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Abstract
Introduction  Ursodeoxycholic acid (UDCA) is an intestinal bacterial metabolite with hepatoprotective effects. However, 
molecular mechanisms underlying its effects remain unclear.
Objectives  The aim of this study was to investigate the mechanisms underlying the therapeutic effects of UDCA by using 
global metabolomics analyses in healthy subjects.
Methods  Healthy Korean men were administered UDCA at dosage of 400, 800, or 1200 mg daily for 2 weeks. Serum sam-
ples were collected and used for liver function tests and to determine miR-122 expression levels. Urinary and plasma global 
metabolomics analyses were conducted using a liquid chromatography system coupled with quadrupole-time-of-flight mass 
spectrometry (LC/QTOFMS) and gas chromatography-TOFMS (GC/TOFMS). Unsupervised multivariate analysis (principal 
component analysis) was performed to identify discriminative markers before and after treatment.
Results  Alanine transaminase score and serum miR-122 levels decreased significantly after 2 weeks of treatment. Through 
LC- and GC-based metabolomic profiling, we identified 40 differential metabolites in plasma and urine samples.
Conclusions  Regulation of liver function scores and metabolic alternations highlight the potential hepatoprotective action 
of UDCA, which were primarily associated with amino acid, flavonoid, and fatty acid metabolism in healthy men.

Keywords  Ursodeoxycholic acid · Global metabolomics · Hepatoprotective effect · Amino acid · Flavonoid · Fatty acid

1  Introduction

Ursodeoxycholic acid (UDCA) is a steroid bile acid exten-
sively used to treat cholesterol gallstones and primary biliary 
cirrhosis (PBC). UDCA is clinically predicted to improve 
biochemical parameters via its therapeutic effects, but its 
therapeutic efficacy remains still controversial (Beuers et al. 
2015; Fiorucci et al. 2018). Numerous mechanistic studies 
have been conducted on UDCA; however, they have not 
yielded convincing evidence regarding UDCA-mediated 

hepatoprotection. For instance, the replacement of poten-
tially toxic hydrophobic endogenous bile acids is theo-
retically considered the most popular therapeutic strategy 
(Roma et al. 2011; Sanchez-Garcia et al. 2018). Mecha-
nisms underlying the inhibition of hepatocellular apoptosis 
have also been evaluated at the cellular level (Roma et al. 
2011; Beuers et al. 2015; Kawata et al. 2010). Moreover, the 
antagonistic effects of farnesoid X receptor (FXR) regulate 
cholesterol synthesis in morbid obesity (Mueller et al. 2015). 
However, some researchers believed that cholic acid (CA) 
and chenodeoxycholic acid (CDCA) bind more strongly with 
the FXR than UDCA (Beuers et al. 2015). Given the state of 
the existing background knowledge, it is necessary to inves-
tigate further detailed therapeutic mechanisms of UDCA for 
its effective usage.

Global metabolomics—the profiling of metabolites in 
biofluids, cells, and tissues—has become a routine technique 
for diagnosing disease and monitoring progression. The 
identification of numerous biomarkers has furthered current 
understanding of metabolite systems-level effects, thereby 
providing novel insights into the underlying mechanisms 
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for various physiological conditions and aberrant pro-
cesses, including diseases (Johnson et al. 2016). Despite 
the widespread use of metabolomics in clinical research, 
limited information is available regarding the application of 
metabolomics to study the hepatoprotective effects of bile 
acids. Bile acid profiling is frequently used to investigate 
their pathophysiological effects on the progression of such 
diseases as Alzheimer’s disease (Pan et al. 2017), inflam-
matory bowel disease (Jahnel et al. 2014), and primary bil-
iary cirrhosis (PBC) (Wunsch et al. 2014). Nevertheless, 
improvement of liver enzyme function, including aspar-
tate transaminase (AST), alanine transaminase (ALT), and 
alkaline phosphatase (ALP), is a desired effect of UDCA 
against liver diseases (Beuers et al. 2015; Dufour et al. 2006; 
Kawata et al. 2010; Leuschner et al. 2010). However, studies 
of changes in endogenous metabolites and their metabolism 
upon UDCA administration are lacking in humans, thereby 
making it difficult to determine the therapeutic mechanisms 
of UDCA.

