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Introduction
Non-alcoholic fatty liver disease (NAFLD) occurs in about one 
third of the population worldwide.1 NAFLD develops from 
simple steatosis to steatohepatitis (NASH), cirrhosis, and even-
tually to hepatocellular carcinoma. It is closely associated with 
metabolic syndrome including obesity, insulin resistance, hyper-
lipidemia, and hypertension.2,3 However, NAFLD could hap-
pen without metabolic syndrome.4 Currently there are no FDA 
approved therapeutic agents for the treatment of the disease.5 
Further studies on the pathogenesis of NASH could provide 
opportunities to investigate effective therapeutic approaches. 
The key pathological characteristic of NASH is inflammation, 
which is a major mediator promoting the development of 
NASH and progression to cirrhosis and hepatocellular carci-
noma. Many factors could be involved in the NASH inflamma-
tory process, such as genetics, epigenetic, environmental agents, 
nutritional, and adverse shifts in the intestinal microbiota.6

The intestinal microbiota contains trillions of microbes, 
which have known benefits to health that studies with certain 
bacterial genera have reported.7 Dysregulation of the gut 
microbiota (gut dysbiosis) is associated with many chronic 
metabolic-inflammatory diseases including NAFLD. In this 
narrative review, the focus is on the effects of intestinal dysbio-
sis on metabolic pathways of tryptophan in the pathogenesis of 
NASH and possible therapeutic implications.

Gut Dysbiosis and Inflammation in NASH
The association between the intestinal microbiota and non-
alcoholic steatohepatitis (NASH) has been extensively 

documented and modulation of the gut microbiota has been 
advanced as an approach for treating the disease.8 The associ-
ated mechanism for a causal effect of intestinal dysbiosis has 
been linked with adverse shifts in gut microbial metabolites. In 
NASH, gut dysbiosis has been demonstrated by both animal 
experiments and clinical studies.2

The analysis of gut microbiota in NAFLD showed that 
commensal bacteria had a decreased abundance in the gram-
positive Firmicute phylum and opportunistic pathobionts were 
increased such as those from the gram-negative Proteobacterial 
phylum.2,3 There were different microbial signatures in differ-
ent NAFLD stages. These gut microbiota signatures were 
identified at the family and genus levels. Overall, the gut dys-
biosis in NASH promotes a proinflammatory environment, 
which results in increased gut permeability. Increased gut per-
meability can cause the translocation of endotoxin lipopolysac-
charides (LPS), bacteria, and antigens into the portal circulation 
and thence into the liver, resulting in hepatic inflammation 
(Figure 1).9

LPS plays a key role in the pathogenesis of NASH by promot-
ing inflammatory responses. Several studies have shown that LPS 
and TLR4 are increased in the liver of NASH patients.10-12 LPS 
can bind to TLR4, which in turn activates MyD88/NF-kB cas-
cade, leading to increased secretion of proinflammatory cytokines. 
TLR4 can also activate NF-kB through TRIF.13 As TLR4 is 
expressed in many types of cells in the liver (eg, both parenchymal 
and non-parenchymal cell types), such as macrophages/dendritic 
cells, Kupffer cells, hepatocytes, and stellate cells, LPS can activate 
all these cells to secret proinflammatory cytokines.14,15
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Both liver-resident macrophages (Kupffer cells) and 
recruited macrophages play a central role in the pathogenesis of 
NASH.16 Carpino et al11 showed that TLR4 activated MyD88 
and NF-kB in macrophages. Over stimulation by LPS and 
translocated bacteria as well as other metabolites, macrophages 
differentiated into proinflammatory type M1 while anti-
inflammatory type M2 were decreased. In a mouse model, 
macrophage infiltration into the liver was increased with 
increased expression of proinflammatory factors CCR2 and 
MCP-1.17 Knockout of TLR4, or TLR9, or MyD88 reduced 
macrophage infiltration and CCR2 and MCP-1 expression, 
indicating these signaling molecules play critical roles in the 
pathogenesis of NASH. In addition, depletion of Kupffer cells 
ameliorated hepatic inflammation in the model, suggesting the 
involvement of Kupffer cells in the inflammation. Activation of 
Kupffer cells increased secretion of TNF-alpha, which acceler-
ated hepatic inflammation.18 In addition, cenicriviroc, a dual 
antagonist of CCR2/CCR5 reduced the accumulation of 
monocyte-derived macrophages.19

