipid emulsions [73-77]. Therefore, fish-oil
supplementation has become a popular nutritional strategy to promote health, including in
terms of alleviation/preventation of liver diseases such as PNALD and NAFLD [78], along
with cardiovascular diseases [79]. Intriugingly, Miller et al. [80] recently report the first
evidence of the harmful effects of feeding an omega-3-rich diet. Specifically, they observed
that overconsumption of omega-3 fatty acids in mice elevates peroxidated lipid metabolites
and potentiates lipotoxicity in WAT as evident by increased fibrosis, lipofuscin and reduced
anti-inflammatory markers; yet, this diet was very benficial in terms other metabolic
functions, including improved glucose sensitivity and reduced body weight [80]. Using
lipidomics, Miller et al. [80] unravel that the accumulation of lipid metabolites differ
between the brain and adipose tissue, which would explain why other studies have observed
beneficial effects when enriching omega-3 fatty acids in the diet to protect against
neurodisorders and to promote neurodevelopment [81-83].
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3. Integrated Stress Response by Amino Acid Deprivation and Lipemia

3.1 Background

Earlier we mentioned about how amino acid deficiencies can increase susceptibility to
inflammation and gut dysbiosis due to lowered mTOR activity. mTOR is one of the factors
associated with the global integrated stress response (ISR), a cytoprotective operation that
identifies and responds to stress indicators, including the unfolded protein response and
nutrient deprivation [84]. There are four known ISR kinase sensors: protein kinase R, heme-
regulated inhibitor, PKR-like endoplasmic reticulum kinase (PERK), and general controlled
nonderepressible 2 (GCN2) kinase, which orchestrate responses toward viral double-
stranded RNA, heme deficiency, ER stress, and amino acid depletion, respectively [85].
Activation of any kinase triggers the phosphorylation of the eukaryotic translation initiator
factor 2a (elF2a), which results in the inhibition of overall protein synthesis and promation
of autophagy [86]; yet, elF2a can selectively stimulate certain genes (i.e. ATF4, CHOP) for
mRNA translation [87, 88], where amino acid deprivation, in particular, activates the GCN2-
elF2a.-ATF4 pathway to increase amino acid biosynthesis [87]. Additionally, upregulation of
elF2a. and ATF4 has been associated with selective translation of inflammatory cytokines
[89], suggesting a coupling effect of metabolic stress and inflammation. This section of the
review will focus on GCN2 and PERK in different disease conditions associated with altered
nutrient status.

3.2 GCN2and IBD

Gut inflammation is associated with altered digestion, absorption and barrier function, as
evident by reduced villi lenghth and crypt depth, and increased gut permeability [90]. Hence,
it is highly probable to exhibit nutrient deprivation in cases of IBD, where the uncharged
tRNA resulting from amino acid deficiency would be sensed by colonic GCN2 [91].
Comparatively, DSS-induced colitis in GCN2- or elF2a-deficient mice worsens disease
severity compared to wild-type controls, where this is most aggravated during GCN2
deficiency [85]. Ravindran et al. [85] demonstrate that the exacerbated colitis is associated
with an increase in Thy7 response in CD11c* antigen presenting cells and intestinal
epithelia. Alongside, GCN2 deficient colitic mice have a defect in autophagy, resulting in
elevated reactive oxygen species (ROS) activation of inflammasome-mediated IL-1f
production [85]. Therapeutically, administrating the plant alkaloid derivative, halofuginone,
can activate the GCN2-elF2a.-ATF4 pathway and inhibit Thy differentiation (Figure 2)
[92], supporting the evidence that GCN2 is capable of alleviating gut-lymphatic associated
inflammation. Comparatively, administration of the amino acid, serine, was demonstrated to
alleviate DSS-induced colitis, which was associated with reduced GCN2 expression,
increased Clostridia abundance, and diminished apoptosis [93]. This indicates that the
association of amino acid starvation, GCN2 and gut inflammation is not necessarily
reciprocal.

3.3 GCN2 and Hepatic Steatosis

Along with influencing the gastrointestinal tract, amino acid deprivation has been linked to
programming the liver toward a steatosis state, which emphasizes the gut-liver axis. For
example, dietary arginine or threonine deficiency was found to induce hepatic triglyceride
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accumulation [94]. Likewise, eliminating asparagine and glutamine through asparaginase
and glutaminase, respectively, promotes transient hepatic lipid accumulation [95].
Mechanistically, asparaginase treatment activates GCN2, which subsequently triggers the
amino acid stress response as a protective mechanism against asparaginase-mediated
hepatotoxicity, where GCN2 deficient mice are prone to lipid accumulation and DNA
damage in the liver after asparaginase administration [96, 97]. More recently, Wilson et al.
demonstrate that asparaginase-treated GCN2 deficient mice have significantly diminished
hepatic and WAT expression of FGF21, which is associated with impaired mitochondrial
function in the liver and adipose tissue [98]. Since FGF21 promotes fatty acid oxidation and
alleviates obesity, insulin resistance and hyperlipidemia, this suggests that GCN2-induced
FGF21 is a safeguard against hepatic steatosis during asparaginase therapy. In line, leucine
deprivation induces the GCN2-FGF21 axis, which represses lipogenic enzymes and lipid
deposition in the liver [99, 100]. This further corresponds with previous reports that amino
acid-deficient diets and low-protein diets increases FGF21 expression through GCN2-
elF2a-ATF4 and PPARa signaling [101, 102]. Intriguingly, while amino acid starvation (i.e.
leucine) and asparaginase activation of GCN2 is protective against hepatic lipid
accumulation, GCN2 seems to have opposing effects when a high-fat diet (HFD) is
introduced. Specifically, HFD-fed GCN2-deficient mice have alleviated steatosis and insulin
resistance compared to their control counterparts, which was further correlated with
reduction of de novo lipogenesis and lessened oxidative stress [103]. This emphasizes that
the therapeutic potential of GCN2 is context-dependent.

