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Abstract
Background

Despite over three decades of research, the use of peripheral bile acid concentrations or
proportions as biomarkers for human liver injury remain inconclusive due to variable and

inconsistent findings.

Objective
The aim of this systematic review and meta-analysis was to identify factors contributing to
the variability in published bile acid research and propose recommendations to enhance the

robustness and reproducibility of future studies.

Methods

A search of the PubMed database and a systematic manual screening of references until May
2024 for studies reporting peripheral bile acid concentrations in humans was conducted.
English-language studies reporting mean or median concentrations of at least one of 15
predetermined circulating bile acids in human cohorts were included. The exclusion criteria
were editorials, commentaries, letters to the editor, conference proceedings, abstracts, and
monographs. Raw bile acid concentrations, subject demographics (number, average age, sex
distribution, health status, fasted/fed status), the blood matrix analysed, the matrix volume
analysed, the bile acid extraction process, and analytical technique when available were

extracted by a single observer.

Results

65 studies involving 215 cohorts were selected. Bile acid concentrations in normal cohorts
exhibit large intervariability. The analytical technique used to measure bile acid
concentrations, the fasted/fed status of patients at the time of sampling, the choice of blood
collection matrix, the starting volume of this matrix, and the choice of protein precipitation

solvent are found to be determinants of this variability.

Limitations

Only mean or median bile acid concentrations in study cohorts were extracted from studies
and compared since bile acid concentrations are rarely reported in individual subjects.
Analysing mean or median bile acid concentrations in study cohorts may not give a true sense

of bile acid concentrations and therefore their determinants.
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Discussion
Experimental, analytical and biological sources of mean peripheral bile acid concentration
variability were identified. These must be standardised across future studies to clarify the

potential of peripheral bile acids as biomarkers.

Introduction

Bile acids

Bile acids (BAs) comprise several molecules built on an identical sterol backbone. Cholic
acid (CA) and chenodeoxycholic acid (CDCA) are primary BAs. They are metabolic
products of cholesterol in liver hepatocytes (Fig 1). In humans, most BAs are conjugated to
glycine (G-), with a minority conjugated to taurine (T-), in a ratio of 3:1 (G-:T-) on average
(1). BA conjugation in hepatocytes is highly efficient and increases both their secretion into
bile and their water solubility at acidic pH levels preventing precipitation in the duodenum

(2), where BAs aid in the absorption of dietary fats.

Fig 1. Schematic of the human enterohepatic circulation. Abbreviations: ASBT, Apical
Sodium-Bile acid Transporter;, BSEP, Bile Salt Export Pump,; CA, cholic acid; CDCA,
chenodeoxycholic acid; DCA, deoxycholic acid;, FGF19, Fibroblast Growth Factor 19;
FGFR4, Fibroblast Growth Factor Receptor 4; FXR, Farnesoid X Receptor, G-, glycine-
conjugated; LCA, lithocholic acid; NTCP, Na*-Taurocholate Cotransporting Polypeptide;
OST a/f, Organic Solute Transporter alpha/beta; T-, taurine-conjugated;, UDCA,

ursodeoxycholic acid.

From the liver, conjugated BAs (cBAs) are secreted through the bile salt export pump (BSEP;

ABCBI1) into the bile duct, from where they are stored in the gallbladder during periods of
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fasting, or flow directly into the duodenum during prandial periods. From the duodenum, BA
flow continues through the jejunum and ileum. Throughout the small intestine, cBAs can be
passively absorbed through the intestinal wall into the portal vein. However, the majority of
cBA absorption occurs in the terminal ileum (3), where the apical sodium-bile acid
transporter (ASBT; SLC10A2) mediates the active transport of BAs from the lumen of the
ileum into enterocytes. In enterocytes, BAs bind to FXR, a nuclear receptor, with varying
affinities according to BA species (4,5). Activation of FXR stimulates the production and
secretion of fibroblast growth factor 19 (FGF19). The latter is brought to the liver with the
portal flow where it binds to the FGFR4 on hepatocytes to inhibit the synthesis of BAs,
functioning as an autoregulatory negative feedback mechanism. BAs are exported from
enterocytes to the portal vein by the basolateral organic solute transporter (OST-o/p;
SLCS51A/SLC51B). BAs not actively transported into enterocytes of the terminal ileum
continue their journey towards the colonic lumen where they are rapidly deconjugated by the
gut microbial enzyme, bile salt hydrolase (BSH). The so formed unconjugated BAs (uBAs)
can undergo dehydroxylation by cooperative bacterial enzymes, to form secondary BAs such
as deoxycholic acid (DCA), lithocholic acid (LCA) and ursodeoxycholic acid (UDCA).
Lipophilic secondary uBAs are passively absorbed from the colonic lumen into colonocytes
to the portal vein. Remaining colonic BAs are excreted in the faeces, accounting for
approximately 5% of the BA pool daily. The portal vein returns BAs to the liver, where they
are transported into hepatocytes by basolateral Na*-taurocholate cotransporting polypeptide
(NTCP; SLC10A1), completing the enterohepatic circulation (EHC); while a minor fraction

of BAs leak into the peripheral circulation.

Bile acids as biomarkers

Besides their role in lipid digestion, BAs are important signalling molecules. BAs bind to

multiple receptors, including FXR, Takeda-G-protein-receptor 5 (TGRS), pregnane X receptor
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94  (PXR), vitamin D receptor (VDR) and liver X receptor-a (6). The activation of these receptors
95  contributes to the regulation of lipid homeostasis, glucose homeostasis, energy metabolism and
96 inflammation (7). Each individual BA species binds to receptors with a specific affinity. Hence,
97  the concentration of individual BAs at a given time and location along the EHC defines a
98  specific activity which varies dynamically with time (for example in relation to a meal and
99 release of massive amounts of BA in the gut) and position along the EHC. Many disease
100  processes, ranging from cholestasis to digestive disorders and including dysmetabolic
101  disorders, are associated with perturbed BA metabolism. Hence alteration of the size and
102 composition of the BA pool, could be used as a biomarker of disease. Using peripheral BA
103 concentrations as biomarkers has been investigated in various diseases such as obesity and
104  insulin resistance (8—11), Type 2 Diabetes Mellitus (8,10,12—15), Metabolic Dysfunction-
105  Associated Steatotic Liver Disease (MASLD) (9,16-29), cancers, such as hepatocellular

106  carcinoma (30-33), cholangiocarcinoma (34) and colon cancer (35), and Alzheimer’s disease

107 (36-38).