Recently several studies have associated gut dysbiosis with 
changes of the important roles of T cells and B cells in NASH. 
Rai et al.20 demonstrated the important adverse effects of 
intestinal dysbiosis (increased proteobacteria and decreased 
bacteroides) in increased homing and activation of CD4+ 
T-cells in NASH in a mouse model established by F11r knock-
out and consumption of a Western diet. Barrow et al21 demon-
strated that intrahepatic B-cells switched to a proinflammatory 
profile, with increased secretion of proinflammatory cytokines. 
The associated mechanism was linked to activation of the 
MyD88 pathway. Fecal Microbiota Transplantation from 
NAFLD patients to mice promoted the development of 
NASH with accumulation and activation of intrahepatic B 
cells. Hass et al22 reported that CD8+ T cells were increased in 

the liver of NASH patients, which were collocated with inflam-
matory foci and hepatocyte (stress/damage) ballooning.

The mechanisms of the effects of gut dysbiosis on the 
pathogenesis could also be mediated by many metabolites from 
commensal bacterial biochemical actions, such as short-chain 
fatty acids, bile acids, and amino acids.23 The effect of reduced 
bacterial production of short-chain fatty acids, particularly 
butyrate has been extensively studied.24 Butyrate can activate 
regulatory T cells and thus has anti-inflammatory effect 
through inhibiting Th17 cells and cytotoxic T cells.9 When 
butyrate levels are decreased in NASH, the anti-inflammatory 
mechanism through regulatory T cells is reduced, which facili-
tates the formation and progression of inflammation in NASH. 
In mouse models of NASH, oral administration of butyrate 
increased the intestinal barrier and reduced the pathological 
changes in the liver.25-27 Interactions of bile acids with com-
mensal intestinal bacteria have also been demonstrated to have 
important effects on lipid accumulation and inflammatory 
responses. Furthermore, altered tryptophan metabolism has 
been associated with hepatic inflammation in NASH, which is 
discussed below.

The Roles of Tryptophan and Its Metabolites in 
Inflammation
Tryptophan is an essential amino acid, which must be supplied 
from the diet. Most tryptophan can be absorbed by intestinal 
epithelial cells through solute carrier proteins.28 It is metabo-
lized in the cells or transported into the bloodstream and end 
organs for protein synthesis and metabolism. Most tryptophan 
is metabolized through Kynurenine (Kyn) pathway, which 
accounts for approximately 90% to 95%, whereas 1% to 2% 
tryptophan is converted into serotonin (5-HT) and 4% to 6% 
undergoes indole pathway.29,30 In extra-intestinal tissues, 

Figure 1.  Intestinal dysbiosis and aggravated inflammation in NASH.
Abbreviations: IL, interleukin; LPS, lipopolysaccharides; TGF-β, transforming growth factor-beta; TNF-β, tumor necrosis factor-alpha; Tregs, regulatory T-cells.
Reduced butyrate production in dysbiosis causes decreased intestinal barrier, leading to translocation of LPS, antigens, and bacteria to the liver which activate 
macrophages and dendritic cells to produce pro-inflammatory cytokines IL-6, IL-17, and TNF-α. Macrophages and Dendritic cells also present antigens to and activate 
CD8+ T-cells, CD4+ T-cells, and B-cells. Accumulated pro-inflammatory cytokines further stimulate both innate and adaptive immune cells, forming feed-forward 
regulation. Butyrate activates Tregs to secrete anti-inflammatory cytokines IL-10, IL-35, and TGF-β to reduce innate and adaptive immunities.
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tryptophan is either used to produce proteins with various 
functions such as enzymes, neurotransmitters, and muscles or 
metabolized through Kyn and 5-HT pathways.31 Tryptophan 
is also necessary for the production of other active molecules 
such as niacin (vitamin B3).