3.4 PERK, Metabolic Dysfunction and Atherosclerosis

It has been more recognized that the ER functions as a nutrient sensor for glucose, amino
acids and free fatty acids [104]. Under conditions that challenge ER function, the unfolded
protein response is activated, which consists of three ER-associated proteins: (1) inositol-
requiring enzyme-1, (2) activating transcription factor (ATF)-6, and (3) PERK [105]. If the
ER disruption is not resolved, this can result in liver dysfunction and metabolic
consequences, such as microvesicular steatosis and atherosclerosis [88, 106, 107]. In terms
of atherosclerosis, fatty acid binding protein-4 has been proven to be necessary for lipid-
induced macrophage ER stress [108]. Recently, Onat et al. [88] explicitly demonstrate that
PERK is also activated in response to lipotoxic signals and aggravates atherosclerotic
plaques. Specifically, administrating the saturated fatty acid, palmitate, activates PERK-
elF2a.-ATF4 signaling, which subsequently augments Lon protease 1 (LONP1) expression
[88]. LONP1 is a mitochondrial-associated protease that degrades unfolded proteins and also
serves as a chaperone that regulates mitophagy and ROS generation [109-111]. Onat et al.
[88] show that LONP1 degrades phosphatase and tensin-induced putative kinase 1, while
also blocking Parkin-mediated mitophagy. This further results in activation of the NLRP3
inflammasome, overall prompting hyperlipidemia-induced inflammation and aggravating
atherosclerosis [88]. By blocking or inhibiting PERK, this suppresses mitochondrial ROS-
induced inflammasome activation and reduces atherosclerosis [88], demonstrating that
PERK is a possible therapeutic target against atherosclerotic plaques. This also emphasizes
that components of nutrients, like lipids, can act as danger associated molecular patterns
(DAMPs), where its elevation during chronic nutrient excess, as seen during obesity, leads to
sterile inflammation and cardiovascular occlusions. More recently, it has been understood
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that gut metabolites can also act as DAMPs. Choline and carnitine from the diet, for
example, is converted to trimethylamine (TMA) by the gut microbiota, which is eventually
converted to trimethylamine-oxide (TMAO) by host hepatic flavin-containing
monooxygenase 3 (FMO3) [112]. TMAQO, in particular, has been identified as another
DAMP that activates PERK; specifically, TMAO promotes PERK-induced upregulation of
the transcription factor, FoxO1, which is a high value target of metabolic diseases [113].
Inhibiting FMO3 or manipulating the gut microbiota can impede metabolic dysfunction
mediated by the PERK-FoxO1 axis [113]. Considering that TMAQ is strongly associated
with insulin resistance and atherosclerosis [114-116], this newly released mechanism further
solidifies PERK as a novel target against metabolic disease and atherosclerosis.

4. Micronutrient Scarcity

4.1 Iron Deficiency and Infection

Iron is an indispensable nutrient for the survival of almost all aerobic organisms and bacteria
except Lactobacilliand Borrelia species; yet, iron consumption can fluctuate depending on
the type of diet an individual follows. Compared to the high quantities of heme-iron found in
meat, fish and poultry, vegetarians that generally consume low levels of non-heme-iron
content from vegetables, fruits and nuts are at greater risk of developing iron deficiency
[117]. This dangerous likelihood has an increased probability due to plant-derived phytate
and polyphenols inhibiting iron absorption, which is why vegetarians have a near 2-fold
increased requirement for iron [118-120]. On the contrary, individuals that suffer from iron
overload disorders (i.e. hemochromatosis) require iron chelation therapy in order to
minimize its toxicity and its capacity to generate oxidative stress (as reviewed in [121]).
Similarly, low iron conditions can institute a natural defense against local and systemic
infections prompt by pathogens that require iron for growth and survival [122]. This involves
several actions, including transferring iron from circulating iron-binding proteins (i.e.
transferrin) to cytoplasmic storages (i.e. ferritin) and degrading the sole iron exporter,
ferroportin (Fpn), through the master iron regulatory hormone, hepcidin [123]. While these
actions of nutritional immunity and thereafter, hypoferremia, can limit iron from
extracellular bacteria, this has been consequently correlated with the promotion of the
intracellular pathogen, Sa/monella, which specifically replicates in macrophages.
Intriguingly, Lim et al. recently demonstrate that the iron requirement for Sa/monellais for
ROS generation and not to maintain nutrient status [124]. Moreover, they reveal that
Salmonella proliferate in macrophages via a Salmonella-containing vacuole (SCV), where
the host can blunt this infection by hepcidin promating the internalization and degradation of
Fpn located on the SCV, which subsequently increases the cytosolic iron content of
macrophages [124]. Additionally, it has been shown that, in response to Sal/monella
infection, iron-regulatory proteins (IRPs) promote the induction of lipocalin 2 [125], an
innate immune protein that sequesters iron-laden siderophores to prevent bacterial iron
acquisition (as reviewed in [126]). However, despite this defensive mechanism, Sa/monella
enterica serovar Typhimurium (S. Typhimurium) is still capable of colonizing the
gastrointestinal tract and outcompeting the microbiota with ease. Behnsen et al. [127]
uncover that the virulence of S. Typhimurium is due to IL-22 suppressing the growth of
commensal Enterobacteriaceae in the inflamed gut. Intriguingly, Forbester et al. [128]
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recently demonstrate through intestinal organoids that IL-22 can protect against S.
Typhimurium infection through its antimicrobial activity. This suggests that IL-22 can act as
a double edge sword in S. Typhimurium infection.