108  BAs could play a role in regulating both energy metabolism and inflammation, which is
109  particularly relevant in the context of MASLD. In mice, the composition of the portal BA pool
110  has been implicated in driving liver inflammation (39). Secondary BAs, produced through gut
111  microbial metabolism are more potent activators of TGRS, a receptor found in the plasma
112 membrane of Kupffer cells, the resident liver macrophages (40). TGRS activation elevates
113 cyclic adenosine monophosphate (cAMP), inhibiting the activation of nuclear factor kappa-
114  light-chain-enhancer of activated B cells (NF-«xB) (41), resulting in the inhibition of
115  proinflammatory cytokine production. Consequently, a higher proportion of primary BAs
116  relative to secondary BAs in the portal blood could exacerbate liver inflammation due to
117  decreased TGRS activation. Since sampling from the portal vein is extremely invasive, the

118  question of using minimally invasive peripheral blood BA concentrations as a marker of
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119 MASLD severity might be raised. However, further research is needed to establish the
120 relationship between peripheral BA levels and the composition of the portal BA pool, as well
121  as their predictive value for MASLD severity. Of note, next to inflammation and metabolism,

122 the activity of the thermogenic brown adipose, known to be defective in obesity and MASLD,

123 isalso in part modulated by BAs. Hence, BAs outside the EHC may also contribute to MASLD.

124 To date, all the existing studies on MASLD have only reported BA composition in the
125  peripheral blood of MASLD patients. A recent systematic review found that total BA
126  concentrations as well as circulating UDCA, T-CA, CDCA, T-CDCA, G-CA, G-UDCA, G-
127  CDCA, T-UDCA and CA were significantly elevated (in order of most-elevated to least-
128  elevated) in MASLD patients compared to healthy controls (42). Though the average
129  concentrations of these BAs were increased, the intrinsic high inter-individual variability in
130  BA concentrations (e.g. between subjects) meant that there was overlap between MASLD and
131  healthy cohorts. But individual studies draw contradictory results. For example, Zhang et al.
132 observed a decrease in peripheral G-DCA concentrations in MASLD patients compared to
133 healthy controls (27); conversely Ferslew et al. observed an increase in peripheral G-DCA

134 concentrations (29), while concentrations reported by Wu et al. exhibited no change (28).

135  Another review exploring the use of systemic BAs as biomarkers for diverse liver diseases
136  showed that the studies did not agree on which individual BAs or BA ratios are relevant as
137  biomarkers of specific liver dysfunction, including MASLD (43). Except for the prognostic
138  value of systemic BAs in intrahepatic cholestasis of pregnancy, studies have failed to provide
139  evidence for using systemic BAs as a liver biomarker. This study highlighted inconsistencies

140  in the reported results related, in part, to differences in the methods used in BA assays.
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141 Metadata on bile acid data

142  Contextualizing published data on BA concentrations is critical to validate their potential use
143 as biomarkers. However, most studies are conducted on small sample sizes making it difficult
144  to extrapolate results to a whole population. Additionally, study conclusions are often
145  inconsistent, highlighting the need to better understand the potential causes of these
146  discrepancies. To address this, we propose a systematic review of the literature to investigate
147  the influence of biological determinants, such as health status, type of disease, age and fed

148  status, as well as experimental factors on BA data reporting.

1499  Methods

150 Literature search

151  The literature search was performed in PubMed as of May 2024 using the following search:
152 “bile acid concentration”[Title/Abstract] OR “bile acid concentrations”’[Title/Abstract] OR
153  “circulating bile acid”’[Title/Abstract] OR “circulating bile acids™[Title/Abstract] OR "bile
154  acid profile"[Title/Abstract] OR “bile acid profiles” OR "plasma bile acid"[Title/Abstract]
155  OR "plasma bile acids"[Title/Abstract] OR "serum bile acid"[Title/Abstract] OR "serum bile
156  acids"[Title/Abstract] OR "individual bile acids "[Title/Abstract] OR "bile acid

157  levels"[Title/Abstract]. The review and the review protocol were not registered. The search
158  was complemented by a manual screening of the list of references for relevant articles based

159  on predetermined inclusion and exclusion criteria.

160 Inclusion and exclusion criteria

161  Studies that reported absolute peripheral concentrations of one or more of the 15 individual
162  BAs or absolute peripheral concentrations of total BAs were included. Only studies written in

163 English and conducted on humans were included. Editorials, commentaries, letters to the
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164  editor, conference proceedings, abstracts, and monographs were not included. These were

165  determined by a single observer.

166 Data and metadata extraction

167  The data for the most abundant primary and secondary conjugated and unconjugated bile acids
168 (CA (PubChem CID:221493), CDCA (PubChem CID:10133), DCA (PubChem CID:222528),
169  UDCA (PubChem CID:31401), LCA (PubChem CID:9903), G-CA (PubChem CID:10140),
170 G-CDCA (PubChem CID:12544), G-DCA (PubChem CID:3035026), G-UDCA (PubChem
171  CID:12310288), G-LCA (PubChem CID:115245), T-CA (PubChem CID:6675), T-CDCA
172 (PubChem CID:387316), T-DCA (PubChem CID:2733768), T-UDCA (PubChem
173 CID:9848818), T-LCA (PubChem CID:439763)) were extracted directly from the main
174  publication or supplementary material of studies. If the arithmetic mean concentration was not
175  reported, the geometric mean or median was extracted and presented as the arithmetic mean in
176  this study. In cases where data were only presented in graphical form and not in tabular form,
177  the graphs were digitised using WebPlotDigitizer (automeris.io) when possible. When data for
178  the individual BA concentrations were not available, the total BA data were reported (totalCA,
179  totalCDCA, totalDCA, totalUDCA, totalLCA). When the data for individual BA
180  concentrations were available, but the total BA concentrations were not, concentrations of the
181  conjugated and unconjugated forms of BAs were summed e.g. total CA = CA + G-CA +T-CA.
182  If BA concentrations of patients at multiple postprandial timepoints were available, these were
183  also included as a separate set of data. The units of concentration were standardised to nM for
184  comparison, using molecular weights reported in PubChem
185  (https://pubchem.ncbi.nlm.nih.gov) where necessary. These data were extracted by a single

186  observer.

187  Regarding the metadata, biological information was retrieved including the health status of the
188  subjects, whether the subjects were in a fasted or fed state, the average age of the cohorts and

7
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189  the size and sex distribution of the cohorts when available. A cohort of patients was considered
190  unhealthy if they had a condition that could directly impact the EHC. Health conditions
191 included: cirrhosis, obstructive jaundice, (mild and severe) cholestasis, cholelithiasis,
192  adenomyoma, ileal resection, primary sclerosing cholangitis, non-alcoholic fatty liver (NAFL),
193  non-alcoholic steatohepatitis (NASH), hepatocellular carcinoma (HCC), cholangiocarcinoma,
194  gallbladder cancer, primary colon cancer, viral hepatitis B and C, alcoholic liver disease, and

195  various combinations thereof. By contract, we defined normal individuals here as ‘having no

196  known diseases directly affecting the organs involved in the EHC”.

