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Abstract: Background: Previous studies have suggested that bile acids (BAs) may participate in the
development and/or progression of metabolic dysfunction-associated steatotic liver disease (MASLD).
The present study aimed to define whether specific BA molecular species are selectively associated
with MASLD development, disease severity, or geographic region. Methods: We comprehensively
identified all eligible studies reporting circulating BAs in both MASLD patients and healthy controls
through 30 July 2023. The pooled results were expressed as the standard mean difference (SMD) and
95% confidence interval (CI). Subgroup, sensitivity, and meta-regression analyses were performed
to address heterogeneity. Results: Nineteen studies with 154,807 individuals were included. Meta-
analysis results showed that total BA levels in MASLD patients were higher than those in healthy
controls (SMD = 1.03, 95% CI: 0.63-1.42). When total BAs were divided into unconjugated and
conjugated BAs or primary and secondary BAs, the pooled results were consistent with the overall
estimates except for secondary BAs. Furthermore, we examined each individual BA and found
that 9 of the 15 BAs were increased in MASLD patients, especially ursodeoxycholic acids (UDCA),
taurococholic acid (TCA), chenodeoxycholic acids (CDCA), taurochenodeoxycholic acids (TCDCA),
and glycocholic acids (GCA). Subgroup analysis revealed that different geographic regions or disease
severities led to diverse BA profiles. Notably, TCA, taurodeoxycholic acid (TDCA), taurolithocholic
acids (TLCA), and glycolithocholic acids (GLCA) showed a potential ability to differentiate metabolic
dysfunction-associated steatohepatitis (MASH) (all p < 0.05). Conclusions: An altered profile of
circulating BAs was shown in MASLD patients, providing potential targets for the diagnosis and
treatment of MASLD.

Keywords: bile acid; MASLD; biomarker; disease severity; meta-analysis

1. Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD), previously known
as nonalcoholic fatty liver disease (NAFLD), affects approximately 32.4% of the adult
population worldwide and places a large health and economic burden on global society [1].
According to the Markov model prediction, from 2016 to 2030, different regions will suffer
from distinct increasing epidemic trends; for example, the prevalence of MASLD will
increase from 17.6% to 22.2% in China and from 26.3% to 28.4% in the United States [2].
Although most patients with MASLD exhibit a benign subtype such as steatosis with
or without mild inflammation, others have a necroinflammatory form called metabolic
dysfunction-associated steatohepatitis (MASH), which manifests as a progressive form of
hepatocellular injury with varied extents of fibrosis [3]. However, the complex pathophysi-
ology of MASLD metabolic dysfunction involved in disease progression requires therapies
with multiple targets [4].
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Bile acids (BAs), synthesized from cholesterol and metabolized in hepatic cells, play
an important role in emulsifying and assimilating dietary fat, cholesterol, and fat-soluble
vitamins [5]. Notably, BAs have been discovered as key signaling molecules of the receptors
farnesoid X receptor (FXR), Takeda G-coupled protein receptor 5 (TGR5; GPBAR1, M-BAR),
pregnane X receptor (PXR), sphingosine-1-phosphate receptor 2 (S1PR2), muscarinic re-
ceptors M2/3, and vitamin D receptor [6]. FXR activation can regulate lipid and glucose
homeostasis, energy metabolism, hepatic inflammation, and cellular stress and promote
intestinal BA uptake [6,7]. TGRS activation is known to decrease the proinflammatory cy-
tokine response in macrophagocytes [8]. Previous studies have revealed that the disruption
of intrahepatic BA homeostasis may be one of the major mechanisms of progression to
MASH, cirrhosis, and hepatocellular carcinoma (HCC) [9]. Moreover, determining which
subtypes of BAs are more closely related to the occurrence and development of MASLD
remains to be investigated. Therefore, identifying the BA signature in MASLD patients
may provide new directions for diagnostic or therapeutic methods.

To overcome the limitations related to the small sample size and limited statistical
power, we performed a systematic review and meta-analysis of all published studies to
explore the difference in circulating BA profiles between MASLD patients and healthy
controls. Additionally, the distinctions in circulating BA profile alterations between MASLD
patients with different liver disease severities or different disease locations have also
been investigated.

2. Methods

This meta-analysis was reported in line with the Preferred Reporting Items for System-
atic Reviews and Meta-Analysis (PRISMA) [10]. It has been registered in the PROSPERO
registry (registration number: CRD42022345481).

2.1. Search Strategy

A comprehensive computerized search was performed in the frequently used elec-
tronic databases: PubMed, Embase, and Web of Science. The following keywords and syn-
onyms were used: “fatty liver”, “steatohepatitis”, “liver steatosis”, “NAFLD”, “MAFLD”,
“MASLD”, “NAFL”, “NASH”, “MASH”, “bile acids”, “bile salts”, and “BA”, which are de-
tailed in Table S1. There was no restriction on publication dates or geographic regions. The
retrieval time was from the establishment of each database to 30 July 2023. The reference
lists of all retrieved articles were also manually searched.

2.2. Selection Criteria

The inclusion criteria for this study were as follows: (1) observational research, includ-
ing cross-sectional, case-control, and cohort studies; (2) including both patients diagnosed
with MASLD and healthy controls; (3) studies reporting either serum/plasma BAs or spe-
cific individual BA concentrations or providing accessible data necessary to calculate them;
and (4) if more than one published study included the same population, the most recent or
most detailed study was included to avoid data duplication. The exclusion criteria were
as follows: (1) reviews, editorials, conference abstracts, and case reports; (2) non-English
studies; (3) studies on animals or cell lines; (4) patients with MASLD combined with other
liver diseases, such as alcoholic fatty liver disease, autoimmune liver disease, and viral
hepatitis; and (5) participants who received intervention at baseline.

2.3. Data Extraction

Two authors (Lai J. and Luo L.) were responsible for selecting studies and extracting
data from the included studies. For any differences in the extractions, the corresponding
authors (Ye ] and Zhong B) participated in the discussion to reach an agreement. Using a
standardized data extraction form, the following information was recorded: first author,
year of publication, geographical location, study design, study group, diagnostic meth-
ods, sample size, age, sex ratio, body mass index (BMI), and alanine aminotransferase
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(ALT) of the MASLD patients and controls; detection methods of BAs; and the circulating
concentrations of total or each individual BA.

If important and necessary data could not be extracted directly from the articles, we
contacted the corresponding or first authors by email to acquire the original data. If they
did not reply, the articles were excluded. When the original data were unavailable, we
also contacted the authors for assistance. Because the concentration units were different,
we uniformly transferred them into pmol/L before pooling the data. In the meta-analysis,
the medians with an interquartile range (IQR) for concentration were transferred into
the means with a standard deviation (SD). All data transformations were performed by
applying standard statistical formulas [11].

2.4. Quality Assessment

Study quality was assessed using the Newcastle-Ottawa Scale (NOS) criteria by two
investigators (Lai J. and Luo L.). The NOS, which was proposed by Wells and his colleagues,
is a scale for evaluating the quality of published nonrandomized studies in meta-analyses.
The NOS comprises eight items, categorized into three criteria: selection, comparability,
and outcome (cohort studies) or exposure (case-control studies). The quality score ranged
from zero to nine and was classified as follows: poor quality (0-3), moderate quality (4-6),
and high quality (7-9) [12].

2.5. Statistical Analysis

Statistical analysis was performed using Review Manager Version 5.4 and Stata 12.0.
After data extraction and transformation, all BA concentration data were presented as
means and SDs. Taking into account the significant differences in the means among the
included studies, the effect size was expressed as the standardized mean differences (SMDs)
with 95% confidence intervals (Cls). Between-study heterogeneity was evaluated by the
I2 statistic with a significance level of >50%, and it is better to choose the random-effects
model rather than the fixed-effects meta-analysis model [13].

The potential for publication bias was evaluated by the visual inspection of funnel
plot asymmetry, and the bias was further quantified by Begg’s and Egger’s tests, with
significance levels set at p-value < 0.05 [14]. If publication bias was present, we further
used the trim-and-fill method to assess the influence of this bias on the estimates [15].
The Grading of Recommendations Assessment, Development and Evaluation (GRADE)
assessment was used to establish the certainty of evidence for each meta-analysis [16].
To identify the sources of heterogeneity, subgroup analysis was first performed based on
geographic region (Eastern and Western countries) and disease severity (non-MASH and
MASH). Then, random-effects meta-regression analysis was conducted, where the mean
age, percentage of males, BMI, and ALT of MASLD patients were regarded as moderators.
Meanwhile, sensitivity analysis was performed by examining the effect of any individual
study on the estimated effect size of the outcome.

3. Results
3.1. Study Selection

As shown in Figure S1, a total of 4362 records were initially identified by using the
predefined search strategy from PubMed (n = 1224), Embase (1 = 1562), and Web of Science
(n =1576). After screening the title and abstract, 992 duplicate articles were deleted, and
3335 irrelevant studies were removed. Of the remaining 35 studies that were assessed for
eligibility by reviewing the full text, one analyzed a duplicate cohort, two had no control
groups, and thirteen lacked available serum/plasma BA concentration data. Ultimately,
19 studies published from 2013 to 2023 were included for qualitative synthesis in this
meta-analysis [17-35]. After additional checks of the references listed in these nineteen
studies, no additional eligible studies were obtained.
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3.2. Characteristics and Quality Assessment of the Included Studies

Table 1 outlines the basic characteristics of the included studies. A total of 154,807 in-
dividuals, including 43,229 MASLD patients and 111,578 healthy controls, were included.
Of the nineteen studies, six were performed in China, five in the USA, three in Japan, one
in Korea, one in Australia, one in Germany, one in Guatemala, and one each in Italy and
Austria. Fourteen studies diagnosed MASLD by liver biopsy, two by ultrasound, two by
ultrasonography and/or liver biopsy, and one by fatty liver index (FLI). Sixteen studies were
conducted in adult patients with MASLD; two were performed in children with MASLD; and
the remaining study was conducted in adults with both type 2 diabetes mellitus and MASLD.
Furthermore, we performed a quality assessment of all included studies by the NOS criteria,
and the general quality was considered moderate to high (nine studies scored 8 points, seven
scored 7 points, and three scored 6 points, mean =+ SD: 7.32 + 0.75) (Table S2). No article was
excluded because of low quality.

