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Abstract

Aim: To determine the serum bile acid (BA) response to 75-g oral glucose in individ-

uals without diabetes, and whether this is attenuated in patients with ‘early’ type 2

diabetes (T2D) and related to the glycaemic response at 2 hours in either group.

Methods: Forty newly diagnosed, treatment-naïve Han Chinese T2D subjects and

40 age-, gender-, and body mass index-matched controls without T2D ingested a

75-g glucose drink after an overnight fast. Plasma glucose and serum concentrations

of total and individual BAs, fibroblast growth factor-19 (FGF-19), total glucagon-like

peptide-1 (GLP-1), and insulin, were measured before and 2 hours after oral glucose.

Results: Fasting total BA levels were higher in T2D than control subjects (P < .05). At

2 hours, the BA profile exhibited a shift from baseline in both groups, with increases

in conjugated BAs and/or decreases in unconjugated BAs. There were increases in

total BA and FGF-19 levels in control (both P < .05), but not T2D, subjects. Plasma

glucose concentrations at 2 hours related inversely to serum total BA levels in control

subjects (r = �0.42, P = .006). Total GLP-1 and the insulin/glucose ratio were

increased at 2 hours in both groups, and the magnitude of the increase was greater in

control subjects.

Xuyi Wang and Chang Chen contributed equally to this manuscript.

Received: 19 January 2022 Revised: 21 February 2022 Accepted: 1 March 2022

DOI: 10.1111/dom.14683

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2022 The Authors. Diabetes, Obesity and Metabolism published by John Wiley & Sons Ltd.

1132 Diabetes Obes Metab. 2022;24:1132–1142.wileyonlinelibrary.com/journal/dom

https://orcid.org/0000-0002-1155-5816
https://orcid.org/0000-0002-5527-256X
https://orcid.org/0000-0003-1656-9210
mailto:tongzhi.wu@adelaide.edu.au
mailto:sunzilin1963@126.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/dom


Conclusions: The serum BA response to a 75-g oral glucose load is attenuated in

patients with ‘early’ T2D, as is the secretion of FGF-19 and GLP-1, while in individ-

uals without T2D it correlates with 2-hour plasma glucose levels. These observations

support a role for BAs in the regulation of postprandial glucose metabolism.

K E YWORD S

bile acids, fibroblast growth factor-19, glucagon-like peptide-1, postprandial glycaemia,
type 2 diabetes

1 | INTRODUCTION

Bile acids (BAs) are cholesterol-derived metabolites. In hepatocytes,

cholesterol is converted to the primary BAs cholic acid (CA) and

chenodeoxycholic acid (CDCA), which are then conjugated with gly-

cine or taurine before secretion into the bile. After meal ingestion,

BAs are discharged into the intestine, and the majority are reabsorbed

and return to the liver for re-secretion. A fraction of BAs escape into

the large intestine and are metabolized into secondary BAs, such as

deoxycholic acid (DCA), lithocholic acid (LCA), and ursodeoxycholic

acid (UDCA), for passive absorption or faecal excretion.1,2

BAs have long been regarded solely as ‘intestinal detergents’ to
facilitate fat digestion. However, increasing evidence suggests that

they are also pivotal signalling molecules, orchestrating glucose and

lipid metabolism through activation of the nuclear farnesoid X recep-

tor (FXR) and membrane Takeda G protein receptor 5 (TGR5).3,4 For

example, ileal BA resorption (and hence stimulation of FXR in

enterocytes) is coupled to the release of fibroblast growth factor

19 (FGF-19),1 which reduces hepatic glucose production and

increases peripheral glucose disposal, independently of insulin.5 FGF-

19 also constitutes a negative feedback signal that regulates hepatic

BA synthesis.6 BA-dependent activation of TGR5 on the basal mem-

branes of enteroendocrine L-cells has been linked to the secretion of

glucagon-like peptide-1 (GLP-1),7,8 which, in turn, regulates glucose

metabolism via pleiotropic actions, including glucose-dependent stim-

ulation of insulin and suppression of glucagon, slowing of gastric emp-

tying, and inhibition of energy intake.9,10 In healthy individuals,

intrajejunal administration of taurocholic acid (TCA) has been reported

to reduce the glycaemic response to small intestinal glucose infusion,

in association with augmented stimulation of GLP-1.11 The metabolic

benefits of bariatric surgery are often accompanied by substantial

increases in intestinal and circulating BAs,12,13 while supplementation

with a BA mixture over 28 days was also reported to stimulate GLP-1

and FGF-19 secretion and improve glycaemic control in subjects with

type 2 diabetes (T2D).14 Accordingly, interventions that increase

intestinal BAs appear desirable for improved metabolic control.

