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Abstract: An intricate relationship between gut microbiota, diet, and the human body has recently 
been extensively investigated. Gut microbiota and gut-derived metabolites, especially, tryptophan 
derivatives, modulate metabolic and immune functions in health and disease. One of the 
tryptophan derivatives, indolepropionic acid (IPA), is increasingly being studied as a marker for 
the onset and development of metabolic disorders, including type 2 diabetes (T2D) and non-
alcoholic fatty liver disease (NAFLD). The IPA levels heavily depend on the diet, particularly 
dietary fiber, and show huge variations among individuals. We suggest that these variations could 
partially be explained using genetic variants known to be associated with specific diseases such as 
T2D. In this narrative review, we elaborate on the beneficial effects of IPA in the mitigation of T2D 
and NAFLD, and further study the putative interactions between IPA and well-known genetic 
variants (TCF7L2, FTO, and PPARG), known to be associated with the risk of T2D. We have 
investigated the long-term preventive value of IPA in the development of T2D in the Finnish 
prediabetic population and the correlation of IPA with phytosterols in obese individuals from an 
ongoing Kuopio obesity surgery study. The diversity in IPA-linked mechanisms affecting glucose 
metabolism and liver fibrosis makes it a unique small metabolite and a promising candidate for the 
reversal or management of metabolic disorders, mainly T2D and NAFLD.  
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1. Introduction 
Indolepropionic acid (IPA) is a tryptophan metabolite that is exclusively produced 

by gut microbiota. It was discovered in 1923 [1], but interest to examine the potential 
health effects of IPA on type 2 diabetes (T2D) and related diseases has increased not until 
recent years. IPA has been shown to have neuroprotective properties, including beneficial 
effects on Alzheimer’s disease [2,3]. IPA can protect the intestinal barrier through 
pregnane X receptor (PXR) activation, and it has been shown to exhibit both anti-oxidative 
and anti-inflammatory activities [3,4]. Recently, along with the well-known effects of 
short-chain fatty acids and branched-chain amino acids [5,6], IPA has been linked to 
glucose metabolism and the risk of T2D [4,7].  

Citation: Sehgal, R.; de Mello, V.D.; 

Männistö, V.; Lindström, J.; 

Tuomilehto, J.; Pihlajamäki, J.; 

Uusitupa, M. Indolepropionic Acid, 

a Gut Bacteria-Produced  

Tryptophan Metabolite and the Risk 

of Type 2 Diabetes and  

Non-Alcoholic Fatty Liver Disease. 

Nutrients 2022, 14, 4695. https:// 

doi.org/10.3390/nu14214695 

Academic Editor: Franck Gael  

Carbonero 

Received: 6 October 2022 

Accepted: 4 November 2022 

Published: 6 November 2022 

Publisher’s Note: MDPI stays 

neutral with regard to jurisdictional 

claims in published maps and 

institutional affiliations. 

 

Copyright: © 2022 by the authors. 

Licensee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license 

(https://creativecommons.org/license

s/by/4.0/). 



Nutrients 2022, 14, 4695 2 of 19 
 

 

In our previous studies from the Finnish Diabetes Prevention Study (DPS), we have 
shown that serum IPA concentrations were associated with higher dietary fiber intake 
and, that IPA protected against the development of T2D by preserving insulin secretion 
capacity along the years in individuals with impaired glucose tolerance (IGT) [7,8]. 
Indeed, it has been found that IPA may have a direct effect on insulin secretion through 
various mechanisms [9]. This finding is of particular interest since many gut-derived 
metabolites have been linked with T2D risk, e.g., certain bile acids, short-chain fatty acids, 
branched-chain amino acids, and numerous lipid metabolites associated with insulin 
resistance [5,6].  

Non-alcoholic fatty liver disease (NAFLD) and T2D are often considered as two sides 
of the same coin in terms of underlying metabolic complexity [10]. Besides modifying and 
preserving long-term insulin secretion, IPA may also have anti-inflammatory and anti-
oxidative properties that might be related to the protective effect of IPA on pancreatic 
beta-cell as well as hepatocytes [9]. We have shown that serum concentrations of IPA 
correlated with dietary intake of fiber in pre-diabetic individuals with IGT [7,8]. A higher 
dietary fiber intake has constantly been shown to protect from T2D and other chronic non-
communicable diseases, including cardiovascular diseases and cancer [11–13]. Even in the 
DPS, the prevention effect on T2D was best in the study participants with a high dietary 
fiber but low-fat intake [14], which is in accordance with the hypothesis that IPA may play 
a causal role in glucose dysmetabolism, as suggested also by other researchers [15].  

Although IPA is produced exclusively by gut microbiota [16], its effects on glucose 
metabolism may be modified by genetic variants that are known to be associated with 
T2D. Furthermore, gut microbial species that are not directly producing IPA may 
indirectly be involved in its production [4]. IPA has also been shown to have 
antimycobacterial activity and in tuberculosis, it may dampen the inflammation process 
[17] and have beneficial effects on peripheral nerve regeneration [18]. We have also shown 
previously that serum IPA levels in obese individuals with liver fibrosis undergoing 
bariatric surgery from Kuopio Obesity Surgery (KOBS) study were reduced compared to 
obese individuals without liver fibrosis. Moreover, we identified a negative association 
between fasting plasma glucose levels and IPA levels in the KOBS cohort [19].  

In the present narrative review on IPA and T2D and fatty liver disease, we will extend 
our analyses on the available IPA data that we have published earlier to explore the 
putative interactions between IPA and well-known genetic variants (TCF7L2, FTO, and 
PPARG) that were associated with the risk of T2D in DPS study participants [20]. Next, 
we will discuss the potential protective value of IPA in the prevention of metabolic 
disorders, inclusive of T2D. 

