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Abstract

Purpose Previous studies have found that 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid (CMPF) was associated with
diabetes. This study aimed to investigate the relationship between abnormal increased CMPF levels and gestational diabetes
mellitus (GDM).

Methods We recruited 828 pregnant women, and all of them underwent an oral glucose tolerance test (OGTT). We screened
out 141 GDM patients and 230 pregnant women with normal glucose tolerance as controls. The serum CMPF concentra-
tion in participants was measured, and the relationship between the serum CMPF concentration and various parameters and
biochemical indices was analyzed.

Results Compared with the serum levels in pregnant women with normal glucose tolerance, GDM patients exhibited mark-
edly higher serum CMPF levels. The serum CMPF concentration showed an independent positive correlation with the blood
glucose levels, glycated hemoglobin Alc(HbAlc), and the area under the glucose—time curve from the 2-h OGTT (AUC
for glucose). Moreover, the CMPF concentration was independently negatively correlated with insulin secretion. However,
CMPF was not significantly associated with lipid metabolism.

Conclusions Elevated serum CMPF levels are detrimental to the development of hyperglycemia and islet f-cell functional
failure in patients with GDM, which may promote the development of GDM.
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diabetes mellitus(GDM) is increasing, GDM and the serious
issues caused by GDM cannot be ignored.

The primary risk of uncontrolled GDM is a poor clinical
outcome for the mother and the infant [2, 3], and evidence
has shown that GDM is a significant risk factor for T2DM. A
significant proportion of patients with GDM develop T2DM
after childbirth; the rate of developing T2DM within 5-year
postpartum was even up to 25-50% [4, 5]. Both GDM and
T2DM share the pathological characteristic of islet p-cell
function decompensation [6]. However, the etiology of islet
B-cell dysfunction is currently unclear. Recently, studies
have shown elevated serum CMPF levels in patients with
GDM, prediabetes, and T2DM [7, 8], and they infer that
CMPF is potentially responsible for promoting the patho-
genesis of GDM and the postpartum development of T2DM
after GDM.

CMPF is a metabolite produced endogenously from die-
tary sources of furan fatty acids (FFAs). CMPF also increase
upon ingestion of fish, fish oil, and polyunsaturated fatty
acids with high-temperature cooking [9]. Small levels of
FFAs are also exist in green plants, mushrooms, algae, veg-
etable oils, and butter, but consumption of these foods was
not associated with increased plasma CMPF [10]. Previous
studies have demonstrated that CMPF is also a major uremic
toxin (UT) [11] and is excreted into the urine via organic
anion transporters under physiological conditions [12].
CMPF accumulates at abnormally high levels in the serum
of uremic patients due to a decrease of renal clearance [13].

Prentice et al. found a sevenfold upregulation in the levels
of CMPF in GDM patients, compared to levels in pregnant
women with normal glucose tolerance. In rodent models,
Prentice et al. observed dysregulated insulin secretion in
CMPF-treated mice. The results indicate that CMPF may
be associated with GDM [7]. However, the sample size of
their study was limited (only 24 GDM patients and 24 nor-
mal glucose tolerance controls). Moreover, the serum CMPF
concentrations in the Han Chinese pregnant women remain
unknown. In addition, f-cells adaptation to pregnancy may
differ between humans and rodents.

Therefore, our objective in the study was to investigate
the circulating CMPF levels in a larger cohort of Chinese
GDM patients, the association of CMPF with glycolipid
metabolism, and the potential link between CMPF and p-cell
function.

Materials and methods
Study subjects

A total of 828 pregnant women were recruited in this study;
all of them were normal glucose tolerant according to the
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OGTT test prior to pregnancy. They were Han Chinese, and
the average age was 28 (25, 30) (years). Subjects with a
prior history of diabetes, acute or chronic inflammatory dis-
eases, heart disease, liver disease, kidney disease, or cancer
were excluded. Subjects who were taking antihypertensive,
hypolipidemic, or hypoglycemic drugs or other medications
that were known to affect glucose metabolism during the
study period were also excluded. All subjects underwent an
OGTT at 24-28 weeks of gestation. We screened out 141
gestational diabetes patients and 230 pregnant women with
normal glucose tolerance as controls. The patients and con-
trols were matched by age and pregestational BMI.

