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Abstract

BACKGROUND

The understanding of bile acid (BA) and unsaturated fatty acid (UFA) profiles, as
well as their dysregulation, remains elusive in individuals with type 2 diabetes
mellitus (T2DM) coexisting with non-alcoholic fatty liver disease (NAFLD).
Investigating these metabolites could offer valuable insights into the pathophy-
siology of NAFLD in T2DM.

AIM

To identify potential metabolite biomarkers capable of distinguishing between
NAFLD and T2DM.

METHODS

A training model was developed involving 399 participants, comprising 113
healthy controls (HCs), 134 individuals with T2DM without NAFLD, and 152
individuals with T2DM and NAFLD. External validation encompassed 172
participants. NAFLD patients were divided based on liver fibrosis scores. The
analytical approach employed univariate testing, orthogonal partial least squares-
discriminant analysis, logistic regression, receiver operating characteristic curve
analysis, and decision curve analysis to pinpoint and assess the diagnostic value
of serum biomarkers.

RESULTS

Compared to HCs, both T2DM and NAFLD groups exhibited diminished levels of
specific BAs. In UFAs, particular acids exhibited a positive correlation with
NAFLD risk in T2DM, while the »-6:0-3 UFA ratio demonstrated a negative
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correlation. Levels of a-linolenic acid and y-linolenic acid were linked to significant liver fibrosis in NAFLD. The
validation cohort substantiated the predictive efficacy of these biomarkers for assessing NAFLD risk in T2DM
patients.

CONCLUSION
This study underscores the connection between altered BA and UFA profiles and the presence of NAFLD in
individuals with T2DM, proposing their potential as biomarkers in the pathogenesis of NAFLD.

Key Words: Bile acid; Non-alcoholic fatty liver disease; Type 2 diabetes mellitus; Unsaturated fatty acid
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Core Tip: In the present study, we delineate notable distinctions in serum bile acid (BA) and unsaturated fatty acid (UFA)
profiles between individuals with type 2 diabetes mellitus (T2DM) coexisting with non-alcoholic fatty liver disease
(NAFLD) and those with T2DM alone. This first large-scale investigation links BA and UFA to NAFLD risk in T2DM
patients, with the overarching objective of identifying predictive biomarkers and elucidating their connection to clinically
relevant liver fibrosis in the context of NAFLD.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is currently the most prevalent chronic liver disease globally[1]. Research
indicates that individuals with type 2 diabetes mellitus (T2DM) are twice as likely to experience progression in hepatic
diseases compared to non-diabetic NAFLD patients[2]. A comprehensive meta-analysis involving 80 studies revealed a
striking 55.48% global prevalence of NAFLD among T2DM individuals[3,4]. Notably, the coexistence of NAFLD and
T2DM significantly increases the risks of non-alcoholic steatohepatitis (NASH), cirrhosis, and hepatocellular carcinoma
stemming from fatty liver disease[5]. Additionally, these individuals are more likely to encounter compounded risks of
cardiovascular disease, chronic kidney disease, and diabetic retinopathy[6]. Consequently, the identification of metabolite
biomarkers linked to T2DM-related complications is critical for the early assessment, prevention, and diagnosis of
NAFLD in T2DM patients.

The development of NAFLD is influenced by myriad factors, including the accumulation of adipose tissue, insulin
resistance, oxidative stress, mitochondrial dysfunction, genetic predispositions, and gut microbiota perturbations[7,8].
Serum bile acids (BAs) and unsaturated fatty acids (UFAs) are key signaling molecules that link these factors, playing a
central role in the pathophysiological processes of NAFLD. BAs, which are amphiphilic cholesterol metabolites, act as
essential enteroendocrine hormone-like signaling molecules, regulating glucose, lipid, and energy metabolism through
interactions with cell membranes and nuclear receptors[9]. Activating the BA receptor farnesoid x receptor (FXR) has
been shown to reduce NAFLD occurrence by inhibiting adipogenesis, reducing liver inflammation and fibrosis[10], and
maintaining intestinal barrier integrity[11]. Interestingly, NAFLD patients typically show a higher proportion of serum
cholic acid (CA) and chenodeoxycholic acid (CDCA) conjugates, despite not exhibiting a significant difference in total
serum BAs[3]. NASH patients, in particular, display total serum BA levels approximately three times higher than healthy
controls (HCs)[12], while obese and T2DM individuals exhibit elevated total plasma BAs[13]. Exposure to elevated BAs
can induce cytotoxicity and contribute to NAFLD development[14], underscoring the need for comprehensive serum BA
analyses in individuals with both NAFLD and T2DM.

UFAs, encompassing polyunsaturated fatty acids (PUFA) and monounsaturated fatty acids (MUFA), play a critical role
in the development of insulin resistance, fat accumulation, and inflammation in NAFLD[15,16]. PUFA, as ligands for G
protein-coupled receptors GPR40 and GPR120, enhance insulin secretion through glucagon-like peptide-1 (GLP-1)[17].
However, current findings on UFA in NAFLD present conflicting results, suggesting that alterations in the @-6 PUFA to
®-3 PUFA ratio may significantly influence NAFLD pathogenesis[18]. While initial studies indicated pro-inflammatory
effects of ®-6 PUFAs, a meta-analysis showed that @-6 PUFA supplementation in NAFLD patients led to liver fat
improvements[19]. Moreover, an RCT study involving obese patients demonstrated that supplementation with -6 PUFA
reduced hepatic steatosis, serum insulin, and inflammatory markers[20] , while another clinical trial reported increased
plasma triglyceride (TG) levels following ®-3 PUFAs administration[21]. Evidence suggests ®-3 PUFAs may ameliorate
NAFLD by increasing BA synthesis and excretion through upregulating cytochrome P450 7A1 (CYP7A1)[22]. Given these
varied findings, the precise impact of UFA and BA, as well as their balance, on diabetic hepatic steatosis remains
incompletely understood.
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In our hospital-based cross-sectional study, we aimed to: (1) Characterize the serum BA and UFA concentrations in
T2DM patients, with and without NAFLD, and explore correlations among BA, UFA, and clinical indicators; (2) assess the
risk of NAFLD in T2DM patients based on altered BA and UFA levels; and (3) identify specific BAs and UFA closely
associated with NAFLD risk, elucidating their potential roles in the pathogenesis of NAFLD.