2. Diet, Gut Microbiota, and Indolepropionic Acid 
2.1. The Role of Gut Microbiota in the Formation of IPA 

Tryptophan is an essential amino acid coming from dietary sources [21]. It is 
metabolized by the liver through the serotonergic pathway to serotonin and melatonin or 
through the kynurenine pathway to four metabolites, kynurenine, kynurenic acid, 
anthranilic acid, and quinolinic acid [3]. The qualitative or quantitative alterations in the 
gut microbiota can intricately modulate human physiology as well as pathophysiology 
resulting in obesity, T2D, non-alcoholic fatty liver disease (NAFLD), metabolic syndrome, 
inflammatory bowel disease, cardiovascular diseases, and neurological disorders [22]. 
Besides the endogenous metabolism, it has been shown that certain gut bacteria are 
capable to synthesize IPA from tryptophan through the indolic pathway [23]. Clostridium 
(Cl.) sporogenes and Cl. botulinum but also Peptostreptococcus anaerobius and three strains of 
Cl. calaveris may also synthesize IPA [16]. In fact, Cl. sporogenes supplementation in mice 
has been reported to significantly elevate IPA levels and reduce the kynurenine 
production in the muscle tissue, while the circulating IPA levels were not found to be 
increased [24]. Also, Lechevalieria aerocolonigenes via tryptophan deamination using amino 
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acid oxidase might lead to IPA synthesis [25]. It has been reported that IPA production in 
the gut is mainly regulated by tryptophan aminotransferase [23,26] and might also be 
dependent on bacterial tryptophanase [27]. Other than these, bacterial protein caseinolytic 
peptidase B protein homolog also associates positively with plasma IPA levels in humans, 
and more importantly, the same protein homolog is negatively associated with 
anthropometric measures of obesity, such as total fat mass, body mass index (BMI), and 
waist circumference [28]. The importance of IPA in humans can be understood from a 
study with two cohorts of genotypically human leukocyte antigen-identical related organ 
recipients and donors [29]. In these individuals, the onset of acute graft versus host disease 
after the transplant was found to have the highest significant variation in IPA levels, 
which in turn has been proposed to induce the indoleamine 2-3-dioxygenase pathway in 
immune cells [29].  

Microbially produced IPA in the intestinal tract can easily be absorbed by the 
epithelial cells where it can serve as a ligand for both PXR and aryl hydrocarbon (AhR) 
receptors [30]. IPA can then diffuse into the peripheral and portal blood circulation and 
gain direct access to multiple body organs [31]. The gut-blood barrier permeability to 
specific substances including IPA has been tested in the past using fluorescein 
isothiocyanate-dextran assay in mice [32,33]. It plays a significant role in the gut by 
fortifying intestinal permeability and has also been shown to affect systemic immunity. It 
has been shown that this effect might be directly related to the PXR activation by IPA [32]. 
Treatment of myoblasts with IPA effectively protected them against lipopolysaccharide-
induced inflammation via PXR activation and in turn, restored the inhibited miR26a23p 
(novel muscle inflammation regulatory factor) expression [24]. IPA is often considered a 
critical marker of properly functioning gut microbiota [34]. IPA is a biomarker of active 
ulcerative colitis and for disease, remission based on a study in human patients with 
intestinal bowel disorder [35]. Interestingly, IPA may play a role in the protection of the 
gut from chronic inflammatory bowel diseases, traumatic colon injury, and also colitis 
[3,36,37]. As a result of a strong link between the gut and other metabolically active organs 
including the liver, IPA plays an important role in the pathogenesis of NAFLD and T2D 
[38]. This link has also been found to be extending to the brain as it has been proposed 
that IPA treatment could even reduce T2D-linked cognitive decline in addition to 
Alzheimer’s disease and multiple sclerosis [39,40].  

The synthesis and conversion of IPA in humans have been summarized in the Figure 
1. IPA via the blood circulation can gain excess to multiple organs either via passive 
diffusion or with the help of amino acid transporters and can induce multiple beneficial 
effects [41]. Specifically in the liver and kidney, IPA can undergo xenobiotic metabolism 
to be excreted out of the body as a glycine conjugate [42]. IPA concentrations as high as 
100 µM have shown no hepatotoxic effects as measured using cell viability assay [19]. 
However, in other cell types such as cardiomyocytes, IPA concentrations as high as 1 mM 
are also well tolerated [43]. In the clinical trial (NCT01898884) targeted to study the 
pharmacokinetic-pharmacodynamic profile of IPA as a treatment option for Friedreich’s 
ataxia reports that single dose of 450 mg orally under fasting conditions of IPA leads to 
treatment-emergent adverse events but no serious adverse events for doses up till 1200 
mg. 
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Figure 1. Synthesis and conversion of indolepropionic acid in humans. Dietary tryptophan is deam-
inated via the gut microbiota into IPA, that then enters the blood circulation directly from the gut 
epithelium. IPA via the circulation gains access to multiple organs, ultimately ending up in liver or 
kidney to be metabolized and excreted out of the body. ACSM2- Acyl-CoA synthetase medium 
chain family member 2A; GLYATS- Glycine-N-acyltransferase. 

2.2. Diet and Indolepropionic Acid 
Circulating levels of IPA are highly variable due to diet and the composition of gut 

microbiota [4]. Among the various food items, dietary fiber has been shown to protect 
people from many chronic diseases, including cardiovascular diseases, some cancers, and 
T2D [11–13]. Modern “westernized” diet pattern is particularly low in dietary fiber and, 
along with the obesity epidemic, low fiber intake contributes to an increased incidence of 
T2D worldwide [12]. In our studies using non-targeted metabolomics, we found that se-
rum concentrations of IPA were associated with higher fiber intake and a lower risk of 
T2D, and better insulin secretion [7,8]. This finding suggests that IPA, at least in part, may 
mediate the preventive effect of dietary fiber on T2D risk and metabolic disorders by mod-
ifying gut microbiota enrichening the bacteria that are producing IPA locally, and 
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increasing its concentrations in the bloodstream. Figure 2 summarizes the effect of a spe-
cific type of diet on circulating IPA levels based on studies described in the following 
paragraphs. 

 
Figure 2. Effect of a specific type of diet on circulating indolepropionic acid levels. The green color 
text means the IPA levels were found to be increased and had a beneficial effect and the red colored 
text means the levels were reduced and were harmful. The symbols in the figure represent the model 
system (mouse, pig, or human) used for studying the effects of IPA. 

A recent study based on the data from 1018 middle-aged women from the TwinsUK 
cohort showed that serum IPA levels were correlated with a higher diversity of gut mi-
crobiota explaining 20% of the variation of serum IPA, whereas nutritional and host ge-
netic variables explained only 4% of this variation [4]. In this study, the correlation of IPA 
with fiber intake (estimated intakes of essential fatty acids and fiber calculated as 
grams/day based on the UK nutrient database) was confirmed. Furthermore, IPA’s pro-
tective effect on metabolic disorders was evaluated, and for the first time, IPA’s connec-
tion with visceral fat mass was reported in a large study population. Recently, IPA was 
associated with a lower risk of T2D in a study with five different cohorts including alto-
gether 9180 study participants. In this study, intake of tryptophan or a protein-rich diet 
had no relationship with IPA, but a diet rich in dietary fiber showed a direct association 
with IPA. Furthermore, this relationship was partially explained by the gut bacteria Fir-
micutes, known to metabolize fiber. Serum levels of IPA were also found to associate with 
the activity of lactase enzyme and were observed only in individuals with non-persistent 
lactase activity [44]. There has been a lot of interest in probiotics that may modify gut 
microbiota and enrich those bacteria producing e.g., IPA, but no definite progress regard-
ing the protective effect of IPA and the role of probiotics has been reached so far [45,46]. 