Study materials

A Beckman DXCS800 fully automated chemistry analyzer
(USA) was used for the measurement of triglycerides, total
cholesterol, high-density lipoprotein cholesterol (HDL),
low-density lipoprotein cholesterol (LDL), fasting plasma
glucose (FPG), OGTT 1-h postprandial glucose (1-h PG),
and OGTT 2-h postprandial glucose (2-h PG). A Roche
Elecsys 1010 Immunoassay Analyzer and Electrochemi-
luminescence Immunoassay Kit (Roche Diagnostics, Ger-
many) were used to determine the fasting plasma insulin
(FINS), 1-h postprandial insulin (1 h-INS), and 2-h post-
prandial insulin (2 h-INS). High-pressure liquid chroma-
tography (TOSOH HLC-723 G7, Japan) was used to meas-
ure HbAlc.

Study methods

The height and body weight of the subjects were measured
during early gestation. The participants were barefoot and
in light clothing, and the pregestational BMI was calcu-
lated as the weight divided by height squared (kg/m?). At
24-28 weeks of gestation, after an 8-h overnight fast, the
subjects had their blood drawn in a quiet state through the
antecubital vein, and the fasting blood samples were stored
for use later. The subjects were given 75 g of anhydrous
glucose through oral administration, and blood samples
were collected at 1 and 2 h after glucose administration. The
blood samples were centrifuged at 1000 rpm for 15 min to
collect the serum, and the biochemical indicators and blood
glucose and insulin were measured. Serum samples were
stored at — 80 °C until the CMPF concentration measure-
ment was completed.

The diagnostic criteria for GDM were set accord-
ing to the diagnostic criteria for GDM from the World
Health Organization published in 2013, namely,
FPG > 5.1 mmol/L, 1-h PG > 10.0 mmol/L, or 2-h
PG > 8.5 mmol/L. The homeostatic model assessment
index of insulin resistance (HOMA-IR) was calculated
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as FPG (mmol/L) x FINS (mU/L)/22.5. The homeostatic
model assessment index of p-cell secretion (HOMA-f)
was calculated as 20 x FINS (mU/L)/(FPG [mmol/L]-3.5).
The Stumvoll first-phase and second-phase insulin secre-
tion indices were calculated as 2032 + 4.681 x FINS
(pmol/L)-135.0 X 2 h-PG (mmol/L) + 0.995 X 2 h-INS
(pmol/L) + 27.99 x BMI (kg/m?)-269.1 x FPG (mmol/L)
and 277 + 0.800 x FINS (pmol/L)-42.79 x 2 h-PG
(mmol/L) + 0.321 X 2 h-INS (pmol/L) + 5.338 x BMI
(kg/m?), respectively. The area under the glucose—time and
insulin—time curve from the 2-h OGTT (AUC for glucose
and AUC for insulin, respectively) were calculated as (FPG
[mmol/L] + 1 h-PG[mmol/L]) X 1 h/2 + (1 h-PG[mmol/L
]+ 2 h-PG[mmol/L]) X 1 h/2 and (FINS[mU/L] + 1 h-IN
S[mU/L]) x 1 h/2 + (1 h-INS[mU/L] + 2 h-INS[mU/L])
X 1 h/2, respectively.

Measurement of serum CMPF

CMPF levels were measured using an ELISA kit purchased
from NOVATEINBIO (USA, batch number: 100902 KB),
and the serum samples were not diluted at the time of meas-
urement. The absorbance (OD) values were measured at
450 nm using a microplate reader. The standard curve was
generated from the standard samples; the lowest standard
concentration in the ELISA kit was 0 ng/mL; and the highest
standard concentration was 1000 ng/mL. The CMPF con-
centration of the serum samples was calculated according
to the standard curve.

Data collection and analysis

Data processing and statistical analyses were performed
using the statistical software SPSS19.0. Figures were cre-
ated using the software GraphPad. The physical parameters
and biochemistry indices were compared between the two
groups. A normality test was performed for all obtained
data; data with a normal distribution were expressed as the
mean =+ standard deviation, and an intergroup comparison
was conducted using a 7 test for two independent samples.
The measurement data with a non-normal distribution were
expressed using the median (interquartile range), and an
intergroup comparison was performed using the Wilcoxon
rank-sum test. The parameters with a non-normal distribu-
tion underwent logarithmic conversion, and Pearson correla-
tion analysis was used to analyze the correlations between
variables. Multivariate linear regression analysis was per-
formed to analyze the influencing factors of serum CMPF.
Differences were considered statistically significantly for
p < 0.05 in two-tailed tests.