4.2 Iron Malabsorption and Hypoxia Stress Response

While both IRP-1 and IRP-2 are needed to coordinate post-transcriptional regulation of iron
metabolism, is has been more recognized that IRP-1 is rapidly activated by H,O»,
distinguishing its responsibility toward iron metabolism and oxidative stress [129, 130].
Notwithstanding, ferrous iron can react with H,O, through Fenton chemistry to generate
toxic hydroxyl radicals [122], emphasizing that there is a strong interplay between ferrous
iron and O,, which further correlates to stress pathways like hypoferremia and hypoxia,
respectively. This is further supported by the iron-dependent modulation of the von Hippel-
Lindau/Hypoxia-inducible transcription factor pathway. Specifically, iron is required to
activate prolyl hydroxylases that promote HIF-1a degradation, whereas iron deprivation or
chelation allows for HIF-1a to translocate into the nucleus, resulting in expression of genes
regulated by the hypoxia-response elements [131]. Intruigingly, mice that lack a microbiota
have diminished intestinal HIF expression, where Kelly et al. show that butyrate, produced
by gut bacteria, increases O, consumption, which preserves HIF and gut barrier function
[132]. On the contrary, Das et al. demonstrate that the gut microbiota blocks HIF-2a
expression but increases ferritin levels, which causes iron malabsorption [133]. Ironically,
iron deficiency is known to promote HIF-2a mediated induction of divalent metal
transporter 1 to enhance intestinal iron absorption [134], while further upregulating Fpn
[135]. Detrimentally, genetic ablation of Fpn in intestinal epithelia induces iron deficiency
anemia (IDA) through the loss of intestinal iron absorption and limited erythropoiesis [136].
This is further associated with cardiomegaly and perturbed cardiac function that is
independent of cardiac hypoxia; yet, it must be emphasized that IDA in this model still
activates hypoxia transcriptional stress responses (i.e. HIF-2a.) in the intestine in attempt to
rebalance iron homeostasis [136].

4.3 Hypoferremia and IBD

Patients with IBD are commonly found to exhibit IDA, where the bloody diarrhea and
impaired iron absorption can be caused by tissue inflammation. This inflammatory tone
results in the upregulation of acute phase proteins and pro-inflammatory cytokines (i.e.
IL-6), where IL-6, in particular, promotes the expression of hepcidin, later leading to the
degradation of Fpn and thus, induction of hypoferremia [137]. While oral iron
supplementation would seem like the logical therapeutic to counteract hypoferremia, recent
research suggests that this ‘solution’ could be problematic and may actually worsen
intestinal inflammation. Mahalhal et al. [138] uncover that increasing the amount of dietary
iron exacerbates both clinical and histological severity of DSS-induced colitis in mice; in
particular, doubling the amount of dietary iron significantly aggravates intestinal
inflammation, while also altering the gut microbiota via diminishing the Firmicutes and
Bacteroidetes, and promoting opportunistic pathogens, like Proteobacteria and
Actinobacteria (Figure 2) [138]. Likewise, it has been clinically reported that oral iron
administration perturbs the gut microbiota, including dimishing Faecalibacterium prausnitzii
and Ruminococcus bromii abundance (Figure 2) [139]. This is detrimental since
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Faecalibacterium prausnitzii is one of the most abundant bacteria in the healthy human
microbiota and a candidate for next generation probiotics due to its anti-inflammatory and
butyrate-producing capabilities [140, 141]. Similarly, Ruminococcus bromii can degrade
resistant starch particles [142], where fermentation of starches generates SCFAs, including
the “‘beneficial’ butyrate [143]; therefore, reduction of Faecalibacterium prausnitzii and
Ruminococcus bromii explains, in part, why IBD patients have significantly attenuated
butyrate levels. This has introduced supplementing butyrate-producing bacteria as a
therapeutic for IBD cases, and there have been promising results of improved intestinal
mucosal integrity [144]; yet, Zhang et al. document that introducing butyrate-producing
bacterium (i.e. Anaerostipes hadrus) actually accelerates gut dysbiosis and aggravates colitis
in DSS-treated mice [145]. In particular, it was demonstrated that administrating
Anaerostipes hadrus does not result in butyrate elevation in colitic mice [145]; therefore, one
could argue that reducing butyrate levels could be an adaptive mechanism during colitis
pathogenesis. Contradictory results on the benefits vs. detrimental butyrate effects have
generated the ‘Butyrate Paradox’ (as reviewed in [146]), which still needs to be fully
elucidated. As an easier method to avoid the detrimental effects of oral iron
supplementation, it has been suggested to feed iron intravenously to IBD patients, which has
been associated with less frequent hospitalizations [147].