197  Then, the material used for analyses was recorded (serum or plasma). Additionally, the method
198 by which BAs were extracted from this material and the analytical technique used to quantify
199  the BA concentrations was extracted. For the analytical technique, there are many forms of
200  Liquid Chromatography-Mass Spectrometry (LC-MS). Studies using any of these forms were
201  clumped together and identified as using LC-MS in this study. In the studies utilising LC-MS,
202  information about whether the sample was directly injected or whether steps were taken to
203  extract BAs was obtained. This included information concerning what reagent was used for
204  protein precipitation, whether the resulting mixture underwent solid phase extraction (SPE),
205  whether the resulting mixture sample was evaporated, if so, was the sample evaporated under
206  vacuum or nitrogen. And once evaporated, what reagent was used to reconstitute the residue
207  before being injected into the LC-MS equipment. Missing or unclear information was reported

208  assuch.

209  Visual plotting and statistics

210  The data were plotted using Python (Version 3.12.4) and graphed as individual points and
211  presented as the mean + standard deviation. Statistical analyses were performed using a

212 combination of GraphPad Prism 8 and the SciPy Statistical functions (Version 1.14.0).
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213 Results

214 Literature search and relevant studies

215 4,172 studies were returned following a search of the keywords (Fig 2). After applying the
216  exclusion criteria and reading their abstracts and results sections a total of 65 studies reporting
217  peripheral bile acid concentrations were included. Initially there was one additional study, but
218  this was excluded because the BA concentrations reported appeared to be 1000-times higher
219  than those in the other studies (44). There was no response when both the lead and
220  corresponding authors were contacted to confirm whether the unit used was correct and hence
221  the study was excluded. For another study the authors did respond and confirmed that the unit
222 reported was incorrect (21). The 65 studies were published between 1977 and 2024. The studies
223 included a total of 10629 individuals, of which 3249 were considered normal individuals, who
224  we defined here as ‘having no known enterohepatic disorders or diseases directly affecting the
225  organs involved in the EHC’ and 4628 were considered unhealthy, who we defined here as
226  ‘having diagnosed enterohepatic disorders’. Over all studies, 3 studies which involved 471
227  individuals had both normal and unhealthy individuals in the same cohorts, while 6 studies did
228  not report whether individuals had enterohepatic disorders and were thus classified as having
229 unknown health statuses. From these 65 studies, BA concentration datasets from a total of 215
230  cohorts were obtained. 169 (~79%) of these datasets reported individuals BAs (Table 1), with
231  the remaining 46 (~21%) reporting total BAs (Table 2). 101 (~51%) were obtained from normal
232 cohorts and 98 (~46%) from unhealthy cohorts. 133 (~62%) were from fasted cohorts and 59
233 (~27%) were from fed cohorts. The material analysed was serum samples for 158 (~73%) and
234  plasma samples for 57 (~27%). Regarding analytical technique, 154 (~72%) were measured
235  using LC-MS, 43 (20%) using Gas Chromatography Mass Spectrometry (GC-MS), 8 (~4%)
236 wusing Gas Liquid Chromatography (GLC), 3 (~1%) using High Performance Liquid

237  Chromatography (HPLC) and 4 (~2%) using Capillary Electrophoresis.
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Fig 2. The flowchart based on PRISMA standards.

Health Status Fed Status xl?le;::; ,?:jgi::;?l Reference(s)
8,11,13,20,22
LC-MS [35] (_29 45.50)
Serum [38] GC-MS [1] (52)
GLC [1] (53)
Fasted [53] HPLC [1] (54)
] (9,10,12,15,18
Normal [76] Plasma [15] | “CMSU4 | Tg 07 55 53
orma GC-MS [1] (59)
Seum[11] | re-mspin] | 3 ’136’6107)’29’3
Fed [19] Plasma [8] LC-MS [5] (56,60)
_ GC-MS [3] (59)
) Serum [2] LC-MS [2] (32,61)
O 5
= Unknown [4] ™51 sma [2] LC-MS [2] (34,62)
= 20,22
2 LC-MS [31] 29,(45,47,49)
’f‘:é Serum [38] GC-MS [2] (52)
m GLC [1 53
—% Fasted [51] HPLC[[I]] E 5 43
= ] (9,15,18,19,21
2| Unhealthy Plasma [13] LE-MS[12] ,55,57)
[78] GC-MS [1] (59)
] (16,17,29,33,4
Fed [15] Serum [12] | LC-MS[12] 5 63-6%)
Plasma [3] GC-MS [3] (59)
Both [2] Plasma [2] LC-MS [2] (30,35)
Serum [5] LC-MS [5] (31,32)
Unknown [10] =5 e [5] LC-MS [5] (34,62)
Both [2] Fasted [1] Plasma [1] LC-MS [1] (66)
Both [1] Plasma [1] LC-MS [1] (30)
Fasted [7] Serum [7] LC-MS [7] (37,38,67)
Unknown [13] Both [1] Plasma [1] LC-MS [1] (35)
Unknown [5] | Plasma [5] LC-MS [5] (36,68)

Table 1. Biological and experimental characteristics of the individual bile acid

concentration datasets obtained from the included studies. The number in squared brackets

indicates the number of datasets in each subgroup. Abbreviations: LC-MS, liquid

10
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chromatography-mass spectrometry; GC-MS, gas chromatography-mass spectrometry, GLC,

gas liquid chromatography, HPLC, high performance liquid chromatography.

Health Status | Fed Status Material Analytical Reference(s)
Analysed Technique
GC-MS [4] (65,69-71)
GLC [2] (63,72)
Fasted [7] Serum [7] Capillary (73)
Normal [25] Electr(Ell)ﬁlorems
_ LC-MS [1] 17
§ Fed [18] Serum [18] GC-MS [16] (65,69,70)
z GLC[1] (63)
3 GC-MS [7] (65,71,74-77)
© GLC [2] (63,72)
& Fasted[13] | Serum[13] | HPLCII] (78)
= Capillary (73)
= Unhealthy El .
= ectrophoresis
[20] (3]
LC-MS [1] 17
Fed [7] Serum [7] GC-MS [5] (65)
GLC[1] (63)
Both [1] Fasted [1] Plasma [1] LC-MS [1] (14)

Table 2. Biological and experimental characteristics of the total bile acid concentration

datasets obtained from included studies. The number in squared brackets indicated the

number of datasets in each subgroup. Abbreviations: LC-MS, liquid chromatography-mass

spectrometry;, GC-MS, gas chromatography-mass spectrometry;, GLC, gas liquid

chromatography; HPLC, high performance liquid chromatography.

Normal cohorts exhibit large intervariability in peripheral BA
concentrations.