MATERIALS AND METHODS

Population

In Figure 1, a total of 406 patients with T2DM were included from the inpatient ward of the Department of Endocrinology
at the Second Affiliated Hospital of Nanjing Medical University, along with 165 healthy adult individuals from the
physical examination center, spanning the period from January 2020 to December 2022, adhering to predefined inclusion
and exclusion criteria. Participants admitted after January 2022 formed an independent validation cohort. Total 571
participants formed two cohorts: Training cohort (HC = 113, T2DM without NAFLD = 134, T2DM with NAFLD = 152);
Validation cohort (HC = 52, T2DM without NAFLD = 63, T2DM with NAFLD = 57). Additionally, within the NAFLD
group, based on the FIB-4 score, participants were further divided into two subgroups: No or mild Clinically fibrosis with
FIB-4 < 1.3 (F,,) and clinically significant fibrosis with FIB-4 > 1.3 (F,,)[23].

Inclusion criteria: (1) Participants aged 18 to 75 years; (2) individuals diagnosed with T2DM. T2DM diagnosis based on
the 1999 World Health Organization criteria; (3) availability of serum BAs and UFAs measurements; and (4) complete
clinical biochemical indicators.

Exclusion criteria for patients with T2DM: (1) Absence of Hepatobiliary and pancreatic ultrasonography; (2) presence
of viral hepatitis, drug-induced liver disease, autoimmune liver disease, serious liver dysfunction; (3) alcohol
consumption = 70 g per week (women) and = 140 g per week (men); (4) aspartate aminotransferase (AST) > 40U/L or
alanine aminotransferase (ALT) = 40 U/L in T2DM without NAFLD; (5) use of hepatoprotective drugs; (6) presence of
cholecystitis and pancreatitis; (7) diagnosis of malignancy; (8) occurrence of diabetic ketoacidosis; and (9) pregnancy or
breastfeeding.

The diagnostic criteria for NAFLD are as follows[24]: (1) Absence of a history of alcohol consumption or consumption
of less than 210 g of alcohol per week in men (less than 140 g per week in women); (2) exclusion for diseases that can lead
to NAFLD, including viral hepatitis, drug-induced liver disease, autoimmune liver disease, etc; and (3) consistent liver
ultrasound imaging findings, including anterior field echo enhancement (“bright liver”), liver echo greater than kidney,
far-field echo attenuation, and unclear display of intrahepatic duct structure.

Data collection
Information was gathered from the hospital medical record system, including age, sex, duration of diabetes, systolic
blood pressure, diastolic blood pressure, body mass index (BMI), and glycosylated hemoglobin (HbAlc). HbAlc levels
were determined using a chromatographic technique. Before the collection of blood samples for biochemical tests,
subjects were required to fast for a minimum of 8 h overnight. These blood samples were procured in the early morning
of the second day post-admission. Biochemical parameters measured in these samples included fasting plasma glucose
(FPG), fasting c-peptide (FC-P), TG, total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density
lipoprotein cholesterol, ALT, AST, total bilirubin, direct bilirubin, indirect bilirubin, uric acid (UA), blood urea nitrogen,
serum creatinine. Time from the first bite of food in the morning, venous blood was drawn 2 h after eating for the determ-
ination of C-P 2 h postprandial (2h C-P). Blood specimens, collected by the hospital nurse, were promptly sent to the
medical laboratory center by the staff and processed within 2 h. Plasma glucose was determined using a blood glucose
biochemical analyzer. Serum C-P was measured using chemiluminescent methods. Routine measurements of biochemical
parameters, including serum lipids, liver enzymes, bilirubin, and renal function index, were conducted using enzymatic
methods. Additionally, information regarding a patient’s history of hypertension, hypoglycemic agents, and lipid-
lowering drugs was obtained by the attending physician upon admission.

BMI was calculated by weight (kg) divided by squared height (m). Triglyceride glucose index (TyG) was calculated by
In [TG (mg/dL) x FPG (mg/dL)]/2[25]. FIB-4 index was calculated by: Age (years) x AST (U/L)/[ALT (U/L)"? x platelet
count (10°/L)].

Measurements of serum UFA and BA

Following an overnight fasting period of at least eight hours, venous blood samples were collected on the subsequent
morning, transported to the Medical Laboratory Center within two hours for serum centrifugation. The serum was then
either immediately processed or stored at -80 °C for later analysis. We utilized the BAs Quantitative Assay Kit (Rayborn
Medical) and the Derivatization of Various Fatty Acids Quantitative Assay Kit (Jiangsu Haosi Biotechnology Co., Ltd) for
the pretreatment of the BAs and UFAs serum samples, respectively. Quantitative analysis was conducted using liquid
chromatography coupled with tandem mass spectrometry (LC-MS/MS, AB SCIEX Jasper™ HPLC-Triple Quad™
4500MD), employing an Agilent Eclipse Plus C18 column (100.0 mm x 3.0 mm, 3.5 pm) set at 40°. For BAs, the mobile
phases involved a 0.05% ammonium formate aqueous solution (Phase A) and 100% acetonitrile (Phase B). For UFAs, the
gradient-eluting mobile phases were deionized water (Phase A) and acetonitrile (Phase B). The mass spectrometer was set
to electrospray ionization in negative mode. The LC-MS/MS raw data were analyzed using SCIEX Analyst software,
which facilitated peak integration, calibration, and quantification for each BA and UFA.
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T2DM patients admitted to Endocrinology from January 2020 to
December 2022; Aged 18 to 75 yr; Willingness to test serum BAs and
UFAs on admission; Complete clinical biochemical indicators

(n = 621)
»| Excluded (7 = 215)
Not meeting inclusion/exclusion criteria (7 = 215)
Y
HC Eligible cases
(7 = 165) (n =571)
January 2020 to December 2021 January 2022 to December 2022
Y
Training set Validation set
(n=399) (n =172)
A 2 Y Y Y ¥ Y
HC T2DM NAFLD (7 = 152) HC T2DM NAFLD (77 = 57)
(n =113) (n=134) Fo (7 =94) (7 = 52) (n = 63) Fou (7 = 33)
Fas (7 = 58) Fou (7 = 24)

Figure 1 The flow diagram depicts the incorporation and distribution of the study cohort. T2DM: Type 2 diabetes mellitus; HC: Healthy control;
NAFLD: Non-alcoholic fatty liver disease; F_.: No or mild clinically fibrosis with fibrosis 4 score (FIB-4) < 1.3; F,,: Clinically significant fibrosis with FIB-4 = 1.3; BAs:
Bile acids; UFAs: Unsaturated fatty acids.

Statistical analysis

Continuous variables are reported as mean * SD for normally distributed data and median (upper and lower quartiles)
for non-normally distributed data. Categorical variables are presented as frequencies (percentages). Comparisons of
continuous variables were made utilizing t-tests, while the nonparametric Wilcoxon test was used for non-normally
distributed continuous variables. Comparisons of categorical variables were made using Fisher’s exact test.