Based on the available data we obtained, this meta-analysis focused on alterations
at different levels, including total BAs, total unconjugated BAs, total conjugated BAs,
total primary BAs, secondary BAs, and 15 individual BAs. Notably, 15 molecular BA
species included in the present meta-analysis were cholic acids (CA), deoxycholic acids
(DCA), chenodeoxycholic acids (CDCA), ursodeoxycholic acids (UDCA), lithocholic acids
(LCA), glycocholic acids (GCA), glycodeoxycholic acids (GDCA), glycochenodeoxycholic
acids (GCDCA), glycoursodeoxycholic acids (GUDCA), glycolithocholic acids (GLCA),
taurococholic acids (TCA), taurodeoxycholic acids (TDCA), taurochenodeoxycholic acids
(TCDCA), tauroursodeoxycholic acids (TUDCA) and taurolithocholic acids (TLCA).

3.3. Meta-Analysis of Circulating Bile Acids

As presented in Figure 1, the results of the meta-analysis indicated that there was a
significant difference in total circulating BA concentrations between MASLD patients and
healthy controls, with a total random-effects SMD of 1.03 (95% CI: 0.63-1.42, p < 0.001)
and substantial heterogeneity (I> = 96%). Furthermore, we divided total BAs into either
unconjugated and conjugated BAs or primary and secondary BAs, showing that, except
for the secondary BAs (SMD = 0.48, 95% CI: —0.33-1.29, p = 0.25), the pooled results were
consistent with the overall estimate (Figure 1). Based on available data, this meta-analysis
also focused on 15 molecular species of circulating BAs and revealed that 9 of the 15 BAs
were increased in MASLD patients (Figures 2 and 3). Of note, the top five individual BAs
were UDCA, TCA, CDCA, TCDCA, GCA, GUDCA, GCDCA, TUDCA and CA, with total
SMDs of 0.86 (95% CI: 0.44-1.28, p < 0.001), 0.78 (95% CI: 0.50-1.06, p < 0.001), 0.74 (95% CL:
0.40-1.09, p < 0.001), 0.65 (95% CI: 0.35-0.94, p < 0.001), 0.65 (95% CI: 0.39-0.91, p < 0.001),
0.63 (95% CI: 0.32-0.95, p < 0.001), 0.62 (95% CI: 0.35-0.90, p < 0.001), 0.52 (95% CI: 0.15-0.90,
p = 0.006) and 0.47 (95% CI: 0.19-0.75, p = 0.001), respectively. However, there were no
significant differences in DCA, LCA, GDCA, TDCA, GLCA, or TLCA levels between the
MASLD patients and control groups.
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Table 1. Characteristics of the included studies in the meta-analysis.
Study Location Stu'd y Study Diagnostic l\F:é]?]f)/ Age (Years) Sex (Male/Total EMI (kg/mz) ALT(UD gielteecAtic(i)f\ Quality
Design ~ Group ~ Methods "= " - MASLD Control ~ MASLD Control ~ MASLD Control MASLD Control Method Score
Bzeoclhz,f‘[‘?;‘f‘ USA CCs Adult  Histology 98/10 438+33%  260+£76  23/98 7/10  526+17% 224+25 4324131% 19.0+38 EA 7
%ﬁrglﬁg] USA CCs Adult  Histology 7/15 4804100  43.0+120 3/7 7/15 320452 250427 7504360 3304110 UPLC—TQMS 8
Jahnel Italy, . . HPLC-
0I5[19]  Austia CCS  Children Histology ~ 92/105  114+51%  160+£30  51/92  48/105 266+36% 205+42 797+£519% 240+280 o suc 8
23;1;55%] Japan Ccs Adult  Histology ~ 13/46 625+£165 200-39.0t  6/13 25/46  255+28  185-250T 6414636 120+126 UPLC-TQMS 6
Jiai’ﬁ‘]m USA CCS  Children Histology ~ 16/11 137+£24 128442  9/16 6/11  338+77 192434 5414297 194444 LC-MS/MS 8
Pufizg]o" USA cs Adult  Histology  62/24  566+94% 3924124  18/62  11/24 337+48% 273458 504+277% 2274155 LC-MS/MS 7
Che[r2‘32]019 China CCS  Adult  Histology ~ 72/15  430+129% 404494  46/72  9/15  281+46% 215+£15 587+49.1% 160+51 UPLC-TQMS 8
Yar[ﬁ]m Japan CCS  Adult  Histology  34/38 596+26 569423  22/34  21/38 275409 223+22 7744149  188+44  LC-MS/MS 8
zfggﬁg‘;l Australia ~ CCS Adult  Histology 65/55  49.8+103% 456+£100  21/65 5/55  4194+89% 427+89 497+505% 30.0+150 UPLC-TQMS 8
Sydor Ultrasound / HPLC-
2020 [26] Germany CCs Adult Histology 67/20 61.1+98% 233+28 49/67 12/20 304+18% 233+£25 603+17.0% 251+33 MS/MS 7
Zhang : 41,771/ 31,510/ 51,023/
2020 China cs Adult  Ultrasound  13¢/2¢2 48+12 44+ 14 A1 110565 X128 229+28 37+ 28 2424 EA 8
Ch‘EIZ‘S%OZl China CCS  Adult Histology ~ 87/35  444+133% 33.0+118  47/87  27/35 282+445% 235427 675+416%F 3244186 LC-MS/MS 8
]““[%92]021 Korea CCS  Adult Histology  165/60 5534167 583+135 50/107  15/29 273+43% 243429 49044731 241+173 UPLC-TQMS 7
Nimer . HPLC-
2021 [30] USA CCs Adult Histology 102/50 5234+ 10.61 NR 53/102 NR 328+ 58% NR 52.0 +48.71% NR MS/MS 6
San[%ﬁ(m China CCS  Adult  Histology  153/214 448+ 148% 389+114 109/214 108/153 278+48% 228430 &2+601%f 315+153 UPLC-TQMS 8
Wu 2021 , T2DM HPLC-
2] China CCS  itionts Ulasound  47/56 7284691 683131  37/47  42/56  254+15F 241£30 2341+181 179476 MS/MS 7
Z(E;s[agg] Japan Cs Adult  Histology 86/55 594 +13.0%1 60.0+ 154 NR NR 212+24% 2804+42 598+385%f 175+80 LC-MS/MS 7
Rivera-
Andrade  Guatemala ~ CS Adult FLI 251/164  543+100 569+113  84/251  82/164 NR NR NR NR LC-MS/MS 7
2022 [34]
Zhang China cs Adult  Ultrasound/- g 40 398+£22 390420  19/41  19/40 281405 212404  584+75 146+10 UPLC-TQMS 6
2023 [35] Histology S V=2 4 x0 <=0 Sk o=

Abbreviations: MASLD, metabolic dysfunction-associated steatotic liver disease; BMI, body mass index; ALT, alanine aminotransferase; CCS, case-control study; CS, cross-sectional
study; UPLC-TQMS, ultra-performance liquid chromatography-triple quadrupole mass spectrometry; HPLC-MS/MS, high-performance liquid chromatography—electrospray tandem
mass spectrometry; LC-MS/MS, liquid chromatography with mass spectrometry; EA, enzymatic assay; NR, not reported; T2DM, type 2 diabetes mellitus; FLI, fatty liver index. Values
are expressed as mean & SD. * means this study only reported the range. ¥ means that the data was not recorded directly but could be calculated from the available data according to the
following formulas: Total X = (X1 x N1 + X2 x N2)/(N1 + N2); Total SD = ((N1-1) x (SD1) 2 + (N2-1) x (SD2) 2)/(N1 + N2-2). In these formulas, X, SD, and N refer to the means,
standard deviation, and sample size of each group.
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a. TBA (umol/L)

MASLD Control Std. Mean Difference
Study or Subgrou Mean SD_ Total Mean SD Total Weight IV, Random. 95% CI
Bechmann 2013 8.8845 26972 98 13.0375 11.3732 10 7.9% -0.98 (1.65,-0.32]
Ferslew 2015 2.595 0.568 7 1171 0.271 15 4.2% 3.56 [2.09,5.03]
Sugita 2015 13.04 16.4222 13 2.8 10.4444 46 8.0% 0.85(0.21,1.48)
Chen 2019 15183  1.368 72 07656 0.7089 15 84% 0.58(0.02,1.14]
Yara 2019 8.2 1 34 4 03 38 58% 5.77 [4.69, 6.84]
Adams 2020 11444  1.9561 65 0542 06296 55  9.3% 0.40[0.04, 0.76]
Zhang 2020 3.4 23 41,771 3 21 110,565 101% 0.191[0.17,0.20
Chen 2021 14.9655 21.7182 87 8.3 59 35 92% 0.36 H0.04, 0.75)
Nimer 2021 5.4264 3.646 102 1.927 1.668 50  9.3% 1.11[0.75,1.47]
Sang 2021 48147 65401 214 0737 06297 153 9.8% 0.81 [0.60, 1.03]
Rivera-Andrade 2022 01273 00703 251 0.1081 0.068 164  9.8% 0.28(0.08, 0.47)
Zhang 2023 27754 04685 41 1.8556 0.2216 40 83% 2.48[1.89, 3.06)

Total (95% Cl) 42,755
Heterogeneity: Tau®= 0.40; Chi*= 260.48, df= 11 (P < 0.00001); F= 96%
Test for overall effect: Z=5.08 (P < 0.00001)

b. Unconjugated BAs (umol/L)

111,186 100.0%

1.03[0.63, 1.42]

Std. Mean Difference
IV, Random, 95% CI

Std. Mean Difference
IV, Random, 95% CI

-4 -2 0 2 4
Favours [MASLD] Favours [control]