The resulting metabolites from tryptophan metabolism 
pathways could be pro-inflammatory and anti-inflammatory 
as well as immunomodulatory. These pathways need to be 
sophisticatedly regulated so that adequate levels of tryptophan 
and its metabolites are transported to the systemic circulation. 
Dysregulation of the tryptophan pathway has been associated 
with various chronic diseases such as cancer, depression, mul-
tiple sclerosis, inflammatory bowel diseases, and cardiovascu-
lar diseases.32,33 For example, increased quinolinic acid 
(QUIN) levels are associated with depression.34 Intestinal 
inflammation can occur if there is a deficiency of tryptophan 
and/or key metabolites of tryptophan, which can also be 
caused by abnormalities in microbiome tryptophan metabo-
lism.35,36 The products from Kyn pathway can also affect neu-
rotransmitters; kynurenic acid (KYNA) inhibits glutamate 
receptor while QUIN activates it.37 Kyn can protect the retina 
of the eye from UV. Kyn/tryptophan has been used to indicate 
the inflammatory status; although, it could be unreliable in 
some cases.35,38,39 Serotonin is an important regulator of appe-
tite, sleep, mood, behavior, cognition, and pain and its metabo-
lite melatonin controls sleep pattern, circadian rhythms of 
behavior, and physiology.31 Unabsorbed tryptophan is metab-
olized by bacteria into indole and its derivatives, which can 
improve gut barrier and modulate immune responses through 
Aryl hydrocarbon receptor (AHR).40 We will emphasize on 
the discussion on the tryptophan metabolism pathways in 
NASH in association with gut dysbiosis.

Indole pathway

Tryptophan is metabolized to indole by deamination by the 
bacterial enzyme tryptophanase.41 Tryptophanase is produced 
by various commensal intestinal bacterial genera such as 
Prevotella, Bacteroides, Fusobacterium, Escherichia. Sasaki-
Imamura et al42 characterized the expression of the gene 
encoding tryptophanase tnaA in 22 Prevotella species and 
found 6 species expressed tryptophanase. Indole promoted bio-
film formation, which protected indole-producing bacteria 
from invasion of other bacteria; exogenous tryptophan 
increased indole production and biofilm formation.43

Intestinal dysbiosis associated with NAFLD has been dem-
onstrated to cause decreased production of indole and its deriv-
atives in both animal models and humans.44,45 Levels of the 
indole derivative, indole-3-acetate, was lower in germ-free 
mice than in conventionally raised mice.44 In addition, a high-
fat diet also resulted in lower levels of indo-3-acetate.44 In 
humans, blood levels of indole were inversely correlated with 
body mass index.45 The blood levels of indole in obese patients 

were significantly lower than that observed in lean patients and 
inversely correlated with hepatic lipid accumulation.45

Indole and indole derivatives such as indoxyl-3-sulfate, 
indole-3-propionic acid, and indole-3-aldehyde have been 
shown to have anti-inflammatory effects.46 Knudsen et al47 
showed that administration of low levels of indole (8-10 mg/
kg) decreased liver inflammation in ob/ob mice, as indicated by 
decreased expression of cd68 and Itgax (Cd11c) in mac-
rophages and Ccl2 and Cxcl2 in neutrophils and monocytes. 
Beaumont et al48 showed that indole (20-50 mg/kg) reduced 
LPS-induced liver inflammation in both ob/ob and control 
mice through the inhibition of the NF-kB signaling pathway. 
Indole reduced both hepatic steatosis and inflammation 
through activation PFKFB3 and suppressed macrophage activ-
ities in PFKFB3-dependent manner.45,49 Shimada et al50 dem-
onstrated that germ-free mice had lower levels of indole and 
increased intestinal barrier permeability compared to specific-
pathogen-free mice; and oral administration of indole pro-
tected against dextran sodium sulfate induced epithelial 
damage and colitis. Ji et al51 demonstrated that indole-3-acetic 
acid reduced lipogenesis and inflammation as well as indicators 
of metabolic syndrome. Another study showed that adminis-
tration of indole-3-propionic acid in high-fat diet fed rats 
reduced intestinal dysbiosis, decreased intestinal barrier perme-
ability, decreased blood LPS levels and hepatic inflammatory 
cytokines.52 Therefore, indole and its derivatives may be impor-
tant mediators in the recovery of intestinal dysbiosis and hence 
in the pathogenesis of NASH and supplementation may pro-
vide beneficial therapeutic effects.

Serotonin pathway

Serotonin is synthesized from tryptophan by tryptophan 
hydroxylase 1 (TPH1) in peripheral non-nervous tissue and by 
TPH2 in the central and peripheral nervous system.54 As 
5-HT cannot pass through blood brain barrier, the two 5-HT 
systems are separated.54 The small amount of 5-HT that is 
synthesized in brain plays a critical role for neurophysiology.