The concentrations of individual BAs in normal cohorts are highly variable between cohorts

for a given BA (Fig 3A). In general, CA, CDCA and DCA in their free and conjugated forms

are the most abundant compared to these forms of UDCA and LCA. G-CDCA is the most

abundant BA, with concentrations ranging between 30nM and 2000nM. This is followed by

11


https://doi.org/10.1101/2025.01.12.25320430
http://creativecommons.org/licenses/by/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.01.12.25320430; this version posted January 13, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in
perpetuity.
It is made available under a CC-BY 4.0 International license .
258 CDCA and DCA, which both have similar mean concentrations. In contrast, T-LCA and T-
259  UDCA are the least abundant BAs, with mean concentrations ~10nM. The mean

260  concentrations of G-conjugated BAs are between two- and ten-fold higher than their T-

261  conjugated counterparts.

262

263  Fig 3. Peripheral bile acid concentrations in normal cohorts are highly variable.
264  Mean/Median individual bile acid concentrations (A) and total bile acid concentrations (B)
265  in normal cohorts (those without enterohepatic disorders) were collected from literature and

266  plotted as their mean =+ standard deviation.
267

268  The concentration of total BAs also fluctuates greatly between cohorts (Fig 3B), with
269  total CDCA being the most abundant. This is followed by totalDCA, total CA, totalUDCA and
270  totalLCA in descending order. total CDCA has the widest range from 100nM to 1900nM, while

271  totalLCA is the smallest, ranging from OnM to 700nM.

272 LC-MS is currently the most used analytical technique to
273 measure circulating individual BA concentrations.

274  In the past, HPLC and GLC were used to quantify BA concentrations. However, owing to the
275  higher sensitivity, specificity and throughput of LC-MS and GC-MS, HPLC and GLC are now
276  obsolete. Consequently, the vast majority of studies in which BA concentrations are reported
277  have used either LC-MS or GC-MS (Fig 4). Of the 65 studies included here, 49 studies used
278  LC-MS and 10 studies used GC-MS. The fact that GC-MS requires a complex, time-consuming
279  derivatisation step to convert the BAs to a volatile form, and that LC-MS has a higher

280  sensitivity and throughput, has led to LC-MS becoming the primary analytical technique for
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281  measuring individual BAs (Table 1), while studies in which GC-MS was used reported total

282  BAs (Table 2).

283

284  Fig 4. LC-MS is the predominant analytical technique to measure bile acid concentrations.
285  The analytical technique used in the 65 included studies were tallied and presented as a pie
286  chart (A). The number in brackets indicates the number of studies using the respective

287  technique. Abbreviations: GC-MS, gas chromatography-mass spectrometry, GLC, gas liquid

288  chromatography, HPLC, high performance liquid chromatography.

289

290 The fed status at the time of sampling has an impact on BA
291 concentrations.

292  The impact of the fasted/fed status at the time of sampling on the concentration of individual
293  BAs in normal cohorts was investigated. Having established that LC-MS is the most widely
294  used analytical technique to measure BA concentrations, we restricted our analysis to LC-MS
295  studies. Normal cohorts fed at the time of sampling tend to have higher mean concentrations
296  of G-BAs than fasted cohorts (Fig 5A). The mean concentrations of G-CDCA (p=0.0396), G-
297  DCA (p=0.00007), G-UDCA (p=0.0111) and G-LCA (p=0.0016) are increased, but not

298  significantly for mean concentrations of G-CA. Of the uBAs, mean DCA concentrations are
299  significantly higher in fed normal cohorts (p=0.0061), while mean concentrations of CA,

300 CDCA, UDCA and LCA are similar in both conditions. T-CDCA is the only T-BA that is
301  significantly elevated in fed normal cohorts (p=0.0081), while the other T-BAs remain

302  similar in both conditions. The totalDCA mean concentrations are increased in fed normal

303  cohorts compared to fasted (p=0.00091), while the mean concentrations of the other totalBAs
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304  remain similar in both conditions, though data for totalUDCA in fed normal cohorts are

305 limited (n=3) (Fig 5B).
306

307  Fig 5. Normal cohorts fed at the time of sampling tend to have elevated mean bile acid

308  concentrations than fasted normal cohorts. Mean/median individual bile acid (4) and total
309  bile acid (B) concentrations from studies that used LC-MS in normal cohorts (those without
310  enterohepatic disorders) were stratified for whether the cohorts were fasted or fed at the time
311 of sampling and plotted as their mean + standard deviation. Statistics performed by two-

312 tailed unpaired Welch's t-test, blank p>0.05, * p<0.05, ** p<0.01, *** p<0.001, ****

313 p<0.0001.
314

315  Since the fasted/fed status at the time of sampling has an impact on BA concentrations,
316  reducing the variability associated with it might be relevant. Due to nil per os guidelines for
317  preoperative patients, samples for BA analyses should always be obtained in the fasted state,
318  to minimise any variation caused by a subject’s fasted/fed status at the time of sampling, unless

319  specifically investigating postprandial effects.

320 BA concentrations in peripheral serum are higher than
321 peripheral plasma.

322 Peripheral blood can be collected as either serum or plasma. To collect serum, blood is

323  allowed to clot naturally and then centrifuged, enabling the removal of coagulation factors,
324 blood cells and fibrin clots. On the other hand, plasma is collected by first adding an

325  anticoagulant such as heparin, EDTA or citrate, and then immediately centrifuged to separate

326  blood cells and liquid plasma.
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327  Serum samples obtained from normal cohorts fasted at the time of sampling tend to have
328  higher individual BA concentrations than plasma samples on average (Fig 6A). The mean
329  concentrations of CA (p=0.0064), CDCA (p=0.0051), UDCA (p=0.0271), G-CA (p=0.0477)
330 and T-CA (0.0090) in serum samples are significantly higher than those in plasma. The mean
331  concentrations of totalBAs are also similar in both serum and plasma samples, with only
332 totalCA significantly higher in serum samples (p=0.0133) (Fig 6B). Though serum samples
333  exhibited higher BA concentrations on average, across both individual BAs and total BAs,
334  plasma samples seem to exhibit lower variation compared to serum samples, suggesting that
335 BA concentrations in plasma may be more reliable and reproducible. However, a comparison

336  of variance via a Brown-Forsythe test reveals no statistically significant difference between

337  the variance of two groups across all BAs (S3 Table).

338

339  Fig 6. Bile acid concentrations in peripheral serum tend to be higher than those in

340  peripheral plasma. Mean/median individual bile acid (A) and total bile acid (B)

341  concentrations from studies that used LC-MS in normal cohorts (those without enterohepatic
342  disorders) which were fasted at the time of sampling were stratified for whether the sample
343 analysed was serum or plasma, and plotted as their mean =+ standard deviation. Statistics

344  performed by two-tailed unpaired Welch’s t-test, blank p>0.05, * p<0.05, ** p<0.01.