Identification of differential BAs and UFAs was based on the Wilcoxon test (P. adj < 0.05, adjusted for false discovery
rate using the Benjamini-Hochberg method) and orthogonal partial least squares-discriminant analysis (OPLS-DA), with
a cutoff of variable influence on projection (VIP) > 1. Spearman’s correlations were used to assess the relationship
between BA and UFA metabolites and their associations with clinical indicators.

Restricted cubic splines (RCS) in logistic regression were utilized to examine non-linear associations between
metabolites and NAFLD risk, identifying significant risk variation thresholds for metabolite categorization. These
metabolites were then incorporated into regression models as either continuous or categorical variables. Univariate and
multivariate logistic regression analyses, accounting for multiple confounding factors, were conducted.

Biomarkers were defined as BAs and UFAs that met three criteria: significant significance in the Wilcoxon test (P. adj <
0.05), a VIP score > 1 in OPLS-DA, and statistical significance in multivariate logistic regression (P < 0.05). We formulated
three NAFLD prediction models: Model 1 comprising clinical indicators only, model 2 comprising the biomarkers, and
model 3 combining both. Their effectiveness for predicting NAFLD risk in T2DM patients was evaluated using receiver
operating characteristic (ROC) curves, area under the curve (AUC), integrated discrimination improvement, and net
reclassification improvement (NRI). Model performance and accuracy were ascertained through 1000 bootstrap
resamples and decision curve analysis. Metabolite levels in two subgroups (F,, and F,,) were analyzed to determine their
link to liver fibrosis risk in NAFLD, using logistic regression and ROC curves. Finally, we validated the results using an
independent cohort.

All analyses were conducted using R software version 4.1.2 and SIMCA software 14.1.0. A two-tailed P value of < 0.05
was considered to indicate statistical significance.
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RESULTS

Baseline characteristics of the participants

In the training and validation cohorts (Table 1; Supplementary Table 1), participants with T2DM, both with and without
NAFLD, exhibited elevated levels of TyG, TG, FPG, and reduced HDL-C compared to the HC group. Furthermore,
patients with NAFLD, when compared to the HC and T2DM-only groups, were characterized by a younger age, higher
BMI, TG, AST, ALT, UA, TyG, and reduced HDL-C levels. Relative to the T2DM-only group, the NAFLD group exhibited
higher TyG, FC-P, 2h C-P, TC, and UA, and lower HDL-C, alongside a shorter duration of diabetes. Additionally,
participants in the F,, fibrosis stage group, compared to those in the F ; group, demonstrated a longer duration of
diabetes and increased AST levels.

Univariate analysis of BA and UFA in the study population

In our study, we quantified 15 different BAs and 11 UFAs across groups comprising HC, T2DM, and NAFLD par-
ticipants. Subsequently, we compared the levels of these compounds among the three groups (Supplementary Figure 1).
For BAs, the analysis revealed that, relative to the HC group, 7 out of 10 conjugated BAs [including taurochenodeoxy-
cholic acid (TCDCA), glycochenodeoxycholic acid (GCDCA), glycolithocholic acid (GLCA), taurolithocholicacid (TLCA),
taurodeoxycholic acid (TDCA), glycodeoxycholic acid (GDCA), and glycoursodeoxycholic acid] exhibited lower levels in
both T2DM and NAFLD groups (Figure 2A). Additionally, the ratios of TCDCA:CDCA and GCDCA:CDCA, indicative of
specific hepatic enzymatic activities, were also observed to be reduced in these two groups (Supplementary Table 2). In
contrast, levels of CDCA and ursodeoxycholic acid (UDCA) levels were higher in the NAFLD group compared to the HC
group (Figure 2A).

For UFAs, the T2DM and NAFLD groups exhibited elevated levels of 10 out of 11 UFAs, as well as three UFA-related
ratios, compared to the HC group (Supplementary Figure 1A). Notably, the NAFLD group demonstrated increased levels
of three MUFAs, including octadecenoic acid (C18:1), palmitoleic acid (C16:1), and eicosenoic acid (C20:1), three ®-3
PUFAs, including a-linolenic acid (a-C18:3), eicosapentaenoic acid (EPA), and ®-3 docosapentaenoic acid (o-3-C22:5), and
one -6 PUFA (y-C18:3). Additionally, the NAFLD group displayed a lower w-6:0-3 PUFA ratio compared to the HC and
T2DM groups (Figure 2A). The T2DM group also exhibited elevated levels of these UFAs relative to the HC group, with
the exception of C16:1 (Figure 2A). However, no significant differences in UFA levels were observed between the T2DM
and NAFLD groups (Supplementary Figure 1B).

Spearman and threshold analysis of metabolite and clinical indicator associations

We investigated the correlations between metabolite levels and clinical indicators within the T2DM and NAFLD groups
(Figure 2B; Supplementary Figure 1C and D). We observed that both UFAs and BAs demonstrated significant correlations
with indices of glycolipid metabolism and liver function. Specifically, four liver function markers, namely ALT, AST, FC-
P, and 2h C-P, showed a significant positive correlation with seven distinct UFAs differentially expressed between the
T2DM and NAFLD groups. These UFAs include C16:1, C18:1, C20:1, a-C18:3, EPA, »-3-C22:5, and y-C18:3 (P < 0.01).
Additionally, these liver function markers exhibited a strong negative correlation with the ®-6:@-3 ratio (Figure 2B).
Moreover, TyG and TG were found to have a strong negative correlation with the ratios of GCDCA:CDCA and
TCDCA:CDCA. Conversely, TyG and TG showed positive correlations with several UFAs, specifically C16:1, C18:1,
C20:1, 0-C18:3, ®-3-C22:5, and y-C18:3. The detailed correlation coefficients and corresponding P values can be found in
Supplementary Tables 3 and 4.

OPLS-DA multivariate analysis of BAs and UFAs in T2DM and NAFLD

To identify biomarkers capable of differentiating between T2DM patients with and without NAFLD, we employed a
multivariate analysis approach. This analysis was conducted on a comprehensive panel comprising 15 BAs and 11 UFAs
(Figure 3). Utilizing SIMCA software, the data were standardized through the unit variance scaling method to ensure
comparability. The OPLS-DA model, depicted in Figure 3A, successfully delineated the T2DM cohorts (+ NAFLD),
indicating clear group separation. To verify the reliability of our OPLS-DA model and rule out overfitting, we imple-
mented a 200-permutation test, which confirmed the validity of our model (Figure 3B). The significance of these
metabolites in differentiating between the groups was evaluated based on their VIP scores (Figure 3C; Supplementary
Table 5). All UFAs demonstrated VIP values exceeding the threshold of 1, highlighting their potential as discriminative
biomarkers. In contrast, none of the BAs achieved a VIP score above this threshold. We then selected UFAs and BAs that
exhibited both statistical significance (P < 0.05 in the Wilcoxon test) and a VIP score > 1, when comparing the T2DM and
NAFLD groups. These metabolites were deemed differential and were subsequently used for further logistic regression
analysis (Table 2).