It has been demonstrated that 5-HT is increased in NASH 
both in patients and animal models. Wang et al55 characterized 
blood levels of 5-HT in NASH patients and found that it was 
highly increased. Choi et al56 showed that the hepatic steatosis 
induced by a high-fat diet was dependent on increased blood 
concentrations of 5-HT. Fluoxetine induced hepatic lipid 
accumulation through upregulation of TPH1 expression and 
subsequent increased blood concentration of 5-HT.57

In a high-fat high-sucrose diet rat model, inhibition of 
TPH1 by LP533401 or dietary control of tryptophan reduced 
hepatic steatosis and expression of inflammatory factors Tnfa, 
Il-6, and Mcp-1 genes.55 In BRL-3A cells, 5-HT increased 
expression of lipogenesis-related genes Fas, Cd36, and Plin2. 
Wang et al55 also demonstrated that 5-HT bound to its recep-
tor HTR2A activated PPAR-gamma2, progressing 
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lipid accumulation and proinflammatory factor production. 
PPAR-gamma2 is known to be involved in the pathogenesis of 
NASH.58 Intestinal-specific knockout of THP1 or liver-spe-
cific knockout of Htr2a decreased hepatic steatosis. Treatment 
of high fat diet mice with para-chlorophenylalanine to inhibit 
5-HT synthesis or with sarpogrelate to inhibit HTR2A activ-
ity reduced hepatic lipid accumulation.47,50 Crane et al.53 found 
another mechanism for protective effect of inhibition of THP1 
on high-fat diet induced NAFLD. Inhibition of THP1 reduced 
blood levels of 5-HT, which increased brown adipose tissue 
sensitivity to noradrenaline and beta-adrenergic receptor, lead-
ing to increased thermogenesis and thus reduced lipid accumu-
lation and inflammation.

Although 5-HT has pro-inflammatory effect, its metabo-
lite melatonin has been demonstrated to have protective 
effect in NAFLD. Treatment of NAFLD patients with mel-
atonin reduced blood levels of proinflammatory cytokines, 
improved fat deposit and decreased liver enzyme activi-
ties.59,60 The associated mechanisms have been studied in 
animal models. Melatonin was reported to inhibit LPS-
induced SREBP-c,61 HFD-stimulated p38 MAPK and JNK 
pathways,62 microRNA34a-5p expression,63 and NLRP3 
inflammasome.64

Kynurenine pathway

In Kyn pathway, tryptophan is metabolized to N-formyl-Kyn 
through tryptophan 2,3-dioxygenase (TDO) which is in the 
liver only and indoleamine-2,3-dioxygenase isoforms 1 and 2 
(IDO1 and IDO2) (Figure 2).65 IDO1 expresses extensively in 
the intestinal and extra-intestinal tissues but IDO2 is restricted 
to the liver, kidney, dendritic cells, and B cells.66 IDO2 has 
much lower catabolizing activity than IDO1.66 Unstable 
N-formyl-Kyn is quickly converted into Kyn by the enzyme 
formamidase. Kyn is a central molecule of the Kyn pathway 
and is further metabolized into 3 derivatives. The metabolites 
of Kyn could be proinflammatory such as QUIN or anti-
inflammatory such as KYNA.67 Kyn is catalyzed by Kyn 
3-monooxygenase (KMO) into 3HK (3-hydroxykynurenine), 
which is converted into 3-HAA (3-hydroxy anthranilic acid) 
by kynureninase (KYNU) and further metabolized to QUIN. 
Kyn can also be converted into anthranilic acid (AA) by KYNU 
and AA is converted to 3-HAA. In these 2 metabolizing 
routes, the main metabolites are proinflammatory. Kyn can be 
converted by Kyn aminotransferase (KAT) into KYNA.

Changes in the Kyn pathway have been associated with 
inflammation.68 When QUIN production increases and 

Figure 2.  Tryptophan metabolism pathway in the intestines.
Kynurenine is catalyzed by various enzyme to metabolites in the intestines in 3 pathways.
Abbreviations: AA, anthranilic acid; IDO1, tryptophan 2,3-dioxygenase 1; KAT, Kyn aminotransferase; KMO, Kyn 3-monooxygenase KMO; Kyn, kynurenine; KYNA, 
kynurenic acid; KYNU, kynureninase; QUIN, quinolinic acid; TRP, tryptophan; 3-HAA, 3-hydroxy anthranilic acid; 3HAO, 3-hydroxyanthranilate 3.4-dioxygenase; 3HK, 
3-hydroxykynurenine.
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KYNA production decreases, this is indicative of proinflamma-
tory status.68 It was reported that intrastriatal injections of 
QUIN caused increased inflammatory cytokines IL-6 and 
TNF-alpha, while KYNA had a protective effect.69 KYNA 
could block QUIN-induced neurodegeneration.70 KMO, an 
enzyme that converts Kyn into the QUIN precursor, was 
increased in various inflammatory diseases and cancer.70 
Inhibition of KMO, which decreases QUIN and increases 
KYNA can reduce inflammatory factors and thus protect from 
inflammatory diseases.70 In acute pancreatitis, KMO was 
increased and correlated with the severity of the disease; inhi-
bition of KMO resulted in improvement of inflammation.71,72 
KMO has also been found to be increased in cancers and asso-
ciated with increased proliferation, invasion and migration of 
cancer cells.73,74 It is plausible that this effect may be caused by 
the activation of proinflammatory signaling pathways.