345

346 A wide range of bile acid concentrations can be detected from a
347  S0ul plasma sample.

348  The sensitivity of the LC-MS instrumentation can play a role in the variability of concentrations
349  measured. If the starting volume is too small, the amount of a BA in this volume, particularly

350  those in low concentration might fall below the detection limit of the instrument.
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351  Of'the 14 datasets of BA concentrations measured using LC-MS in plasma from normal cohorts
352  fasted at the time of sampling, half of them were measured in 50ul of plasma (Fig 7A). The
353  next most used volume of plasma was 100ul. Similar ranges of total BA concentrations can be
354  measured from both 50ul and 100ul of plasma (Fig 7B). This is also true for G-CDCA, the
355  most abundant BA of the 15 BAs focussed on in this study, while there are no measurements
356 of T-UDCA, the least abundant BA of those focussed on here, from 100ul of plasma (S4 Fig).
357  No correlation between the starting volume of plasma and the concentration of BAs measured
358  is observed. Thus, 50ul of plasma appears to be a suitable volume to use to ensure accurate

359  absolute BA concentration measurements whilst potentially reducing the volume of blood

360 required to be drawn from a subject.

361

362  Fig 7. Peripheral bile acid concentrations are most commonly measured in 50ul of plasma
363  and a wide range of concentrations can be detected. The starting volume of plasma used to
364  measure bile acid concentrations from studies that used LC-MS in normal cohorts (those
365  without enterohepatic disorders) which were fasted at the time of sampling were tallied and
366  presented as a pie chart (A). The number in brackets indicates the number of datasets with
367  the respective starting volume of plasma. The total bile acid concentration of each dataset

368  was summed and plotted versus their starting volumes of plasma (B).

369

370  When methanol is used to precipitate proteins, a wider range of
371  BA concentrations can be measured across all BAs.

372 A critical step in the upstream processing of a sample to be analysed by LC-MS is protein
373  precipitation, during which proteins in serum and plasma that would otherwise interfere with

374  BA analysis by binding to BAs or clogging the analytical column, are removed. The two most
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375  common methods involve using either an organic solvent for precipitation, such as methanol,
376  ethanol or acetonitrile, or an acid for precipitation, such as formic acid or trichloroacetic acid.
377  Another method is alkaline hydrolysis which involves the addition of an alkaline such as
378  sodium hydroxide, followed by heating to facilitate hydrolysis and then centrifugation to

379  remove the precipitated proteins. However, exposure to strong alkaline conditions may lead to

380  the degradation of BAs.

381  Of the seven BA concentration datasets measured in 50ul of plasma from normal cohorts in
382  the fasted state using LC-MS, methanol was used to precipitate proteins in four of them,
383  acetonitrile, two, and sodium hydroxide, one (Fig 8A). The total BA concentrations in samples
384 in which proteins were precipitated with methanol are similar to those precipitated with
385  acetonitrile (Fig 8B). For G-CDCA, its concentrations are similar in both cases (Fig 8C), while
386  concentrations of T-UDCA are higher when methanol is used compared to when acetonitrile is
387  used (Fig 8D). When concentrations for 100ul of plasma are included, since no difference
388  between using 50ul and 100ul of plasma was observed in total BA concentrations measured
389  (Fig. 7B), the concentrations of G-conjugated and T-conjugated CA, CDCA and DCA are
390  similar when methanol and acetonitrile are used, but concentrations of G-conjugated and T-
391  conjugated UDCA and LCA are larger when methanol is used, though data are limited (S5

392 Fig).

393

394  Fig 8. Bile acid concentrations in plasma samples in which proteins were precipitated with
395  methanol tend to be higher across all bile acids than when other solvents are used. The
396  protein precipitation solvent used in datasets from studies that used LC-MS to measure bile
397  acid concentrations in 50ul plasma from normal cohorts (those without enterohepatic

398  disorders) which were fasted at the time of sampling were tallied and presented as a pie chart
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(A). The total bile acid concentrations of these datasets were summed and stratified for the

protein precipitation solvent used and plotted as their mean + standard deviation (B). The

concentrations of the most abundant bile acid: G-CDCA (C) and the least abundant bile acid:

T-UDCA (D) were stratified for the protein precipitation solvent used and plotted as their mean

+ standard deviation.

Having identified determinants contributing to explain the variability observed in reported BA

concentrations in human peripheral blood, we aimed to see if, by filtering studies for the

suggested recommendations (Table 3), we could reduce the high intervariability observed in

BA concentrations in normal cohorts (those without enterohepatic disorders). A comparison of

variance via a Brown-Forsythe test found that G-UDCA (p=0.04925) is the only BA whose
variance is significantly decreased when the data is filtered (S6 Fig and S7 Table).
Source of Variability Recommendation
Analytical Technique LC-MS
Fasted/Fed Status of Subjects Fasted
Analyzed Material Plasma
Starting Volume 50ul
Protein Precipitation Solvent Methanol

Table 3. The identified sources of variability in bile acid concentration measurements and

the recommendations to reduce this variability. Abbreviations: LC-MS, liquid-

chromatography-mass spectrometry.

Unhealthy cohorts exhibit increased BA concentrations compared

to normal cohorts.

Without filtering for the suggested recommendations, unhealthy cohorts exhibit increased

mean individual BA concentrations across most BAs compared to normal cohorts (Fig 9A).

Concentrations of UDCA (p=0.0205), G-CA (p=0.0041), G-CDCA (p=0.0002), G-DCA
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420  (p=0.0014), T-CA (p=0.0144), T-CDCA (p=0.0022), T-DCA (p=0.0233) and T-UDCA
421  (p=0.0338) are significantly elevated in unhealthy cohorts, while concentrations of the other
422  BAs are similar in both groups of cohorts on average. totalCA (p=0.0024), total CDCA
423  (p=0.00002), totalDCA (p=0.0066), totalUDCA (p=0.0238) are significantly elevated in

424  unhealthy cohorts, while total LCA remains similar in both normal and unhealthy cohorts (Fig

425  9B).

426

427  Fig 9. Unhealthy cohorts (those with enterohepatic disorders) exhibit elevated bile acid
428  concentrations compared to normal cohorts (those without enterohepatic disorders).

429  Mean/median individual bile acid (A) and total bile acid (B) concentrations in normal

430  (without enterohepatic disorders) and unhealthy cohorts (with enterohepatic disorders) were
431  plotted as their mean + standard deviation. Statistics performed by two-tailed unpaired

432 Welch’s t-test, blank p>0.05, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

433

434  Diseases were stratified into three groups: NAFLD+Cirrhosis, HCC and Cholestasis. Cohorts
435  with known instances of NAFL, NASH and Cirrhosis were placed in the NAFLD+Cirrhosis
436  group, while cohorts with known instances of HCC or Cholestasis were placed in the HCC or
437  Cholestasis groups respectively. When stratified for diseases, there is a significant difference
438  in the total BA concentration between normal cohorts and cholestatic cohorts (p=0.0399) (Fig
439  10A), in line with the literature. However, there is no difference between cholestatic cohorts
440  and cohorts with metabolic-dysfunction associated liver diseases (NAFLD+Cirrhosis) and
441  HCC. There is a significant difference between the conjugated-to-unconjugated BA ratios in
442  HCC cohorts and those in normal (p=0.0007) and NAFLD+Cirrhotic cohorts (p=0.0003) (Fig

443  10B). The secondary-to-primary BA ratios in both HCC and cholestatic cohorts are
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444  significantly lower than the secondary-to-primary BA ratios in normal (p=0.00001, p=0.0006

445  respectively) and NAFLD+Cirrhotic cohorts (p=0.00009, p=0.0022 respectively) (Fig 10C).