Differential metabolites for predicting T2DM with or without NAFLD based on logistic analysis

In our logistic regression analysis, RCS was utilized to examine potential non-linear relationships between metabolite
levels and the risk of NAFLD in patients with T2DM. Through RCS, we identified critical thresholds where significant
increases or decreases in NAFLD risk were evident. Metabolites were then categorized based on these thresholds and
included in the regression model as continuous variables, with increments corresponding to their SD. Figure 4A and B
illustrates the threshold effects for C16:1 (= 12.90 pmol/L) and a-C18:3 (= 9.21 pmol/L). These figures show that levels
exceeding these cutoff points are associated with an increased risk of developing NAFLD in T2DM patients. Additionally,
Figure 4C and D explores the relationship between 0-C18:3 and C16:1 with TyG, a marker of p-cell function, using
threshold analysis. Our multivariate logistic regression, adjusted for numerous confounding factors, demonstrated
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Table 1 Baseline characteristics of healthy control and type 2 diabetes mellitus with or witho

Feng SS et al. BA and UFA profiles in NAFLD

on-alcoholic fatty liver disease

HC T2DM without T2DM with NAFLD  F,, Fou
ltem NAFLD

n=113 n=134 n=152 n=94 n=>58
Ageinyr 59.65 + 14.54 60.06 + 16.60 53.61 +12.16™" 49.44 +10.32 61.72 £10.48°
Sex, male, % 69 (61.06) 87 (64.93) 102 (67.11) 63 (67.02) 39 (67.24)
Duration of diabetes, month 84.00 [27.00,153.00]  48.00 [2.00, 120.00]" 36.00 [7.00, 93.00] 84.00 [24.00, 144.00]
SBP, mmHg 128.00 [116.00, 132.00]  130.00 [120.00, 138.50]  130.00 [120.00, 140.00] 130.00 [120.00, 138.00] 130.00 [120.00, 140.00]
DBP, mmHg 80.00 [74.00,86.00]  81.00 [75.00, 89.00] 82.00 [76.00, 88.00] 81.00 [80.00, 88.00] 80.00 [76.00, 90.00]
BMI, Kg/m> 2021 [21.54,2358]  23.38 [21.59, 25.98] 25.96 [23.76,27.79"  26.39 [23.98, 29.37] 25.96 [24.22, 26.70]
TyG index 8.41 [8.21,9.02] 9.88[9.43,10.40]" 10.21 [9.69, 10.71]*° 10.27 [9.82, 10.66] 9.98 [9.57, 10.53]
FIB-4 index / / / 0.85[0.59, 1.02] 1.79 [1.51, 2.13]°
HbAlc, % / 9.00 [7.00, 10.50] 9.10 [7.65, 10.60] 9.15[7.92, 10.60] 8.60 [7.52,10.47]
FPG, mmol/L 5.1 [4.97, 5.83] 8.05 [5.99, 11.02]° 8.13 [6.67, 10.68]° 8.63 [6.43,11.32] 7.86 [6.88, 9.84]
FC-P, ng/mL / 133 [0.61, 2.17] 1.85[1.16, 2.79]" 1.92 [1.16, 3.04] 1.80 [1.41, 2.48]
2h C-P, ng/mL / 2.83 [1.24, 5.00] 413217, 6.23]° 429 [2.10, 6.39] 431 [2.34, 6.35]

TC, mmol/L

TG, mmol/L
HDL-C, mmol/L
LDL-C, mmol/L
ALT,U/L
AST,U/L

TBIL, pmol/L
DBIL, pmol/L
IBIL, pmol/L

UA, pmol/L

SCR, pmol/L

BUN, mmol/L

HT, yes, %

Metformin, yes, %
Acarbose, yes, %
Sulfonylureas, yes, %
Glinides, yes, %

TZDs, yes, %

DPP-4 inhibitors, yes, %
SGLT-2 inhibitors, yes, %
GLP-1 agonists, yes, %
Insulin, yes, %

Statins, yes, %

444[3.91,5.19]
1.17 [0.88, 1.79]
1.24 [1.11, 1.42]
2.70 [2.31, 3.32]
14.10 [10.90, 21.42]
15.45 [12.83, 19.25]
10.75 [7.45, 13.67]
3.90 [2.92, 5.47]
5.95 [4.08, 8.05]

277.00 [228.00, 330.00]

66.00 [54.12, 75.55]

5.42 [4.53, 6.34]

NS SN SN N N N N N N

419[3.63,4.97]
1.35 [1.04, 1.98]°
1.07 [0.91, 1.28]°
2.77 [2.27,3.28]
14.10 [10.10, 20.50]
15.20 [12.70, 19.30]
9.30 [7.60, 12.05]
3.80 [2.95, 4.65]
5.70 [4.50, 7.45]

287.00 [234.00, 347.00]

67.35 [54.27, 79.55]
554 [4.75, 6.47]
72 (53.73)

50 (37.31)

28 (20.90)

15 (11.19)

3 (2.24)

3(2.24)

13 (9.70)

16 (11.94)
1(0.75)

35 (26.12)

12 (8.96)

4.62[3.91,5.44]"

1.76 [1.29, 2.99]"
0.93 [0.82, 1.10]*"
2.94[2.22,3.67]
25.00 [15.70, 36.30]"
18.90 [14.35, 25.85]"
11.30 [8.65, 14.30]"
4.40 [3.45, 5.55] "
6.90 [4.85, 8.50]""

%”13.50 [247.25, 374.00]

64.20 [52.90, 77.48]
5.38 [4.45, 6.06]
73(48.03)

60 (39.47)

26 (17.11)

24 (15.79)

10 (6.58)

1 (0.66)

16 (10.53)

14 (9.21)

1 (0.66)

27 (17.76)

18 (11.84)

4,63 [4.01,5.21]
1.95 [1.38, 3.08]
0.92 [0.80, 1.08]
2.94[2.33,3.59]
23.40 [15.17, 33.05]
16.90 [13.80, 24.70]
10.95 [8.00, 14.07]
4.25[3.30,5.20]
6.60 [4.45, 8.52]

315.00 [248.50, 376.25]