Surprisingly, fasting plasma or serum total BA levels have been

reported to be augmented in patients with T2D and/or obesity.1,15-17

By contrast, the postprandial response of serum BAs appears blunted

in subjects with obesity.18 Moreover, faecal BA excretion is also

increased in morbid obesity,19 suggesting that intestinal BA resorption

could be impaired, consistent with the observation that the expression

of the intestinal BA transporter, apical sodium bile acid co-transporter,

is lower in overweight compared with lean individuals.20 In a retro-

spective analysis, plasma concentrations of BAs, particularly

unconjugated and glycine-conjugated DCA and UDCA, both during

fasting and following glucose or fat-containing mixed nutrients, were

reported to be elevated in T2D.21 Of note, that study comprised a

small number of subjects with T2D (n = 15), who had a comparatively

long diabetes duration (6-20 years) and suboptimal glycaemic control

(mean HbA1c 7.5%), and who were taking medication (e.g. metformin)

known to affect BA metablism,22 and therefore could not allow to

uncover any pathophysiological features of serum BAs in ‘early’ T2D.
Recently, in a large longitudinal Chinese cohort of healthy subjects,

23 BA species in the baseline fasting serum were analysed to evaluate

their association with incident T2D during a median 3-year follow-up.23

Fasting serum levels of unconjugated BAs (CA, CDCA, and DCA) were

found to be inversely associated with the risk of T2D, while the opposite

was the case with conjugated BAs, including glycocholic acid (GCA),

TCA, glycochenodeoxycholic acid (GCDCA), taurochenodeoxycholic acid

(TCDCA), and tauroursodeoxycholic acid (TUDCA). However, the impact

of the BA response to nutrients on blood glucose concentrations in indi-

viduals with and without T2D is not known, and this extends to the

blood glucose value at 2 hours after a 75-g oral glucose load, which is

used widely to diagnose diabetes.

The primary aim of the current study was to determine the serum

BA response to a 75-g oral glucose load in patients with ‘early’ T2D
in comparison with individuals without T2D. The secondary aim was

to determine whether this was related to the glycaemic response at

2 hours in either group.

2 | MATERIALS AND METHODS

2.1 | Subjects

Forty treatment-naïve Han Chinese subjects with newly diagnosed

T2D (according to the World Health Organisation 1999 criteria) were

studied (Table 1). The diagnosis of diabetes had been made at a regu-

lar health-screening visit. A control group of 40 Han Chinese subjects

without diabetes, with the proportion of each gender and mean age

and body mass index (BMI) matched to the T2D patients, was also

studied. No subject was taking any medication known to influence

blood glucose, lipids, or BA metabolism, had impaired liver or renal
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function, or had a history of gastrointestinal disease, including signifi-

cant upper or lower gastrointestinal symptoms, pancreatitis, or gastro-

intestinal surgery. The protocol was approved by the Human

Research Ethics Committee of Zhongda Hospital, Southeast Univer-

sity, Nanjing, China (approval number: 2016ZDSYLL092-P01), and the

study was conducted in accordance with the Declaration of Helsinki.

Subjects provided written informed consent prior to their enrolment

in the study.

2.2 | Protocol

Subjects were evaluated on a single visit after an overnight fast, at

which they underwent a 75-g oral glucose tolerance test (OGTT).

Venous blood was collected into tubes with and without K2EDTA

immediately before, and at 2 hours after, oral glucose. Plasma and

serum were separated and stored at �80�C for subsequent analyses.