Results

Physical parameters and biochemical indices
of the subjects

Table 1 shows the physical parameters and biochemical indi-
ces of the GDM group and the control group with normal
glucose tolerance during gestation (NGT group).

Statistically significant differences were found between
the two groups in FPG, 1 h-PG, 2 h-PG, AUC for glucose,
HbAlc, FINS, 1 h-INS, 2 h-INS, AUC for insulin, HOMA-
IR and HOMA-, and the Stumvoll first-phase insulin secre-
tion index. Compared to the levels in the NGT control group,
the GDM group exhibited a higher FPG, 1 h-PG, 2 h-PG,
AUC for glucose, HbAlc, FINS, 1 h-INS, 2 h-INS, AUC
for insulin, and HOMA-IR. The NGT group had a higher
HOMA-p and the Stumvoll first-phase insulin secretion
index than the GDM group.

Elevated serum CMPF levels in subjects with GDM

Compared to the level in the NGT group, the GDM group
had a significantly higher serum CMPF level. The CMPF
concentration was 92.88 (69.42, 132.13) (uM) and 81.95
(53.68, 122.33) (uM) in the GDM group and the NGT group,
respectively (p = 0.001). The comparison of the CMPF con-
centration between these two groups is shown in Fig. 1.

Relationship between CMPF and glucose
metabolism

A bivariate correlation analysis was conducted with the
CMPF levels and variables related to glucose metabolism.
CMPF, HbAlc, FPG, 1 h-PG, and 2 h-PG showed a non-
normal distribution, while the AUC for glucose showed a
normal distribution. After logarithmic conversion of the
variables with a non-normal distribution, CMPF was found
to exhibit an independent positive correlation with HbAlc
(r=0.131, p = 0.012), FPG (r = 0.122, p = 0.019), 1 h-PG
(r=0.106, p = 0.042), 2 h-PG (r = 0.153, p = 0.003), and
AUC for glucose (r = 0.155, p = 0.003). In Fig. 2, panels
a, b, c, d, and e represent the bivariate correlation between
CMPF and HbAlc, FPG, 1 h-PG, 2 h-PG, and AUC for
glucose, respectively. After an adjustment for age and
pregestational BMI, a partial correlation analysis indicated
an independent positive correlation of CMPF with HbAlc
(r=0.111, p = 0.041), FPG (r = 0.118, p = 0.027), 1 h-PG
(r=20.106, p = 0.048), 2 h-PG (r = 0.147, p = 0.006), and
AUC for glucose (r = 0.143, p = 0.007).
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Table 1 Clinical characteristics of the NGT and GDM participants

Variable NGT (n =230) GDM (n = 141) p value
Age (year) 29 (25, 32) 29 (26, 32.50) 0.529
Pregestational body mass index(kg/mz) 21.604 (19.835, 23.438) 22.039 (19.988, 23.673) 0.271
Systolic blood pressure (mmHg) 110 (104, 120) 112 (102, 120) 0.267
Diastolic blood pressure (mmHg) 70 (65, 75) 70 (65.50, 78) 0.353
Alkaline phosphatase (U/L) 58 (48, 69.25) 59.5 (49, 70) 0.321
Alanine aminotransferase (U/L) 14 (10, 22) 13 (10, 21.50) 0.651
Aspartate aminotransferase (U/L) 18.50 (16, 23) 19 (15, 24) 0.840
Creatinine (pmol/L) 46.98 + 6.18 46.67 + 6.66 0.631
eGFR (mL/min 1.73 m?) 148.87 (135.42, 170.03) 153.45 (133.89, 169.01) 0.832
Hemoglobin A1C (%) 4.71 (4.50, 4.90) 4.90 (4.60, 5.20) 0.001%*
FPG (mmol/L) 4.30 (4.00, 4.50) 4.90 (4.40, 5.90) < 0.001**
1 h-PG (mmol/L) 6.60 (5.70, 7.80) 9.50 (7.60, 10.90) < 0.001**
2 h-PG (mmol/L) 6.05 (5.30, 6.80) 8.50 (6.10, 9.20) < 0.001**
AUC for glucose (mmol/L h) 11.88 +1.83 15.85+2.93 < 0.001**
Triglycerides (mmol/L) 2.27 (1.79,2.91) 2.39(1.91,2.97) 0.241
Total cholesterol (mmol/L) 6.17 (5.64, 6.92) 6.00 (5.27, 6.93) 0.097
HDL-c (mmol/L) 1.67 (1.53, 1.88) 1.67 £ 0.29 0.269
LDL-c (mmol/L) 291+0.74 3.00 + 0.88 0.569
FINS (mU/L) 8.68 (5.89, 12.94) 10.26 (6.63, 15.46) 0.011*
1 h-INS (mU/L) 62.67 (43.77, 89.78) 74.23 (48.65, 117.00) 0.020%*
2 h-INS (mU/L) 60.74 (40.45, 84.73) 83.925 (52.01, 134.00) < 0.001**
AUC for insulin (mU/L h) 100.45 (70.13, 136.29) 126.81 (84.55, 184.60) 0.001%*
HOMA-p 248 (173.50, 367) 169.10 (93.39, 255.72) < 0.001**
HOMA-IR 1.65 (1.10, 2.49) 2.24 (1.45,3.84) < 0.001**
Stumvoll 1st phase insulin secretion index 1393.88 (1243.77, 1714.35) 1176.93 (863.62, 1660.09) 0.001%*
Stumvoll 2nd phase insulin secretion index 173.09 (139.07, 194.36) 80.79 (33.51, 141.23) 0.067