Std. Mean Difference
IV, Random, 95% CI

MASLD Control
Study or Subgrou Mean SD_Total Mean SD _Total Weight
Ferslew 2015 0.734 0.0651 7 0633 0206 15 9.8%
Adams 2020 0.2425 02387 65 006 06862 55 152%
Jung 2021 1.7836 1.4812 165 117 09294 60 157%
Nimer 2021 1.4376 1109 102 07107 09164 50 154%
Sang 2021 11811 1.1665 214 03085 03619 153 16.3%
Wu 2021 11982 091 47 07561 1135 56 15.0%
Zhang 2023 1.3113 0.2864 41 06888 0.0912 40 126%
Total (95% Cl) 641 429 100.0%

Heterogeneity: Tau®= 0.30; Chi*= 58.42, df= 6 (P < 0.00001); F= 90%
Test for overall effect: Z= 3.84 (P = 0.0001)

c. Conjugated BAs (umol/L)

052 F0.39,1.43]
0.37[0.00,0.73]
0.45(0.15,0.75]
0.69[0.34,1.04]
0.95[0.73,1.186]
0.42[0.03,0.81]
2.89(2.26,3.52)

0.86 [0.42, 1.31]

——
——
—
-

Std. Mean Difference
IV, Random, 95% CI

+ +
-2 - 0 1 2
Favours [MASLD] Favours [control]

Std. Mean Difference
IV, Random, 95% CI

MASLD Control
Study or Subgrou Mean SD_Total Mean SD _Total Weight
Ferslew 2015 1.851 06132 7 05287 02017 15 3.4%
Adams 2020 07812 0.8678 65 0162 0221 55 155%
Jung 2021 20779 1.9423 165 1.4444 0.9591 60 17.3%
Nimer 2021 32111 3338 102 09119 0712 50 161%
Sang 2021 36336 6.3353 214 04285 04502 153 18.9%
Wu 2021 09555 0.7007 47 0.6878 04102 56 152%
Zhang 2023 1.4642 0.3404 41 1.1669 0.1831 40 13.6%
Total (95% Cl) 641 429 100.0%

Heterogeneity: Tau?= 0.10; Chi*= 24.46, df= 6 (P = 0.0004); = 75%
Test for overall effect: Z=5.43 (P < 0.00001)

d. Primary BAs (umol/L)

3.38[1.96, 4.81]
0.94[0.56,1.32)
0.36 (0.07, 0.66]
0.83[0.47,1.18]
0.66 [0.45,0.87]
0.47[0.08, 0.87]
1.07 [0.61,1.54]

0.80[0.51, 1.09]

* .|++++'|

Std. Mean Difference
IV, Random, 95% CI

+ +
-2 2
Favours [MASLD] Favours [control]

[=]
=t

Std. Mean Difference
IV, Random, 95% CI

MASLD Control
Study or Subgrou Mean SD Total Mean SD Total Weight
Ferslew 2015 1.361 0394 7 0631 0191 15 9.2%
Puri 2017 0.3547 01303 62 02707 0.0694 24 14.8%
Chen 2019 07031 07732 72 03009 02964 15 14.3%
Adams 2020 0.6466 1.2743 65 0301 03119 55 156%
Sang 2021 3.9301 6.0263 214 05389 05254 153 16.3%
Rivera-Andrade 2022 0.0881 0.0862 251 0.0762 0.0857 164 16.4%
Zhang 2023 22615 04321 41 1.192 0.1601 40 135%
Total (95% CI) 712 466 100.0%

Heterogeneity: Tau?= 0.49; Chi*= 93.29, df= 6 (P < 0.00001); F= 94%
Test for overall effect: Z= 3.71 (P = 0.0002)

e. Secondary BAs (pmol/L)

2.62[1.38,3.89)
0.71[0.23,1.20)
0.56 F0.01,1.12]
0.36 F0.01,0.72]
0.73[0.52,0.95)
0.14 F0.06, 0.34]
3.24(2.56,3.91)

1.06 [0.50, 1.62]

—_——
L
——
-
—

>

-4

Std. Mean Difference
IV, Random, 95% CI

-2 0 2 4

Favours [MASLD] Favours [control]

Std. Mean Difference
IV, Random, 95% CI

MASLD Control
Study or Subgrou Mean SD_Total Mean SD_Total Weight
Ferslew 2015 1193 0203 7 0511 00975 15 97%
Chen 2019 0724 0518 72 06006 03842 15 17.3%
Adams 2020 0.4424 06053 65 0206 03348 55 18.2%
Sang 2021 0.8846 0.7886 214 01981 0144 153 18.6%
Rivera-Andrade 2022 01004 0.0915 251 0.0816 0.0783 164 18.7%
Zhang 2023 05139 0.0674 41 06636 00733 40 17.4%
Total (95% Cl) 650 442 100.0%

Heterogeneity: Tau?= 0.90; Chi*= 146.93, df= 5 (P < 0.00001); F=97%
Test for overall effect: Z=1.16 (P = 0.25)

4.80[3.00,6.60]
0.25F0.31,0.80]
0.47[0.11,0.83)
1.12[0.90,1.35)
0.22[0.02,0.41)
-2.11 F2.65,-1.56)

0.48 [-0.33, 1.29]

—_—

L

I
Favours [MASLD] Favours [control]

Figure 1. Meta-analysis comparing the concentrations of TBA (a), unconjugated BAs (b), conjugated
BAs (c), primary BAs (d), and secondary BAs (e) between MASLD patients and healthy controls.
Abbreviations: MASLD, metabolic dysfunction-associated steatotic liver disease; TBA, total bile acid;

BA, bile acid [17-35].
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a. CA (umol/L)

b. DCA (umol/L)

MASLD Control std. st MASLD Control Std. Mean Difference Std. Mean Difference
Study or Subaroup Mean __SD Total Mean __SD Total Weight IV, Random, 95%Cl IV, Random, 95% CI Study or Subgroup Mean __ SD Total Mean __SD Total Weight _IV,Random, 95% CI IV, Random, 95% CI
Ferslew 2015 00662 00181 7 0164 00831 15 41% -134F234-034] — Ferslew 2015 0435 0045 7 027 00689 15 38% 253[1.31,3.75)
Jahnel 2015 027 02204 92 014 035 105 77% 0.44(0.15,0.72] Jahnel 2015 051 02228 92 026 024 105 80% 1.07(0.77,1.37) -
Sugita 2015 01867 03163 13 00638 06637 46 60% 0201042082 Sugita 2015 01984 04156 13 02665 05452 46 66%  -0.13H0.75,049) ==
Jiao 2017 0581 00953 16 01905 01302 11 31% 3.42(217,468) Jiao 2017 0429 00747 16 01518 0135 11 44% 26111.53,368)
Puri 2017 00842 00798 62 00885 00705 24 68%  020H0.27,067) Chen 2019 00473 00744 72 0085 01057 15 68%  -0.46(.03,0.0] —
Chen 2019 00354 00874 72 00183 00306 15 63%  021(035077) Adams 2020 01081 01623 65 006 02207 55 78%  025(0.11,061) =
Adams 2020 00438 01549 65 0027 00504 55 74%  0141022,050] Sydor 2020 65254 20342 67 73 11 20 71%  -041H0.91,009 ==
Sydor 2020 76669 33167 67 62 23 20 66% 047004097 Jung 2021 06714 09595 165 05596 0645 60 81%  013H0.17,042) T
Jung 2021 01258 01651 165 0.0758 0.0656 60 7.7% 0.34(0.05,064] Nimer 2021 03749 0364 102 02519 02738 50 7.9% 036(0.02,070] —
Nimer 2021 00728 00853 102 00448 01036 50 75%  0.30H0.04,064] Sang 2021 01963 02995 214 00602 00511 153 8.3% 059 [0.38, 0.80] =
Sang 2021 01966 03846 214 00574 00993 153 80% 0.46(0.25,067) Wu 2021 02385 03744 47 01907 01872 56 77%  016(0.22,055
Wu 2021 0077 01595 47 0092 0244 56 72%  -0.070.46,032) Kasal 2022 07816 30166 86 045 031 55 79%  0.14}0.20,048 —
Kasai 2022 10333 10274 86 027 034 55 74% 0.91(0.56,1.27) Rivera-Andrade 2022 02598 03211 251 02114 0249 164 84%  0.16(0.03,036) =
Rivera-Andrade 2022 0.0744 01953 251 0076 01488 164 81%  -0.01(021,019) Zhang 2023 02119 00436 41 02737 00385 40 7.2%  -1.49H1.98,-099) ——
Zhang 2023 02852 01018 41 00985 00288 40 6.2% 2.46[1.88,3.04)
Total (95% CI) 1238 845 100.0%  0.27 }0.05,0.59] >
Total (95% CI) 1300 869 100.0% 0.47[0.19,0.75] Heterogeneity: Tau*= 0.31; Chi*= 134.41, df= 13 (P < 0.00001); F= 90% et i
Heterogeneity: Tau* = 0.24; Chi*= 115011 df=14 (P <0.00001); F=88% — Testfor overall eflect Z= 1.63 (P= 0.10) s Favours (MASLD] Favours [control

Testfor overall effect Z= 3.25 (P = 0.001)

c. CDCA (umol/L)

d. UDCA (umol/L)