In the present study, we examined the dose-dependent 
therapeutic effect of UDCA in a dose-dependent manner and 
performed metabolomic profiling related to its therapeutic 
effects in healthy Korean male subjects. To conduct global 
metabolomics profiling, a liquid chromatography system 
coupled with quadrupole-time-of-flight mass spectrometry 
(LC/QTOFMS) and a gas chromatography-TOFMS (GC/
TOFMS) system were used. For better differentiation of 
metabolites before and after treatment with UDCA, multi-
variate principal component analysis (PCA) was used. Using 
such new high-throughput technology, this study aimed to 
elucidate modulated endogenous metabolites potentially 
associated with UDCA-mediated hepatoprotection in healthy 
men.

2 � Materials and methods

2.1 � Clinical study and subjects

The participants in the present study were originally 
enrolled in a clinical trial to investigate the safety, toler-
ability, and pharmacokinetics of UDCA and tauro-UDCA 
in healthy male volunteers (clinicaltrials.gov identifier: 
NCT02622685). The samples analyzed herein were obtained 
from participants administered 400, 800, or 1200 mg UDCA 
per day for 2 weeks (URSA®, Daewoong Pharmaceutical 
Co., Ltd.) during this clinical trial. Each group was randomly 
assigned eight enrolled subjects. The study protocol was 
reviewed and approved by the Institutional Review Board of 
Seoul National University Hospital, Seoul, Korea (H-1503-
134-660). This study was performed in accordance with the 
Declaration of Helsinki and Korean Good Clinical Practice. 

All subjects provided written informed consent prior to their 
participation in the study.

2.2 � Sample collection

Blood samples were collected in EDTA-coated vials prior 
to initial UDCA administration and 24 h after the 14-day 
multiple UDCA administration treatment course for metabo-
lomic analysis and to determine the miRNA, AST, and ALT 
levels. Urine samples were collected over two 24 h periods, 
the first starting 24 h prior to first administration and the 
second starting immediately after the final administration 
of the 14-day treatment course. Plasma was separated via 
centrifugation (4 °C, 3000 rpm, and 10 min) and stored at 
− 70 °C until analysis. For miRNA analysis, blood sam-
ples were collected in serum-separating tubes, centrifuged 
(25 °C, 2400 rpm, and 10 min), and stored at − 20 °C until 
analysis. Urine samples were stored at 4 °C after collection. 
At 24 h after collection, 10 mL sample aliquots was trans-
ferred to Falcon tubes for storage at − 70 °C until analysis.

2.3 � LC/QTOFMS analysis

Briefly, frozen samples were diluted with either an 
acetonitrile:methanol:water (3:3:4) mixture (HPLC-grade, 
Millipore, Bedford, Massachusetts, USA) for plasma or 
10% methanol for urine samples. Each sample (5 μL) was 
loaded onto an ACQUITY UPLC BEH C18 (1.7 μm, 2. 
1 mm × 100 mm; Waters Corp., Milford, MA, USA) col-
umn and was analyzed using an Agilent 6530 QTOF mass 
spectrometer (Agilent Technologies). Detailed experimen-
tal procedure is described in our previous study (Kim et al. 
2018). The level of Metabolomics Standard Initiative (MSI) 
and compound ID number are reported in supplementary 
materials.