4.4 Vitamin A Deficiency and IBD

The acute phase response is the early activation of the innate immune system, where a type
of stress (i.e. infection) triggers the production of local pro-inflammatory cytokines (i.e.
IL-6, TNF-a) that further stimulates acute phase proteins and immune cells to resolve the
initial stress (as reviewed in [148]). If this transit inflammation is unresolved, then this
results in chronic, sterile inflammation that can severely cause tissue damage, impair
nutrient status, and potentiate various diseases. In particular, long-term gut inflammation can
impede the absorption of essential micronutrients, including minerals and fat-soluble
vitamins. Vitamin A deficiency, for example, is associated with anemia of inflammation
during IBD [149], where its restoration has proven to be a dietary therapeutic on multiple
levels. For one, pretreating rats with a high vitamin A diet protects against colonic
mitochondrial damage during colitis [150]. Specifically, vitamin A promotes the
upregulation of the mitochondrial transcription factors, NFR-1 and TFAM, which inhibits
inflammatory and necrotic inflictions on the colon (Figure 2) [150]. Moreover, DSS-induced
colitis in vitamin A-deficient mice worsens the colitis phenotype and delays the intestinal
restitution [151].

The aggravated colitis in vitamin A-deficient mice was associated with altered colonic crypt
function and elevated dendritic cells (DCs) [151]. Generally, DCs in the small intestine
produce retinoic acid (RA) from vitamin A (retinol), which plays an important role in
immune tolerance through managing the differentiation of anti-inflammatory cells [152].
Recent studies have shown that RA reprograms the gut-lymphoid system to restrain anti-
inflammatory regulatory T cells from converting into pro-inflammatory Thy7 cells (Figure 2)
[153, 154]. In fact, RA cooperates with IL-2 to maintain forkhead box P3 (transcription
factor and master regulator in regulatory T cell development) expression even after
stimulation of Thy7 polarization [154]. Along with minimizing Thy7 levels, RA signaling
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promotes IL-22-dependent antimicrobial responses; however, this protection is blocked by
commensal bacteria in the Clostridia class [155]. Specifically, some Clostridia can limit RA
levels by suppressing retinol dehydrogenase 7 expression, where this impairment in immune
response allows for easy colonization of S. Typhimurium [155]. This highlights the
importance of RA in innate immunity and protection against inflammation/infection.

In line, RA restoration via pharmacologic blockage of the RA-catabolizing enzyme,
CYP26A1, in APCMI* mice confers protection against intestinal inflammation and
intestinal tumor burden [153]. In a similar manner, RA supplementation diminishes
inflammation markers and elevates anemia indicator levels during LPS-induced anemia of
inflammation [156]. This is further associated with RA-mediated downregulation of
hepcidin and TLR4 signaling, with a reciprocal upregulation of Fpn and serum iron levels.
[156]. Moreover, vitamin A supplementation was associated with enhanced tight junction
protein expressions (i.e. ZO-1, Occludin) in LPS-treated mice that would be prone to
increased intestinal epithelial permeability (Figure 2) [157]. These results suggest for
vitamin A and RA to be nutrition-based therapeutics against IBD. In addition to protecting
the intestine, RA has been further shown to have anti-inflammatory effects in adipose tissue,
suggesting that RA can also be a nutritional strategy against obesity and its complications
[158].

5. Metabolic-immune-Microbiota Networks

Metaflammation and Immunologic Responses

Obesity has become one of the unintended consequences from industrialization, economic
growth and mechanized transportation. In particular, the combination of a sedentary lifestyle
with overconsumption of high-fat foods has become the fuel for metabolic disease, which is
progressively becoming more common in children. It is recently understood that obesity
itself and thus, overnutrition, induces an inflammatory state termed ‘metaflammation’ [159].
In the similar fashion to where metabolic cells respond to nutrient starvation, low-grade,
chronic metaflammation is the result from cells reacting toward excess nutrients and energy
[159]. One of the responses associated with obesity-related metaflammation is the activation
of toll-like receptors (TLRs) in adipose tissue, which upregulates cytokines in both MyD88
independent and dependent fashions [160]. Intruigingly, Kim et al. demonstrate that TLR
activation is greater in diet-induced obese mice compared to 0b/0b mice that are profoundly
obese due to a genetic mutation in the leptin receptor [160]. Along with LPS-TLR4
signaling, it has been recently uncovered that the high-mobility group B1 (HMGBL1; a
damage-associated molecular pattern released from necrotic cells) activates the TLR4/MD-2
complex, which is necessary for HMGB1-mediated production of pro-inflammatory
cytokines [161]. Likewise, Ghosh et al. show that adipose tissue-derived HMGB1 activates
TLR9 located on recruiting circulating plasmacytoid DCs, which results in type | inteferons
helping in polarization of pro-inflammatory (M1) macrophages [162]. In line, lack of CD1d
expression on anti-inflammatory (M2) macrophages switches these immunes cells to M1
macrophages, where they exacerbate metaflammation through natural killer T cell activation
of Th1 responses and inhibition of M2 polarization [163]. Moreover, obesity is associated to

J Nutr Biochem. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Golonka et al.

Page 14

promote a subset of IL-6 receptor expressing natural killer cells that promote inflammation
and insulin resistance in adipose tissue [164].

Along with an imbalance in macrophage and other immune cell subpopulations, cyclic
guanosine monophosphate signaling is disrupted in inflamed WAT due to increased cytokine
production (i.e. TNFa)) from NF-xB signaling, further resulting in diminished adipogenesis
[165]. Interestingly, deletion of the transmembrane activator and calcium modulator and
cyclophilin ligand interactor (TACI; a receptor for the TNF superfamily) protects against
HFD-induced metaflammation independent of adipogenesis, where Sanyal et al. demonstrate
that TACI deficiency promotes the recruitment of M2 macrophages and other protective
innate immune cells [166]. Interestingly, there is an emerging speculation that dying
adipocytes may play a role in metaflammation through its release of pro-inflammatory
contents such as cell-free DNA, which induces TLR9-mediated macrophage accumulation
[167]. Overall, targeting immune cells, more particularly M1 macrophages, is a strong
therapeutic possibility for preventing metaflammation. One option is to blunt heme
oxygenase-1 expression on macrophages, as its absence is associated with resistance against
obesity-mediated inflammation [168].