The Kyn pathway could play an important role in NASH 
development, given that LPS is increased in the intestines in 
NASH and progresses inflammation. Both LPS and inflam-
matory cytokines can activate IDO1. Liu et al75 and Fujigaki 
et al76 also demonstrated that IL-1beta and IFN-gamma 
induced IDO1. LPS has also been demonstrated to increase 
KMO and thus alter the Kyn pathway to facilitate QUIN pro-
duction.77 Laurans et al.78,79 showed that IDO1 was increased 
in obesity, which has been posited as causal for shifts in trypto-
phan metabolism from indole and IL-22 production to Kyn. 
Knockout or inhibition of IDO1 improved intestinal barrier 
and decreased endotoxinemia.79 In contrast, in an IDO1 
knockout, high-fat diet induced NAFLD murine model, liver 
inflammation was markedly increased with infiltration of mac-
rophages and T lymphocytes as well as increased pro-inflam-
matory cytokines IL-1beta, IL-6, TNF-alpha.80 This suggests 
that normal IDO1 activity is necessary as Kyn is not only con-
verted into pro-inflammatory metabolites but anti-inflamma-
tory metabolites.

KYNA has been shown to be beneficial in a NAFLD model; 
it decreases lipogenic gene expression and lipid accumulation 
through activation of AMP-activated protein Kinase.81 
Counter intuitively, a study showed that chemotherapy-
induced intestinal toxicity in mouse models including irinote-
can-induced rat diarrhea, vincristine-induced rat ileus, and 
DDS-induced colitis caused dramatically increased Kyn and 
KYNA.82 The study also showed that the Kyn/TRP (trypto-
phan) ratio was increased, indicating IDO1 was increased in 
these models. In these models, IL-6 was also increased. The 
associated mechanisms were studied in cell culture systems. In 
cell culture, Kyn and KYNA promoted wound healing. IL-6 
also increased Kyn and KYNA with wound healing, which was 
inhibited by IDO1 inhibitor 1 methyl-tryptophan. The mech-
anism has been associated with activation of AHR. Kyn and 
KYNA activated AHR, which increased IL-6 production and 
IL-6 activated IDO1 to form a loop. However, Kyn and KYNA 
were not sufficient to initiate the feed-forward loop. IL-6 at 

concentrations of 2.5 ng/ml was sufficient to initiate the loop. 
These studies indicate the complexity of the Kyn pathway in 
the pathogenesis of NASH.

Plausible Therapeutic Implications
As intestinal dysbiosis is causal for NASH, modulation of the 
intestinal microbiota has been proposed for the treatment of 
NASH. Multiple approaches could be implemented to improve 
the intestinal microbiota such as administration of probiotics, 
prebiotics, and synbiotics. Recently, a synbiotic has been pro-
posed to treat NASH, which was formulated with Bifidobacteria 
sp and Fecalibacterium prausnitzii with the inclusion of dietary 
fibers with expectation of high production of butyrate, which 
reduces intestinal inflammation.83 The reduced inflammation 
could affect tryptophan metabolism as described above to 
decrease production of proinflammatory tryptophan metabo-
lites. All approaches to improve gut microbiota may correct an 
adversely shifted tryptophan metabolism in NASH; an area 
that has not been well elucidated, and as such further studies 
are warranted.

Modulation of intestinal commensal bacterial metabolites 
could be effective approaches for the treatment of NASH. 
Among them the adjustment of tryptophan pathway in NASH 
has not been well studied. There are several potential approaches 
to modulate tryptophan pathway, which may ameliorate 
NASH including supplementation of tryptophan, indole and 
indole derivatives, inhibiting metabolism of tryptophan to 
5-HT, and altering the Kyn pathway.