65.20 [52.25, 80.10]
5.41 [4.46, 6.00]
42 (40.43)

38 (43.63)

12 (12.77)

11 (11.70)

7 (7.45)

1 (1.06)

10 (10.64)

9 (9.57)

0 (0.00)

16 (17.02)

11(11.70)

452 [3.69, 5.47]
1.56 [1.21, 2.46]
0.98[0.83,1.17]
2.98 [2.07, 3.75]
28.50 [15.90, 41.25]
22.50 [16.27, 36.47]°
11.70 [9.50, 14.77]
4.85[3.70, 6.10]°
6.90 [5.62, 8.55]

315.50 [247.00, 356.50]

65.70 [56.92, 79.12]
536 [4.48, 6.45]
31 (57.45)

22 (37.93)

14 (24.14)

13 (24.41)
3(5.17)

0 (0.00)

6 (10.34)

5 (8.62)

1(1.72)

11 (18.97)

7 (12.07)

2P < 0.05 when compared with health control (Wilcoxon rank sum test).
PP < 0.05 when type 2 diabetes mellitus (T2DM) with non-alcoholic fatty liver disease (NAFLD) compared with T2DM without NAFLD (Wilcoxon rank

sum test).

°P < 0.05 when F, , compared with F, ; (Wilcoxon rank sum test).
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Values are 1 (%), mean = SD, median [upper quartile, lower quartile]. 2h C-P: C-peptide 2 h after meal; ALT: Alanine aminotransferase; AST: Aspartate
aminotransferase; BMI: Body mass index; BUN: Blood urea nitrogen; DBIL: Direct bilirubin; DBP: Diastolic blood pressure; DPP-4 inhibitor: Dipeptidyl
peptidase-4 inhibitor; FC-P: Fasting C-peptide; F, ;: FIB-4 < 1.3 in non-alcoholic fatty liver disease; F: Clinical liver fibrosis stage 0 (no fibrosis): F;: Clinical
liver fibrosis stage 1 (Mild fibrosis); F, 4: Clinically significant fibrosis with FIB-4 > 1.3 in non-alcoholic fatty liver disease: F,: Clinical liver fibrosis stage 2
(moderate fibrosis): F3: Clinical liver fibrosis stage 3 (severe fibrosis): F,: Clinical liver fibrosis stage 4 (cirrhosis); FIB-4: Fibrosis 4 score; FPG: Fasting blood
glucose; GLP-1 agonists: Glucagon-like peptide-1 agonists; HbAlc: Hemoglobin Alc; HC: Health control; HDL-C: High-density lipoprotein cholesterol;
HT: Hypertension; IBIL: Indirect bilirubin; LDL-C: Low-density lipoprotein cholesterol; NAFLD: Non-alcoholic fatty liver disease; PLT: Platelet; SBP:
Systolic blood pressure; SCR: Serum creatinine; SGLT-2 inhibitor: Sodium-dependent glucose transporters 2; T2DM: Type 2 diabetes mellitus; TBIL: Total
bilirubin; TC: Total cholesterol; TG: Triglyceride; TZDs: Thiazolidinediones; TyG: Triglyceride-glucose; UA: Uric acid.

Table 2 Association between unsaturated fatty acids and risk of non-alcoholic fatty liver disease in type 2 diabetes mellitus

Univariate Multivariable adjusted
Characteristics

OR 95%Cl P value OR 95%Cl P value
MUFAs
C16:1 (2 12.90 pmol /L) 2.289 1.429-3.696 0.001" 1.969 1.135-3.439 0.016"
C18:1 1.002 1.000-1.004 0.032° 1.002 1.000-1.004 0.100
C20:1 1.270 1.071-1.543 0.011° 1.224 1.006-1.516 0.055
®-3 PUFAs
0-C18:3 (2 9.21 pmol /L) 2.093 1.309-3.371 0.002° 1.795 1.040-3.113 0.036"
EPA 1.187 1.044-1.376 0.014" 1.208 1.234-1.448 0.006"
®-3-C22:5 1.239 1.066-1.457 0.007° 1.262 1.051-1.531 0.015"
@-6 PUFA
y-C18:3 1.361 1.126-1.694 0.003" 1.381 1.106-1.783 0.008"
MUFASs ratio
@-6/0-3 0.904 0.838-0.969 0.006" 0.908 0.832-0.986 0.026"

P < 0.05: Statistically significant.

Multivariable adjusted analysis including age, body mass index, sex, systolic blood pressure, duration of diabetes, triglyceride-glucose, hemoglobin Alc,
fasting C-Peptide, C-peptide 2 h after meal, uric acid, 8 kinds of hypoglycemic drugs (metformin, acarbose, sulfonylureas, glinides, thiazolidinediones,
dipeptidyl peptidase-4 inhibitors, sodium-dependent glucose transporters-2 inhibitors, glucagon-like peptide-1 agonists, insulin) and Statins. BAs: Bile
acids; CI: Confidence interval; DPP-4 inhibitor: Dipeptidyl peptidase-4 inhibitor; GLP-1 agonists: Glucagon-like peptide-1 agonists; MUFAs:
Monounsaturated fatty acids; NAFLD: Non-alcoholic fatty liver disease; OR: Odds ratios; PUFAs: Polyunsaturated fatty acids; SGLT-2 inhibitor: Sodium-
dependent glucose transporters 2; T2DM: Type 2 diabetes mellitus; TZDs: Thiazolidinediones.

positive correlations between the risk of NAFLD in T2DM and several UFAs: C16:1, 0-C18:3, EPA, ®-3-C22:5, and y-C18:3.
Conversely, negative correlation was observed with the @-6:0-3 PUFA ratio (Table 2).

Taking into account the VIP scores, results from the Wilcoxon test, and logistic regression findings, we identified these
five UFA species as significant biomarkers: C16:1, a-C18:3, EPA, ®-3-C22:5, and y-C18:3. The incremental effects and ROC
of NAFLD risk prediction models are shown in Figure 4E and Supplementary Table 6. These demonstrate that the
inclusion of these five biomarkers significantly enhances the clinical diagnosis of NAFLD. Moreover, decision curve
analysis revealed a clear net benefit of incorporating these potential biomarkers alongside clinical indicators,
underscoring their practical utility in clinical settings (Figure 4F).