2.3 | Sample analysis

Fasting and 2-hour post-OGTT plasma glucose (PG) (i.e. fasting plasma

glucose [FPG] and 2-hour PG), serum triglycerides, cholesterol, high-

density lipoproteins (HDL), and low-density lipoproteins (LDL) were

measured using an automated biochemistry analyzer (Synchron

LX-20, Beckman Coulter Inc.). HbA1c was measured using high-

performance liquid chromatography (D-10 Hemoglobin Analyzer, Bio-

Rad Inc.). Serum insulin (10-1113, Mercodia), FGF-19 (DF1800, R&D

TABLE 1 Demographic and biochemical variables in subjects with and without type 2 diabetes (T2D). Data are means ± SEM

Subjects without T2D (N = 40) Subjects with T2D (N = 40) P value

Sex (male/female) 11/29 12/28 .80

Age (y) 56.8 ± 0.9 57.1 ± 1.3 .81

BMI (kg m�2) 27.5 ± 0.4 27.9 ± 0.6 .60

Waist circumference (cm) 87.9 ± 1.4 90.3 ± 1.6 .20

HbA1c (%) 5.4 ± 0.1 6.8 ± 0.1 <.001

Cholesterol (mmol L�1) 5.3 ± 0.2 5.7 ± 0.2 .15

Triglycerides (mmol L�1) 1.7 ± 0.2 2.1 ± 0.3 .30

Low-density lipoprotein (mmol L�1) 3.1 ± 0.1 3.4 ± 0.1 .06

High-density lipoprotein (mmol L�1) 1.6 ± 0.1 1.5 ± 0.1 .20

Plasma glucose (mmol L�1)

Baseline 5.2 ± 0.1 7.9 ± 0.2 <.001

2 h 5.9 ± 0.2## 15.0 ± 0.5### <.001

Serum insulin (mU L�1)

Baseline 5.8 ± 0.3 8.3 ± 0.6 .001

2 h 25.8 ± 3.5### 42.3 ± 5.0### .004

QUICKI 0.37 ± 0.0029 0.33 ± 0.0032 <.001

SPISE 5.90 ± 0.16 5.71 ± 0.23 .48

TyG 8.69 ± 0.08 9.23 ± 0.11 <.001

Insulin/glucose ratio

Baseline 1.1 ± 0.1 1.1 ± 0.1 .24

2 h 4.0 ± 0.5### 3.0 ± 0.4### .08

Serum FGF-19 (pg ml�1)

Baseline 187.8 ± 14.3 244.6 ± 24.6 .046

2 h 235.0 ± 21.8# 276.0 ± 43.5 .39

Serum total GLP-1 (pmol L�1)

Baseline 31.3 ± 4.0 26.5 ± 2.0 .31

2 h 60.7 ± 4.0#### 47.2 ± 3.6#### .02

Note: Differences in variables between the two groups were compared using unpaired Student's t test, except gender, which used Chi-square analysis.

Differences in measurements between baseline and 2 hours within each group were compared using paired Student's t test. P < .05 was considered

significant. #P < .05, ##P < .01, ###P < .001, and #### P < 0.0001 indicate differences between baseline and 2 hours. n = 40 for both groups for all

analyses, except n = 30, 28, and 39 for FGF-19, GLP-1, and insulin (and related QUICKI), respectively.

Abbreviations: BMI, body mass index; FGF-19, fibroblast growth factor-19; GLP-1, glucagon-like peptide-1; QUICKI, quantitative insulin-sensitivity check

index; SPISE, single point insulin sensitivity estimator; TyG, triglycerides-glucose index.
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Systems), and total GLP-1 (EZGLP1T-36 K, Millipore) concentrations

were measured by ELISA.

Serum BAs were analysed using liquid chromatography-mass

spectrometry. The sample preparation and analysis followed the pro-

tocol described previously,24 with the exception that the samples

were injected into a Waters Acquity I Class UPLC-Xevo G2-S QTOF

(Waters Corp., Milford) platform, which has a higher resolution, but a

lower sensitivity, compared with the previous platform (Sciex 4000

QTRAP). Accordingly, the accurate mass of the molecular ion of indi-

vidual BAs was used for quantitation, and the raw data of only nine

major BAs, namely, CA, CDCA, DCA, GCA, GCDCA, GDCA, TCA,

TCDCA, and TDCA, were processed with Quanlynx (Waters Corp.), as

the concentrations of other BA species were below the limit of detec-

tion. Total BA concentrations were calculated as the sum of the nine

individual BAs. The R2 values of the calibration curve in the linear

range from 0.32 to 1000 μg ml�1 were 0.994, 0.969, 0.990, 0.989,

0.991, 0.989, 0.996, 0.987, and 0.990 for CA, CDCA, DCA, GCA,

GCDCA, GDCA, TCA, TCDCA, and TDCA respectively, providing suf-

ficient sensitivity and linearity.