Tryptophan has been supplemented into animal models of 
NAFLD but outcomes have been controversial. A study 
reported that supplementation of tryptophan to fructose fed 
mice ameliorated NAFLD indicated by decreased fat accu-
mulation and liver/body weight through increasing gut bar-
rier and modulation of serotonergic pathway.84 However, 
another study revealed that supplementation of tryptophan 
increased steatosis in high-fat high-fructose fed mice but not 
in normal chow fed mice.85 It was associated with increased 
production of 5-HT and activation of pro-inflammatory 
mTOR pathway. These controversial outcomes may reflect 
the different conditions in which tryptophan is skewed to 
produce different metabolites—proinflammatory or anti-
inflammatory. Therefore, the supplementation of tryptophan 
for the treatment of NASH may need to be combined with 
the modulation of the key enzymes in tryptophan metabolism 
pathway.

In animal models, indole and indole derivatives are effec-
tive in reducing inflammation in NASH.47,48,51,52 This pro-
vides a potential for indole and indole derivatives to be used in 
the treatment of NASH. A recent study correlated the anti-
inflammatory effects of garvage administration of indole-
3-acetic acid in an animal model with an increase of 
indole-3-acetic acid in obese NAFLD patients after sleeve 
gastrectomy, which reduced hepatic inflammation.86 In a 
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mouse model, administration of indole-3-acetic acid led to 
activation and differentiation of hepatic M2 macrophages, 
thus reducing the ratio of M1/M2, which was confirmed in 
cell cultures of macrophages and hepatocytes. Sleeve gastrec-
tomy is known to reduce steatohepatitis.87 Demonstration of 
the anti-inflammatory effect of indole-3-acetic acid in an ani-
mal model highly suggests the use of indole derivatives in 
NASH patients, which warrants confirmation from a clinical 
trial.71 Indeed, the natural indole derivative indole-3-carbinol, 
which has anti-inflammatory and chemo-preventive effects, 
has been used in phase I clinical trial for a safety, tolerability, 
and pharmacokinetics study.88 In oral administration doses 
from 400 to 1200 mg, indole-3-carbinol is well tolerated. 
Pharmacokinetics study reported that indole-3-carbinol was 
rapidly metabolized into 3,3′-diindolylmethane (DIM) as 
only DIM was detected but no indole-3-carbinol in the blood 
samples. These results could indicate indole-3-acetic acid may 
also be safe for clinical trials.

Modulation of Kyn pathway could lead to increased anti-
inflammatory metabolites and decreased pro-inflammatory 
metabolites. KMO inhibition is a practical option, which can 
increase KYNA and reduce QUIN. KMO has been extensively 
studied in neurological disorders and many KMO inhibitors 
have developed. The proinflammatory role of KMO in neuro-
logical chronic diseases have been well demonstrated. For 
example, KMO knockout in Huntington’s mouse model 
resulted in decreased toxic 3-HK and increased protective 
KYNA.89 The blood levels of the proinflammatory cytokines 
were also decreased. A KMO inhibitor used in the Huntington’s 
model reduced 3HK and QUIN formation.90 Furthermore, a 
brain permeable KMO inhibitor has been developed with 
potent effects, which is proposed to be used in a wide range of 
inflammatory neurological diseases.91 The KMO inhibitors 
could also be tested for NASH and experience from the use of 
KMO inhibitors in neurological diseases may be helpful for 
NASH.

Overall, the disturbance of the tryptophan pathway could 
be an important part of gut dysbiosis-caused NASH and mod-
ulation of the pathway could have promising therapeutic impli-
cations in NASH. Several approaches could be adopted. 
However, it has been much less studied compared with that in 
neurological diseases. Future studies could clarify: (1) the roles 
of the specific bacterial species and enzymes produced from 
gut microbiota in the indole pathway, (2) the supplementation 
of individual metabolites from the tryptophan pathway and 
associated mechanisms involved in the pathogenesis of NASH, 
particularly recently identified NASH inflammatory T and B 
cells, (3) the effects of tryptophan supplementation in NASH 
in various conditions with different changes of tryptophan 
metabolism pathways as well as combination use of tryptophan 
with its metabolism pathway modulators, and (4) the interac-
tions of metabolites/enzymes from tryptophan pathway with 

other bacterial metabolites and combination use such as 
butyrate and indole or butyrate and melatonin.
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