MASLD Control std. MASLD Control Std. Mean Difference Std. Mean Difference
Study or Subgrou Mean _ SD Total Mean __SD Total Weight IV, Random, 95% CI Studyor Subgroup __ Mean __SD Total Mean __ SD Total Weight _IV.Random, 95% CI IV, Random, 95% CI
Ferslew 2015 0142 00486 7 0128 00847 15 52%  022H068,1.12 Jahnel 2015 035 02114 92 007 012 105 89% 165(1.33,1.98] =
Jahnel 2015 051 03018 92 028 038 105 75% 0.95(0.66,1.25] Sugita 2015 03263 05757 13 01975 0.4467 46 7.8% 027 0.35,088) <T—
Sugita 2015 05511 0991 13 03445 17116 46 63%  0.1340.49,0.74) T Jiao 2017 0174 0049 16 0035 0035 11  54% 3.07[1.90, 4.24]
Jiao 2017 15715 0254 16 04524 01984 11 31% 465(3.10,6.20] Chen 2019 00375 00724 72 0019 00267 15 81% 0271028083 1=
Puri 2017 00342 00217 62 00501 00287 24 69% -0.66(.14-018) == Sydor 2020 00534 00359 67 00015 00003 20 81% 163[1.07,2.18] —
Chen 2019 01544 01479 72 00901 00419 15 66%  0.470.09,1.03) — Jung 2021 01105 0236 165 00745 07324 60 90%  008F0.21,038) T
Adams 2020 00582 0173 65 0008 00333 55 73% 039(0.02,0.75] ~ Nimer 2021 00274 00683 102 00344 006 50 B89%  -0.11H0.44,023) ¥
Sydor 2020 117624 6.4737 5 13 2 67% 147 (0.64,1.70) == Sang 2021 02632 04442 214 00419 00876 153 92% 0.64(0.43,085) -
Jung 2021 0806 13282 165 03526 08526 60 75% 037 (0.07,067) - Wu 2021 01965 02246 47 00796 01101 56  87% 0567(0.28,1.07] —
Nimer 2021 02278 03656 102 0068 02547 50 74% 048(0.13,082] ~ Kasal 2022 09872 0644 86 075 126 55 B89%  025H0.09,059) =
Sang 2021 04885 06021 214 01346 01965 153 7.7% 0.74(0.53,0.95] & Rivera-Andrade 2022 00262 0.0443 251 00214 00335 164 9.2% 0.12H0.08,0.32) T
Wu 2021 03425 04236 47 02589 04564 56 72%  0.1910.20,058) = Zhang 2023 01219 00276 41 00612 00105 40 7.8% 287(2.24,3.49) —
Kasai 2022 2323 17051 86 124 095 55 7.3% 0,68(0.33,1.02) ==
Rivera-Andrade 2022 02267 0.3255 251 01944 03111 164 77%  0.10{0.10,030] r Total (95% CI) 1166 775 1000%  0860.44,1.28] >
Zhang 2023 6857 01499 41 0243 00356 40 57% 400(3.23,477) === Heterogeneity. Tau? = 0.48, Chi*= 176.50, df= 11 (P < 0.00001); = 84% —
Test for overall efect Z= 4.04 (P < 0.0001) ' - 5 z !
Total (95% CI) 1300 869 100.0% 0.74[0.40,1.09] * Favours [MASLD) Favours fcontro]
Heterogeneity. Tau = 0.40; Chi*= 172,01, df= 14 (P < 0.00001); F= 92% =% At
Testfor overall effect Z= 4.21 (P <0.0001) Favours (MASLD] Favours [control
MASLD Control std. std. MASLD Control st sta.
Study or Subgroup ___ Mean D_Total _Mean D_Total Weight IV, Random, 95% CI 1V, Random, 95% C1 Studyor Subaroup ___ Mean ___SD_Total Mean __SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ferslew 2015 0023 00082 7 00141 00025 15 78% 1.73(067,2.79) — Ferslew 2015 0186 00623 7 00456 00178 15 23% 363(214,5.11)
Sugita 2015 00346 00347 13 00103 00215 46  96% 0.960.32,1.61] — Jahnel 2015 048 03455 92 047 105 91%  -0.17H0.45,0.11] =1
Chen 2019 00005 00022 72 00008 00025 15 99% 013069042 - Sugita 2015 06518 06217 13 01235 20144 46  64%  02910.33,091) T
Sydor 2020 00008 0.0009 67 0.0003 0.0002 20 101% 062(0.11,1.13] I Puri 2017 0078 00472 62 0039 00424 24 T5% 0.83(0.34,1.32) ==
Nimer 2021 00182 0024 102 00277 0011 50 106%  ~-0.46FH0.80-011] = Chen 2019 00856 00772 72 0022 00184 15 63% 0.89(0.32,1.46) —_—
Sang 2021 00043 00055 214 00014 00012 153 10.9% 0,68 (0.46, 0.89] - Adarns 2020 00625 02358 65 001 00252 55 85%  0.3040.06,066 ™~
Wu 2021 00065 00091 47 00009 0.0037 56 10.4% 0.83(0.42,1.23] = Sydor 2020 41361 364168 67 52 09 20 TA% 112[0.59,1.64) —
Kasai 2022 08802 05339 86 046 023 55 106% 0.95(0.59,1.30] = Jung 2021 02525 04347 165 00982 02041 60 9.0% 0.40(0.10,0,69) =
Rivera-Andrade 2022 0.0118 00127 251 00095 00106 164 109%  0.1910.00,0.39] - Nimer 2021 0522 05978 102 01051 04155 50 85% 0.84[0.49,1.19) =
Zhang 2023 00065 0.0014 41 00124 00017 40 92%  -376(4.49-302 —— ﬁn?uzze‘z‘ ggs: 3?323 z:; 33%3 3:25; 1:2 ggz 002595:3 3;:;2} -
u : L
Total (95% C1) 614 100.0%  0.16 (0.38,0.70] -> Rivera-Andrade 2022 0.1602 01876 251 0.0991 01662 164 95% 0.34[0.14,0.54) -
Heterogeneity: Tau"= 0.68; Chi"= 182,50, df = 9 (P < 0.00001); = 95% + — Zhang 2023 02827 00858 41 01662 00528 40 73% 162(1.11,212) —
TestDIvarsl ek E=000 6 <059 Favours [MASLD] Favours [control) Total (95% CI) 1198 803 100.0% 0.65[0.39,0.91] *
B

g. GDCA (umol/L)

Heterogeneity: Tau®= 0.17 Chi*= 75.55, df= 12 (P < 0.00001); I*= 84%
Testfor overall effect Z= 4.93 (P < 0.00001)

h. GCDCA (pmol/L)

-4 2 2 4
Favours [MASLD] Favours [control

Control sta. std. MASLD Control Std. Mean Difference Std. Mean Difference
Study or Subgrou Mean SD Total Mean SO Total IV, Random, 95% CI 1V, Random, 95% C1 Studyor Subaroup  Mean  SD Total Mean  SD Total Weight IV, Random, 95% Cl IV, Random, 95% C1
Ferslew 2015 0405 00992 7 00997 00238 15 5.07[319,6.95) — Ferslew 2015 0694 0189 7 0243 00453 15 23% 3.94(2.37,5.50]
Jahnel 2015 02 01625 92 031 028 105 85%  -047(0.75-019) = Jahnel 2015 121 07458 92 125 084 105 90%  -0.05H033,023 k]
Sugita 2015 0253 06338 13 0157 13481 46 74% 008054069 = Sugita 2015 26327 3548 13 0546 31311 46 65% 064(0.01,127) ==
Puri 2017 00553 0042 62 00486 00338 24 80%  0.17H0.31,064] = Puri 2017 00641 00349 62 00427 00316 24 76% 062(0.14,1.10) —
Chen 2019 00348 0081 72 00307 00321 15 77%  0.07H.49,063 T Chen 2019 03319 04336 72 01598 01717 15 70%  042(0.14,098 —
Adams 2020 01506 03373 65 0065 0.0756 55 83%  0.34H0.03,070] ~ Adams 2020 03471 07696 65 0145 02207 55 85%  034H0.02,070) =
Sydor 2020 2169 148654 67 83 15 20 78% 1.01049,1.53] == Sydor 2020 0133 01255 67 00195 00031 20 73% 1.02[0.49,1.54) -
Jung 2021 02058 04993 165 01802 03383 60 85%  0.06H.24,035 T Jung 2021 1188 21145 165 08582 10214 60 89%  017(012,047) T
Nimer 2021 04097 0574 102 01367 0132 50 84% 057 [0.22,091) - Nimer 2021 14421 152 102 03834 0421 50 85% 083(0.48,1.18) =
Sang 2021 01853 03496 214 00444 00521 153 87% 052(0.31,0.73] = Sang 2021 09022 11542 214 02521 02984 153 9.4% 0.82[0.60, 1.03] -
Wu 2021 1009 01767 47 009 01627 56 83% 0061032045 T Wu 2021 04059 03594 47 02908 03445 56 82%  033H0.07,072 .
Rivera-Andrade 2022 0135 01965 251 01074 0447 164 87%  0.15(0.04,035] r Rivera-Andrade 2022 05316 06013 251 04515 05687 164 94%  01410.06,033 r
Zhang 2023 00858 00096 41 01922 00405 40 66% -428F6.08-347) - Zhang 2023 08625 0213 41 06096 00881 40 75% 1.53(1.03,2.03) -
Total (95% CI) 1198 803 100.0% 0.08 0.33, 0.49] Total (95% Cl) 1198 803 100.0% 0.62[0.35, 0.90]
Heterogeneity. Tau® = 0.49; Chi*= 191.07, df=12 (P < 0.00001); = 94% Heterogeneity Tau®= 0.19; Chi*= 84 20, df= 12 (P < 0.00001); F= 86%

Testfor overall effect Z= 0.39 (P = 0.70)

-4 -2 2
Testfor overal eflect Z= 4.50 (P < 0.00001) Favours [MASLD] Favours [control]

-4 - 4
Favours [MASLD] Favours [control]

Figure 2. Meta-analysis comparing the concentrations of CA (a), DCA (b), CDCA (c), UDCA (d),
LCA (e), GCA (f), GDCA (g), and GCDCA (h) between MASLD patients and healthy controls. Ab-
breviations: MASLD, metabolic dysfunction-associated steatotic liver disease; CA, cholic acid; DCA,
deoxycholic acid; CDCA, chenodeoxycholic acid; UDCA, ursodeoxycholic acid; LCA, lithocholic acid;
GCA, glycocholic acid; GDCA, glycodeoxycholic acid; GCDCA, glycochenodeoxycholic acid [18-35].