Metabolic Endotoxemia and the Gut Microbiota

While the subject of inflammation in metabolic disease has been examined in detail,
especially in terms of immunological responses (as further reviewed in [169-171]), the role
of the microbiome has only recently been delineated. In 2007, Cani et al. [172] observe that
mice fed a HFD display microbiotal dysbiosis, which is associated with increased quantities
of LPS-producing gut bacteria, a 2-3 fold increase in plasma endotoxin levels, and
concomitant insulin resistance and obesity. The authors appropriately described this
condition as “metabolic endotoxemia”, or the chronic, low-grade inflammatory response
attributed to diet-induced endotoxin (i.e. LPS) production and circulation. LPS is a major
outer surface membrane component predominantly present in Gram-negative bacteria, and
an endotoxin that is recognized by an assortment of immunoreceptors and accessory
proteins, including TLR4, LPS-binding protein, and CD14 [173]. The activation and
colocalization of intestinal TLR4 and CD14, respectively, by LPS increases gut barrier
permeability resulting in a ‘leaky gut’ [174], which allows this endotoxin to translocate into
systemic circulation and to trigger metaflammation through downstream activation of c-Jun
N-terminal kinases in macrophages [175]. In line, a diet rich in saturated dietary lipids has
been suggested to modulate the gut microbiota to promote endotoxin-mediated TLR4
signaling, and subsequent macrophage infiltration and inflammation in WAT [176].
Overnutrition or ‘Western Diet’ promotion of LPS-driven metaflammation is also associated
with worsened sepsis severity; yet, in terms of this disease, this aggravation may be
independent of changes in the microbiome, but more due to direct regulation of the innate
immune system [177].

Additional studies have examined the extent to which TLR4 and CD14-mediated signaling
contributes to metaflammation pathogenicity. Deletion of MyD88, a downstream effector for
TLR4-signaling, has been found to be protective against metaflammation [178]. Luche et al.
also observe in vitroand in vivothat CD14 deficiency ameliorates the effects of HFD-
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induced, LPS-driven metabolic endotoxemia and subsequently, abrogates preadipocyte
proliferation [179], thus overall suggesting to target TLR4 as a potential therapeutic;
however, other reports make this option less ambiguous. For example, the ablation of TLR4
has been found to promote the expression of lipogenic genes (i.e. Fasn, Scdl, Dgatl, Ppary)
in fasting conditions, which demonstrates that this immune receptor is important in
regulating lipid metabolism through inhibition of lipogenesis [180]. More recently, Lu et al.
[181] finds that mice with intestinal epithelial cell specific deletion of TLR4 ultimately
develop metabolic disease and maintain a pro-inflammatory phenotype. Intriguingly, TLR4
defeciency did not impact PPAR-regulated metabolic gene expressions, where its activation
through a PPAR agonist profoundly reversed the effects of metabolic syndrome in TLR4-
deficient mice [181]. These findings implicate PPAR as a potential therapeutic target in
remedying metaflammation.

Compared to targeting the later effects of LPS, the simple administration of broad-spectrum
antibiotics to HFD-fed mice to alter their gut microbiota profile can decrease intestinal
lumen LPS content, blunt adipose tissue inflammation, and improve metabolic parameters,
demonstrating that targeting the gut microbiota may be the front line therapeutic to alleviate
metabolic endotoxemia and metaflammation [182]. One dietary approach to modulate the
gut microbiota would be to introduce probiotics, where Xue et al. demonstrate that this can
reverse the effects of gut dysbiosis, improve gut barrier integrity and alleviate endotoxemia-
induced metaflammation, which is further associated with a delay or protection against
NAFLD [183]. Likewise, Ghadimi et al. [184] recently show that Bifidobacteria, a common
probiotic bacterium, dampens iron overload- and LPS-associated metaflammation.
Specifically, Bifidobacteria was demonstrated to downregulate hepcidin levels and inhibit
TLR4 signaling in response to excessive LPS [184], which suggests that promoting the
bloom of this commensal could be a potent therapeutic.

6. Inflammaging and the Gut Microbiota

Background

Inflammaging refers to the ‘chronic, low-grade inflammation that characterizes aging’ [169,
170, 185]. In general, it is commonly associated that aging increases the risk for developing
certain diseases, including hyperinsulinemia and obesity. There are many theories on the
process of inflammaging. Franceschi et al. [169, 170] states that inflammaging is due to the
lack of disposing endogenous, misplaced or altered molecules that generally increase during
aging, resulting in an ‘autoreactive/autoimmune’ process that fuels age-associated chronic
diseases that can accelerate the aging process. In line, inflammaging has been associated to
be macrophage centered, where hyperinsulinemia, for example, augments pro-inflammatory
M1 macrophages and suppresses anti-inflammatory M2 macrophages, where this
inflammatory state promotes the pathogenesis of insulin resistance and extracellular matrix
deposition in adipose tissue [186]. Moreover, the inflammatory-based macrophages are not
rendered their normal bactericidal status, which can result in the inhibition of macrophages
from limiting pro-inflammatory bacteria; this is further proven as macrophages from aged
germ-free mice maintain antimicrobial activity [187]. This section of the review will delve
further into the relationship between inflammaging and the gut microbiota.
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Gut Bacteria as an Inflammatory Age Marker