Values are presented as the mean + SD or medians (interquartile range)

eGFR estimated glomerular filtration rate, FPG fasting plasma glucose, / h-PG 1-h postprandial glucose, 2 h-PG 2-h postprandial glucose, AUC
for glucose area under the glucose—time curve from the 2-h OGTT, HDL high-density lipoprotein cholesterol, LDL-c low-density lipoprotein
cholesterol, FINS fasting insulin, / #-INS 1-h postprandial insulin, 2 4-INS 2-h postprandial insulin, AUC for insulin area under the insulin—time
curve from the 2-h OGTT, HOMA-f homeostasis model assessment index of B-cell secretion, HOMA-IR homeostasis model assessment of insu-

lin resistance
*Significantly different compared to NGT at p < 0.05
**Significantly different compared to NGT at p < 0.01

Serum CMPF and lipid metabolism

We examined whether CMPF had a different effect on lipid
metabolism in pregnant women. CMPF, triglycerides, total
cholesterol, HDL, and LDL showed a non-normal distribu-
tion. After logarithmic conversion, the bivariate correlation
analysis with CMPF and variables related to lipid metabo-
lism showed that CMPF had no apparent correlation with
triglycerides (r = — 0.047, p = 0.374), total cholesterol
(r=-0.018, p = 0.727), HDL (r = 0.009, p = 0.864), or
LDL (r = 0.042, p = 0.412). After an adjustment for age
and pregestational BMI, similar results were obtained from
the partial correlation analysis, and no significant correla-
tion was observed between serum CMPF and triglycerides
(r=-0.072, p = 0.179), total cholesterol (» = — 0.015,
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p=0.777), HDL (r = 0.022, p = 0.683), or LDL (r = 0.055,
p =0.304).

CMPF and islet B-cell dysfunction

CMPF, HOMA-B, HOMA-IR, and the Stumvoll first-phase
and second-phase insulin secretion indexes showed a non-
normal distribution. After logarithmic conversion, a bivari-
ate correlation analysis showed an independent negative
correlation between CMPF and HOMA-$ (r = — 0.145,
p = 0.005) and no statistically significant correlation
between CMPF and HOMA-IR (r = 0.002, p = 0.962). Fur-
thermore, CMPF showed an independent negative correla-
tion with the Stumvoll first-phase insulin secretion index
(r = —0.148, p = 0.032) and the Stumvoll second-phase
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Fig.1 Plasma CMPF is Elevated in Gestational Diabetes Mellitus
Populations. The plasma CMPF level was evaluated in fasting plasma
samples of pregnant women collected in 2015-2016; n = 230 and
141 for the gestational diabetes and normal glucose tolerance groups,
respectively. The two groups were matched based on age and preges-
tational BMI. Values are presented in scatter plot, and medians (inter-
quartile range) are expressed in box plot. P value is statistically sig-
nificant at p < 0.05

insulin secretion index (r = — 0.14, p = 0.042). After an
adjustment for age and pregestational BMI, the partial cor-
relation analysis showed that CMPF had an independent
negative correlation with HOMA-B (r = — 0.134, p = 0.012)
and the Stumvoll first-phase insulin secretion index after
logarithmic conversion (r = — 0.138, p = 0.046). In Fig. 3,
panels a, b, and c show the bivariate correlation between
serum CMPF and HOMA-p, the Stumvoll first-phase insu-
lin secretion index, and the Stumvoll second-phase insulin
secretion index, respectively.