2.4 � GC/TOFMS analysis

Frozen samples were thawed at 4 °C and 50 µL of each sam-
ple was diluted with 1 mL of acetonitrile:isopropanol:water 
(3:3:2) mixture. Mixed samples were vortexed for 5 min 
and centrifuged at 18,341×g for 5 min at 4 °C. Thereafter, 
400 µL of supernatant was evaporated to complete dryness 
at room temperature and reconstituted to 400 µL with 50% 
acetonitrile. Centrifugation was then repeated for 5 min at 
18,341×g at 4 °C. The supernatant was then evaporated 
and the residue was reconstituted with 10 µL of methoxy-
amine dissolved in pyridine and maintained at 30 °C for 
90 min under shaking. After cooling the samples to room 
temperature, 90 μL of mixture of MSTFA (N-Methyl-N-
(trimethylsilyl) trifluoroacetamide) and FAME (fatty acid 
methyl esters) was added to each experimental sample and 
the pooled QC samples. The samples were incubated at 
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70 °C for 45 min under shaking, and then transferred to 
autosampler vials with glass inserts. Aliquots (1 µL) were 
then injected in splitless mode into an Agilent 7890A gas 
chromatograph coupled with a Pegasus HT time-of-flight 
mass spectrometer (Leco Corporation, St. Joseph, MI). 
Separation was achieved on a DB-5 ms capillary column 
(30 m × 250 µm i.d., 0.25 µm film thickness; (5%-phenyl)-
methylpolysiloxane bonded and cross-linked; Agilent J&W 
Scientific, Folsom, CA, USA), with helium as the carrier 
gas at a constant flow rate of 1.5 mL/min. Oven temperature 
was initially set to 50 °C for 0.5 min and ramped to 330 °C 
at a constant rate of 20 °C/min up to 20 min. The intensity 
of each ion was normalized to the total sum of all detected 
metabolites using ChromaTof software, and then aligned 
according to retention time (v4.61 Leco Corporation, St. 
Joseph, MI). Candidates extracted from multivariate analysis 
(refer to Sect. 2.7) were selected for using similarity, reserve, 
and probability values (above 700, 800, and 3000, respec-
tively). Thereafter, the data set was matched with existing 
metabolite in libraries. The levels of MSI and compound ID 
are listed in supplementary materials.

2.5 � Multivariate analysis and pathway analysis

Multivariate analysis and pathway analysis were conducted 
using Metaboanalyst 4.0. Normalized data sets were entered 
and principal components analysis (PCA) was performed 
to examine differentiation in overall metabolite profiles 
between groups. Metabolic candidates were selected through 
the univariate analysis with the FDR-adjusted p value 
< 0.05. Pathway-associated metabolites were selected from 
an existing metabolite library and pathways with a Holm-
corrected p value and an FDR-adjusted p value < 0.05 were 
considered potential pathways mediated by UDCA.

2.6 � miRNA quantification

Total RNA was extracted to quantify the serum miRNA lev-
els using a miRNeasy Mini kit (Qiagen, Hilden, Germany) in 
accordance with the manufacturer’s instructions. A detailed 
protocol was reported previously (Kim et al. 2018).

2.7 � Statistical analysis

Statistical analysis of serum parameters was performed using 
GraphPad Prism version 7 (GraphPad Software Inc., La 
Jolla, CA, USA). To compare paired samples, non-paramet-
ric equivalent Wilcoxon signed-ranks tests were performed. 
P values < 0.05 were considered to indicate statistically sig-
nificant findings.

3 � Results

3.1 � Biomarkers for liver function

To assess the hepatoprotective effect of drugs, we analyzed 
serum parameters in healthy subjects administered one of 
three different doses of UDCA (400, 800, and 1200 mg) 
for 2 weeks. As shown in Fig. 1a, ALT scores decreased 
following UDCA administration even in patients receiv-
ing low doses (400 mg). AST scores were also reduced 
in patients receiving 400 and 800 mg UDCA. However, 
no statistically significant change was observed for the 
1200 mg group (Fig. 1b). We further evaluated circulat-
ing miR-122 levels, a potential biomarker of liver dis-
ease (Bandiera et al. 2015). All three dosages of UDCA 
resulted in well controlled serum miR-122 levels (Fig. 1c). 
These results indicate that UDCA administration resulted 
in diminished levels of the liver dysfunction biomarkers 
ALT, AST, and miR-122.

3.2 � Metabolomic profiling via combined LC/
QTOFMS and GC/TOFMS analyses

To assess systemic variations in small-molecule metabo-
lites after drug treatment, we conducted a global metabo-
lomics analysis using urine and plasma samples obtained 
before and after treatment with UDCA. Multivariate analy-
sis was also performed to identify modulated metabolites 
in patients treated with 400 and 800 mg doses, but no 
models with acceptable predictability could be generated 
(data not shown). As such, we have instead provided the 
relative intensities of metabolites that were consistently 
modulated post-treatment in the 400 and/or 800 mg treat-
ment groups (Fig. S1).