3.4. Subgroup Analysis

The meta-analysis results of the subgroup analyses are detailed in Tables 2 and 3.
When subgroup analyses were conducted by geographic location, it was found that MASLD
patients had higher levels of total circulating BAs than healthy controls in Eastern countries
(SMD = 1.40, 95% CI: 0.75-2.05, p < 0.001) but not in Western countries (SMD = 0.61, 95%
CIL: —0.05-1.28, p = 0.07) (Table 2). Regarding total unconjugated and conjugated BAs,
MASLD patients presented increased concentrations in both the Eastern and Western
subgroups. However, in the analysis of total primary and secondary BAs, Eastern countries
only showed elevated primary BA levels (SMD = 1.49, 95% CI: 0.12-2.86, p = 0.03), while
Western countries showed elevated levels of both primary and secondary BAs (SMD = 0.65,
95% CI: 0.12-1.18, p = 0.02 for primary BAs, and SMD = 1.06, 95% CI: 0.15-1.98, p = 0.02
for secondary BAs). Furthermore, further analysis of individual BAs demonstrated that
MASLD patients in Eastern countries had elevated levels of nine molecular species of BAs,
including CA, CDCA, UDCA, GCA, GCDCA, GUDCA, TCA, TCDCA, and TUDCA, while
those in Western countries exhibited higher levels of ten individual BAs, including DCA,
CDCA, UDCA, GCA, GDCA, GCDCA, GUDCA, TCA, TDCA, and TCDCA (all p < 0.05).
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a. GUDCA (umol/L)

b. GLCA (umol/L)

Std. Mean Difference

Std. Mean Difference

MASLD Control Std. Mean Difference Std. Mean Difference MASLD Control
Study or Subaroup ___Mean __SD_Total Mean __SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI Studyor Subaroup____Mean __SD_Total Mean __SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ferslew 2015 01109 0046 7 0.0406 00115 15 44% 251(1.29,372) Ferslew 2015 00314 0011 7 00103 00032 15 67% 3.08(1.73,4.43)
Jahnel 2015 033 0216 92 024 028 105 117% 0.36(0.07, 0.64) = Sugita 2015 00276 00305 13 00071 00244 46 98% 0.78(0.15,1.42) =
Sugita 2015 07276 13685 13 0211 10411 46 86%  046F017,1.08) T Puri 2017 00755 01035 62 00344 00367 24 104% 0451002093 ~—
Chen 2019 00601 0074 72 0.0198 00478 15 92% 0.57(0.00,1.13) — Chen 2019 00011 0003 72 00017 00025 15 104%  -020F0.76,0.35) =r
Sydor 2020 00966 00628 67 0.0036 0001 20 92% 167(1.11,223) = Sydor 2020 00011 00043 67 0.0002 00001 20 103%  024£027,0.74) ™
Nimer 2021 01971 01867 102 0061 00842 50 112% 0.86(051,1.21) - Nimer 2021 0013¢ 003 102 00095 001 50 108%  015F019,0.49) T
Sang 2021 01483 02099 214 00235 00337 153 122% 0.77(0.55,0.98) = Sang 2021 00059 00102 214 00014 00021 153 111% 0.57(0.36,0.78) =
Wu 2021 0093¢ 015 47 0.0454 00845 56 108% 0.43(0.03,0.82) = Wu 2021 00019 00054 47 0.0028 0.0046 56 107%  -0.18F057,0.21)
Rivera-Andrade 2022 00389 00425 251 00366 00469 164 124%  0.0540.14,025] T Rivera-Andrade 2022 00066 0.0087 251 0.0077 00101 164 112%  -0.12§0.32,0.08] b
Zhang 2023 00841 0017 41 00851 00156 40 104%  -0.06F050,0.38) - Zhang 2023 00047 00008 41 001 00013 40 87% -488576-399) ——
Total (95% CI) 664 100.0% 0.63[0.32,0.95] < Total (95% CI) 583 100.0%  -0.040.59,0.50] <
Heterogeneity. Tau* = 0.20; Chi*= 64.34, df= 3 (P < 0.00001); = 86% - — —3 Tau®= 0.69; Chi*= 17396, df= 9 (P < 0.00001); F= 95% — t
Testfor overall effect 2= 3.96 (P < 0.0001) Favours [MASLO] Favours [control Testfor overall effect 2= 0.16 (= 0.87) Favours [MASLO] Favours [control
c. TCA (pmol/L) d. TDCA (pmol/L)
MASLD Control Std. Mean Difference Std. Mean Difference MASLD Control Std. Mean Difference Std. Mean Difference
Study or Subgrou Mean __SD Total Mean _ SD Total Weight _IV.Random,95% CI IV, Random, 95% CI Studyor Subaroup ___Mean ___SD_Total _Mean D_Total Weight IV, Random, 95% CI IV, Random, 95% C1
Ferslew 2015 00934 00658 7 00138 000456 15 38% 227(1.11,3.44) Ferslew 2015 0124 00676 7 00205 00086 15 47% 266(1.41,391)
Jahnel 2015 01 01124 92 006 014 105 98% 0.31(0.03, 0.59) e Jahnel 2015 003 00355 92 005 01 105 92%  -0.26(0.54,002 -
Sugita 2015 01147 02582 13 00157 06833 46 71%  016(0.46,077) -1 Sugita 2015 00627 01105 13 00219 02948 46 77%  015H047,077) .
Puri 2017 00761 00568 62 0037 00467 24 82% 0.71(023,1.20) = Puri 2017 00885 01139 62 00648 00627 24 85%  0231024,0.70) T
Chen 2019 00105 001 72 00024 00015 15 75% 088(0.30,1.45) - Chen 2019 00063 00089 72 00038 00026 15 80%  030F026,0.86) T
Sydor 2020 127164 123571 67 20 79% 1.07[0.54,1.59) - Sydor 2020 00035 00032 67 00012 00002 20 83% 0.81(0.29,1.32) =
Jung 2021 00683 0165 165 00367 00491 60 97% 0224007052 = Jung 2021 00507 01464 165 0.0319 0.0674 60 92%  0.14F0.150.44) T
Nimer 2021 00702 00936 102 00128 00145 S0 93% 0.74[0.39,1.09] i Nimer 2021 00634 0.0984 102 00193 00233 60 9.0% 0.53(0.18,0.87) e
Sang 2021 00833 0173 214 0009 00517 153 10.3% 0.40(0.19,061) = Sang 2021 00274 00523 214 00057 00089 153 8.4% 0.54(0.33,0.75) =
Wu 2021 00322 00538 47 00065 00176 56 89% 0.66(0.26, 1.06) — Wu 2021 00174 00323 47 00095 0028 56 88% 026013065 +—
RiveraAndrade 2022 0011 00177 251 00024 00099 164 10.3% 057(0.37,077) = Rivera-Andrade 2022 00103 0018 251 00048 00068 164 9.5% 0.37[0.18,057) i
Znang 2023 00483 0015 41 00178 00049 40 72% 269(2.08,3.30 - Zhang 2023 00121 00024 41 00226 00042 40 76% -305F370-240) ——
Total (95% C)) 133 748 100.0%  0.78[0.50,1.06] > Total (95% CI) 1133 748 1000%  0.16£0.22,0.54] <>
Heterogeneity. Tau*= 0.19; Chi*= 73.77, df= 11 (P < 0.00001); F= 85% +— + Heterogeneily: Tau*= 0.39; Chi*= 142,44, df= 11 (P < 0,00001); F= 82% 5 + 3
Test for overall effect Z= 5.46 (P < 0.00001) Favours [MASLD] Favours [control] Testfor overall effect Z= 0.84 (P = 0.40) T S o T
e. TCDCA (umol/L) f. TUDCA (umol/L)
MASLD Control Std. Mean Difference Std. Mean Difference MASLD Control Std. Mean Difference Std. Mean Difference
Study or Subaroup ___ Mean D_Total Mean D_Total Weight IV, Random, 95% Cl IV, Random, 95% CI Study or Subgroup__ Mean ___SD_Total Mean __SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ferslew 2015 0174 0111 7 00367 00113 15 40% 215(1.01,3.28) Ferslew 2015 00043 00014 7 00015 00003 15 45% 3.34(1.93,4.75]
Jahnel 2015 017 01837 92 02 033 105 96%  -0.11F039,017) = Jahnel 2015 000176 92 003 006 105 11.4%  -0.660.95-0.37] =
Sugita 2015 03995 07229 13 01095 08684 46 72%  0.340.28,0.9) S Sugita 2015 00553 01159 13 0.0085 04119 46 92%  0.41H021,1.03 S
Puri 2017 0079 00806 62 00369 00277 24 82% 059(0.11,1.07) — Chen 2019 00021 00027 72 0001 00006 15 96%  0.44012,1.00] ™
Chen 2019 00376 00382 72 00097 00058 15 75% 0.79(0.22,1.36) —_— Sydor 2020 00109 0.0135 67 00002 0.0001 20 9.9% 0.89[0.37,1.41] ===
Sydor 2020 00365 00352 67 00035 00007 20 79% 1.05(0.53,1.58) = Jung 2021 00119 00114 165 0.0106 00732 60 11.4%  0.0310.26,0.33 T
Jung 2021 0239 0.4007 165 01203 01761 60 9.5% 0.33(0.04,0563) = Nimer 2021 00057 0008 102 0002 0003 50 11.1% 0.54(0.20,0.89] -
Nimer 2021 02115 02244 102 00448 0049 50 92% 089(0.54,1.24) — Sang 2021 00075 0.0191 214 00016 0.0021 153 118% 0.40(0.19,061] s
Sang 2021 01102 01694 214 00179 00273 153 10.0% 0.71(0.49, 0.92) 3= Wu 2021 00041 00043 47 00015 0002 56 107% 071 (031,111 -
Wu 2021 1022 00908 47 01107 00887 56 89%  -0.0940.48,029] = Zhang 2023 00043 0.0006 41 0.0038 0.0005 40 10.4% 0.90(0.44,1.35) -
Rivera-Andrade 2022 00448 00734 251 00259 00545 164 101% 0.28(0.09, 0.48) ~
Zhang 2023 00971 00281 41 00569 00086 40 78% 1.91(1.38, 2.44) — Total (95% CI) 560 100.0%  052[0.15,0.90] >
T s 15 1000% 0551035, 094 - Heterogeneity: Tau®= 0.30; Ch"= 82.35, df= 9 (P < 0.00001); = 83% = = 'S H
g 2 .65 [0.35, 0. Testfor overall effect Z= 2.73 (P = 0.006)
Heterogeneity: Tau?= 0.21; Chi*= 81.93, df= 11 (P < 0.00001); F= 87% 4_*2—_*1—4;—% & 3 Favours [MASLD] Favours [control]
Testfor overall effect Z= 4.35 (P < 0.0001) Favours [MASLD] Favours [control]
g. TLCA (umol/L)
MASLD Control std. std.
Study or Subgroup __Mean __SD_Total Mean __SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ferslew 2015 00046 00033 7 00012 00001 15 7.7% 1.81(0.73,2.88]
Sugita 2015 00095 00116 13 0.0057 00171 46 116% 0231038085 —
Puri 2017 00083 00084 62 0.0073 00033 24 129%  013H034,061] -T—
Chen 2019 0 0 72 0 0 15 Not estimable
Sydor 2020 03254 02076 67 01 001 20 124% 1.22(0.69,1.75] —
Nimer 2021 00046 0005 102 0.0044 0002 50 140%  0.05F0.29,0.39 1
Sang 2021 00014 0.0016 214 00011 00003 153 148% 0.24(0.03,045] =
Wu 2021 00033 00021 47 00041 00026 56 136%  -0.3310.72,0.08] 7
Zhang 2023 00025 00001 41 00026 00001 40 130% 09945053 —_—
Total (95% CI) 625 419 100.0%  020£0.22,0.62] -
Heterogeneity: Tau*= 0.30; Ch*= 54.80, df= 7 (P < 0.00001); = 87%