Besides dietary fiber, there may be other dietary factors that may increase or decrease 
IPA production by gut microbiota. Mediterranean-type diet in humans [47] and mulberry 
leaf extract consumption in mice [48] have been shown to increase IPA concentrations, 
whereas fast food diet decreased its production in the gut [47]. Most of these changes in 
IPA can be attributed to fiber intake from the diet. In mice, oat and rye fiber-rich diets 
compared with the western diet resulted in an increase of short-chain fatty acids and 
changed tryptophan metabolism towards lower production of serotonin. Instead, trypto-
phan diversion from the serotonin synthesis pathway to microbial indole production was 
suggested to increase that ultimately leads to stimulated IPA production. Unfortunately, 
IPA was not directly measured in this study, but the authors speculate that fiber-rich diets 
alter gut microbiota in a way that may affect tryptophan metabolism and at the same time 
have anti-inflammatory properties and beneficial effects on glucose metabolism [49]. 
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Additionally, plasma IPA levels were reported to be significantly reduced in ketogenic 
diet-fed animals versus normal diet-fed littermates [50].  

In humans, intake of fried meat resulted in higher concentrations of many inflamma-
tory factors (lipopolysaccharide, TNF-α, interleukin (IL)-1β, and IL-10) and interestingly 
lower fecal content of IPA [51]. Fried meat intake directly affected the microbial composi-
tion with marked changes in microbial community richness and lower abundance of Lach-
nospiraceae and Flavonifractor, which was significantly correlated with the decreasing fecal 
IPA content [51]. Inulin-rich diet in pigs has been shown to increase serum IPA concen-
tration and it resulted in a lowered concentration of branched-chain amino acids [52]. In 
a randomized crossover study in healthy men, the post-prandial serum IPA levels were 
found to be different between milk and yogurt intake groups, with IPA levels lower in 
men in the yogurt group compared to the milk group [53]. Also, IPA levels were found to 
be decreased in the late phase in individuals on an anti-inflammatory dietary mix (con-
sisting of fish oil, green tea extract, resveratrol, vitamin E, vitamin C, and tomato extract) 
subjected to a postprandial challenge test. These changes were with respect to individuals 
only subjected to postprandial challenge test (standardized 500 mL dairy shake containing 
respectively 59, 30, and 12 energy % lipids, carbohydrates, and proteins, respectively) [54]. 
In a 1-year randomized, double-blind, placebo-controlled trial of pomegranate juice, 
plasma IPA levels directly correlated with the relative proportion of Roseburia, Lachnospira, 
Sutterella, Proteobacterium, Collinsella, and Actinobacteria and negatively with Campylobac-
teraceae in healthy adults [55]. 

A polyphenol-rich diet along with increased fiber intake elevated serum concentra-
tions of IPA in older individuals with normal renal function, but not in those with im-
paired renal function. In this study, serum IPA was also inversely correlated with serum 
C-reactive protein and IL-6 levels [56], in line with our findings [7,8]. Obesity was associ-
ated with marked lower serum IPA levels [4,57], and with lowered local colonic concen-
trations of IPA in mice [57]. Furthermore, the administration of IPA had beneficial effects 
on weight, glucose, and lipid metabolism in mice [57]. IPA has also anti-inflammatory 
effects on adipose tissue, and locally in the gut, it improved gut integrity [57]. In obese 
people, the serum concentration of IPA was found to be decreased, but an increase was 
reported after bariatric surgery [33]. Furthermore, IPA may modify addiction to food at 
the brain level [58]. Surprisingly few studies have dealt with the effects of type and quality 
of diet, including dietary fiber, on IPA production so far. 

3. Indolepropionic Acid and Type 2 Diabetes 
3.1. Effect of Indolepropionic Acid on Glucose Metabolism and Insulin Secretion 

The gut microbiome and derived metabolites are known as modifiable environmen-
tal factors, playing a major role in the development of T2D. It is highly likely that gut-
derived IPA directly regulates key mechanisms linked with T2D pathogenesis [5]. For in-
stance, in the DPS, people who developed T2D had significantly lower serum concentra-
tions of IPA many years before the onset of T2D than those who did not develop T2D 
during a 15-year follow-up period [7]. In those who did not develop T2D, IPA was asso-
ciated with the preservation of beta-cell function [7].  

To address the same question, Gou et al. developed a novel interpretable machine-
learning algorithm with data from large-scale human cohorts [59]. The results from this 
approach were further confirmed using fecal microbiota transfer experiments. IPA was 
among the six metabolites that were found to be negatively correlated with the microbi-
ome risk score for T2D (derived from three independent cohorts based in 9111 Chinese 
participants) [59]. In a large-scale study (n = 789 with and n = 2127 without T2D from the 
innovative medicines initiative- diabetes research on patient stratification cohort), serum 
IPA levels were found to be correlated with blood transcriptomic module, identified using 
a weighted gene co-expression network analysis approach [60]. This transcriptomic mod-
ule is specifically associated with insulin resistance and glucose intolerance in this study 
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[60]. The most recent systematic review and meta-analysis of prospective cohort studies 
(with 71,196 participants among which 16% had T2D) identified that higher levels of IPA 
were associated with a lower risk of T2D [61]. The summary relative risk for the associa-
tion between one standard deviation increase in levels of IPA and risk of incident T2D 
was 0.82 (95% confidence interval 0.74–0.92) [61]. The percent of the variation in IPA levels 
due to heterogeneity rather than chance across the studies included in the meta-analysis 
was 67% [61]. These results reinforce the findings from other studies that IPA levels in 
people are highly variable and hence might not be the best biomarker candidate. In addi-
tion, circulating IPA was found to be positively associated with IL-6 levels, a marker of 
inflammation in functionally limited older adults [62]. These findings are contrasting with 
our findings, however, the population in this study is very different from the DPS cohort.  