The results of the PCA score plots revealed different 
metabolomic signatures before and after treatment with 
1200 mg UDCA (Fig. 2). Data for Fig. 2a, b were obtained 
from urine samples and those for Fig. 2c, d were from 
plasma samples. The PCA score plots in Fig. 2a, c were 
obtained by LC/QTOFMS and indicated different metabo-
lome signatures upon UDCA treatment, with the overall 
accuracy of 22.9% and 25.5%, respectively. Figure 2b, d 
were obtained by GC/TOFMS, with the overall accuracy 
of 37.8% and 38.3%, respectively.

All the metabolites fulfilled the criteria for univariate 
analysis, < 0.05 of FDR-adjusted P value. Based on the 
criteria, 28 metabolites via LC/QTOFMS and 12 metabo-
lites via GC/TOFMS were finally selected as potentially 
modulated by UDCA administration (Table S2, S3). As 
shown in Figs. 3 and 4, the spaghetti plots represent the 
relative intensity values of identified metabolites in urine 
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and plasma, respectively. Interestingly, we observed sev-
eral flavonoid compounds such as fertaric acid, ferulic 
acid-sulfate, and vanillin, which were elevated in urine 
samples (Fig. 3 and Table S1, S2). Further, phenylalanine 
metabolites such as phenylalanyl-alanine and polypheny-
lalanine were also reduced after treatment. Upon urine 
sample analysis, the levels of certain amino acids such as 
l-threonine, alanine, fumaric acid, lysine, and histidine 
were reduced after UDCA treatment (Fig. 3). Similar pat-
terns of metabolite alterations were observed in plasma 
samples, with a phenylalanine containing metabolite, 
glutamyl-phenylalanine, being decreased and the hydroxy-
cinnamic acid containing metabolites p-hydroxyphenethyl 
trans-ferulate, cholesteryl ferulate, and cinnamyl alcohol 
presenting elevated levels (Fig. 4). Moreover, the levels of 
some fatty acids were decreased following UDCA admin-
istration, including lysophosphatidylcholine (lyso-PC), 
and phosphoethanolamine (PE). Linoleic acid, however, 
was the only fatty acid induced by UDCA at the plasma 
level (Fig. 4). Using GC/TOFMS analysis, glutamine and 
d-fructose were determined as metabolomics markers. 
Threonine levels were lower in plasma samples than in 
urine samples. Together, our data indicate that UDCA 
alters amino acid and fatty acid levels and increases lev-
els of phenol-containing compounds in biological fluids.

3.3 � Pathway analysis of metabolite profiling data

To measure the centrality of a metabolite in a metabolic 
network, we performed pathway topological analysis using 
Metaboanalyst 4.0. All metabolites having Holm corrected 
and FDR adjusted p values < 0.05 were assessed for path-
way analysis. As shown in Fig. 5 and Table S3, the candi-
date pathways with an FDR-adjusted p-value < 0.05 were 
(1) alanine, aspartate, and glutamate metabolism and (2) 
aminoacyl-tRNA biosynthesis. In addition, phenylalanine 
metabolism and tyrosine and histidine metabolism in the tri-
carboxylic acid (TCA) cycle also displayed p values < 0.05 
but did not reach statistical significance upon FDR adjust-
ment. Detailed statistical analysis is reported in Table S3. 
Further, we proposed a network analysis with visualization, 
as shown in Fig. 6. Web-based data from KEGG and HMDB 
were used for mapping. In conclusion, four major pathways 
were altered upon drug treatment: (1) amino acid metabo-
lism, (2) flavonoid metabolism, (3) fatty acid metabolism 
and (4) the TCA cycle.

4 � Discussion

In this study, we used global metabolomic approaches to 
assess hepatoprotection in healthy male subjects. Subjects 
were treated with high (1200 mg), intermediate (800 mg), or 
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low (400 mg) doses of UDCA for 2 weeks, thereby reducing 
levels of the liver dysfunction biomarkers ALT, AST, and 
miR-122, even at low doses. Global metabolomics analyses 
using LC/QTOFMS and GC/TOFMS revealed metabolic 
signatures including amino acid, flavonoid, and fatty acid 
metabolism.