Testfor overall effect Z= 0.94 (P = 0.35)

2 A 1 2
Favours [MASLD] Favours [control)

Figure 3. Meta-analysis comparing the concentrations of GUDCA (a), GLCA (b), TCA (c), TDCA (d),
TCDCA (e), TUDCA (f), and TLCA (g) between MASLD patients and healthy controls. Abbreviations:
MASLD, metabolic dysfunction-associated steatotic liver disease; GUDCA, glycoursodeoxycholic
acid; GLCA, glycolithocholic acid; TCA, taurococholic acid; TDCA, taurodeoxycholic acid; TCDCA,
taurochenodeoxycholic acid; TUDCA, tauroursodeoxycholic acid; TLCA, taurolithocholic acid [18-35].

Moreover, in the subgroup analysis by disease severity, it was found that non-MASH
and MASH exhibited different circulating BA profiles (Table 3). Compared with control
populations, a significant increase in total BA levels was found in patients with MASH
(SMD = 1.59, 95% CI: 0.53-2.65, p = 0.003) but not in those with non-MASH (SMD = 0.04,
95% CI: —1.06-1.15, p = 0.94). A stratified analysis revealed that non-MASH patients
had elevated primary and unconjugated BA levels, whereas MASH patients had higher
circulating levels of not only primary and unconjugated BAs but also secondary and
conjugated BAs. Furthermore, non-MASH patients presented increased CDCA, GCA,
GUDCA, and TCA concentrations and decreased TLCA levels, with total SMDs of 0.26 (95%
CI: 0.05-0.48, p = 0.02), 0.51 (95% CI: 0.06-0.96, p = 0.03), 0.47 (95% CI: 0.14-0.81, p = 0.006),
0.45 (95% CI: 0.03-0.88, p = 0.04), and —0.38 (95% CI: —0.70, —0.06, p = 0.02), respectively.
However, MASH patients had elevated concentrations of almost all BA molecular species
except CA and DCA. Notably, the pooled results revealed that total conjugated BA levels
were higher in patients with MASH than in those without MASH (SMD = 1.28, 95% CI:
0.94-1.62, p < 0.001). More specifically, TLCA, TCA, TDCA, and GLCA were the molecular
species of BAs that could distinguish between MASH and non-MASH (SMD = 0.53, 95% CI:
0.02-1.05, p = 0.04 for TLCA; SMD = 0.47, 95% CI: 0.24-0.71, p < 0.001 for TCA; SMD = 0.40,
95% CI: 0.08-0.71, p = 0.01 for TDCA; and SMD = 0.36, 95% CI: 0.003-0.71, p = 0.045
for GLCA).
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Table 2. Subgroup analysis of circulating bile acid levels in MASLD patients compared with controls by geographic location.

Characteristics Eastern Countries Western Countries

Study SMD (95% CI) pt I? Study SMD (95% CI) pt I?
Total bile acids 7 1.40 (0.75, 2.05) <0.001 97% 5 0.61 (—0.05, 1.28) 0.07 92%

Total unconjugated bile acids 4 1.12 (0.41, 1.83) 0.002 94% 3 0.53 (0.29, 0.77) <0.001 0%
Total conjugated bile acids 4 0.61 (0.36, 0.86) <0.001 58% 3 1.31 (0.57, 2.05) <0.001 83%
Total primary bile acids 3 1.49 (0.12, 2.86) 0.03 96% 4 0.65 (0.12, 1.18) 0.02 84%
Total secondary bile acids 3 —0.24 (—2.14,1.67) 0.81 98% 3 1.06 (0.15, 1.98) 0.02 92%
Cholic acid (CA) 7 0.63 (0.17, 1.08) 0.007 90% 8 0.31 (—0.05, 0.66) 0.09 84%
Deoxycholic acid (DCA) 7 —0.12 (—0.58, 0.33) 0.59 91% 7 0.69 (0.19, 1.19) 0.007 91%
Chenodeoxycholic acid (CDCA) 7 0.87 (0.32, 1.42) 0.002 93% 8 0.64 (0.16, 1.12) 0.009 91%
Ursodeoxycholic acid (UDCA) 7 0.69 (0.21, 1.17) 0.005 91% 5 1.16 (0.29, 2.03) 0.009 96%
Lithocholic acid (LCA) 6 —0.04 (—0.96, 0.88) 0.93 97% 4 0.35 (—0.23,0.93) 0.23 88%
Glycocholic acid (GCA) 6 0.65 (0.32, 0.98) <0.001 77% 7 0.69 (0.27, 1.10) 0.001 88%
Glycodeoxycholic acid (GDCA) 6 —0.51 (—1.33, 0.30) 0.22 96% 7 0.49 (0.03, 0.95) 0.04 90%
Glycochenodeoxycholic acid (GCDCA) 6 0.64 (0.27, 1.01) <0.001 82% 7 0.63 (0.23, 1.03) 0.002 87%
Glycoursodeoxycholic acid (GUDCA) 5 0.45 (0.13, 0.77) 0.006 67% 5 0.91 (0.32, 1.49) 0.002 92%
Glycolithocholic acid (GLCA) 5 —0.72 (—1.94, 0.49) 0.24 97% 5 0.51 (—0.09,1.11) 0.10 88%
Taurococholic acid (TCA) 6 0.80 (0.26, 1.34) 0.004 91% 6 0.72 (0.44, 1.00) <0.001 69%
Taurodeoxycholic acid (TDCA) 6 —0.24 (—0.97,0.49) 0.52 95% 6 0.49 (0.08, 0.90) 0.02 86%
Taurochenodeoxycholic acid (TCDCA) 6 0.65 (0.20, 1.10) 0.005 88% 6 0.65 (0.23, 1.07) 0.002 87%
Tauroursodeoxycholic acid (TUDCA) 6 0.46 (0.21, 0.71) <0.001 61% 4 0.82 (—0.22, 1.86) 0.12 95%
Taurolithocholic acid (TLCA) 5 —0.21 (—0.78, 0.36) 0.47 88% 4 0.69 (—0.10, 1.39) 0.051 86%

Abbreviations: MASLD, metabolic dysfunction-associated steatotic liver disease; SMD, standardized mean difference; CI, confidence interval. p * denotes the p-value for statistical

significance based on the Z test. Bold type indicates the SMD (95% CI) and p  of the bile acid species with statistically significant results (p < 0.05).
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Table 3. Subgroup analysis of studies comparing the association between circulating bile acid levels and MASLD by disease severity.