Qi et al. investigated five epidemiological cohorts to study the association between 
tryptophan metabolites in blood circulation and incident T2D (n = 9180). They found that 
IPA was inversely associated with the incidence of T2D in models with adjustments for 
obesity measures [44]. In a small cohort of Caucasian women (n = 25), targeted metabo-
lome analysis revealed negative IPA with body weight and BMI in obese (with and with-
out T2D) individuals [63]. In a cross-sectional study of the metabolic syndrome in men 
(METSIM) study with a 7.4-year follow-up, including 5181 Finnish men, fasting plasma 
IPA was found to be nominally associated with decreased risk for T2D in models adjusted 
for confounding variables [64]. Also, during a 7.4-year follow-up, IPA was inversely asso-
ciated with fasting plasma glucose (p-value < 0.01) and 2-h plasma glucose (p-value < 0.05), 
while a direct association was observed with disposition index (p-value < 0.05) and insulin 
secretion (p-value < 0.01) [64]. Another study using the METSIM participants (n = 8749), 
concluded a direct association between IPA levels and physical activity [65]. Physical ac-
tivity was assessed with a self-reported questionnaire; increased physical activity was in-
dependently found to be associated with a lower risk of T2D [65]. Additionally, IPA along 
with other indole derivatives has also been found to be inversely associated with food 
addiction, a major contributing factor in the onset and progression of lipid and glucose 
dysregulations [58]. Plasma IPA levels in a cross-sectional case-control study have been 
reported to be elevated in diabetic patients with or without nephropathy compared with 
controls [66]. The researchers concluded that these elevated levels are likely due to altered 
microbiota response to medications for lowering glucose levels [66].  

The mechanistic effect of IPA on glucose metabolism has not yet been studied in de-
tail. One of the first studies in 2018, assessed in rats the effect of 6-week IPA dietary sup-
plementation (27.3 mg/Kg/day) compared to the chow diet. Fasting plasma glucose and 
insulin were reduced in rats fed with IPA [15]. The results also showed no changes in the 
elevated plus maze (a measure of anxiety), open field (measure of locomotor activity, and 
exploration habits), and forced swim test (evaluates depressive state and behavioral des-
pair). Additionally, no changes were recorded in plasma metabolic hormones in rats sup-
plemented with IPA [15]. These results propose that IPA might directly regulate the up-
take or production of glucose, thereby affecting glucose metabolism. Moreover, the direct 
effect of IPA on glucose/fructose transporter (GLUT-5) mRNA levels has been identified 
using an in-vitro model [33]. Gundu et al. studied the effect of a 2-week IPA supplemen-
tation in streptozotocin-induced diabetic rats [67]. They reported that IPA treatment re-
duced oxidative damage, endoplasmic reticulum stress, mitochondrial function, and 
apoptotic markers in the diseased group with changes in pain behavior as well [67]. Kelly 
et al. have developed a panel of metabolites (Xenoscan) to detect xenometabolites and 
they found IPA to be negatively correlated with species within the Oscillibacter genus in 
the University of California, Davis-T2D rats that are considered to be models for individ-
uals who are prediabetic or have recently been diagnosed with T2D [68]. Moreover, intake 
of a tryptophan-enriched diet may have a beneficial effect on insulin sensitivity via IPA’s 
activity as a PPARα/γ co-agonist and a potential drug for the reversal of insulin resistance 
[69]. 
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The studies that have identified mechanisms which might be directly or indirectly 
related to glucose metabolism using in vivo or in vitro models have been summarized in 
Table 1. Briefly, IPA has been found to directly affect mitochondrial function, expression 
of anti- and pro-inflammatory cytokines, and genes regulating lipid biosynthesis, glucose 
uptake, and metabolism [17]. In fact, how this association of IPA with T2D and glucose 
metabolism is affected by the presence or absence of T2D-specific genetic variants has also 
not been fully explored. 

Table 1. Beneficial effects of indolepropionic acid in type 2 diabetes and associated diseases. 

Disease Experimental Model Result Molecular Mechanism Reference 
T2D-induced cog-

nitive  
impairment 

db/db mice; i.p. IPA (10 
mg/Kg/day)-2 weeks 

Improved insulin sensitivity 
and mitochondrial biogenesis 

Energy metabolism via mito-
chondrial function [39] 

Obesity 

High-fat diet mice p.o. IPA 
(100 mg/Kg) from week 7 
to 14 after a high-fat diet 

and NIH3T3 cells (IPA 100 
µM) 

Reduced body weight, in-
creased energy expenditure, 

glucose clearance, and insulin 
sensitivity, and reduced lipid 
accumulation in serum and 

liver 

Reduced TNFα, TLR4 expres-
sion in adipocytes, Increases 
IL-25 production in tuft cells 

via FFAR3 signaling 

[57] 

Obesity 
Sprague-Dawley i.p. IPA 

(30 mg/kg) for 1 week Reduced body weight gain Not proposed [70] 

Hyperlipidemia ICR mice p.o. IPA (100 
mg/kg) for 60 days 

Reduced body weight gain 
and serum lipids 

Reduced expression of 
SREBP1c, FAS, SREBP2, and 

HMGR 
[48] 

T2D and obesity 
DIO mice IPA (20 mg/kg) 
for 4 days and T84 cells 

(IPA- 5 µmol/L) 

Increased intestinal permea-
bility and reduced cytokine-

induced changes 

Reduced GLUT5 in both and 
ALDOB gene expression in 

mice 
[33] 

Insulin  
resistance 

Sprague-Dawley rats IPA 
in diet (27.3 mg/Kg/day) 

for 6 weeks 

Reduced glucose, insulin, and 
HOMA-IR levels 

Glucose uptake [15] 

3.2. Interaction of IPA with T2D-Linked Genetic Variants 
Over the last decade metabolite, genome-wide association studies have unfolded 