A multivariate linear regression analysis showed that
serum CMPF was negatively correlated with the Stumvoll
first-phase insulin secretion index (f = — 0.181 + 0.089,
p = 0.043) after an adjustment for age, pregestational BMI,
triglycerides, HDL, HOMA-IR, and HbAlc (Table 2).

Discussion

The serum CMPF concentration in pregnant women was
measured under two different glucose metabolism states,
and the concentration of CMPF in subjects with GDM was
higher than in pregnant women with normal glucose toler-
ance. Notably, women with GDM do not usually have renal
failure, and the reason for this difference of CMPF levels in

GDM and controls is not clear. In addition, we analyzed the
results and found that the CMPF concentration was closely
related to glucose metabolism and islet B-cell dysfunction.

Previous studies have given different conclusions regard-
ing the role of CMPF in the pathological process of diabetes.
Prentice et al. found upregulated levels of CMPF in patients
with GDM, and in a subset of the same women who had
GDM and became impaired glucose tolerant, CMPF was
even more dramatically elevated 12-fold 1-year postpartum
compared to its levels in women who were normal glucose
tolerance at both timepoints. Moreover, CMPF impairs
glucose tolerance and glucose utilization in rodent models
[7]. The study of Liu et al. showed that CMPF is signifi-
cantly elevated in both prediabetes and T2DM, and indi-
viduals with an increase in plasma CMPF concentrations
were at a significantly higher risk of developing diabetes
within 5 years. They also found that mice treated with CMPF
exhibited an even greater impairment in glucose tolerance
than control mice [8]. Our results are in accordance with the
findings from the studies by Prentice and Liu et al., which
supports the speculation that CMPF is inseparable from the
disruption of the glucose metabolism balance.

However, in a double-blind, randomized controlled study
in China, Zheng et al. found that the serum CMPF levels
in 59 Chinese patients with T2DM were lower than those
in healthy control subjects [14]. Lankinen et al. found in
their diet intervention study that an elevated serum CMPF
level was not significantly associated with impaired glu-
cose metabolism [15]. In the study by Retnakaran et al.,
307 postpartum women underwent an OGTT test, and 66
subjects were found to have diabetes or prediabetes, while
301 subjects showed normal glucose tolerance; however, no
significant differences were observed in the serum CMPF
concentrations between the two groups [16]. These results
are opposite to our findings. Age, race, dietary habits, study
methods, and the diabetes duration might influence serum
CMPF levels and cause these differences. The relationship
between CMPF and glucose metabolism requires further
verification using a larger sample size.

Lipids are an important risk factor for diabetes and car-
diovascular diseases; therefore, the previous studies have
examined whether CMPF affects lipid metabolism. Zheng
et al. found an inverse correlation between changes in CMPF
and triglycerides [14]. However, no obvious relationship was
observed between CMPF and lipids in our study. Whether
CMPF affects lipid metabolism awaits further study.

Previous studies have also provided different opinions
regarding the relationship between CMPF and islet pB-cell
dysfunction. Lankinen et al. found in their diet intervention
study that an elevated serum CMPF level was correlated
with reduced 2 h-INS secretion in the OGTT test [15]. In
the study by Retnakaran et al., the serum CMPF levels did
not exhibit an apparent correlation with postpartum insulin
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Fig.2 Elevated CMPF

impairs glucose metabolism in
gestational diabetes mellitus
populations. a—e Correlation
analyses between CMPF and
HbAlc, FPG, 1 h-PG, 2 h-PG,
and AUC for glucose, respec-
tively. Pearson’s bivariate
correlation analyses showed that
CMPF was positively correlated
with HbAlc, FPG, 1 h-PG,

2 h-PG, and AUC for glucose.
A 2-h OGTT was performed,

1.0

o

LG HbA1C

and the corresponding blood
glucose levels and HbAlc were
determined in the gestational
diabetes and normal glucose
tolerance groups. AUC for
glucose: n = 140 for GDM and
n =225 for NGT. LG log-
transformed

1.0 1.5

2.0

LG CMPF

T T
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0.8

LG 2 h-PG
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LG CMPF
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AUC for glucose(mmol/I*hour) ®

T
1.0 1.5

sensitivity, insulin resistance, or islet p-cell function. How-
ever, their subsequent study showed that in patients with
GDM, high levels of CMPF were independently correlated
with poor islet f-cell function, while this correlation was not
found in women with normal glucose tolerance. Retnakaran
et al. proposed that CMPF could be a potential determinant
of islet f-cell dysfunction in GDM [16].