Characteristics Non-MASH vs. Control MASH vs. Control MASH vs. Non-MASH

Study SMD (95% CI) pt > Study SMD (95% CI) pt ? Study SMD (95% CI) pt ?
Total bile acids 3 0.04 (—1.06, 1.15) 094  89% 6 1.59 (0.53, 2.65) 0.003 96% 3 0.73 (—0.77, 2.23) 0.34 97%
Total unconjugated bile acids 2 0.42 (0.17, 0.67) 0.001 0% 3 0.73 (0.39, 1.08) <0.001 56% 1 0.21 (—0.09, 0.52) 0.17 NR
Total conjugated bile acids 2 0.09 (—0.66, 0.83) 0.82 88% 3 1.25 (0.53,1.97) <0.001 87% 1 1.28 (0.94, 1.62) <0.001 NR
Total primary bile acids 2 0.67 (0.24, 1.11) 0.002 0% 4 0.92 (0.44, 1.40) <0.001  69% 2 —0.07(—049,0.34)  0.73 28%
Total secondary bile acids 1 0.24 (—0.41,0.89) 0.47 NR 3 1.54 (0.03, 3.06) 0.043 94% 1 70'560(076;'06’ 0.03 NR
Cholic acid (CA) 4 0.24 (—0.01, 0.48) 006  17% 7 0.40 (—0.06, 0.85) 0.09 84% 3 —0.17(—045,011) 022 25%
Deoxycholic acid (DCA) 3 ~0.33 (—1.14, 0.48) 042 90% 6 0.44 (—0.41,1.28) 0.31 95% 2 ~0.04(—030,023)  0.79 0%
Chemd(eé’];?g’hc acid 4 0.26 (0.05, 0.48) 0.02 0% 7 0.71 (0.11, 1.32) 0.02 91% 3 —0.05(—0.39,0.28)  0.75 45%
Ursodeoxycholic acid (UDCA) 3 0.35 (—0.11, 0.80) 014  69% 5 0.96 (0.34, 1.58) 0.002 90% 2 —0.00 (—0.65,0.64)  0.99 80%
Lithocholic acid (LCA) 2 0.38 (—0.55,1.32) 042  83% 4 0.61 (0.12, 1.09) 0.02 73% 1 0.00 (—0.49, 0.49) 1.00 NR
Glycocholic acid (GCA) 4 0.51 (0.06, 0.96) 0.03  72% 6 0.99 (0.58, 1.40) <0.001  78% 3 0.44 (—0.10, 0.98) 0.11 78%
GIYCOdfC‘;’XDyéi‘)’hC acid 4 —0.02 (—0.23, 0.19) 0.85 0% 6 0.64 (0.16, 1.12) 0.009 85% 3 0.19 (—0.04, 0.43) 0.10 0%
Glycome?ggg’éghom acid 4 0.24 (—0.16, 0.63) 024  66% 6 0.87 (0.47, 1.28) <0.001  78% 3 0.21 (—0.32, 0.75) 0.43 78%
Glycours(‘é‘ﬁggg‘om acid 2 0.47 (0.14, 0.81) 0.006 0% 4 1.22 (0.59, 1.86) <0.001  82% 1 —0.15(—0.64,0.34) 055 NR
Glycolithocholic acid (GLCA) 3 —0.08 (—0.46, 0.30) 0.68  38% 5 0.74 (0.08, 1.40) 0.03 84% 2 0.36 (0.003, 0.71) 0.045 0%
Taurococholic acid (TCA) 4 0.45 (0.03, 0.88) 0.04  69% 6 0.83 (0.47, 1.20) <0.001  74% 3 0.47 (0.24, 0.71) <0.001 0%
Ta“md‘(e{',l’;yéz‘)’hc acid 4 0.07 (—0.16, 0.29) 0.57 6% 6 0.62 (0.29, 0.95) <0.001  68% 3 0.40 (0.08, 0.71) 0.01 38%
TaurOCher(‘;’geDoé‘thOIIC acid 4 0.19 (—0.32, 0.71) 046  80% 6 0.84 (0.62, 1.06) <0.001  33% 3 0.56 (—0.14, 1.25) 0.11 86%
Taurours(‘}‘ﬁggg“’lm acid 3 0.39 (—0.09, 0.87) 011  72% 5 0.68 (0.18, 1.18) 0.008 84% 2 0.01 (—0.25, 0.27) 0.95 0%
Taurolithocholic acid (TLCA) 3 —0.38 (—0.70, —0.06)  0.02 0% 5 0.77 (0.17, 1.38) 0.01 83% 2 0.53 (0.02, 1.05) 0.04 NR

Abbreviations: MASLD, metabolic dysfunction-associated steatotic liver disease; MASH, metabolic dysfunction-associated steatohepatitis; non-MASH, simple steatosis; SMD,
standardized mean difference; CI, confidence interval; NR, not reported. p * denotes the p-value for statistical significance based on the Z test. Bold type indicates the SMD (95% CI) and
pt of the bile acid species with statistically significant results (p < 0.05).
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We further performed subgroup analysis based on the detection samples, showing
that the results of the serum samples were similar to the overall results (Table S5). Of note,
four of the 15 plasma bile acids did not provide enough data to calculate the pooled results.
Additionally, we conducted a subgroup analysis of diagnostic methods and found that the
histology subgroup had higher levels of most circulating bile acids, except for LCA and
TLCA (Table S6).

3.5. Publication Bias and Sensitivity Analysis

The presence of publication bias in the total circulating BA and 15 individual BAs was
assessed by observing asymmetry in the funnel plots and performing Egger’s regression
test and Begg’s test. As shown in Figure S2 and Table S3, Egger’s test revealed significant
publication bias for total BAs (p = 0.017). The trim-and-fill method was further performed
to identify and correct the results. However, these meta-analysis results were unchanged.
Thus, publication bias did not alter the statistical significance of the estimates, indicating
that this bias had a minimal effect on the pooled results.

Furthermore, we performed a sensitivity analysis to investigate whether any studies
would alter the significance of the SMDs of total BAs and distinct molecular species of BAs
(Figures S3 and 54). As a result, it showed no significant change in the results of the analysis
for all categories. However, the GRADE quality assessment indicated very low confidence
in the overall pooled evidence regarding the pooled result of total BAs, unconjugated and
conjugated BAs, primary and secondary BAs, and 15 individual BAs (Table 54).

3.6. Meta-Regression Analysis

When considering available data, we further performed a random-effects meta-
regression analysis to investigate the impact of several continuous variables on circulating
BAs, including the mean age, male proportion, BMI, and ALT of MASLD patients. The
results of the univariate meta-regression are summarized in Table 4, and bubble plots are
shown in Figures S5-58. When analyzing circulating concentrations of CDCA and UDCA,
age was a slight but significant confounding factor (regression coefficient beta = —0.045,
p = 0.03 for CDCA, and regression coefficient beta = —0.034, p = 0.04 for UDCA). However,
no other significant correlation was found in any other pair of comparisons.



Biomolecules 2023, 13, 1356 12 of 18

Table 4. Meta-regression analysis of the circulating bile acid levels and MASLD.

Characteristics Age (Years) Male (%) BMI (Kg/m?) ALT (U/L)
Beta (95% CI) r aR? Beta (95% CI) 4 aR? Beta (95% CI) r aR? Beta (95% CI) j4 aR?
Total BA 0.082 (—0.091, 0.255) 032 04%  3.841(—4.111,11.794) 031 112% —0.926(—0.246,0.061) 021  8.8% 0.075 (—0.002,0.152)  0.06  28.2%
Unconjugated BA  —0.048 (—0.125,0.029) 0.17 23.8%  —0.625(—7.649,6.400) 0.83 —229% —0.041(-0.214,0.132) 057 —152%  0.010 (0.041, 0.062) 0.62 —157%
Conjugated BA —0.018 (—0.619,0.027) 037 12.7%  —0.938 (—4.020,2.144) 049 0.19%  0.028 (—0.045, 0.102) 038 54.0%  0.011(—0.020,0.042) 070 —129.2%
Primary BA —0.109 (—=0.293,0.075)  0.19 21.7%  1.710(—9.144,12.565)  0.70 —189% —0.083(—0.363,0.197) 046 —88%  0.019(—0.108,0.145) 043 —24.5%

—1.281 (—26.628,

Secondary BA 0.151 (—0.383, 0.685) 048 —10.8% 090 —309% —0.061(—0.667,0.789) 0.81 —36.2% 0.097 (—0.183, 0.376) 035 32%

24.065)
~1.121 (~19.227,
cA —0.022(~0428,0384) 089 —32.6% 6.5 087 —311% —0026(-0535,0482) 089 —412% 0.080(—0.098,0258) 025 20.1%
DCA 00 86%059, 012 153% —0700(-5791,4389) 077 —120% 0052(—0.081,0184) 041 —61%  0017(—0.028,0061) 043 —46%
CDCA TOUR 003 25%  1855(-4106,7816) 051 —60%  0007(-0.167,0181) 093 —114% 0.006(-0053,0063) 083 —103%
—0.034 (—0.067,
UDCA 2 oon 004 30.0%  1321(-0488,7523) 064 -—98%  0111(-0.109,0331) 028 —04%  0.009 (—0.042,0060) 071 —11.0%
LCA 0076 (—0.024,0175) 012  20.85% 1.630 (—7.589,10.849) 0.69 —125% —0.056(—0444,0333) 074 —132% 0.011(-00750097) 077 —14.3%
GCA 0005 (~0.027,0037) 076 —154% —0.150 (—3374,3.074) 092 —20.5% 0.020 (—0.094,0134) 070 —203% 0.006(—0.027,0.040) 068 —254%
GDCA 0026 (~0055,0.106) 050 —516% —0.046(~8.081,7.988) 099 —121% 0093 (-0.187,0373) 048 —62%  0.022(—0.061,0106) 056 —9.6%
GCDCA 0002(~0035,0.038) 091 —233% 0270(~3812,4353) 088 21.6%  0022(—0.088,0.132) 066 —180% —0.002(—0.046,0.042) 092 —209%
GUDCA 0007 (~0.024,0.038) 062 —158% 1173(-2562,4908) 049 10%  0150(-0.026,0.325 008 337% 0007 (~0.0250040) 061 —259%
GLCA 0059 (~0108,0226) 084 —42% 11 53251)9"160' 083 —153% 0.178(—0471,0827) 053 —100% 0.031(—0.088,0151) 055 —10.7%
TCA ~0.004(~0038,0.029) 079 —145% —0175(-3749,3399) 092 —145% 0.080(~0.116,0276) 038 —42%  0.001(0.034,0037) 094 —159%
TDCA 0020 (~0033,0.073) 042 —29%  0408(~5380,6196) 088 —120% 0142(~0.172,0455) 033 —13%  0011(-0.047,0068) 068 —119%
TCDCA —0001(—0.031,0028) 092 —150% —0.693(~3774,2389) 063 —114% 0112(-0423,0266) 014 17.0%  0.010(—0020,0040) 048 —105%
TUDCA 0019 (~0016,0.053) 025 308% —0.624(~6442,5195) 081 —281% 0162(-0082,0405 016 84%  —0002(~0043,0.038) 091 -235%
TLCA —0.008 (—0053,0.036) 0.66 —164% —1796(~7.8544262) 050 —129% 0.181(-0.034,0395) 009 32.6% 0019 (—0.018,005) 025 8.1%