UDCA has long been used to treat PBC and non-alco-
holic steatohepatitis (NASH), as it decreases liver biochem-
ical levels, including alkaline phosphatase and gamma-
glutamyltransferase (GGT), and delays the need for liver 

transplantation (Haedrich and Dufour 2011; Nevens et al. 
2016). Changes in hydrophobic bile acid levels due to 
increased bile flow have been widely reported as a thera-
peutic effect of UDCA (Bachrach and Hofmann 1982; Roma 
et al. 2011). Accordingly, our previous study reported that 
2 months of UDCA treatment significantly reduced the 
level of deoxycholic acid, one of the hydrophobic bile 
acids, in patients with liver dysfunction (Kim et al. 2018). 
Numerous studies have attempted to investigate the mecha-
nisms underlying the beneficial effects of UDCA in liver 

Fig. 2   Score plot of PCA before and after UDCA treatment. Each 
score plot represents data obtained from a urine sample by LC/
QTOFMS, b urine sample by GC/TOFMS, c plasma sample by LC/

QTOFMS, and d plasma sample by GC/TOFMS. Pre-treatment sam-
ples are lined in blue and post-treatment samples are lined in red
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Fig. 5   Analysis of metabolic 
pathways influenced by UDCA. 
A summary of pathway analysis 
representing the effect of identi-
fied metabolites on indicated 
pathways. The Y-axis represents 
the effect of the pathway and the 
X-axis presents a log scale of p 
values. Metabolic pathways dis-
playing statistical significance 
(FDR-adjusted p value < 0.001) 
were alanine, aspartate, and 
glutamate metabolism and 
aminoacyl-tRNA biosynthesis

Fig. 6   A schematic representation of proposed pharmacological 
mechanisms of UDCA. Metabolomic profiling of urine and plasma 
samples revealed that UDCA regulates levels of amino acids such 
as phenylalanine, glutamine, arginine, alanine, histidine, lysine, 
and threonine, as well as metabolites including fumarate and succi-
nate. Levels of phenolic compounds such as p-coumaric acid, caffeic 

acid, ferulic acid, and vanillin acid were also elevated. In addition, 
the effect on fatty acid metabolism (phosphoethanolamine, lysophos-
phatidylcholine, monoacylglycerides, and diacylglycerides) is also 
shown. Metabolites elevated after UDCA treatment are indicated in 
red, while those decreased after UDCA treatment are indicated in 
blue
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dysfunction. Experimental evidence suggests three major 
mechanisms of action of UDCA: cholangiocyte protection 
against cytotoxicity of hydrophobic bile acids, stimulation 
of hepatobiliary secretion, and hepatocyte protection against 
bile acid-induced apoptosis. One or all of these mechanisms 
may occur in individual cholestatic disorders and/or different 
stages of cholestatic liver disease (Paumgartner and Beuers 
2002).

In the present study, UDCA treatment effectively reduced 
the ALT/AST score even upon short-term administration, 
which was anticipated to a certain degree based on previous 
studies (Leuschner et al. 2010; Beuers et al. 2015; Parikh 
et al. 2016; Dufour et al. 2006). However, the scores were 
below the upper limits of normal ALT and AST values since 
this clinical trial was conducted in healthy men. However, 
miR-122 levels did not encounter this limitation. miR-122 
is the most prevalent miRNA in the adult liver, accounting 
for approximately 70% of the total liver miRNA population 
(Bandiera et al. 2015). It regulates liver-enriched transcrip-
tion factors, including hepatocyte nuclear factor-4 α and p53 
(Mukherjee et al. 2010; Vincent and Sanyal 2014), thereby 
maintaining an appropriate balance between hepatocyte 
proliferation and differentiation. miR-122 is reportedly up-
regulated in patients with hepatitis C and NAFLD (Bandi-
era et al. 2015). In our previous study, miR-122 was also 
used as an early biomarker of drug-induced liver injury (Lee 
et al. 2017). UDCA significantly decreased miR-122 levels, 
thereby conclusively indicating its hepatoprotective effect. 
Recently, we demonstrated the systemic downregulation of 
miR-122 levels by 8 weeks of UDCA (400 mg, twice daily) 
and vitamin E (400 IU, twice daily) in obese patients with 
liver dysfunction (Kim et al. 2018). However, it is interest-
ing here that even short-term administration of a low UDCA 
dosage was sufficient to modulate miR-122 expression levels 
and liver function scores. This may indicate that lower doses 
of UDCA may be more effective for ameliorating or pre-
venting liver dysfunction at pre-PBC stages with no adverse 
effects.