Differential metabolites for predicting risk of clinically significant fibrosis in NAFLD

We further delved into the potential of certain metabolites, previously associated with the risk of NAFLD, to also serve as
indicators for clinically significant liver fibrosis. Our observations revealed that a-C18:3 and y-C18:3 exhibited significant
differences between the NAFLD fibrosis stages F,, and F,, (Figure 5A and B; Supplementary Table 7). Further analysis
through multivariate logistic regression established a-C18:3 and y-C18:3 as predictive biomarkers for clinically significant
fibrosis in the context of NAFLD (Table 3). The AUC values for predicting clinically significant fibrosis in NAFLD were
0.654 for a-C18:3 and 0.639 for y-C18:3, indicating a moderate predictive ability (Supplementary Figure 2). Expanding our
analysis, we constructed three risk prediction models (model 1, model 2, and model 3), specifically tailored for clinically
significant fibrosis in NAFLD (Figure 5C). A comparative analysis of these models, focusing on their incremental effects,
showed that the integration of a-C18:3 and y-C18:3 into the models markedly enhanced the diagnostic accuracy for
clinically significant liver fibrosis in NAFLD patients (Supplementary Table 8).
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Figure 2 The distribution of bile acids and unsaturated fatty acids distribution among healthy control, type 2 diabetes mellitus without
non-alcoholic fatty liver disease, and type 2 diabetes mellitus with non-alcoholic fatty liver disease is examined. A: Clustering analysis is
conducted to analyze the levels of serum bile acids (BAs) and unsaturated fatty acid (UFA). Serum levels of BAs and UFAs in three groups. Wilcoxon test (P < 0.05);
B: Spearman’s correlation analysis between UFAs and clinical indicators in type 2 diabetes mellitus with or without non-alcoholic fatty liver disease (*P < 0.05, °P <
0.01). T2DM: Type 2 diabetes mellitus; HC: Healthy control; NAFLD: Non-alcoholic fatty liver disease; ALT: Alanine aminotransferase; AST: Aspartate
aminotransferase; C-P: C-peptide; TBIL: Total bilirubin; DBIL: Direct bilirubin; IB: Indirect bilirubin; BMI: Body mass index; TyG: Triglyceride glucose index; TG:
Triglyceride; DBP: Diastolic blood pressure; BUN: Blood urea nitrogen; FPG: Fasting plasma glucose; TC: Total cholesterol; LDL-C: Low-density lipoprotein
cholesterol; UA: Uric acid; SCR: Serum creatinine; HDL-C: High-density lipoprotein cholesterol; SBP: Systolic blood pressure; HbA1c: Glycosylated hemoglobin;
CDCA: Chenodeoxycholic acid; TLCA: Taurolithocholicacid; GDCA: Glycodeoxycholic acid; UDCA: Ursodeoxycholic acid; TDCA: Taurodeoxycholic acid.
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Table 3 Association between unsaturated fatty acids and risk of clinically significant fibrosis in non-alcoholic fatty liver disease

. Univariate Multivariable adjusted

Characteristics
OR 95%Cl P value OR 95%Cl P value

®-3 PUFAs
0-C18:3 1.060 1.015-1.116 0.017° 1.078 1.018-1.153 0.018"
©-3-C22:5 1.193 0.992-1.446 0.064 1.176 0.930-1.504 0.181
@-6 PUFA
y-C18:3 1.409 1.125-1.879 0.009° 1.518 1.135-2.228 0.013"

4P < 0.05: Statistically significant.

Multivariable adjusted analysis including age, body mass index, sex, systolic blood pressure, duration of diabetes, triglyceride-glucose, hemoglobin Alc,
fasting C-Peptide, C-peptide 2 h after meal, uric acid, 8 kinds of hypoglycemic drugs (metformin, acarbose, sulfonylureas, glinides, thiazolidinediones,
dipeptidyl peptidase-4 inhibitors, sodium-dependent glucose transporters 2 inhibitors, glucagon-like peptide-1 agonists, and insulin), and Statins. NAFLD:
Non-alcoholic fatty liver disease; F,,: Fibrosis 4 score > 1.3; OR: Odds ratios; CI: Confidence interval; PUFA: Polyunsaturated fatty acid; TZDs:
Thiazolidinediones; DPP-4 inhibitor: Dipeptidyl peptidase-4 inhibitor; SGLT-2 inhibitor: Sodium-dependent glucose transporters 2; GLP-1: Glucagon-like
peptide-1.

Performance of UFAs associated with NAFLD in the validation cohort

The performance of the biomarker panel model, designed to distinguish between NAFLD and non-NAFLD states, was
evaluated using an independent validation cohort. Supplementary Table 9 and Figure 3A highlight significant differences
in four UFAs, specifically C16:1, y-C18:3, a-C18:3, and ®-3-C22:5, among the three training cohort groups. Supplementary
Figure 3 shows a significant positive correlation between liver function markers (ALT, AST, FC-P, 2h C-P, TyG, TG, and
UA), and these four differential UFAs in the T2DM and NAFLD groups (P < 0.05). The OPLS-DA model clustering,
presented in Supplementary Figure 4, effectively differentiated between T2DM groups with and without NAFLD. The
VIP scores of C16:1, y-C18:3, 0-C18:3, and »-3-C22:5 was all equal to or greater than 1, signifying their relevance in the
model (Supplementary Table 5; Figure 5C). The AUC values for model 1, model 2, and model 3 were presented in Supple-
mentary Figure 5A. The comparative assessment between model 3 and model 2 in the validation cohort parallelled the
observations from the training cohort (Supplementary Table 6; Figure 5). However, it is noteworthy that the multivariate
logistic regression results for C16:1, y-C18:3, 0-C18:3, and »-3-C22:5 (Supplementary Table 10) as well as the differences in
y-C18:3 and 0-C18:3 levels between the two NAFLD subgroups, did not reach statistical significance in the validation
cohort.

DISCUSSION

This study highlights the association between altered serum BA and UFA metabolism and NAFLD or its clinically
significant fibrosis. Notably, we observed decreased levels of seven out of ten conjugated BAs in both T2DM and NAFLD
groups compared to the HC group. In the T2DM group, after adjusting for confounders, an association was identified
between the presence of NAFLD and increased levels of one MUFA (C16:1), one o-6 PUFA (y-C18:3), three @-3 PUFAs (a-
C18:3, EPA, and ®-3-C22:5), as well as a decreased @-6:0-3 PUFA ratio. Furthermore, a-C18:3 and y-C18:3 emerged as
potential biomarkers for clinically significant liver fibrosis in NAFLD. These findings support the association between
alterations in serum BA and UFA metabolism and NAFLD or its clinically significant fibrosis. However, the exact causal
relationship remains uncertain, laying a foundation for further research into the intricate role played by BAs and UFAs in
the pathogenesis and progression of NAFLD.