novel associations between genetic variants and metabolic phenotypes in an elaborative 
manner. This is a step towards precision nutrition. Koshiba et al. performed plasma non-
targeted metabolomics in a Japanese prospective cohort (n = 1008). They identified a ge-
netic variation rs59261767 in acyl-coA-synthase 2A (ACSM2A), a mitochondrial enzyme 
involved in fatty acids and xenobiotics metabolism to be linked with IPA at a genome-
wide significant p-value threshold [42]. The homozygotes (n = 31) were found to have 
almost five-fold increased median IPA concentration compared to wild-type homozy-
gotes (n = 672), while the heterozygotes (n = 305) had only a 1.7-fold elevation in IPA con-
centrations. Independently, IPA was also reported to be associated with another single 
nucleotide polymorphism (SNP; rs1394678) for ACSM2A [71]. In an extended study, over-
all variation in circulating IPA levels was found to be contributed by variant rs1394678 in 
ACSM2A, dietary factors, and gut microbiome factors [4]. IPA was also found to be asso-
ciated with obesity and other cardiometabolic traits, which are also independent risk fac-
tors for T2D development. The researchers have identified 10.7% (standard error = 5.8%) 
genome-wide SNP-based heritability for IPA in the selected cohorts and a genetic causal-
ity proportion of 76% (p-value < 0.01) with T2D. As expected, increased IPA levels in a 
sub-population from the same study (n = 3938) were also found to be associated with 
higher intakes of whole grains, legumes, vegetables, fruits, and nuts and lower intakes of 
refined grains and red meat. IPA production in the gut lumen has also been proposed as 
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a potential mechanism that is reflected as Bifidobacterium and T2D association in human 
studies [56]. Qi et al. also identified variant (rs4988235) in the LCT gene as a novel locus 
for IPA as well as Bifidobacterium in a genome-wide association study [44]. 

We have previously identified a direct relationship between serum IPA level and 
T2D risk. In this narrative review, we further explored if T2D-specific genetic variants 
(TCF7L2 rs7903146 and rs12255372; FTO rs9939609 and PPARG rs1801282) from the same 
DPS population modified this association [72–74]. A total of 522 individuals with IGT 
were originally randomly allocated into either a lifestyle intervention or control group for 
a mean four-year intervention (active study) period. Data from the post-intervention fol-
low-up that was carried out with annual examinations (body composition, glucose levels, 
insulin levels, and disposition index30-DI30) was available for this study [75]. DI30 is the 
estimate for beta cell function or peripheral insulin sensitivity, as validated before [76]. 
Mathematically, DI30 = Matsuda insulin sensitivity index × ratio of total insulin area under 
the curve (AUC) and total glucose AUC during 0–30 min of the oral glucose tolerance test. 
After data normalization, analysis of variance models adjusted for study group, age, sex, 
and BMI were used to study the associations of IPA with long-term follow-up insulin se-
cretion (DI30), fasting, and postprandial glucose or insulin additionally considering the 
effect of TCF7L2, FTO or PPARG genotypes (categorical variable; dominant model). For 
testing correlations, we applied Pearson’s correlation test and the value of p-value < 0.05 
was considered significant. In models adjusted for age, sex, BMI, and study group, per-
sons in the lowest third for serum IPA concentration have lower averaged DI during the 
7-year FU compared with those in the second and third categories (Figure 3). This associ-
ation did not change by TCF7L2 variants rs7903146 and rs12255372, which are known to 
be associated with insulin secretion [77], which was also the case in the DPS population 
[72]. Another variant associated with the development of T2D in the DPS, PPARG 
rs1801282 may be associated with improvements in insulin sensitivity [74]. When this var-
iant was included in the model, the association of IPA with DI30 was not lost. Also, the 
interaction of variant rs1801282 with IPA was not significant.  

 
Figure 3. Averaged disposition index during the 7-year follow-up (y-axis) by tertiles (1st n = 31, 2nd 
n = 32, 3rd n = 31) for serum IPA concentration (x-axis, models adjusted for age, sex, BMI, and study 
group) in the DPS. * Represents p-value < 0.05 vs. 3rd one for IPA. The bars represent the estimated 
marginal means with confidence intervals (95%). 

We observed a significant trend for the interaction of IPA with FTO variant rs9939609 
(p = 0.05). In individuals with the minor allele A, we found that those in the lowest IPA 
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tertile had lower averaged IPA concentrations as compared with the second (p-value = 
0.003) and third (p-value = 0.018) tertiles for DI30. No association was found in individuals 
with a major T allele (p-value = 0.98) (Figure 4). This interaction of IPA with FTO suggests 
a novel mechanism that might include an impact linked to food cognition and addiction 
as suggested by Dong et al. [58]. 

 
Figure 4. Averaged disposition index during the 7-year follow-up by third for serum IPA concen-
tration (models adjusted for age, sex, BMI, and study group) divided based on the presence of major 
or minor allele of FTO in the DPS. * Represents p-value < 0.05 vs. 3rd one for IPA. The bars represent 
the estimated marginal means with confidence intervals (95%). 

We also investigated whether thirds of serum IPA concentrations would be related 
to other surrogates of serum insulin and plasma glucose metabolism (fasting and post-
challenge 1 h and 2 h glucose and insulin concentrations). As with DI, follow-up 1-h and 
2-h post-challenge glucose levels during an oral glucose tolerance test were associated 
with thirds of IPA in a 1-year study. Participants in the lowest third of serum IPA concen-
tration have lower 1-h and 2-h glucose levels during the 7-year follow-up compared with 
the second and third (p-value = 0.013, and p-value = 0.03, respectively), but no significant 
differences between those in the highest third vs. the rest (p-value < 0.10 for all compari-
sons). We were able to confirm, in all participants, an association between fiber intake and 
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IPA. People in the lowest third of fiber intake (13.5 ± 2.5 g/d) have a significantly lower 
serum concentration of IPA compared with those in either 2nd (p-value < 0.001) or 3rd (p-
value = 4 × 10−6) third of fiber intake (19.7 ± 1.5 g/d; 28.7 ± 5.3 g/d, respectively). There was 
no significant difference in IPA serum concentration between the 2nd and 3rd third of 
fiber intake (p-value = 0.49) (Figure 5). 

 
Figure 5. Serum IPA (ng/mL) by tertiles of fiber intake (g/d) at year 1 in the DPS. * Represents p-
value < 0.05 vs. 3rd. The bars represent the estimated marginal means, and the whiskers are confi-
dence intervals (95%). 