2.4 | Calculations

Changes in PG at 2 hours were computed by subtracting FPG from

2-hour PG. The quantitative insulin-sensitivity check index (QUICKI)

was calculated as 1/[log(fasting insulin [μU � ml�1]) + log(fasting glu-

cose[mg � dl�1]) to estimate hepatic insulin sensitivity.25,26 The single

point insulin sensitivity estimator (SPISE) was computed as

600 � HDL-C(0.185)/(triglycerides (TG)(0.2) � BMI(1.338)) to

describe whole-body insulin sensitivity.27 Triglycerides-glucose index

(TyG) was calculated as ln [triglycerides (mg � dl�1) � fasting glucose

(mg � dl�1)/2] to reflect insulin resistance.28 The insulin/glucose ratio

was also calculated for evaluation of insulin secretion against the

prevailing blood glucose concentrations.29

2.5 | Statistical analyses

All data were checked for normal distribution and lognormal distribu-

tion using the Anderson–Darling test. Data with a normal distribution

were compared using paired (i.e. baseline vs. 2 hours within each

group) or unpaired (subjects without vs. with T2D) Student's t test.

Data that were not normally distributed were either loge

(ln) transformed prior to the use of the paired or unpaired Student's

t test, or analysed without ln transformation using the Wilcoxon

signed-rank test (within each group) or Mann–Whitney U test

(between groups). The distribution of gender between the two groups

was compared using Chi-square analysis. BA concentrations were

found to be lognormally distributed, such that changes in individual

and total BA concentrations at 2 hours were computed using both

their absolute and ln values. Differences in ln(BA) profiles were evalu-

ated using orthogonal partial least-squares discrimination analysis

(OPLS-DA). Receiver operating characteristic (ROC) curves were used

to illustrate the ability of changes in ln(BA) to identify the metabolic

phenotype of the group. Logistic regression analysis was also used to

assess the association between the serum BA response to oral glucose

and the odds of being diagnosed with T2D. Pearson correlation analy-

sis was used to evaluate the relationships between variables. Normally

distributed data are presented as means ± SEM, and non-normally dis-

tributed data as medians and interquartile ranges (25th-75th percen-

tiles). P less than .05 was considered statistically significant.

The normal distribution and lognormal distribution test, Student's

t tests, and ANOVA were conducted with GraphPad Prism 8 (Gra-

phPad Software, LLC., CA), and OPLS-DA with Simca software, ver-

sion 14 (MKS Data Analytics Solutions, Umeå). Logistic regression,

Pearson correlation, Mann–Whitney U test, and ROC were calculated

using IBM SPSS Statistics, version 20 (IBM, New York). Heat maps

were drawn with R, version 3.6.3 (R Foundation for Statistical Com-

puting) and the ‘pheatmap’ package.

3 | RESULTS

Demographic and biochemical data in the two groups are summarized

in Table 1. As anticipated, HbA1c, FPG, and 2-hour PG were higher in

subjects with T2D than in those without T2D (P < .001 each; Table 1).

There were no differences in gender, age, BMI, waist circumference,

serum cholesterol, triglycerides, LDL, or HDL between the two

groups.

3.1 | Serum BAs

Fasting serum total BA concentrations were slightly higher in subjects

with T2D than in those without T2D (P = .0328) (Figure 1A). At

2 hours, OPLS-DA revealed a pattern of separation in the combined

individual ln(BA) data (i.e. the BA profile) from that of baseline within

both groups (Figure 2). However, total BA levels increased from base-

line in subjects without T2D (P = .0005), but did not change signifi-

cantly in subjects with T2D (Figure 1A). In both groups, there was

substantial interindividual variation in serum concentrations of each

individual BA, with only a tendency for CDCA to be higher in subjects

with T2D than in those without T2D at baseline (P = .1 for Figure 1D;