Moreover, in rodent models, Prentice et al. found that
elevated CMPF impairs glucose-stimulated insulin secre-
tion, increases advanced glycation endproducts and
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2.0

T
25 3.0

LG CMPF

oxidative stress, impairs insulin granule maturation, and
accelerates the process of diabetes. Mechanistically, Prentice
et al. showed that CMPF acts directly on the p-cell, caus-
ing impaired mitochondrial function, decreasing glucose-
induced ATP accumulation, and inducing oxidative stress,
resulting in dysregulation of key transcription factors and
ultimately reduced insulin biosynthesis [7]. Liu et al. also
observed that CMPF treatment impairs insulin granule matu-
ration in mice [8]. These results observed in their experi-
ments are consistent with the conclusion from our study.
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Fig.3 Elevated CMPF impairs
glucose-stimulated insulin
secretion. a—c Correlation
analysis between CMPF and
HOMA-B, the Stumvoll first-
phase insulin secretion index,
and the Stumvoll second-phase
insulin secretion index values,
respectively. A 2-h OGTT was
performed, and the correspond-
ing blood insulin levels were
examined in the gestational
diabetes and normal glucose
tolerance groups, respectively.
AUC for insulin: n = 86 for
GDM and n = 130 for NGT. LG
log-transformed

a 3.5q

N w
G o
1 n

g
o
1

LG HOMA-$

1.5+

—n

3.44

3.04

LG Stumvoll first-phase
insulin secretion index

2.6

T
1.0 1.5 2.0

LG CMPF

(g]
w
g

.
.

2.0+

insulin secretion index

LG Stumvoll second-phase

4 T T
2.5 3.0 15 2.0 2.5 3.0

LG CMPF

r=-0.14
p =0.042

T T
1.6 2.0

T
2.8 3.2

LG CMPF

Table 2 Multiple stepwise linear regression analysis of the variables independently associated with serum CMPF levels

B

SE Standardized p

Stumvoll 1st phase insulin secretion index (kg/mz)'“‘ —0.181

0.089 —0.141 0.043

The model is adjusted for age, Pre-pregnant BMI, triglycerides, HDL, HOMA-IR, and HbA1C

“Log-transformed

However, due to the limited sample size in our study and
the contrary conclusions reported in other studies, the con-
clusions await further study for confirmation. The main limi-
tation of our study is that it was a cross-sectional study and
did not reflect the effect of CMPF on glucose metabolism
and islet B-cell function over time. Second, only the fasting
serum CMPF concentration was measured in the present
study, and the postprandial serum CMPF concentration was
not examined. Third, frozen serum rather than fresh serum
was used in this study. There were no differences in CMPF
levels between frozen and fresh samples. In addition, no

adjustment of multiple testing was performed on the analy-
ses of circulating CMPF concentration and clinical param-
eters. Given the modest p values, most of the tests would not
be significant with a Bonferroni correction. However, Bon-
ferroni correction is not appropriate here as the parameters
were closely related, not independent, adjustment for mul-
tiple comparisons with Bonferroni correction is too strict.
In summary, we infer that CMPF may be an important
substance in the development of hyperglycemia and islet
p-cell functional failure in patients with GDM and an
important moderator associated with postpartum T2DM.
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Therefore, future studies will be critical for understanding
the relationship between CMPF and GDM and T2DM, and
studies of CMPF should focus on the effect of CMPF in dif-
ferent tissues and organs of the human body.

Acknowledgements This work was supported by a grant from the
Shanghai Municipal Commission of Health and Family Planning,
China (No. 201640272), “Clinical Study on Risk Factors of Blood
Glucose Abnormality in Pregnant Women”.

Author contribution JY and HJ performed the statistical analysis and
wrote the manuscript; JY, RZ, and SZ participated in the data collection
and checked the data; PC contributed to the discussion; JY performed
the experiments; and XY and XZ participated in the design of this
study and edited the manuscript. All authors have read and approved
the final manuscript.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval The protocol was approved by the Medical Ethics
Committee of the Shanghai Fengxian District Central Hospital, and
we adhered to the principles of the Declaration of Helsinki as revised
in 2000 when undertaking this study.