4. Indolepropionic Acid and Non-Alcoholic Fatty Liver Disease 
The gut-liver axis acts as an important bridge in the onset and progression of diverse 

liver disorders including NAFLD, non-alcoholic steatohepatitis (NASH), and hepatocel-
lular carcinoma [78]. The metabolic dysregulations leading to these hepatic alterations are 
closely linked to the pathogenesis of T2D and cardiovascular diseases [79]. Existing evi-
dence links gut-derived indole and indole derivatives to liver health and integrity [80]. As 
part of the ongoing Kuopio obesity surgery (KOBS, since 2005, ongoing > 500 obese par-
ticipants with liver biopsies) study that investigates especially nutrient-related metabo-
lites and their association with histologically characterized NAFLD and related metabolic 
diseases, such type 2 diabetes, we identified circulating levels of IPA to be associated with 
liver lobular inflammation and fibrosis in obese individuals (n = 233). We further reported, 
an association of IPA with 278 liver transcripts, that were found to be enriched in path-
ways involved in the regulation of hepatic stellate cell activation, the main mechanism 
triggering liver fibrosis. Moreover, we highlighted the capability of IPA to partially rescue 
this activated phenotype using transforming growth factor (TGF)-β1-activated LX-2 cells 
by directly affecting cell adhesion, cell migration, and mRNA expression of genes in-
volved in extracellular matrix formation and function [19]. In fact, we have also shown 
that serum IPA levels measured using non-targeted metabolomics in obese individuals 
awaiting bariatric surgery from KOBS were lower in ones who have fibrosis compared to 
ones without liver fibrosis. These findings had a significantly lower p-value if only indi-
viduals without T2D were considered for the analysis [19]. Additionally, the serum IPA 
level was associated with fasting plasma glucose. These results indicate that IPA and glu-
cose metabolism seems to be closely related, especially in the presence of obesity and 
NAFLD.  

Tryptophan, a substrate for IPA, is derived from dietary sources as are the phytoster-
ols. Both are known for their cholesterol-lowering effects [81]. For this narrative review, 
we explored the correlation between these phytosterols and IPA in KOBS individuals (n 
= 48). We found a direct correlation between IPA and phytosterols; sitosterol (r = 0.348, p-
value = 0.016) and campesterol (r = 0.359, p-value = 0.012). However, no correlation was 
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found between IPA and average serum total cholesterol or IPA and the above-mentioned 
phytosterols in the DPS. Overall, these findings suggest that IPA may also have a role in 
the dietary regulation of cholesterol metabolism. Because of the known link between cho-
lesterol metabolism and NAFLD [82], this may also contribute to the link between IPA 
and NAFLD.  

Previously, it has been shown circulating IPA level increase after bariatric surgery in 
individuals with T2D [33]. These results indicate an active involvement of gut microbiota 
not only in the pathogenesis of metabolic diseases but also in their recovery. Circulating 
serum metabolites in normal-weight, overweight, and obese Mexican American children 
were measured to identify novel biomarkers for childhood obesity-related traits. In this 
study, IPA levels were found to be significantly lower in overweight and obese children 
compared with normal-weight ones. Moreover, the IPA level was inversely correlated 
with BMI and waist circumference and directly with high-density lipoprotein-cholesterol 
[83]. This suggests that IPA is also related to obesity-related metabolic complications also 
in children. IPA and other tryptophan derivatives have also been found to be associated 
with cardiovascular events, a common co-morbidity in NAFLD, NASH, and T2D [84,85]. 
In a recent study, the fldAIBC gene cluster, responsible for IPA metabolism in humans, 
was found to be less abundant in patients with coronary artery disease (n = 60). In the 
same study, IPA was significantly associated with the risk of atherosclerosis, inde-
pendently of other risk factors [84]. Accordingly, in a targeted metabolomics study (n = 22 
control and n = 100 advanced atherosclerosis), plasma IPA concentration was significantly 
lower in atherosclerotic individuals when adjusting for traditional risk factors [85]. 

IPA is well known for its hydroxyl radical and lipid peroxide scavenging activity. 
Lefler et al. investigated the capacity of IPA to ameliorate liver damage following an is-
chemic event in rats [86]. They found that the pretreatment with IPA significantly reduced 
serum alanine aminotransferase, and aspartate aminotransferase during the reperfusion 
[86]. The hepatoprotective effects of IPA have also been reported in rodent studies focused 
on NAFLD and NASH and in vitro studies related to hepatocyte functioning [87,88]. Re-
search by Zhao et al. identified that the administration of IPA attenuated steatohepatitis 
in rats with a marked reduction in fibrotic and pro-inflammatory gene expression [87]. 
IPA treatment successfully restored pathways related to nutrient and energy metabolism 
in these animals suggesting the potential benefit of IPA on metabolic activity mediated 
through gut microbiota. The inflammation score and ballooning score along with liver 
transaminases were also found to be reduced after IPA treatment in the NASH group. 
Eight weeks of IPA treatment also inhibited lipopolysaccharide-induced protein phos-
phorylation of p65, IκBα, and IKKα/β along with mRNA levels of TNFα, IL-1β, IL-6, CCL2, 
CCR2, TGFβ, αSMA, CTGF, Col1α1, Col1α2, and Col3α1 in the livers of high fat diet-fed 
rats. These results highlight the therapeutic potential of IPA in the treatment of NASH 
with a specific effect on markers of liver inflammation and fibrosis [19,87]. Even though 
there are no studies that have examined the relationship between IPA and dietary fiber in 
the case of NAFLD, a link between fiber consumption, microbiota, and NAFLD already 
exists [89]. Based on this it would not be inaccurate to propose that gut-derived IPA which 
is associated with dietary fiber in humans might be relevant for the prevention and treat-
ment of NAFLD and NASH. 

The anti-inflammatory effect of IPA has been found in many studies. IPA was found 
to regulate low-grade inflammation by directly affecting mitochondrial oxidative stress 
activity and ameliorating cancer cell proliferation [43,90]. In high-fat diet-fed mice, the 
IPA level was reduced with marked changes in mRNA expression of genes involved in 
the AhR-Pemt signal axis [91]. However, these changes were observed only in non-antibi-
otic treated mice, signifying the role of gut microbiota in the production of IPA. Consist-
ently, mice fed with the high-cholesterol diet for 14 months had a lower circulating IPA 
level compared with mice on the control diet [92]. Additionally, it was found that treat-
ment of animals on high-cholesterol diet with atorvastatin potentially improved NASH 
severity and restored NASH-linked gut microbiota dysbiosis. These changes in turn also 
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significantly elevated the serum IPA levels, reestablishing the strong link between gut 
microbiota, liver diseases, and IPA. Same researchers also found that IPA treatment to 
human immortalized hepatocyte cells could lower the cholesterol-induced lipid accumu-
lation in these cells and could potentially reduce cell proliferation in NASH-hepatocellular 
carcinoma cell lines [92]. These findings suggest that there is a close link between IPA and 
cholesterol metabolism. However, if increased cholesterol lowers IPA or if IPA changes 
cholesterol metabolism remains an open question for further investigation. Even in germ-
free mice, the IPA level was reduced and this was directly correlated with the increased 
risk of liver steatohepatitis and tumorigenesis [92]. It has also been proposed that IPA 
deficiency in germ-free mice might lead to increased susceptibility of hepatocytes to oxi-
dative stress and cell death [93].  