P = .034, Figure S1D). At 2 hours, although consistent patterns of a

reduction in unconjugated BAs and an increase in conjugated BAs

were evident for both groups, only the changes in DCA, GCA, GDCA,

and TDCA were significant in subjects without T2D, and changes in

CA, CDCA, DCA, GDCA, and TDCA were significant in subjects with

T2D (Figure 1C–K). The magnitude of changes in both total and each

individual BA levels (except for DCA and TDCA in the ln-transformed

dataset) differed between the two groups (Figure 1B). Comparisons of

raw BA data using Wilcoxon signed-rank test (within each group) or

Mann–Whitney U test (between groups) showed essentially similar

findings (Figure S1A–K).
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F IGURE 1 The ln-transformed serum concentrations of total bile acid (BA) (A), cholic acid (CA), chenodeoxycholic acid (CDCA), deoxycholic
acid (DCA), glycocholic acid (GCA), glycochenodeoxycholic acid (GCDCA), glycodeoxycholic acid (GDCA), taurocholic acid (TCA),
taurochenodeoxycholic acid (TCDCA), and taurodeoxycholic acid (TDCA) before and 2 hours after 75-g oral glucose (C–K), as well as their
respective changes following oral glucose (B) (n = 40 for each group). Paired or unpaired t test was used for comparison between the two groups.
OGTT, oral glucose tolerance test; T2D, type 2 diabetes

F IGURE 2 Score scatterplots of orthogonal partial least squares discriminant analysis (OPLS-DA) of the bile acid (BA) profiles before and
2 hours after oral glucose in subjects without type 2 diabetes (T2D) (A) and with T2D (B) (n = 40 per group). The separations in the score
scatterplots in panels A and B reflected the changes in the BA profiles after oral glucose in both subject groups
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3.2 | Serum total GLP-1, FGF-19 and insulin,
insulin/glucose ratio, QUICKI, SPISE, and TyG

Fasting serum total GLP-1 concentrations did not differ between the

two groups. At 2 hours, there was an increase in serum total GLP-1

concentrations in both groups, but the magnitude of this increase was

less in subjects with T2D than in those without T2D (P = .039)

(Table 1).

Fasting serum FGF-19 concentrations were slightly higher in sub-

jects with T2D than in those without T2D (P = .046). At 2 hours,

serum FGF-19 increased in subjects without T2D (P = .011), but did

not change in those with T2D (Table 1).

Serum insulin concentrations were higher in subjects with T2D

than in those without T2D at both fasting and 2 hours (P = .001 and

.004, respectively). There was no difference in the fasting insulin/

glucose ratio between the two groups, but this ratio tended to be

lower at 2 hours in the subjects with T2D (P = .08). QUICKI index

was lower, and TyG higher, in subjects with T2D than in those with-

out T2D (P < .001 each), indicating reduced hepatic insulin sensitivity

or increased insulin resistance in subjects with T2D. However, the

whole-body insulin sensitivity, as reflected by SPISE, did not differ

between the two groups (Table 1).

3.3 | Relationships between demographic and
biochemical variables and BAs

The relationships of demographic and metabolic variables with total

and individual BAs in subjects with and without T2D are summarized

in Figure 3. Serum BA levels at baseline and 2 hours in subjects
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BMI, body mass index; LDL, low-density lipoproteins
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without T2D correlated positively with HDL and negatively with tri-

glycerides, while changes in individual and total BA levels after oral

glucose correlated negatively with waist circumference (Figure 3A).

However, these relationships were less evident in subjects with T2D

(Figure 3B).

In both groups, serum FGF-19 concentrations at 2 hours corre-

lated positively with serum total and conjugated, but not

unconjugated, BA levels. By contrast, there were no significant rela-

tionships between serum GLP-1 concentrations and total and individ-

ual BA levels at either fasting or 2 hours in either group. There was

also a lack of consistent patterns for the relationships between

hepatic insulin sensitivity (QUICKI), or serum insulin levels, and total

or individual BAs in either group. However, the whole-body insulin

sensitivity (as assessed by SPISE) was related directly to several conju-

gated BA levels, particularly TCA and TCDCA, at both fasting and

2 hours in subjects without (but not with) T2D. TyG was related

inversely to five individual conjugated (GCA, GDCA, TCA, TDCA, and

TCDCA) and total BA levels at 2 hours after OGTT in subjects without

(but not with) T2D (Figure 3A,B).

The 2-hour glucose, expressed either as the absolute level

(r = �0.42, P = .006; Figure 4A) or the change from baseline (figure

not shown), was related inversely to serum total BA levels at 2 hours

in healthy subjects, but not in those with T2D. Consistent with this,

the ROC analysis showed that changes in BAs after oral glucose, par-

ticularly for total BAs (AUC 0.726), had a reasonable capacity for iden-

tifying the metabolic phenotype of the groups (Figure 4B).