Informed consent For their participation, all participants were
informed and signed informed consent.

Consent for publication Written informed consent for publication of
their clinical details was obtained from the participants. A copy of
the consent form is available for review by the Editor of this journal.

Availability of data and material Due to the sensitive nature of the data
and the consent agreements signed by the participants, the data are
available upon request. Please include a proposal for use of the data,
which will be submitted to the authors’ ethics committee for approval.
Requests for the data may be sent to xuemeiyul2@163.com. The
authors confirm that all interested parties will be able to obtain the
data via the contact provided after some documentation is completed.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecom-
mons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

@ Springer

References

1. XuY, Wang L, He J et al (2013) Prevalence and control of diabe-
tes in Chinese adults. JAMA 310:948-959
2. Holmes VA, Young IS, Patterson CC et al (2011) Optimal gly-
cemic control, pre-eclampsia, and gestational hypertension in
women with type 1 diabetes in the diabetes and pre-eclampsia
intervention trial. Diabetes Care 34:1683-1688
3. Dabelea D, Hanson RL, Lindsay RS et al (2000) Intrauterine expo-
sure to diabetes conveys risks for type 2 diabetes and obesity: a
study of discordant sibships. Diabetes 49:2208-2211
4. Bellamy L, Casas JP, Hingorani AD, Williams D (2009) Type 2
diabetes mellitus after gestational diabetes: a systematic review
and meta-analysis. Lancet 373:1773-1779
5. Kim C, Newton KM, Knopp RH (2002) Gestational diabetes and
the incidence of type 2 diabetes: a systematic review. Diabetes
Care 25:1862-1868
6. Weir GC, Bonner-Weir S (2004) Five stages of evolving beta-
cell dysfunction during progression to diabetes. Diabetes
53(3):S16-S21
7. Prentice KJ, Luu L, Allister EM et al (2014) The furan fatty acid
metabolite CMPF is elevated in diabetes and induces beta cell
dysfunction. Cell Metab 19:653-666
8. Liu Y, Prentice KJ, Eversley JA et al (2016) Rapid elevation in
CMPF may act as a tipping point in diabetes development. Cell
Rep 14:2889-2900
9. Vetter W, Wendlinger C (2013) Furan fatty acids—valuable minor
fatty acids in food. Lipid Technol 25:7-10
10. Hanhineva K, Lankinen MA, Pedret A et al (2014) Nontargeted
metabolite profiling discriminates diet-specific biomarkers for
consumption of whole grains, fatty fish, and bilberries in a rand-
omized controlled trial. J Nutr 145:7-17
11. Spiteller M, Spiteller G (1979) Separation and characteriza-
tion of acidic urine constituents (author’s transl). J Chromatogr
164:253-317
12. Tsutsumi Y, Deguchi T, Takano M, Takadate A, Lindup WE, Ota-
giri M (2002) Renal disposition of a furan dicarboxylic acid and
other uremic toxins in the rat. ] Pharmacol Exp Ther 303:880-887
13. Meert N, Schepers E, De Smet R et al (2007) Inconsistency of
reported uremic toxin concentrations. Artif Organs 31:600-611
14. ZhengJS, Lin M, Imamura F et al (2016) Serum metabolomics
profiles in response to n-3 fatty acids in Chinese patients with type
2 diabetes: a double-blind randomised controlled trial. Sci Rep
6:29522
15. Lankinen MA, Hanhineva K, Kolehmainen M et al (2015) CMPF
does not associate with impaired glucose metabolism in individu-
als with features of metabolic syndrome. PLoS One 10:¢124379
16. Retnakaran R, Ye C, Kramer CK et al (2016) Maternal serum
prolactin and prediction of postpartum beta-cell function and risk
of prediabetes/diabetes. Diabetes Care 39:1250-1258


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Increased serum 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid (CMPF) levels are associated with glucose metabolism in Chinese pregnant women
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Study subjects
	Study materials
	Study methods
	Measurement of serum CMPF
	Data collection and analysis

	Results
	Physical parameters and biochemical indices of the subjects
	Elevated serum CMPF levels in subjects with GDM
	Relationship between CMPF and glucose metabolism
	Serum CMPF and lipid metabolism
	CMPF and islet β-cell dysfunction

	Discussion
	Acknowledgements 
	References