Global metabolomics analysis using LC/QTOFMS and 
GC/TOFMS enabled the evaluation of the mechanisms of 
action of UDCA. Among the new findings obtained herein, 
most of the identified metabolites categorized as amino acids 
were decreased upon UDCA treatment. In particular, urine 
and plasma levels of phenylalanine metabolites, includ-
ing alanine and phenylalanine, were strongly regulated by 
UDCA. Amino acids are metabolized to provide energy or 
used to synthesize other bioactive molecules. In particular, 
aromatic amino acids are primarily metabolized in the liver 
(Rui 2014; Kamata et al. 1995). Increased plasma levels of 
these metabolites suggest an increase in the degradation of 
muscle proteins and decreased metabolism of these amino 
acids in the liver (Kamata et al. 1995). This implies that 
high concentrations of amino acids result in hepatotoxicity. 

Systemic phenylalanine and aminotransaminase levels are 
positively correlated with age (Jung et al. 2014). A recent 
in vivo study reported that FXR activation via the admin-
istration of obeticholic acid as part of high-protein diets 
enhanced hepatic amino acid catabolism via the regulation 
of amino acid-degrading enzymes (Massafra et al. 2017). 
Nevertheless, blunted FXR activity downregulated these 
enzymes and appeared to reduce phenylalanine, alanine, and 
glutamine levels. As reported previously, it is possible that 
the regulation of amino acids might be influenced by FXR 
activation. However, to ascertain whether FXR directly regu-
lates amino acid catabolism or biosynthesis, further stud-
ies involving liver and/or intestinal-specific FXR deletion 
models are required.

Another possible contributor to amino acid levels is the 
transport of bile acid through the solute carrier (SLC) family 
of transport proteins during enterohepatic recirculation. The 
SLC gene superfamily encodes membrane-bound transport-
ers which play a crucial role in passive transport, symport, 
and antiport with substrates including amino acids, inor-
ganic cations, and anions. Solute carrier family 10 (SLC10) 
comprises two sodium-dependent bile acid transporters: 
the Na+/taurocholate cotransporting polypeptide (NTCP; 
SLC10A1) and the apical sodium-dependent bile acid trans-
porter (ASBT; SLC10A2), located in the liver and small 
intestine, respectively (Balakrishnan and Polli 2006; Geyer 
et al. 2006). SLC36 enables the transport of proton-coupled 
amino acids and SLC43 represents the sodium-independent 
system-l-like amino acid (He et al. 2009). The most com-
mon feature shared by these transporters is that they rely on 
a sodium gradient to actively penetrate cells (Geyer et al. 
2006). Therefore, sodium gradient-dependent bile flow may 
counteract the reabsorption of amino acids into the systemic 
circulation.

Elevated levels of phosphatidylcholine (PC), lyso-PC, 
phosphoethanolamine (PE), and sphingomyelins (SM) 
were previously reported as biomarkers of liver diseases 
including non-alcoholic fatty liver disease (NAFLD) (Ma 
et al. 2016; Chang et al. 2017; Li et al. 2005; Kalhan et al. 
2011). In particular, PC accounts for ~ 95% of choline-con-
taining compounds and is secreted into the plasma along 
with lipoproteins. These phospholipid classes are asso-
ciated with inflammation and cellular apoptosis (Li et al. 
2005; Kalhan et al. 2011). In the present study, plasma 
PC, lyso-PC, and PE levels decreased significantly after 
treatment with UDCA. This may be clinically acceptable 
because its therapeutic implications have been reported in 
patients with mutations in canalicular transporters including 
ATP8B1, ABCB11, and ABCB4 (Stapelbroek et al. 2010). 
Canalicular transporters are the major route for phospho-
lipids and UDCA has been proven to propagate their flux, 
thereby decreasing systemic phospholipid levels (Stapel-
broek et al. 2010). Furthermore, the elevation of linoleic 
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acid (a long-chain ω-6 polyunsaturated fatty acid) may be 
associated with the regulation of these fatty acids and some 
cytokines by targeting sterol regulatory element-binding pro-
tein (SREBP)-1 isomers (Roche et al. 2002; Erdinest et al. 
2012; Degirolamo et al. 2016).