Furthermore, the logistic regression analysis revealed that an impaired

serum BA response to oral glucose was associated with increased

odds of being diagnosed with T2D (odds ratio 1.882; 95% confidence

interval 1.094-3.237).

4 | DISCUSSION

Our study has characterized the effects of a 75-g oral glucose load on

serum BAs in subjects with and without T2D and their impact on

glycaemia, FGF-19, and GLP-1. The key observations were that (i) in

subjects without T2D, serum BAs (predominantly conjugated BAs)

increased after oral glucose, and the magnitude of this increase corre-

lated directly with FGF-19 and inversely with the blood glucose level

at 2 hours; and (ii) in subjects with T2D, while fasting serum BAs were

higher, there was no significant response to oral glucose, which para-

lleled changes in FGF-19 and GLP-1. These observations, accordingly,

support the concept that BAs contribute to postprandial blood glu-

cose homeostasis in health and T2D.

The two groups were matched for gender, age, and BMI to mini-

mize potential confounding effects. Serum cholesterol, triglycerides,

LDL, and HDL were also found to be comparable. Importantly, none

of the subjects with T2D was taking medication known to affect BA

metabolism. Heterogeneity in these factors is probable to have

accounted for substantial inconsistencies in previous reports of circu-

lating BA levels.30,31 Indeed, we observed a number of correlations

between serum BAs and demographic and biochemical measures in

both groups. Although subjects with T2D, compared with those with-

out T2D, exhibited impaired hepatic insulin sensitivity (QUICKI), the

whole-body insulin sensitivity (SPISE) did not differ between the two

groups, attesting to the ‘early’ stage of T2D in this group of patients.

As has been reported in subjects with obesity but without

diabetes,15-17 the subjects with T2D exhibited augmented fasting

serum BAs, but a lack of any significant response at 2 hours after oral

glucose. These observations contrast with those of a retrospective

analysis involving healthy individuals and a small group of subjects
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with T2D, in which both fasting and postprandial serum BA levels were

reported to be higher in subjects with T2D.21 However, in the latter study,

subjects had more ‘advanced’ T2D and were taking medication

(e.g. metformin) that might have affected BA metabolism. The current

study focused on the measurement of serum BAs before and 2 hours after

OGTT, given that these time points are widely used for the diagnosis of

diabetes. The OPLS-DA revealed a clear separation of the BA profiles

before and 2 hours after OGTT in both groups; there were consistent

trends for a reduction in unconjugated BAs and an increase in conjugated

BAs, in accord with the conjugation and release of BAs following ingestion

of the glucose drink. The augmentation of fasting serum BA levels in sub-

jects with T2D probably reflects an increase in BA synthesis.3 There is evi-

dence that hyperglycaemia is a major driver of increased expression of

CYP7A1, the rate-limiting enzyme converting cholesterol to the primary

BA, CDCA.32 In support of this concept, fasting serum CDCA was higher

in the T2D group. After oral glucose, changes in serum BAs, particularly

conjugated BAs (which are the main forms of BAs released into the upper

gut), paralleled the rise in FGF-19 in both groups. Given that FGF-19 is

released primarily in the ileum upon intestinal BA absorption and activa-

tion of enterocyte FXR,33,34 and that meal-related gallbladder emptying

(and BA release into the small intestine) is usually intact in subjects with

T2D,35 the blunted BA response to oral glucose in subjects with T2D

probably reflects an impairment in intestinal BA resorption.

There is recent evidence that variations in fasting serum BAs may

predict the future risk of T2D.23 However, in the current study, we did

not observe any relationship between FPG and serum BAs. Rather, both

2-hour PG and the increase in PG at hours from baseline were related

inversely to serum BA levels in subjects without T2D. Moreover, the

logistic regression analysis also revealed that a reduced serum BA

response to oral glucose predicted increased odds of being diagnosed

with T2D. This suggests that the BA profile after oral glucose or meals

may be a better predictor of dysglycaemia, and that measurement of

serum BAs during the OGTT, in addition to PG, may complement the

assessment of the risk of T2D. In line with this concept, subjects with

T2D did not exhibit a significant increase in serum total BAs at 2 hours.