There is an emerging theory that age-associated gut dysbiosis increases susceptibility toward
inflammatory disorders. When comparing the initial bacteria that colonizes the gut in adults,
elderly, centenarians (age 99-104) and semi-supercentenarians (age 105-109), the
cumulative abundance of the three dominated families, Bacteroidaceae, Lachnospiraceae,
and Ruminococcaceae, decreases with age [188]. Likewise, Firmicutes are found to be more
dominant in young individuals, whereas the Bacteroidetes are more profound in the gut
microbiota of the elderly [189]. Moreover, an aged microbiota in mice has been associated
with lower levels of Akkermansia (anti-inflammatory bacteria) and higher levels of
Proteobacteria (pro-inflammatory bacteria) [190]. Comparatively, rendering germ-free mice
that lack the gut microbiota do not exhibit an age-related increase of inflammatory
cytokines, which might contribute to their increased longetivity compared to their
conventional counterparts; yet, when co-housing germ-free with aged conventional mice,
this reverts the protective effects observed in the germ-free mice, thus emphasizing the role
of the gut microbiota in inflammaging [187]. Similarily, when transferring the gut
microbiota from old conventional to young germ-free mice, these mice become more prone
to inflammation due to their introduced age-associated dysbiotic bacteria and the shift
toward pro-inflammatory macrophages [190]. Intriguingly, Kundu et al. [191] recently show
that performing fecal microbiota transplantation from old conventional mice to young germ-
free mice actually promotes neurogenesis, intestinal growth, and hepatic FGF21-signaling,
where it is suggested that the enrichment of butyrate-producing bacteria in the elder mice
confers benefits to the young receipents. This emphasizes that an ‘older’ gut microbiota does
not necessarily equal deleterious effects on the host and that, in fact, an aged gut microbiota
may possess benefits that are lacked in a young host.

Multiple therapeutic strategies have arisen to dampen age-associated inflammation. For one,
anti-TNFa therapy can be used to reverse the age-associated microbiota changes and blunt
the age-related inflammatory cytokine levels [187]. Additionally, the probiotic strain,
Lactobacillus acidophilus DDS-1, has been shown to diminish the production of
inflammatory cytokines, which was associated with an increase in Firmicutes and a decrease
in Bacteroidetes abundance in aged mice [192]. Lastly, while not explicitly described for
treating inflammaging, the Akkermansia muciniphila protein, Amuc_100, has been
demonstrated to improve gut barrier function, promote beneficial bacteria that alleviates
obesity and type 2 diabetes, and has also been proven safe for human consumption [193].
Future studies should examine whether Amuc_100 could be a potential therapeutic against
age-related metabolic disorders, including inflammaging.

7. Nutritional Interventions: Suppling Essentials for the Gut Microbiota

So far, we have delved into understanding how the host responds to metabolic starvation and
inflammation, and intertwining the role of the gut microbiota in those responses. In this last
section, we will delve into potential nutritional therapeutics such as cruciferous vegetables
and their role in modulating the gut microbiota and regulating inflammatory responses. This
also includes exploring common prebiotics and the rise of herbel medicines that are being
suggested as novel prebiotics.
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7.1 Cruciferous Vegetables

Broccili, cauliflower and cabbage are a few examples of vegetables that belong to the
Brassicaceae family. Brassicaceae plants contain myrosinases, glucosinolate hydrolyzing
enzymes that generate bioactive isothiocyanates (ITCs) [194]. Myrosinase activity is heat-
labile and thus, inactivated at temperatures above 60 degrees Celsius [195], while also being
very sensitive to pH changes [196]; therefore, when these plants are cooked for human
consumption and then enter the digestive system, myrosinase activity is inhibited. To
maximize and retain the production of ITCs, it is recommended to stir-fry or steam the
Brassicaceae plants instead of boiling [197]. Intriguingly, dietary intake of Brassicaceae
plants and the production of ITCs has been demonstrated to provide chemoprotective effects
(as reviewed in [198]), suggesting that myrosinase activity is somehow maintained in the
host after consumption. Recent research has attributed the gut microbiota for supplying
myrosinase, where ingestion of broccoli, for example, was associated with improved
hydrolysis of glucosinolates to ITCs due to increased myrosinase activity [199, 200];
however, a study by Budnowski et al. suggests that the biotransformation from
glucosinolates to ITCs is minimal in a human microbiota associated mouse model [201].
Alongside, there have been various reports on the alterations in the gut microbiota after
ingestion of cruciferous vegetables in both animal and human studies, including an increase
in Akkermansia, Ruminococcaceae and Bacteroidetes [199, 202], along with lowered
Firmicutes [202] and sulphate-reducing bacteria (i.e. Clostridia) [203]. Moreover, it has also
been reported that ingestion of a Brassica-rich diet promoted the butyrate-producing
bacteria, Eubacterium rectale and Faecalibacterium prausnitzii, which was correlated to
diminished inflammation, as evident by increased IL-10 levels and regulatory T cells [204].
This matches a similar report that observed sulforaphane, a type of ITC, had rebalanced the
gut microbiota (i.e. increase Bacteroides fragilis), which assisted in providing better gut
barrier function and decreased inflammatory responses [205]. Furthermore, fermented
Brassica foods (i.e. sauerkraut and kimchi) were demonstrated to promote the abundance of
Lactobacilli in the gut [203], which has presented Brassica plants as a potential prebiotic
option.