446

447  Fig 10. Circulating bile acids are a poor marker of liver diseases. The mean/median of the
448  total bile acid concentrations (A), conjugated-to-unconjugated bile acid ratios (B) and

449  secondary-to-primary bile acid ratios (C) in normal cohorts (those without enterohepatic
450  disorders), cohorts with metabolic-dysfunction associated liver disorders (NAFLD +

451  cirrhotic), HCC, and cholestatic cohorts were plotted as their mean + standard deviation.
452  The mean/median of the total bile acid concentrations (D), conjugated-to-unconjugated bile
453  acid ratios (E) and secondary-to-primary bile acid ratios (F) in normal, NAFLD, NAFL,
454  NASH and cirrhotic populations were plotted as their mean + standard deviation. Statistics
455  performed by Games-Howell Multiple Comparison Test, blank p>0.05, * p<0.05, ** p<0.01,

456 *%p<0.001, **** p<0.0001.

457

458  Categorising the NAFLD+Cirrhotic cohorts by the stage of NAFLD progression into NAFL
459  (non-alcoholic fatty liver), NASH (non-alcoholic steatohepatitis) or cirrhosis shows that

460  cohorts with NASH have significantly larger total BA concentrations (Fig 10D) and

461  conjugated-to-unconjugated BA ratios (Fig 10E) than cohorts with NAFL (p=0.0473,

462  p=0.0192 respectively). In some studies, stages of NAFLD progression were not separated,
463  and are presented here as NAFLD. Meanwhile, there are no differences in the secondary-to-
464  primary BA ratios between cohorts with different stages of NAFLD progression (Fig 10F).
465  There is insufficient data regarding cirrhotic cohorts, though they may have elevated total BA
466  concentrations, but more evidence is needed. In all cases where there are significant

467  differences, there is still an overlap between the two groups being compared, as well as with
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468  normal cohorts suggesting that successfully classifying a disease based on one of these
469  metrics has a high probability of being inaccurate. Filtering the data for the recommendations
470  to reduce variability (Table 3) reveals that data collected in accordance with the

471  recommendations is limited to three datasets for normal cohorts, and three for metabolic liver

472  diseases (NAFLD+Cirrhosis), with no datasets available for other diseases (Fig 11).

473

474  Fig 11. Data collected in accordance with the suggested recommendations are limited. The
475  mean/median of the total bile acid concentrations (A), conjugated-to-unconjugated bile acid
476  ratios (B) and secondary-to-primary bile acid ratios (C) in normal cohorts (those without
477  enterohepatic disorders) and cohorts with metabolic-dysfunction associated liver disorders
478  (NAFLD + cirrhosis) in which methanol was used as the protein precipitation solvent and
479  LC-MS was used to measure bile acid concentrations in 50ul of plasma obtained from

480  subjects fasted at the time of sampling were plotted as their mean + standard deviation.
481

482 Individual BA proportions in peripheral blood are significantly
483  altered in enterohepatic disorders.

484  When analysed using LC-MS, individual BAs can be reported as a proportion of the total BA
485  concentration. While absolute BA concentrations are reported in all the included studies, the
486  potential of BA proportions as a biomarker of health status was investigated. 47 datasets
487  provide individual BA concentrations for the 15 BAs we focussed on in this study. 15 of these
488  datasets are from normal cohorts, while the remaining 32 are from unhealthy cohorts with
489  enterohepatic disorders. 14 of these 32 are from cohorts with metabolic-dysfunction associated
490  liver diseases (NAFL, NASH & Cirrhosis), with the other 18 from cohorts with other liver

491  diseases such as viral hepatitis, ALD, HCC (3 cohorts) and cholestasis (1 cohort). For each
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492  dataset, the 15 individual BA concentrations were summed for the total BA concentration, and
493  the proportion of each individual BA of this total was determined. In these 47 cohorts,
494  circulating concentrations of CA (p=0.0046), CDCA (p=0.0325), G-CDCA (p=0.0100), G-
495 DCA (p=0.0060), G-LCA (p=0.0366), T-CDCA (p=0.0374) and T-LCA (p=0.0132) were
496  significantly elevated in unhealthy cohorts compared to normal cohorts (Fig 12A). Statistically
497  there is no significant difference in the concentrations of individual BAs between cohorts with
498  other, non-metabolic dysfunction associated enterohepatic disorders and cohorts with
499  metabolic-dysfunction associated enterohepatic disorders (S8 Fig A) . Between normal cohorts

500 and cohorts with metabolic-dysfunction associated enterohepatic disorders, individual BA

501  concentrations remain similar (S9 Fig A).

502

503  Fig 12. Circulating individual bile acids as a proportion of total bile acid concentrations
504  are significantly altered in populations with enterohepatic disorders. The mean/median

505  concentrations of peripheral bile acids from 47 datasets in which concentrations of the 15
506  bile acids focussed on in this study were reported in normal populations (without

507  enterohepatic disorders) and unhealthy populations (with enterohepatic disorders) were

508  plotted as their mean + standard deviation (A). For each dataset, individual bile acid

509  concentrations were totalled, and individual bile acids were plotted as their proportion of the
510  total (B). Unhealthy populations were split into two groups: (1) Metabolic — populations with
511 metabolic-dysfunction associated liver disorders (non-alcoholic fatty liver, non-alcoholic
512 steatohepatitis, cirrhosis), and (2) Other — populations with other enterohepatic disorders.
513 Statistics performed by two-tailed unpaired Welch's t-test, blank p>0.05, * p<0.05, **

514 p<0.01, ***p<0.001, **** p<0.0001.