Interestingly, intrahepatic cholestasis of pregnancy is associated with

augmented glycaemic excursions after meals,36 and cholecystectomized

patients—who lack physiological pulses of BA release into the small

intestine—also exhibit an elevated postprandial blood glucose

response.37 Conversely, supplementation with exogenous BAs in both

healthy and subjects with T2D has been reported to reduce postprandial

glycaemia.11,14 Moreover, bariatric surgery or diversion of bile to the dis-

tal gut, leading to augmented luminal and circulating BA concentrations,

is associated with improved glycaemic control in subjects with

T2D13,38,39 and animal models.40,41 These observations support the con-

cept that effective enterohepatic circulation during the postprandial

phase is critical to the maintenance of postprandial glucose homeostasis.

The links between serum BA and PG responses to oral glucose

may potentially be underpinned by the secretion of FGF-19 and

GLP-1, both of which exhibit pleiotropic actions in relation to glucose

metabolism and were impaired in subjects with T2D. As discussed

above, the secretion of FGF-19 is coupled to intestinal BA signalling

via FXR. Our observation of a direct relationship between the rise in

serum FGF-19 and serum BA levels at 2 hours in both groups is con-

sistent with this concept. The blunted GLP-1 response to oral glucose at

2 hours in subjects with T2D was also in agreement with previous find-

ings reported in screen-detected T2D.42 However, the link of GLP-1, as

opposed to FGF-19, to BAs is less specific, because GLP-1 secretion, in

addition to the effect induced by BAs, may also be affected by the rate

of delivery of glucose to, and its transit through, the small intestine, as

well as the responsiveness of the small intestine to glucose.43 Subjects

with T2D predictably exhibited impairments in insulin secretion

(as assessed by the insulin/glucose ratio) and hepatic insulin sensitivity,

which, albeit comparatively modest given the early stage of T2D, would,

to some extent, contribute to elevated FPG and 2-hour PG in this group.

In the control group, we also noted direct relationships between SPISE (a

surrogate measure of whole-body insulin sensitivity) and several conju-

gated BAs, particularly TCA and TCDCA, at both fasting and 2 hours.

Further studies are warranted to clarify whether this phenomenon is

related directly to BA signalling or indirectly via other pathways.

Several potential limitations should be noted in interpreting our

observations. First, we employed a 75-g glucose solution rather than a

mixed meal and measured serum BAs only at baseline and 2 hours. How-

ever, this approach aligns with the measurement of PG for the clinical

diagnosis of diabetes. Although our OLPS-DA indicated a profound shift

in the BA profile at 2 hours after oral glucose in both groups, circulating

BAs usually peak at 30 minutes after oral glucose.30 Accordingly, more

frequent measurements of serum BAs after oral glucose may provide

additional insights. Second, BAs are concentrated in the enterohepatic

circulation, and peripheral BA concentrations tend to reflect hepatic

‘spillover’,17,30,31 rather than nutrient-mediated release and the luminal

load of BAs. Studies that directly compare postprandial luminal BA levels

in subjects with and without T2D are indicated. Third, although there is

evidence that gallbladder emptying is often unaffected in uncomplicated

T2D, assessment of gallbladder emptying would help to delineate the

mechanism(s) responsible for the impaired serum BA response to oral

glucose in subjects with T2D. Fourth, although male and female subjects

exhibited similar patterns of the serum BA responses to oral glucose in

either group, the proportion of male and female subjects in both groups

was unbalanced, with significant differences in biochemical measures

(e.g. total cholesterol levels) between them. Accordingly, future work

with larger sample sizes of properly matched male and female subjects is

needed to clarify the impact of sex on the outcomes of serum BAs. Fifth,

our observations were derived from a small cohort of newly diagnosed,

treatment-naïve T2D subjects with comparatively good glycaemic con-

trol; further work in subjects with clearly defined prediabetes and

‘advanced’ T2D would provide insights as to how circulating BAs vary

across the spectrum of T2D. Finally, given the exploratory nature of the

current study, a sample size calculation was not performed. However,

our data were clear-cut, such that increasing sample size is unlikely to

result in substantial changes in our conclusions.

In conclusion, the serum BA response to a 75-g oral glucose load

in ‘early’ T2D is attenuated, as is the secretion of FGF-19 and GLP-1,

while the BA response in individuals without T2D correlates with PG

levels at 2 hours. These observations warrant further studies to inves-

tigate the role of BAs in the regulation of postprandial glucose
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metabolism, including the potential for postprandial BA concentra-

tions to predict the risk of developing T2D, and for BA-based thera-

pies to have a role in the management of this condition.
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