CDCA serves as the primary BA, functioning as a natural ligand for FXR and G protein-coupled BA receptor 1 (TGR5),
both crucial in lipid metabolism, insulin sensitivity, and weight regulation[9]. Our study revealed elevated levels of
CDCA in the T2DM and NAFLD groups, aligning with previous observations linking CDCA to parameters such as BMI,
TG, and HDL-C[3,25-27], indicators of NAFLD occurrence and alteration. Additionally, the hydrophobic nature of CDCA
has been shown to induce hepatocyte injury[28]. Conjugated BAs, synthesized in the liver, undergo biotransformation
and degradation by intestinal bacteria, forming unconjugated BAs that are reabsorbed through enterohepatic circulation
[29]. In our T2DM or NAFLD patients, decreased levels of glycine- and taurine-conjugated BAs were observed. The
causes of this decrease, particularly whether disruptions in the structural composition of intestinal flora contribute to this
phenomenon, remain unclear. Furthermore, conjugated deoxycholic acid (DCA; including GDCA and TDCA) and
conjugated lithocholic acid (LCA; including TLCA and GLCA) were found to be negatively associated with an increased
risk of fatty liver or obesity[3,30]. The underlying mechanism for this association may involve the BA-TGRS5 signaling
pathway. In this pathway, DCA and LCA function as potent agonists of TGR5, which are known to exert anti-inflam-
matory effects and ameliorate metabolic disorders induced by a high-fat diet[31].

The observed elevated UFAs in T2DM and NAFLD patients are likely linked to insulin resistance and adipose tissue
lipolysis[32]. NAFLD in T2DM exacerbates insulin resistance, promoting lipid mobilization to the liver[33]. High serum
UFAs in these patients, alongside elevated TyG index and C-P levels, may indicate B cell dysfunction.
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Figure 3 Multivariate analysis of bile acids and unsaturated fatty acids in orthogonal partial least squares-discriminant analysis model. A: Orthogonal partial least squares-discriminant analysis (OPLS-DA) 3D model
between type 2 diabetes (T2DM) with or without non-alcoholic fatty liver disease (NAFLD) groups. R2X = 0.227, R2Y = 0.054, and Q?Y = 0.026; B: The 200-permutation test demonstrated no overfitting in the OPLS-DA model [Q2 = (0, -0.025), R2 = (0,
0.028)]; C: The contribution of the metabolite to distinguish T2DM with or without NAFLD is indicated by variable influence on projection values. NAFLD: Non-alcoholic fatty liver disease; CDCA: Chenodeoxycholic acid; TLCA: Taurolithocholicacid;

GDCA: Glycodeoxycholic acid; UDCA: Ursodeoxycholic acid.

A
15 10 5 0 -5 -10300 250 200 150 100 50 0 -50 .,
-10
© or
-5
-5 nQ
0
0
5
°
5 10
10 - 11%
o ® [ T20M without NAFLD
300 B T2DM with NAFLD
250
200 5
150 100
0 50 15
C
()]
=
©
>
=]
s
-1 i
'1.5 T T T T T T T T T T T T ) T ¥ ) T T T T T T T T T T
) N - ® < = g © - < ® < < < < < < < < < < < < < < <
§ ¢ & 2 & § § ¢ & 2 39 8 8 g 8 B8 8 g & 8 8 8 ° &8 8
Q O (6] (&) (6] Q (&) Q = [0) o =) O [ =) ) (&) =)
) > © o] = = [©] o
3 3 Variables

y-C18:3, a PUFA derived from essential fatty acid C18:2, involves D6 desaturase (D6D) in its conversion, with
heightened D6D activity linked to increased insulin resistance and T2DM risk[34]. Elevated y-C18:3 is positively
associated with susceptibility to T2DM and NAFLD[35,36], aligning with our findings. a-C18:3, an ®-3 PUFA, can’t be
synthesized endogenously and showed elevated levels in our T2DM and NAFLD patients[37]. Studies highlight its
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Figure 4 Logistic regression risk prediction model about non-alcoholic fatty liver disease in type 2 diabetes mellitus. A: Odds ratio (OR) was
represented in restricted cubic splines (RCS) nested showing association of palmitoleic acid (C16:1) level on a continuous scale and non-alcoholic fatty liver disease
(NAFLD) in type 2 diabetes mellitus (T2DM); B: OR was represented in RCS nested showing association of alpha-octadecatrienoic acid (a-C18:3) level on a
continuous scale and NAFLD in T2DM. Shaded areas represent 95% confidence interval (95%Cl). 12.9 and 9.21 umol/L were set as the reference values for C16:1
and 0-C18:3 respectively; C: C16:1 was analyzed for their relationship with Triglyceride glucose index (TyG) by threshold; D: a-C18:3 was analyzed for their
relationship with TyG by threshold. The statistical comparison was performed by the Wilcoxon test (statistically significant: P < 0.05); E: Comparison of three NAFLD
predictive model assessments of the 95%ClI of their area under the curve values; F: Comparison of model performance from Decision Curve analysis. Model 1
consists of C16:1, a-C18:3, eicosapentaenoic acid, w-3 docosapentaenoic acid, y-linolenic acid. Model 2 consists of sex, age, body mass index, systolic blood
pressure, duration of diabetes, TyG, high-density lipoprotein cholesterol, glycosylated hemoglobin, fasting c-peptide, and c-peptide 2 h postprandial. Model 3 was
constructed by the factors of model 2 and model 1 together. C16:1: Association of palmitoleic acid; a-C18:3: Alpha-octadecatrienoic acid; 95%Cl: 95% confidence
interval; AUC: Area under the curve.
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Figure 5 Performances of two unsaturated fatty acids with the ability to identify clinically significant fibrosis in nonalcoholic fatty liver
disease. A: Serum levels of alpha-octadecatrienoic acid (a-C18:3) in healthy control (HC), type 2 diabetes mellitus (T2DM), no or mild clinically fibrosis with fibrosis
4 score (FIB-4) < 1.3 (F,,) and clinically significant fibrosis with FIB-4 = 1.3 (F,,) groups; B: Serum levels of y-linolenic acid (y-C18:3) in HC, T2DM, F,, and F,,
groups; C: Comparison of three clinically significant fibrosis predictive model assessments of the 95%Cl on their area under the curve values. Model 1 consists of a-
C18:3 and y-C18:3. Model 2 consists of sex, age, body mass index, systolic blood pressure, duration of diabetes, Triglyceride glucose index, high-density lipoprotein
cholesterol, glycosylated hemoglobin, fasting c-peptide, and c-peptide 2 h postprandial. Model 3 was constructed by the factors of model 2 and model 1 together.
Wilcoxon test (*P < 0.05). 0-C18:3: Alpha-octadecatrienoic acid; HC: Healthy control; y-C18:3: y-linolenic acid; T2DM: Type 2 diabetes mellitus; 95%Cl: 95%
confidence interval; HC: Healthy control; AUC: Area under the curve; F_.: No or mild clinically fibrosis with fibrosis 4 score (FIB-4) < 1.3; F,: Clinically significant
fibrosis with FIB-4 = 1.3.
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pharmacological benefits in metabolic syndrome, yet note potential inflammatory and oxidative stress concerns at
varying concentrations[38,39]. Elevated a-C18:3 levels have been correlated with impaired insulin signaling, mito-
chondrial function, and increased reactive oxygen species production observed in obese Zucker rats[40]. a-C18:3 converts
to EPA via delta 6-desaturase and delta 5-desaturase[41]. EPA, extensively studied for its cardiovascular benefits, presents
potential adverse effects, including oxidative stress and increased bleeding risk[42]. Another study indicated higher EPA
intake associated with elevated T2DM risk[43]. Further research is necessary to understand elevated EPA levels in our
patients. C16:1, a primary MUFA, plays a pivotal role in metabolic regulation[44]. Human studies link elevated C16:1 to
NAFLD, inflammatory markers, obesity, insulin resistance, and heightened diabetes risk[45]. Palmitate, its precursor,
triggers B cell and endothelial cell apoptosis, contributing to insulin resistance and atherosclerosis[46]. Recent research
correlates C16:1 with metabolic risk factors in polycystic ovary syndrome[47]. Non-metabolic conditions such as asthma
and breast cancer have also been notably associated with C16:1[48,49]. However, despite this evidence, there is a need for
further investigation to elucidate the reasons behind elevated levels of C16:1 in T2DM and NAFLD patients and to
understand the underlying pathophysiology in these metabolic diseases.