515
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516  Incontrast, the proportions of BAs are significantly altered. The proportions of CA (p=0.0234),
517 CDCA (p=0.0126), DCA (p=0.000001), LCA (p=0.0101), G-DCA (p=0.0004), and G-LCA
518  (p=0.0005) of total BAs are decreased in unhealthy cohorts (Fig 12B). Of these, the proportions
519  of CDCA (p=0.0074), DCA (p=0.0239) and UDCA (p=0.0195) are significantly lower in
520  cohorts with other enterohepatic disorders compared to metabolic-dysfunction associated
521  enterohepatic disorders (S8 Fig B). Proportions of DCA (p=0.000075), LCA (p=0.0128), G-
522 DCA (p=0.0013) and G-LCA (p=0.0003) are significantly decreased in normal cohorts
523  compared to cohorts with metabolic-dysfunction associated disorders (S9 Fig B). Meanwhile,
524  the proportions of G-CA (p=0.00001), G-UDCA (p=0.0196), T-CA (p=0.0061), T-CDCA
525  (p=0.0000001) and T-UDCA (p=0.0093) of total BAs are increased in unhealthy cohorts. Of
526  these, T-CA (p=0.0339) and T-CDCA (p=0.00003) proportions are significantly elevated in
527  cohorts with metabolic-dysfunction associated enterohepatic disorders compared to other

528  disorders and are significantly higher in cohorts with metabolic-dysfunction associated

529  enterohepatic disorders than in normal cohorts (T-CA: p=0.0121; T-CDCA=0.0023) .

530 Discussion

531 This meta-analysis aimed to assess the variability range in peripheral BA concentrations
532 reported in literature and to identify the biological, experimental and analytical determinants
533  influencing this variability. A total of 65 studies, encompassing 10,629 individuals, were

534  included in the analysis.

535  Asexpected, LC-MS was found to be the predominantly used analytical technique to measure
536  individual BA concentrations. A comparison of individual BA concentrations measured using
537  LC-MS and those measured using GC-MS in normal cohorts was not conclusive due to limited
538  GC-MS data (S2 Fig). However, a comparison of totalBAs by both techniques revealed that

539  concentrations of totalCA, total CDCA and totalDCA measured using GC-MS are higher on
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540 average. These differences could be a consequence of calculating the LC-MS total BA
541  concentrations by summing the concentrations of the unconjugated form, and the G- and T-
542  conjugated forms (e.g. total CA = CA + G-CA + T-CA), ignoring other forms such as sulphated
543  BAs. Meanwhile, analysis by GC-MS requires the cleavage of all conjugates (79). The
544  concentrations of the resulting unconjugated BAs are then measured. Hence, total BA

545  concentrations measured using GC-MS are expected to be more accurate and higher than those

546  measured using LC-MS, because all forms of BAs will be included, including sulphated forms.

547  On average, BA concentrations are found to be higher in cohorts fed at the time of sampling.
548  Postprandial stimulation of BA secretion from the gallbladder into the small intestine to aid in
549  the digestion and absorption of dietary fats results in an increase in BA pool size in the EHC,
550  and consequently an increase in circulating BA concentrations due to leakage into the system
551  circulation. In order to accurately assess inter-individual variability, it would be beneficial to
552 compare samples obtained in the fasted state (ideally 12 hours) since preoperative patients
553  follow nil per os guidelines. If the response to feeding is of interest, blood collection should
554  be performed at a defined and consistent time following the ingestion of a standardized meal
555  in otherwise fasting individuals. These conditions should be experimentally validated to

556  account for variability due to differences in gallbladder filling and emptying.

557  Another source of variability in BA concentrations is the choice of blood collection matrix:
558  serum or plasma. Serum samples tend to yield higher BA concentrations than plasma samples,
559  while variability seems lower in plasma samples. Logistically, plasma is easier and faster to
560  prepare, since no clotting time is required. Plasma also has a longer shelf-life compared to
561  serum (years compared to months) (80). Studies have shown that concentrations of (non-BA)
562  metabolites in serum and plasma drawn from the same patients can be significantly different
563  (81,82). One of these study found the metabolite concentrations measured to be higher in serum
564  than in plasma (82). The authors speculate that this observation could partly be a consequence
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565  of the volume displacement effect, where the deproteinization of serum samples eliminates a
566  larger volume of proteins, leaving the metabolites in a smaller volume, making them more
567  concentrated (83). However, plasma should contain similar, if not larger volumes of proteins
568  than serum, due to the presence of coagulation factors such as fibrinogens (84). Therefore, the
569  volume left after deproteinization should in fact be smaller in plasma samples, and so plasma
570  should have higher metabolite concentrations. It should be noted that concentration differences
571  between the two matrices were not consistent, with some metabolites having higher
572  concentrations in serum and others having higher concentrations in plasma. Although both
573  these studies used analytical techniques that were not LC-MS (81,82) (‘H-NMR (Nuclear
574  Magnetic Resonance Spectroscopy and Flow Injection Analysis-Mass Spectrometry), and BAs
575  were not included in the metabolites quantified, it is reasonable to assume that there could be
576  adifference in LC-MS BA concentrations measured in serum and in plasma obtained from the
577  same patient. A study comparing the quantification of antidepressants by LC-MS in whole
578  blood, plasma and serum found that using the calibration curve generated in one of the three
579  matrices to quantify an analyte in the other two matrices was inconsistent and only partially
580  successful (85), illustrating that the blood collection matrix is a source of variability, and should
581  therefore be standardized to aid valid clinical interpretation. Additionally, the choice of
582  anticoagulant has an impact on metabolite concentrations measured in plasma (81). Further
583  investigation is required to better understand the use of serum or plasma from the same patient
584  affects BA concentrations measured using LC-MS and the underlying reasons for concentration
585  discrepancies between the two matrices. The relative logistical ease of obtaining plasma, and
586  the higher reproducibility of metabolite concentrations in plasma (81,82) suggest that plasma

587 1is the better choice of matrix.

588  Plasma samples must be processed before analysis by LC-MS. Since the target BAs are present

589 at low levels in relation to other plasma components, they must be selectively isolated and
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590  concentrated to increase the sensitivity of LC-MS. It is a possibility that when too low volumes
591  of plasma are concentrated, the remaining amounts of low abundant BAs may be below the
592 limit of detection of LC-MS instruments and may be falsely considered absent from the BA
593  pool. Hence, the starting volume of plasma to be analysed is important to take into
594  consideration to improve the comparability of studies. S0ul of plasma is sufficient to detect a
595  wide range of concentrations for most BAs and is comparable to 100ul of plasma. BA
596  concentration data collected from volumes of plasma less than 50ul is limited and is an area
597  that could be investigated further. Thus, we recommend using 50ul of plasma to ensure

598  accurate absolute BA concentration measurements whilst keeping a reasonably low volume of

599  blood from a subject.