Two of the most extensively studied ITCs is indole-3-carbinol (13C) and 3,3’-
diindolylmethane (DIM). I3C has been studied for its anti-cancer properties (as reviewed in
[206]), and more recently for its influence on the gut-lymphatic system, especially in terms
of IBD pathogenesis. For example, 13C administration in colitic mice was observed to abate
gut dysbiosis and promote butyrate-producing bacteria, along with suppressing inflammation
through increased I1L-22 production [207]. Similarily, DIM was demonstrated to ameloriate
non-alcoholic steatohepatitis in mice by shifiting toward regulatory T cell predominance and
minimizing Thy7 populations [208]. The protective effects of 13C and DIM have been
attributed to them being agonists for AhR signaling [208, 209]. In line, DSS-induced colitis
in AhR-deficient mice aggravates pathogenesis due to over-immune activation and elevated
bacterial burden; interestingly, administrating a broad-spectrum antibiotic to colitic AhR-
deficient mice prevents the aggravated inflammation [210]. Despite these benefits of ITCs,
some glucosinolates have been suggested to be genotoxins [211]. Recently, Gronke et al.
solidified glucosinolates to be a source of genotoxic stress in intestinal epithelial cells [212].
This study utilized a colitis-associated colon cancer model, which involves inducing DNA
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damage via the pro-carcinogen, azoxymethane, and triggering colitis through DSS. The goal
was to determine the effects of ITCs such as I13C and 1-methoxy-3-indolylmethyl alcohol (1-
MIM-OH) on the DNA damage response (DDR), where 1L-22, in particular, is an essential
requirement in activating DDR after DNA damage. While 13C did not trigger the DDR, 1-
MIM-OH activated AhR-signaling and thereafter IL-22 production, which presented this
glucosinolate as a genotoxin and modulator of the DDR; yet, it must be emphasized that
IL-22 provided protection against the genotoxic stress [212]. Overall, the differences in gut
microbiota alterations and immunological responses of Brassica vegetables could be, in part,
contributed to the distinct plant microbiomes and genotypes from the various species in the
Brassicaceae family [213]. Therefore, future studies should explore the specificity of each
distinct Brassica plant and their effects on the host, which will help pave for directing
appropriate nutritional therapeutics.

7.2 Prebiotics and Herbal Medicines

Prebiotics, such as fructans, fructo-oligosaccharides, and galacto-oligosaccharides are non-
viable substrates that promote the blooming of ‘beneficial’ gut bacteria (i.e. Bifidobacterium
and Lactobacilli) [214]; yet, there is also the possibility of cross-feeding, where fermented
product(s) generated from the ‘good’ bacteria could promote the growth of ‘bad’ bacteria
[215]. Similarily, the distinct molecular structure of various prebiotics makes their
susceptibility to fermentation different from each other, including the output of SCFA
production. For example, inulin is the prebiotic polysaccharide from chicory root, where its
main fermentated metabolite is butyrate compared to acetate and propionate [216]. Inulin
has been extensively proven to promote the blooming of Bifidobacteriumand Lactobacilli
[216-219], which is associated with protecting against HFD-induced metabolic syndrome
[220], strengthening gut barrier function [221] and alleviating endotoxemia [217].
Mechanistically, inulin is demonstrated to induce IL-22 expression in intestinal epithelial
cells, which diminished bacterial burden [220], and is also shown to promote anti-
inflammatory responses in a gut microbiota-dependent manner [217, 222]. Intruigingly, the
degree of inulin benefits seems to be chain length-dependent, where Li et al. report that
long-chain inulin polysaccharides have a more effective inhibition of metabolic endotoxemia
compared to short-chain inulin [217]. They suggest that the superiority of long-chain inulin
may be due its capability of being fermented by certain bacteria, such as Bacteroides [217].

While prebiotics have been shown to alleviate metabolic and inflammatory diseases with the
help of the gut microbiota (as reviewed in [223]), current research questions whether
prebiatics are truly beneficial (as reviewed in [224]). To highlight two of our findings, we
have observed that inulin aggravates intestinal inflammation through NLRP3-activation
[225] and that feeding inulin to a subset of gut dysbiotic mice induces cholestatic
hepatocellular carcinoma [226]. Hence, this suggests that under certain contexts,
fermentable prebiotic fibers can be detrimental. Therefore, there is an urgency to look for
other prebiotic candidates. One rising star is herbal medicines, as they have been presented
to promote butyrate- and propionate-producing gut bacteria like Bifidobacterium spp.,
Lactobacillus spp., and Bacteroides spp while also blunting the growth of opportunitistic
pathogens such as Citrobactera freundii and Klebsiella pneumonia [227, 228]. In particular,
traditional herbs like Rhizoma Atractylodis Macrocephalae and Flos Lonicera, display anti-
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obesity effects and inhibition against metabolic endotoxemia, which is associated with
alterations in gut flora, including increased abundance of Bacteriodetes, Lactobacillus, and
Akkermansia[229, 230]. Along with promoting beneficial gut bacteria, the mulberry leaf
herb has been demonstrated to ameliorate insulin resistance and diabetes by minimizing
non-esterified fatty acid signaling [231]. Additionally, fermented green tea extract increases
glucose tolerance and attenuates hepatic steatosis, which is associated to changes in the
Firmicutes/Bacteroidetes and Bacteroides/Prevotella ratios [232]. Moreover, Ganoderma
lucidum, a tranditional Chinese medicinal mushroom, demonstrates anti-diabetic effects
through modulation of the gut microbiota, as proven through fecal microbiota transfer from
herb-fed to HFD-fed mice, which has also suggested for this herb to be a prebiotic agent
against metabolic disorders associated with the gut microbiota [233]. Furthermore, the
Chinese herb, berberine, has been extensively studied for its potent effects in lowering
metabolic stressors, diminishing inflammation and alleviating colitis; specifically, berberine
reduces M1 macrophages and inhibits hepatic LPS-TLR4 signaling, while also promoting
lactic-acid producing bacteria and probiotic-associated bacteria and decreasing pathogenic
bacteria (Figure 2) [234-237]. Interestingly, the gut metabolite of berberine, oxyberberine,
was indicated to achieve a superior effect on alleviating DSS-induced colitis compared to
berberine [235]. Considering that berberine has a poor bioavailability after oral ingestion
[238], oxyberberine may be a new front-line candidate as a prebiotic against gut-associated
inflammation and metabolic diseases.