In our study, we observed linear correlations between EPA, »-3-C22:5, y-C18:3, and the risk of NAFLD in T2DM. RCS
analysis revealed non-linear correlations for a-C18:3 and C16:1 PUFAs. A meta-analysis has indicated a significant non-
linear association between specific PUFAs and T2DM[43]. However, the relationship between PUFA levels and NAFLD
in T2DM patients remains to be fully elucidated. Investigating the precise threshold effects of a-C18:3 and C16:1 PUFAs is
crucial for understanding their potential benefits at lower concentrations.

Several studies highlight the metabolic benefits of ®-3 PUFAs. However, total dietary fat intake exceeding 37% of
energy has been associated with an increased risk of insulin resistance, irrespective of the type of fat. A balanced w-6:®-3
ratio is crucial due to the competition between enzymes during their biosynthesis. Our findings align with Luo et al[50],
showing a decreasing trend in the @-6:»-3 ratio from HC to T2DM to NAFLD groups. An imbalanced ratio may affect
postprandial blood glucose through alternative pathways, potentially impacting carbohydrate-regulating proteins[51].
We observed a greater increase in @-3 PUFA levels compared to -6 PUFAs, aligning with studies suggesting that
elevated -3 PUFA intake is associated with an increased risk of T2DM][43], likely due to heightened blood glucose levels
and reduced insulin sensitivity[52]. This finding is consistent with the well-established link between insulin resistance
and the risk of NAFLD associated with T2DM][52]. These insights may provide valuable UFA-centric perspectives on the
etiology of diabetes and NAFLD. Further research is needed to determine the impact of an imbalanced @-6:0-3 PUFA
ratio on glucose and lipid metabolism.

The present study has some limitations. Firstly, its retrospective nature necessitates more prospective studies to
determine whether changes in BA and UFA levels are causative or consequential in relation to NAFLD. Secondly, lack of
data on physical activity and diet, factors closely associated with BMI, is a limitation. Nevertheless, we adjusted for BMI
in our multifactorial logistic regression analysis, and certain associations between UFA and NAFLD remained statistically
significant. Thirdly, while ultrasonography is a clinically practical diagnostic tool, it may not be accurate as liver biopsy in
diagnosing fatty liver.

CONCLUSION

This study represents the first large-scale investigation to establish a link between BAs and UFAs with the risk of NAFLD
in T2DM patients. Our aim was to identify predictive biomarkers and to enhance the understanding of the complex
relationships between these metabolites and NAFLD. While we have made significant strides, the underlying
mechanisms remain to be elucidated. Future research should focus on expanding the sample size and conducting
prospective studies or animal experiments to explore the complex interplay between NAFLD and T2DM. Such studies are
essential to deepen our understanding of the pathophysiological processes influencing BA and UFA metabolism in the
context of T2DM. In the realm of clinical practice, our findings may serve as a valuable reference for monitoring these
biomarkers, thereby aiding in the assessment of NAFLD risk in patients with T2DM.

ARTICLE HIGHLIGHTS

Research background

Previous studies revealed that impaired metabolism of serum bile acid (BA) and unsaturated fatty acid (UFA) are
associated with the onset and progression of type 2 diabetes mellitus (T2DM). However, the BA and UFA profiles and
their alterations associated with the risk of developing Non-alcoholic fatty liver disease (NAFLD) remain unknown.

Research motivation
This study aims to delineate the differences in BA and UFA profiles between T2DM patients with and without NAFLD,
seeking to elucidate the underlying pathogenic mechanisms of NAFLD in the context of T2DM.

Research objectives
To identify distinct metabolite biomarkers within BA and UFA profiles that are associated with NAFLD risk in
individuals with T2DM.
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Research methods

A training model, consisting of 399 participants (113 healthy controls, 134 T2DM without NAFLD, and 152 T2DM with
NAFLD), was established alongside an external validation model comprising 172 participants. NAFLD patients were
stratified based on liver fibrosis scores. Fasting venous blood samples were collected from all subjects for the analysis of
BA and UFA profiles, utilizing liquid chromatography coupled with tandem mass spectrometry.

Research results
Both T2DM and NAFLD groups exhibited lower levels of certain BAs compared to healthy controls. Certain UFAs
demonstrated a positive correlation with NAFLD risk in T2DM. Levels of a-linolenic acid and y-linolenic acid were

associated with significant liver fibrosis in NAFLD, and validation confirmed their predictive power for NAFLD risk in
T2DM patients.

Research conclusions
Our findings reveal significant differences in serum BA and UFA profiles in T2DM patients with NAFLD compared to
those without, suggesting a potential role in the pathogenesis of NAFLD.

Research perspectives

To unravel the intricate interplay between NAFLD and T2DM, future research endeavors should encompass larger
sample sizes and incorporate prospective studies or animal experiments, particularly focusing on the pathophysiological
conditions influencing BA and UFA metabolism.
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