Abbreviations: MASLD, metabolic dysfunction-associated steatotic liver disease; BMI, body mass index; ALT, alanine aminotransferase; CI, confidence interval; aR?, adjusted R
square; BA, bile acid; CA, cholic acid; DCA, deoxycholic acid; CDCA, chenodeoxycholic acid; UDCA, ursodeoxycholic acid; LCA, lithocholic acid; GCA, glycocholic acid; GDCA,
glycodeoxycholic acid; GCDCA, glycochenodeoxycholic acid; GUDCA, glycoursodeoxycholic acid; GLCA, glycolithocholic acid; TCA, taurococholic acid; TDCA, taurodeoxycholic
acid; TCDCA, taurochenodeoxycholic acid; TUDCA, tauroursodeoxycholic acid; TLCA, taurolithocholic acid. Bold type indicates the Beta (95% CI) and p of the bile acid species with
statistically significant results (p < 0.05).
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4. Discussion

To our knowledge, the current study is the first meta-analysis on this topic and the
most comprehensive systemic review to demonstrate an overall profile of circulating BAs in
MASLD. The present study of 43,229 MASLD patients and 111,578 healthy controls showed
a significant relationship between circulating BAs and MASLD by evaluating the levels
of total or distinct molecular species of BAs. More specifically, of the 15 individual BAs
extracted in this meta-analysis, 9 were increased in MASLD patients, and the top 5 were
UDCA, TCA, CDCA, TCDCA, and GCA, whereas no significant differences in DCA, LCA,
GDCA, TDCA, GLCA, or TLCA levels were observed between the two groups.

Under normal conditions, BAs serve as important signaling molecules and exert a
critical role in the regulation of nutrient digestion and metabolism. In particular, there was
a complex and potentially pathogenic interrelationship between gut microbiota and BAs.
Specifically, the gut microbiota could modulate the BA pool size and composition through
enzymatic activities [4,36]. On the other hand, BAs were found to shape the intestinal
microbiome by exerting antimicrobial effects, stimulating spore germination, and serving as
sources of nutrients [37,38]. However, the present meta-analysis provided strong evidence
for significant elevations in total BAs and 9 of 15 individual BAs (including UDCA, TCA,
CDCA, TCDCA, GCA, GUDCA, GCDCA, TUDCA, and CA) in MASLD patients, indicating
that increased BA exposure may be involved in the pathogenesis of MASLD.

One study by Jiao N et al. demonstrated that although both primary and secondary
BA levels were indeed increased in MASLD, FXR-mediated and fibroblast growth factor
receptor 4 (FGFR4)-mediated signaling was impaired [7,21]. Previous studies by Nimer
N. et al. and Kasper M. et al. revealed that the expression of patatin-like phospholipase
domain-containing 3 (PNPLA3) was associated with BA metabolism [30,39]. Thus, another
explanation was that PNPLA3, which has been linked to multiple lipid metabolic processes
and liver fibrosis, bridged the association between BA metabolism and MASLD devel-
opment. In addition, BA accumulation may predispose individuals to MASLD through
direct hepatotoxicity, inducing inflammatory cytokines, gut microbiota imbalances, and
hyperendotoxemia caused by increased intestinal permeability [40—42].

So far, liver biopsy is still the “gold standard” method for staging steatosis, inflamma-
tion, and fibrosis in MASLD, but it cannot be routinely used in clinical practice. Therefore,
it is important to seek potential serum biomarkers for the assessment of MASLD. A cohort
study found that the plasma TBA levels in MASH patients are significantly higher than
those in non-NASH patients, regardless of their T2DM status. Through multiple linear
regression analysis, plasma TCA and GCA levels could effectively distinguish MASH,
independent of other confounding factors of T2DM [43]. Another study showed that,
through logistic regression analysis, increasing plasma TCA increased the likelihood of
severe steatosis, elevated GCA levels significantly increased the likelihood of inflammation,
and higher plasma TCA was associated with a significantly higher likelihood of balloon-
ing. As determined by least squares regression analyses, higher plasma total primary
BAs were associated with a higher NAFLD activity score and an increased likelihood of
fibrosis > 2 [22]. In our subgroup analysis, the GCA and TCA of MASH were also higher
than those of healthy controls, consistent with the above research findings. In the overall
result, all primary bile acids were also consistently elevated, which confirms that BAs can
serve as essential biomarkers to distinguish different stages of MASLD without biopsy.

Based on the pooled results, we hypothesized that 9 of the 15 individual BAs may
be potential diagnostic markers and therapeutic targets for MASLD, especially UDCA,
TCA, CDCA, TCDCA, and GCA, which were elevated to a higher degree in MASLD pa-
tients than in healthy individuals. It was in line with several previous reports. Previous
observations have demonstrated that UDCA has anti-inflammatory and anti-apoptotic
effects [44]. However, another meta-analysis of 8 studies with 655 participants showed that
UDCA treatment significantly reduced blood concentrations of alanine aminotransferase
(ALT) and y-glutamyl transferase but did not show any significant effect on anthropo-
metric characteristics or hepatic histology [45]. Additionally, published studies pointed
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to TCA not only as a biomarker for liver injury but also as a causal factor that disturbs
lipid metabolism [46]. Research on HFD-induced obesity rats (also commonly used as a
MASLD model) showed that HFD promoted BA intestine passive absorption to increase
the concentrations of BAs, especially CDCAs, which activated the Fxr-Fgf15 pathway in
the ileum to result in the mRNA expression of Cyp7al in liver down-regulation, which
inhibited cholesterol metabolizing into primary BAs and contributed to the cholesterol
level increase [47]. Another animal experiment suggested that TCDCA produces toxicity
in mouse primary hepatic cells and induces mitochondrial permeability transition and
Caspase-11 pyroptosis in mice [48]. Serum GCA may be associated with genetic variation
in the TRIB1 gene, and functionally, TRIB1 may influence hepatic triglyceride synthesis
and secretion in humans [31]. Notably, the relatively small sample size may result in low
statistical power, and it was doubted whether the results of animal experiments could be
demonstrated on humans, so further human and mechanistic studies need to be carried
out to clarify the results.

MASH is generally considered to be progressive, but its pathogenesis has not been fully
elucidated [49,50]. Interestingly, pooling all currently available data, our study confirmed
that the circulating BA profile varied by disease severity, as characterized by the significant
elevation of total conjugated BAs in MASH. Furthermore, when examining individual
molecular species of BAs, the concentrations of these four individual BAs, including TLCA,
TCA, TDCA, and GLCA, were significantly higher in MASH than in non-MASH. This
phenomenon may be attributed to alterations in the gut microbial composition; namely,
taurine- and glycine-metabolizing bacteria were obviously increased in the gut of MASH
patients [21]. Therefore, we suspected that these four BAs may be key factors for adverse
liver remodeling during the clinically relevant transition between non-MASH and MASH.
Consistent with this hypothesis, a study investigating liver BA profiles demonstrated
that increased concentrations of taurine-conjugated BAs (e.g., TCA and TDCA) were
found in MASH livers [51]. The exact mechanisms remain unclear, but experimental
evidence has reported that circulating TLCA can impair bile flow and induce cholestasis [52].
Additionally, TCA can activate hepatic stellate cells by upregulating the Toll-like receptor
4 (TLR4) signaling pathway, thereby playing an important role in both liver remodeling and
the development of portal hypertension [46,53,54]. Interestingly, our study also revealed
low TLCA concentrations in non-MASH but high TLCA levels in MASH. One plausible
reason for this contradiction is that metabolic changes (e.g., hyperinsulinemia) may inhibit
BA synthesis and reabsorption in early MASLD. However, mechanical factors (e.g., altered
blood flow and fibrosis) lead to increased levels of BAs with MASLD progression [19].
Nonetheless, future studies are encouraged to clarify the detailed mechanism and identify
the clinical utility of TLCA, TCA, TDCA, and GLCA to monitor disease progression.

Moreover, another important finding in the current study was that different regions
exhibited unequal circulating BA profiles. In brief, GCA and TUDCA were the most
significantly elevated in Eastern countries, while TCA and GCA were elevated in Western
countries. Notably, this result, especially GCA, provided valuable clues for the selection of
a novel potential treatment target for MAFLD patients in different geographic locations.
This discrepancy may have occurred because the gut microbiota has racial and geographic
disparities, leading to varied BA patterns [55].

There were several limitations to this systemic review. First, the number of studies
included in the present study was small, and seven studies included fewer than 50 MASLD
patients. Notably, the statistical capacity may be low because of the limited studies, sug-
gesting that the pooled results should be interpreted with caution. However, we compre-
hensively and systematically searched the database to identify most articles. Second, the
statistical heterogeneity of MASLD definitions precludes accurate cross-study comparisons.
Subgroup and sensitivity analyses were further conducted and revealed that geographic
regions, disease severity, MASLD detection methods, and BAs test samples may be con-
founders. However, other important factors, including varied lifestyles and the degree of
steatosis, could not be assessed due to a lack of sufficient data. Third, there was a possible
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publication bias in the current study. When screening the records, unpublished studies
such as dissertations or conference abstracts were excluded. Nonetheless, trim-and-fill
analyses indicated that the impact of this bias on our results was likely insignificant, and
the sensitivity of the publication bias test was considered low due to the limited number of
included studies. Finally, 14 of the 19 included studies were case-control studies, which
could not demonstrate the cause-and-effect relationship between BAs and MASLD. There-
fore, larger longitudinal cohort studies are warranted to investigate whether circulating
BAs contribute to the occurrence and development of MASLD.

5. Conclusions

Our meta-analysis demonstrated that excess BA production may be involved in liver
injury and the development and/or progression of MASLD, and the circulating BA profile
in MASLD patients varied by disease severity and geographic region. This provided an
important clue for the search for potential MASLD diagnostic and therapeutic targets.
However, these findings warrant further investigation and validation (Figure S9).
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