Ferulic acid-, fertaric acid-, caffeic acid-, and vanillin-
containing metabolites are hydroxycinnamic acids and are 
classified as a type of polyphenol. These phenolic com-
pounds are ubiquitous in vegetables and fruits, thereby only 
capable of being consumed as/with food. The free forms of 
these phenolic acids are primarily distributed in the liver and 
conjugated primarily with glucuronide/sulfate and secreted 
into the bile for enterohepatic circulation (Zhao et al. 2004; 
Poquet et al. 2008; Lafay et al. 2006). Certain free com-
pounds and their conjugates in the systemic circulation and 
tissues are then metabolized into other compounds, whereas 
most of them are ultimately eliminated through the kidneys 
(Zhao et al. 2004; Poquet et al. 2008; Zhao and Mogha-
dasian 2008). Although the mechanisms underlying phenol 
metabolism are yet unclear, some studies have reported that 
dietary phenolic acids required bacterial enzymatic activity 
to be transformed or degraded. For example, Lactobacillus 
mucosae, Enterococcus faecium, and Bifidobacterium lactis 
possess enzymes for the esterification of hydroxycinnamates 
and isoflavones (Tapiero et al. 2002; Wiseman et al. 2004). 
Dehydroxylation of these compounds is associated with 
Clostridium scindens and Eggerthella lenta (Clavel et al. 
2006, 2005). After transformation, the compounds passively 
permeate through the intestinal epithelium via transcellular 
diffusion into the blood or other tissues (Selma et al. 2009; 
Poquet et al. 2008; Zhao et al. 2004; Zhao and Moghada-
sian 2008; Olthof et al. 2001; Enright et al. 2018). Based 
on previous reports, we assumed two possible mechanisms 
explaining the high levels of phenolic compounds observed 
in this study. First, dietary phenols in bile might be reab-
sorbed in the same manner as UDCA—predominantly trans-
ported via passive diffusion in the small intestine. Alterna-
tively, changes in the gut microbiota upon UDCA treatment 
may have influenced further metabolic reactions involving 
dietary phenols, thereby rendering them available for reab-
sorption or excretion via bile. Further investigations are, 
however, required to completely elucidate the interaction 
of dietary phenols and gut microbiota. Particularly, future 
studies should investigate whether microbiomes regulated 
by UDCA display enzymatic activity on dietary phenols for 
transformation.

We have reported microbiome metabolomic changes 
upon long-term treatment with UDCA and vitamin E in 
patients with liver dysfunction and higher body mass index 
values (Kim et al. 2018). Diminished phenylalanine levels 
were present in UDCA-treated individuals regardless of 
whether they had pre-existing conditions or were healthy. 

In addition, UDCA enabled the regulation of uremic tox-
ins such as p-cresol sulfate and hippuric acid in patients. 
However, UDCA exerted anti-oxidative effects in healthy 
subjects. Therefore, we suggest with caution that short-
term treatment with a non-toxic dose of UDCA may pre-
vent liver dysfunction at a very early stage, presenting a 
possible new therapeutic strategy for healthy individuals 
or those with mild liver dysfunction.

Mechanistic studies on such therapeutic interventions 
in healthy subjects might be interpreted inconsistently 
relative to those involving patients with disease. However, 
this study reported changes in a putative early biomarker 
of liver injury (miR-122) upon UDCA treatment, there-
fore enabling the further evaluation of pharmacological 
mechanisms. However, our small sample size likely com-
promised the statistical power of our results, thereby serv-
ing as a study limitation. Future studies evaluating the 
interaction between gut microbiota and dietary phenolic 
acids are required to potentiate the therapeutic effects of 
UDCA administration on human health. Together, this 
study demonstrated changes in metabolite levels follow-
ing UDCA treatment in healthy men, and our data indicate 
that a potentially novel therapeutic strategy using UDCA 
may be possible.

5 � Conclusion

In summary, in this study, we used a metabolomics 
approach involving LC/QTOFMS and GC/TOFMS to 
evaluate potential therapeutic mechanisms of UDCA in 
healthy men. The findings suggest that UDCA effectively 
improved liver function and decreased circulating miR-122 
levels. The possible mechanisms underlying this hepato-
protection may involve metabolic modifications in amino 
acid, flavonoid, and fatty acid metabolism.
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