Pesticide-induced hepatorenal toxicity in rats was found to be rescued after 14 days 
of treatment with IPA [94]. IPA was able to significantly restore hepatorenal activity, DNA 
damage, apoptotic response, antioxidant/pro-oxidant, and pro-inflammatory/anti-inflam-
matory balance along with hepatorenal histological changes [94,95]. Serum hepatic trans-
aminases were also found to be reduced in the IPA-treated rats in a dose-dependent man-
ner, pointing towards IPA’s potential as a hepatoprotective molecule [94]. Ren et al. per-
formed serum and liver metabolomics of dimethylnitrosamine-induced spontaneous 
hepatocellular carcinoma mice and reported serum IPA levels to be the most strongly as-
sociated with the progression of hepatocellular carcinoma [96]. Additionally, IPA might 
be protective against indoxyl sulfate-induced tubular damage in the kidneys by reducing 
the expression of fibrotic and inflammatory genes [97]. Many studies have highlighted the 
beneficial effect of IPA on the liver (Figure 6), however, the mechanism underlying the 
diverse effects of IPA has not been studied. 

 
Figure 6. Overview of beneficial effects of IPA on intestinal dynamics and NAFLD. IPA can serve 
as a ligand for AhR and PXR in the intestinal epithelial cells leading to enhanced epithelial integrity 
and immune response (via TLR4), respectively. IPA can gain access to the liver directly via the he-
patic portal vein and has been shown to be actively involved in liver inflammation, fibrosis, mito-
chondrial function, and apoptosis. 
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5. Conclusions 
Currently, we can surely conclude that the discovery of the link between gut micro-

biota and gut-derived metabolites, and in particular IPA, has opened new approaches re-
garding prevention and treatment options of T2D, metabolic syndrome, and NAFLD. The 
biological effects of IPA have not only provided new therapeutic options but have in-
creased the knowledge to understand the complex alliance between diet, gut microbiota, 
and the risk of cardio-metabolic disorders. Many interactions of IPA with various biolog-
ical processes have already provided new data on the beneficial effects of IPA on intestinal 
integrity, neuronal function, oxidative stress, lipid metabolism, glucose metabolism inclu-
sive insulin secretion, inflammation, liver injury, and cellular damage. More specifically, 
a strong relationship between IPA and T2D and NAFLD paves the way for strategies for 
developing IPA as potential preventive and treatment options for these disorders. In par-
ticular, the role of dietary fiber in the prevention of metabolic diseases is important to be 
addressed seriously. These results demand future research projects focusing on a deep 
understanding of the mechanisms of action of IPA specifically in cardio-metabolic disor-
ders, yet not forgetting the important role of diet in the prevention of these diseases. 
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Keinänen-Kiukaanniemi, S.; Laakso, M.; et al. Association of the Pro12Ala Polymorphism in the PPAR-Γ2 Gene With 3-Year 
Incidence of Type 2 Diabetes and Body Weight Change in the Finnish Diabetes Prevention Study. Diabetes 2002, 51, 2581–2586. 
https://doi.org/10.2337/diabetes.51.8.2581. 

75. Lindström, J.; Peltonen, M.; Eriksson, J.G.; Ilanne-Parikka, P.; Aunola, S.; Keinänen-Kiukaanniemi, S.; Uusitupa, M.; Tuomilehto, 
J.; for the Finnish Diabetes Prevention Study, (DPS) Improved Lifestyle and Decreased Diabetes Risk over 13 Years: Long-Term 



Nutrients 2022, 14, 4695 18 of 19 
 

 

Follow-up of the Randomised Finnish Diabetes Prevention Study (DPS). Diabetologia 2013, 56, 284–293. 
https://doi.org/10.1007/s00125-012-2752-5. 

76. Stančáková, A.; Javorský, M.; Kuulasmaa, T.; Haffner, S.M.; Kuusisto, J.; Laakso, M. Changes in Insulin Sensitivity and Insulin 
Release in Relation to Glycemia and Glucose Tolerance in 6,414 Finnish Men. Diabetes 2009, 58, 1212–1221. 
https://doi.org/10.2337/db08-1607. 

77. Morris, A.P.; Voight, B.F.; Teslovich, T.M.; Ferreira, T.; Segrè, A.V.; Steinthorsdottir, V.; Strawbridge, R.J.; Khan, H.; Grallert, H.; 
Mahajan, A.; et al. Large-Scale Association Analysis Provides Insights into the Genetic Architecture and Pathophysiology of 
Type 2 Diabetes. Nat. Genet. 2012, 44, 981–990. https://doi.org/10.1038/ng.2383. 

78. Pan, X.; Wen, S.W.; Kaminga, A.C.; Liu, A. Gut Metabolites and Inflammation Factors in Non-Alcoholic Fatty Liver Disease: A 
Systematic Review and Meta-Analysis. Sci. Rep. 2020, 10, 8848. https://doi.org/10.1038/s41598-020-65051-8. 

79. Deprince, A.; Haas, J.T.; Staels, B. Dysregulated Lipid Metabolism Links NAFLD to Cardiovascular Disease. Mol. Metab. 2020, 
42, 101092. https://doi.org/10.1016/j.molmet.2020.101092. 

80. Hendrikx, T.; Schnabl, B. Indoles: Metabolites Produced by Intestinal Bacteria Capable of Controlling Liver Disease 
Manifestation. J. Intern. Med. 2019, 286, 32–40. https://doi.org/10.1111/joim.12892. 

81. Frasinariu, O.; Serban, R.; Trandafir, L.M.; Miron, I.; Starcea, M.; Vasiliu, I.; Alisi, A.; Temneanu, O.R. The Role of Phytosterols 
in Nonalcoholic Fatty Liver Disease. Nutrients 2022, 14, 2187. https://doi.org/10.3390/nu14112187. 

82. Simonen, M.; Männistö, V.; Leppänen, J.; Kaminska, D.; Kärjä, V.; Venesmaa, S.; Käkelä, P.; Kuusisto, J.; Gylling, H.; Laakso, M.; 
et al. Desmosterol in Human Nonalcoholic Steatohepatitis. Hepatology 2013, 58, 976–982. https://doi.org/10.1002/hep.26342. 

83. Farook, V.S.; Reddivari, L.; Chittoor, G.; Puppala, S.; Arya, R.; Fowler, S.P.; Hunt, K.J.; Curran, J.E.; Comuzzie, A.G.; Lehman, 
D.M.; et al. Metabolites as Novel Biomarkers for Childhood Obesity-Related Traits in Mexican-American Children. Pediatr. Obes. 
2015, 10, 320–327. https://doi.org/10.1111/ijpo.270. 