600  Another key aspect of sample preparation is the removal of highly abundant proteins by protein
601  precipitation. The choice of solvent used for protein precipitation can influence the variability
602  of measured BA concentrations. Methanol appears to be the best solvent since mean T-BA
603  concentrations in plasma samples are higher than mean T-BA concentrations when acetonitrile
604  was used. However, comparable data is limited, making it difficult to conclude which solvent
605 is truly better to use to reduce variability. A comparison of extraction techniques followed by
606 HPLC-MS/MS found that acetonitrile precipitation followed by C;s-Solid Phase Extraction
607 (SPE) was the most suitable technique for serum extraction of cBAs and uBAs (45).
608  Additionally, methanol precipitation without SPE was able to detect the same 17 BAs but to a
609 lower level. SPE uses a cartridge-bound stationary phase sorbent to selectively retain either
610 target analytes or interfering substances and has high selectivity, high analyte recovery and
611  high ease of automation (79,86,87). BA concentrations where SPE was used are scarce. The
612  use of SPE in the LC-MS analysis pipeline could be crucial to maximising the accuracy of BA

613  concentration measurements and warrants further investigation.
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614  To reduce variability and improve comparability between studies, it is essential to standardise
615 methodologies, including fasting status, sample type, analytical technique, sample volume, and
616  protein precipitation methods. There is a lack of studies utilising the proposed standardised
617  methodologies making a consideration of disease states difficult. Without consideration for
618  whether studies used the suggested standardised methodologies, peripheral BA proportions
619  appear to be significantly altered in subjects with an enterohepatic disorder. While standardised
620  methodologies are important for ensuring accuracy and reproducibility, peripheral BA
621  proportions, even when measured using various methods, could still provide valuable
622  information for the diagnosis and monitoring of enterohepatic diseases. While circulating BAs
623  hold potential as biomarkers of enterohepatic disorders, access to the BA concentration or
624  proportions in individual subjects rather than cohort means, is critical for advancing this line
625  of research. Additionally, standardized sampling, sample preparation, and analysis are
626  prerequisites for future studies aiming to uncover the diagnosis or prognosis value of
627  circulating BAs. This would help to understand how variable inter-individuals circulating BA
628  concentrations or proportions are, which would be particularly useful in situations where the

629  availability of data for some diseases, such as cirrhosis, is limited, hindering a comprehensive

630 analysis of the diagnostic and prognostic value of circulating BAs.

631  The main limitation of this study is that the determinants of variability in BA concentrations
632  were identified both across studies and across cohorts. To confirm whether these are true
633  sources of variability and not some artefact of biased data, studies investigating those

634  determinants in samples collected from the same patients would be needed.

635 In conclusion, this meta-analysis provides a comprehensive overview of the biological,
636  experimental and analytical determinants influencing BA concentration variability in human

637  peripheral blood and highlights the importance of standardization in future research. By
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addressing these limitations and conducting further studies, we can hope to rely on BA as

relevant biomarkers for liver diseases, especially MASLD severity.
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987 Supporting information
988  SI Fig. Mean/Median total bile acid concentrations (A), the concentrations of the most

989  abundant bile acid: G-CDCA (B) and the concentrations of the least abundant bile acid: T-
990  UDCA (C) in normal cohorts (those without enterohepatic disorders) were plotted against
991  the average age of the respective cohort. The blue lines are the regression estimate and the
992 shaded blue regions are the 95% confidence interval for the regression estimate.
993 82 Fig. Mean/Median individual bile acid concentrations (A) and total bile acid
994  concentrations (B) in normal cohorts (those without enterohepatic disorders) were stratified
995  for whether LC-MS or GC-MS were used to measure the bile acid concentrations and plotted
996  as their mean + standard deviation. Statistics performed by two-tailed unpaired Welch’s t-
997  test, blank p>0.05, * p<0.05, ** p<0.01, *** p<0.001.
998 83 Table. A comparison of the variance of serum and plasma peripheral bile acid
999  concentrations in normal cohorts fasted at the time of sampling from studies using LC-MS as
1000  the analytical technique.
1001 84 Fig. Mean/median concentrations of the most abundant bile acid: G-CDCA (A) and the
1002 least abundant bile acid: T-UDCA (B) from studies that used LC-MS in plasma obtained
1003 from normal cohorts (those without enterohepatic disorders) which were fasted at the time of
1004  sampling were plotted against the volume of plasma used for analysis.
1005 85 Fig. The protein precipitation solvent used in datasets from studies that used LC-MS to
1006  measure bile acid concentrations in 50uL and 100uL plasma from normal cohorts (those

1007  without enterohepatic disorders) which were fasted at the time of sampling were tallied and
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1008  presented as a pie chart (). The total bile acid concentrations of these datasets were
1009  summed and stratified for the protein precipitation solvent used and plotted as their mean +
1010  standard deviation (B). The mean/median concentrations of glycine-conjugate bile acids (C)
1011 and taurine-conjugate (D) were stratified for the protein precipitation solvent used and
1012 plotted as their mean + standard deviation.
1013 86 Fig. Mean/Median individual bile acid concentrations (A) and total bile acid
1014 concentrations (B) in normal cohorts (those without enterohepatic disorders) were collected
1015 from literature and compared to those in filtered normal cohorts i.e. those from studies in
1016 which bile acid concentrations in 50ul of plasma obtained from patients fasted at the time of
1017  sampling were measured using LC-MS, and methanol was used as the protein precipitation
1018  solvent. Both groups were plotted as their mean + standard deviation.
1019 87 Table. A comparison of the variance of peripheral bile acid concentrations in all normal
1020  cohorts and filter normal cohorts i.e. those from studies in which bile acid concentrations in
1021 50ul of plasma obtained from patients fasted at the time of sampling were measured using
1022 LC-MS, and methanol was used as the protein precipitation solvent.
1023 S8 Fig. The mean/median concentrations of peripheral bile acids from 32 datasets in which
1024 concentrations of the 15 bile acids focussed on in this study were reported in cohorts with
1025  metabolic-dysfunction associated liver disorders (non-alcoholic fatty liver, non-alcoholic
1026  steatohepatitis, cirrhosis), and cohorts with other enterohepatic disorders were plotted as
1027  their mean + standard deviation (A). For each dataset, individual bile acid concentrations
1028  were totalled, and individual bile acids were plotted as their proportion of the total (B).
1029  Statistics performed by two-tailed unpaired Welch'’s t-test, blank p>0.05, * p<0.05, **
1030  p<0.01, **** p<0.0001.

1031 89 Fig. The mean/median concentrations of peripheral bile acids from 29 datasets in which

1032 concentrations of the 15 bile acids focussed on in this study were reported in normal cohorts
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1033 (those without enterohepatic disorders) and those with metabolic-dysfunction associated liver
1034 disorders (non-alcoholic fatty liver, non-alcoholic steatohepatitis, cirrhosis) were plotted as
1035 their mean + standard deviation (A). For each dataset, individual bile acid concentrations
1036  were totalled, and individual bile acids were plotted as their proportion of the total (B).

1037  Statistics performed by two-tailed unpaired Welch’s t-test, blank p>0.05, * p<0.05, **

1038 p<0.01, *** p<0.001, **** p<0.0001.
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A Starting Volumes of Plasma from
Fasted Normal Cohorts in LC-MS Studies
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50 pL of Plasma from Normal Fasted Cohorts in LC-MS Studies
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