8. Conclusion

Decades ago, nutrition, microbiology, immunology and biochemistry were studied as their
own distinct disciplinary. Now, the rapid development in technology has merged all these
fields into a combined network. This collaboration has advanced the understanding on how
nutrient excess and starvation orchestrate inflammatory signaling pathways, which can
further lead to altered susceptibility to several chronic diseases. Moreover, this knowledge
has prompted for nutritional therapeutics to counteract the negative outcomes that occur due
to altered macro and micronutrient metabolisms, including exploring the gut microbiota.
Considering the recent literature that has been collected, it must emphasized that
environmental (i.e. nutrition, gut microbiome) and non-environmental (i.e. genetics) factors
can alter the hosts response to metabolic starvation and inflammation.
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ATF
B-OHB
CREB3L3
DAMP
DDR
DIM
DSS
elF2a
FGF21
FMO3
Fpn
GCN2
HDAC
HFD
HIF
13C
IBD
IDA
IL
IRP
ISR
ITC
KD
LONP1
M1
M2
mTOR
NAFLD

NLRP3

activating transcription factor

B-hydroxybutryate

cAMP responsive element-binding protein 3-like 3

danger associated molecular pattern
DNA damage response
3,3’-diindolylmethane

dextran sulfate sodium

eukaryotic translation initiator factor 2a
fibroblast growth factor 21
flavin-containing monooxygenase 3
ferroportin

general controlled nonderepressible 2
histone deacetylase

high-fat diet

hypoxia-inducible transcription factor
indole-3-carbinol

inflammatory bowel disease

iron deficiency anemia

interleukin

iron-regulatory protein

integrated stress response
isothiocyanate

ketogenic diet

Lon protease 1

pro-inflammatory macrophage
anti-inflammatory macrophage
mammalian target of rapamycin

non-alcoholic fatty liver disease

Nod-like receptor family pyrin domain containing 3
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PERK PKR-like endoplasmic reticulum kinase
PGC-la PPARY coactivator la
PNALD parenteral nutrition-associated liver disease
PPARa peroxisome proliferator activated receptor a
ROS reactive oxygen species
SCFA short-chain fatty acid
SCV Salmonella-containing vacuole
S. Typhimurium Salmonella enterica serovar Typhimurium
TCA tricarboxylic acid
TMA trimethylamine
TMAO trimethylamine-oxide
TPN total parenteral nutrition
WAT white adipose tissue
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Figure 1: Metabolic, renal and neural health are impacted by a ketogenic diet.
(A) Lack of carbohydrates can perturb the gut microbiota, shifting the composition to

‘beneficial’ bacteria. Through the gut-brain axis, a ketogenic diet (KD) improves neuronal
function, including increasing GABA signaling, cerebral blood flow and clearance of
amyloid-B. In the gut-liver axis, KD promotes PPARa activation of FGF21, where this
hepatokine induces benefits to the liver, the kidney and adipose tissue. (B) One of the
hepatic benefits is ketogenesis and the production of BOHB, which can inhibit NLRP3-
mediated IL-1p secretion and reduce overall inflammation. However, a high salt diet can
impede ketogenesis through the promotion of insulin-mediated ketone body clearance and
mMTOR activation, resulting in diminished BOHB and increased vascular damage, which can
increase the overall risk for hypertension. In addition to this pathway, high salt intake can
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modulate the gut microbiota to promote Thy7 responses, which is also associated with
increased hypertension risk. Key words: -y-Aminobutyric acid (GABA), peroxisome
proliferator activated receptor a. (PPARa), cCAMP responsive element-binding protein 3-like
3 (CREB3L3), fibroblast growth factor 21 (FGF21), angiotensin converting enzyme 2
(ACE2), PPARY coactivator 1a (PGC-1a), B-hydroxybutryate (BOHB), mammalian target
of rapamycin (mTOR), Nod-like receptor family pyrin domain containing 3 (NLRP3),
interleukin-1p (IL-1B).
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Figure 2: Dietary therapeutics and their mechanism(s) for alleviating I1BD.
Intestinal inflammation is associated with severe malabsorption of various nutrients such as

amino acids, iron and vitamin A. This has introduced supplementing these lost nutrients as
therapeutics. While amino acids and vitamin A have shown positive results, recent research
questions the intake of oral iron. As an alternative to resupplying nutrients, introducing the
plant alkaloid, halofuginone, has been indicated to activate the GCN2 receptor that responds
to nutrient starvation and limit inflammation. Additionally, supplementing herbs, like
berberine, has been highlighted for anti-inflammatory properties. Key words: mammalian
target of rapamycin (mTOR), aryl hydrocarbon receptor (AhR), interleukin 10 (IL-10),
General Controlled Nonderepressible 2 (GCN2), eukaryotic translation initiator factor 2a
(elF2a), activating transcription factor 4 (ATF4), interleukin-1f (IL-1p), lipopolysaccharide
(LPS), Toll-like receptor 4 (TLR4), pro-inflammatory macrophages (M1).
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