84. Xue, H.; Chen, X.; Yu, C.; Deng, Y.; Zhang, Y.; Chen, S.; Chen, X.; Chen, K.; Yang, Y.; Ling, W. Gut Microbially Produced Indole-
3-Propionic Acid Inhibits Atherosclerosis by Promoting Reverse Cholesterol Transport and Its Deficiency Is Causally Related 
to Atherosclerotic Cardiovascular Disease. Circ. Res. 2022, 131, 404–420. https://doi.org/10.1161/CIRCRESAHA.122.321253. 

85. Cason, C.A.; Dolan, K.T.; Sharma, G.; Tao, M.; Kulkarni, R.; Helenowski, I.B.; Doane, B.M.; Avram, M.J.; McDermott, M.M.; 
Chang, E.B.; et al. Plasma Microbiome-Modulated Indole- and Phenyl-Derived Metabolites Associate with Advanced 
Atherosclerosis and Postoperative Outcomes. J. Vasc. Surg. 2018, 68, 1552–1562. https://doi.org/10.1016/j.jvs.2017.09.029. 

86. Lefler, S.R.; St Peter, S.D.; Rodriguez-Davalos, M.I.; Perumean, J.C.; Spence, N.A.; Moss, A.A.; Mulligan, D.C. Amelioration of 
Hepatic Ischemia/Reperfusion Injury Using Indolepropionic Acid. Transplant. Proc. 2002, 34, 3065–3066. 
https://doi.org/10.1016/s0041-1345(02)03616-3. 

87. Zhao, Z.-H.; Xin, F.-Z.; Xue, Y.; Hu, Z.; Han, Y.; Ma, F.; Zhou, D.; Liu, X.-L.; Cui, A.; Liu, Z.; et al. Indole-3-Propionic Acid 
Inhibits Gut Dysbiosis and Endotoxin Leakage to Attenuate Steatohepatitis in Rats. Exp. Mol. Med. 2019, 51, 1–14. 
https://doi.org/10.1038/s12276-019-0304-5. 

88. Karbownik, M.; Reiter, R.J.; Garcia, J.J.; Cabrera, J.; Burkhardt, S.; Osuna, C.; Lewiński, A. Indole-3-Propionic Acid, a Melatonin-
Related Molecule, Protects Hepatic Microsomal Membranes from Iron-Induced Oxidative Damage: Relevance to Cancer 
Reduction. J. Cell. Biochem. 2001, 81, 507–513. 

89.  de Oca, A.P.M.; Julián, M.T.; Ramos, A.; Puig-Domingo, M.; Alonso, N. Microbiota, Fiber, and NAFLD: Is There Any 
Connection? Nutrients 2020, 12, 3100. 

90. Sári, Z.; Mikó, E.; Kovács, T.; Jankó, L.; Csonka, T.; Lente, G.; Sebő, É.; Tóth, J.; Tóth, D.; Árkosy, P.; et al. Indolepropionic Acid, 
a Metabolite of the Microbiome, Has Cytostatic Properties in Breast Cancer by Activating AHR and PXR Receptors and Inducing 
Oxidative Stress. Cancers 2020, 12, 2411. 

91. Liu, D.; Wang, J.; Zeng, H.; Zhou, F.; Wen, B.; Zhang, X.; Luo, Y.; Wu, W.; Huang, J.; Liu, Z. The Metabolic Regulation of Fuzhuan 
Brick Tea in High-Fat Diet-Induced Obese Mice and the Potential Contribution of Gut Microbiota. Food Funct. 2022, 13, 356–374. 
https://doi.org/10.1039/D1FO02181H. 

92. Zhang, X.; Coker, O.O.; Chu, E.S.H.; Fu, K.; Lau, H.C.H.; Wang, Y.-X.; Chan, A.W.H.; Wei, H.; Yang, X.; Sung, J.J.Y.; et al. Dietary 
Cholesterol Drives Fatty Liver-Associated Liver Cancer by Modulating Gut Microbiota and Metabolites. Gut 2021, 70, 761. 
https://doi.org/10.1136/gutjnl-2019-319664. 

93. Mazagova, M.; Wang, L.; Anfora, A.T.; Wissmueller, M.; Lesley, S.A.; Miyamoto, Y.; Eckmann, L.; Dhungana, S.; Pathmasiri, 
W.; Sumner, S.; et al. Commensal Microbiota Is Hepatoprotective and Prevents Liver Fibrosis in Mice. FASEB J. 2015, 29, 1043–
1055. https://doi.org/10.1096/fj.14-259515. 

94. Owumi, S.E.; Najophe, E.S.; Otunla, M.T. 3-Indolepropionic Acid Prevented Chlorpyrifos-Induced Hepatorenal Toxicities in 
Rats by Improving Anti-Inflammatory, Antioxidant, and pro-Apoptotic Responses and Abating DNA Damage. Environ. Sci. 
Pollut. Res. Int. 2022, 29, 74377–74393. https://doi.org/10.1007/s11356-022-21075-3. 

95. Owumi, S.E.; Otunla, M.T.; Arunsi, U.O.; Najophe, E.S. 3-Indolepropionic Acid Upturned Male Reproductive Function by 
Reducing Oxido-Inflammatory Responses and Apoptosis along the Hypothalamic-Pituitary-Gonadal Axis of Adult Rats 
Exposed to Chlorpyrifos. Toxicology 2021, 463, 152996. https://doi.org/10.1016/j.tox.2021.152996. 

96. Ren, Z.; Chen, X.; Hong, L.; Zhao, X.; Cui, G.; Li, A.; Liu, Y.; Zhou, L.; Sun, R.; Shen, S.; et al. Nanoparticle Conjugation of 
Ginsenoside Rg3 Inhibits Hepatocellular Carcinoma Development and Metastasis. Small 2020, 16, e1905233. 
https://doi.org/10.1002/smll.201905233. 



Nutrients 2022, 14, 4695 19 of 19 
 

 

97. Yisireyili, M.; Takeshita, K.; Saito, S.; Murohara, T.; Niwa, T. Indole-3-Propionic Acid Suppresses Indoxyl Sulfate-Induced 
Expression of Fibrotic and Inflammatory Genes in Proximal Tubular Cells. Nagoya J. Med. Sci. 2017, 79, 477–486. 
https://doi.org/10.18999/nagjms.79.4.477. 


